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11. INTRODUCTION

by

I.R. Kaplan

As part of the overall interest in the outer continental shelf, DOE and BLM

funded a joint project at UCLA to investigate the distribution and stability of

pollutants on the California Borderland. Among the aims to accomplish in this

program were the following:

1. To collect and compare samples from unpolluted areas (such as Walvis

Bay, S.W. Africa or Guaymas Basin, Gulf of California) with those from marine

areas adjacent to high population densities, such as Santa Monica Basin or San

Pedro Basin.

2. To compare the distribution pattern of hydrocarbons in continental

shelf sediment with those on the continental slope and rise, or even further

seaward. Here it was hoped to determine the mechanism by which hydrocarbons may

be transported from the OCS to deep water.

3. To search for means to characterize and relate hydrocarbons and other

organic markers to their source of origin.

4. To assess the budget of organic matter entering the OCS from both

natural and anthropogenic sources.

5. To investigate the relationship of hydrocarbon transfer and isotopic

*
content in different members of the food web.
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In order to satisfy the above goals, several research projects were in-

vestigated over the past four years. During the 1980-1981 interval, the fol-

lowing tasks were specifically attempted:

1. Nature and d

marine sediments.

stribution of polynuclear  aromatic hydrocarbons PAH) in

2. Quantification of mass of dissolved and particulate organic matter’

washed into the ocean during storm runoff from the Los Angeles Basin.

3. Character of the lipid material washed into the ocean from storm runoff

from the Los Angeles Basin.

4. Evaluation of the distribution and transport mechanisms for trace

elements in the Southern California OCS.

5. The use of stable isotopes to trace food sources in various trophic

levels of the Southern California OCS food web.

6. Differentiating carbon sources in the biota associated with submarine

fumarolic vents from the East Pacific Rise.

During the past four years, the focus was on understanding the carbon

budget in the ocean and the control processes. The immediate aim was to obtain

information on environmental problems relating to pollution of the coastal zone.

The long range aim was to understand the fluxes of carbon, nitrogen and sulfur
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a compounds between ocean, continents and atmosphere. Some highlights of the

research endeavors are summarized below:

By use of GC-mass spectroscopy, the nature of the saturated and aromatic

fractions of sediment has been characterized in detail. It has been shown that

in unpolluted areas, straight-chain paraffins predominate. Where the input is

primarily from plankton, the lower molecular weight saturated and unsaturated

hydrocarbons around C24-C33 dominate and appear to be related to the lipid

content of the algae. Closer to shore, an odd-even relationship develops among

the saturated straight-chain alkanes in the C27-C33 range. These compounds

appear to originate from plant waxes. In polluted sediments, most of the re-

solvable straight-chain hydrocarbons have disappeared, leaving behind complex

cyclic, aromatic and heteroatomic  compounds, displaying themselves as a large

unresolvable “hump” in the chromatograms.

These humps are not always good indicators of petroleum contamination, as

it appears from studies of sediment in the Bering Sea and other clean environ-

ments, that biological decay processes of organic-rich sediment might also

result in such a qualitative appearance.

Therefore, to assure an accurate interpretation, it is necessary to deter-

mine the presence or absence of specific compounds. This has been accomplished

in OCS sediments from Southern California by showing that a series of extended

triterpanes-hopanes, contain a racemic mixture of different structural entities.

This same mixture of hopanes is present in California oils and presumably the

source rocks or shales. ln unpolluted  areas (eg., Nalvis Bay), only one iSOmer

of the particular hopane was detected. It therefore signifies that the Southern

California OCS sediments have had petroleum-derived hydrocarbons added to them,

historically.
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By contrast, these hopane hydrocarbons are also present in the continental

rise sediments, but only as minor components. Small amounts of aromatic hydro-

carbons have also been detected in the deep-sea sediments. These appear to be

largely unsubstituted polycyclic  aromatic hydrocarbons and their most probable

source is from the atmosphere. The major hydrocarbon soruce in the continental

rise and marginal deep sea sediments is biogenic,  but both higher plant hydro-

carbons, as well as planktonic hydrocarbons have been detected. Conspicuously

absent, or present in trace amounts only, is DDE and PCB, derived from insecti-

cides.

These compounds have been detected in

the continental shelf and in several cores

present in traces at depths of up to 30 cm.

almost all the surface sediments on

from basins and were found to be

It is not clear whether their

widespread presence in OCS surface sediment indicates introduction from isolated

o
sources, i.e., sewage outfalls,  or from a greater variety of sources, such as

storm runoff.

To test this, studies have been initiated to capture storm runoff water and

sediment in Los Angeles and to characterize the organic matter being washed into

the sea. One very specific marker

tion product of cholesterol, known

characterized in sewage by GC-mass

sediments. In addition to organic

successfully used to determine the

of domestic sewage, is a mammalian degrada-

as coprostanol. This has been successfully

spectroscopy and is being traced in marine

markers, several trace metals have been

history of sedimentation of effluent debris

adjacent to the Whites Point sewage outfall plant on the San Pedro Shelf.

In a study conducted at the beginning of the winter storms in November,

1978, an estimate was made of the total lipid material washed out of the Los
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Angeles Basin.
9

It was estimated that the total annual transport

from land to ocean by such storm runoff from Southern California

metric tons. By contrast, the mass of hydrocarbons released via

of hydrocarbons

is 9.7x103

municipal and

industrial treatment plants (sewage system) is 1.7x104 metric tons.

An effort has been made to evaluate all the trace metal studies which have

been performed in the Southern California OCS. It was concluded that few of the

metals settle near the outfalls. Most are rapidly transported in association

with fine particulate to the outer basins. There is a great need for reliable

studies to be performed on the solution mechanism of trace metals. At the

present time, the importance of solution transport is poorly understood. Many

problems in interpretation arise because of the lack of uniformity in methodo-

logy. The general conclusion reached in this evaluation, is that petroleum

exploration and production probably have little influence on the contribution of

trace elements to the ocean in comparison with that which enters from the local

sewage systems.

Because weathered

traced to a source, we

distribution of sulfur

nitrogen (15N/14N) and

hydrocarbons frequently cannot be easily described and

have developed in our laboratory, methods based on the

and nitrogen and the isotopic ratio of carbon (13C/12C),

particularly sulfur (34S/32S). The distribution charac-

teristics of these parameters have proven particularly useful as diagnostic

markers for describing tar.

An attempt has been made to understand the transfer of metabo~ites  in a

food web and to evaluate how organisms alter the lipid fraction of sediments

when they ingest them. In the first case, organisms from various environments

13C, ‘5N and D/H ratios.have been analyzed for their It appears that the

isotopic content of an organism is in part due to its geographic location and

●
in part a function of its place in the food web.
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e A most interesting opportunity was afforded to test the conclusions reached

in studies off California by measuring animal tissues from the Galapagos and

21”N hydrothermal vents. Bivalves (clams) showed an unusual enrichment in 12C,

indicating that they were not primarily feeding on detrital plankton remains.

Most probably their food source appears to be chemoautotrophic bacteria. By

contrast, the tissue of a vestimentiferan  worm, had an unusually high enrichment

of ‘SC. The explanation for this is not yet known, but it may be caused by a

metabolic pathway related to autotrophic carbon fixation. More recently, it has

been shown by G. Rau (1981) that these worms isolated from normal reducing

marine environments are capable of enrichments of 12C larger than ever observed

in metazoans. Again, this either points to a direct symbiosis between the

vestimentiferan worms and bacteria or the capability of the worms to synthesize

carbon autotrophically.

e From some initial studies with holothurians,  it appears that during in-

jestion of sedimentary organic matter, fatty acids and hydrocarbons undergo some

changes. In particular, it appears that preferential degradation of C22 and C24

fatty acids occurs. Straight-chain paraffins are used, leaving the feces rela-

tively enric~ed in branched and cyclic hydrocarbons. There is some preliminary

evidence that triterpenes may be synthesized by the gut microflora.

The studies conducted at UCLA under support of this contract and previously

ERDA and AEC, have allowed for a systematic understanding to be developed on the

chemistry of carbon compounds in the coastal environment off Southern Califor-

nia. We believe we have obtained among the best estimates available for the

rate and quantity of introduced organic matter for world oceans. The studies

have further characterized in detail many of the organic substances present in

sediments. Rates of breakdown have been investigated and sources characterized

e
by molecular or isotopic methods. In addition, the present state of knowledge

of trace element distributions on the shelf has also been evaluated.
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ABSTRACT

Selected core samples from the California continental borderland

(Sites 467-469) were analyzed to evaluate the nature and composition of

the lipids and kercgens  in terms of their genetic origin and geological

maturity.

The lipids were of a multiple origin. They were derived from.

primary autochthonous  marine (microbial), from allochthonous ter-. . . .

~;~enous (higher plant wax) and

matter) sources. This is based

alkanes and n_-fat~y acids, with

recycled (geologically mature organic -

on the homolog  distributions of the n_-

the shape and magnitude of the unresol-

vecf branched and cyclic hydrocarbons, and the structural and stereo-

chemical  compositions of the molecular markers. . .-.
The kerogens were comprised of principally marine microbial cietri- 0

tus with a minor input of allochthonous terrestrial material. For the

most part, the samples had experienced a thermal maturation according to

a normal g&thermal gradient, except in the proximity of intrusive.

Such additional thermal stress was evident. for the samples from Site 469

and to some extent for Site 467 at about 700-800 m subbottom.

.,

. . . . . . . . . . .
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INTRODUCTION

The California continental borderland is an area of great geological

complexity and the clues to its Neogene history are to be found in the deep-sea

sediments of this area. Recent, near surface sediments from the California

Bight and borderland contain organic matter derived from autochthonous pro-

duction and from allochthonous sources such as natural petroleum seepage and

influx of terrestrial detritus (Simoneit and Kaplan, 1980; Venkatesan ~~., ~980).

Thus, it was of interest to follow these trends versus dept!~ in the sedimentary record.

,, Sites 467-469 (Fig. 1) drilled in the California continental borderland,

contain relatively thick sequences of nannofossil chalk, silty and dolomitic

claystones, tuff, porcellanite and thin sequences of clay and ooze with glau-

conite and vitric ash (Haq et al., 1979)..—

The outer Southern California Borderland may be another natural example of

distinct regimes of thermal stress upon organic material (kerogen} within a.

localized marine setting, analogous to the case o-F the observed thermal al-

teration of Cretaceus black shale by basaltic intrusions in the Eastern At-

lantic (~imoneit et al., 1978).——

Sites 468 and 469 are located on the Patton Ridge along the western edge of

the borderland arid are within fifteen kilometers of the inferred paleotrench of

Southern California (Table 1). Site 467 is situated at the base of the conti-

nental slope at the San Miguel Gap and is on the Pacific Plate, just west of the

postulated paleotrench (Haq et al., 1979, Table 1). All three sites have high

heat flow values and the respective core Iithologies SP,OW varying degrees of

volcanic influence. Sites 467 and 468 cofitain locally-derived, Middle Miocene

(10-15 Ma} andesitic and dacitic tuffs and Ix-eccias, presumably formed after
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cessation of plate subduction (Haq et al. , 1979). Hole 469 overlies a pillow— .

basalt and contains zones of pumiceous tuff and diabasic Iithologies  (Haq et—

al., 1979).—

Thus, we further characterized the organic matter (i.e., lipids and

kerogen)  by its chemical, elemental and stable isotope (C and H) compositions to

evaluate the effects of differential heating or anomalous maturation as a result

of high heat flow or of locallzed volcanic emanations.

!-i.pids:

‘“’” Lipids were removed from

EXPERIMENTAL METHODS

subsamples  of the freeze-dried sediments by

multiple mechanical extractions using shaker table agitation with an extraction

medium of 150 ml chloroform and methanol in a 1:1 ratio. The extracts were

concentrated on a rotary evaporator and treated with 13F3 in methanol to esterify

free fatty acids. The extract was then subjected to thin-layer’ chromatography
.:

(TLC} using hexane and di.ethyl ether (9:1) as eluent. The bands corresponding ‘9.-,
to hydrocarbons, esters and ketones were scraped off the TLC plate after develop-

ment with i.odi,ne vapor, and eluted with methylene  chloride. The hydrocarbon and

combi.neci ester and ketone fractions were analyzed by gas chromatography (GC) and

gas chromatography-mass spectrometry (GC/MS].

The GC analyses were carried out on a Hewlett-Packard Model 5830 gas chroma-

tography using a 25m x 0.20 mm fused silica capillary column coated with SP-2100,

programmed from 35-280”C at 4°C par minute and using lie carrier gas.

The GC/MS analyses were carried out on a Finnigan  U!odel 4000 quadruple

mass spectrometer interfaced directly to a Finnigan  Model 9610 gas chromatography

equipped with a 30m x 0.25 mm fused silica capillary column coated with SE-54.

The GC conditions for the GC/MS analyses were as those for the analytical GC

system. The mass spectrometric  data was acquired and processed using a Finnigan-

. e
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Incos Model 2300 data system.

Kerogen:

The extracted residue was acidified at room temperature with 25 ml of 214

HC1 (organically purified) to dissolve carbonates

All samples showed considerable effervescence and

HCI treatments were necessary for a. period of two

moval. Samples were then washed repeatedly (1OX)

double-distilled water to remove extraneous ions.

used to test for the presence of chloride ion.

and labile sulfur compounds.

therefore, two additional 2N

days to ensure complete re-

with 200 ml additions of

Silver nitrate solution was

Silicate dissolution vias carried out by the addition of 200 ml concentrated

hydrofluoric  acid (60%). This step was repeated twice in order to exhaustively

saturate with HF and thus, completely

nonsilicate residues were washed (7X)

Residual humates were removed by

purified 0.2N NaOH. Only samples 1-3

decompose all silicate minerals. The

with 150 ml of doubly-distilled water.

the addition of 150 ml of organically

and 7 showed observable hwnates and they

were extracted another three times with 0.2;1 NaOH. After base extraction, all

remaining kerogen samples were washed by (6X) 200 ml additions of doubly-distilled

water and then freeze dried. Aliquots (6-10 mg) of the isolated kerogens were

placed in preweighed, organically cleaned and annealed porcelain boats for ash

determinations. They were inserted into a muffle furnace and very slowly brought

up to 1000”C (time interval 5 hours); they were then held isothermally for three

hours. Ash contents were determined by a final weighing and after the samples

had completely cooled.

Combustion far the stable isotope analyses were carried out as follows.

Kerogen aiiquots  (6-11 mg) wre placed into annealed quartz tubes containing

organically cleaned silver envelopes and fired CUO wire. Silver combines with

pyrolyzed sulfides and CUO provides. the oxygen source during combustion in the -
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evacuated and sealed quartz reaction vessels. Reaction mixtures were

combusted at 880”C for two hours. Replicate samples were prepared in order

to provide a duplicate in the event of tube explosion during the combustion.

The quartz reaction vessels containing C02, N2 and H20 combustion

products were opened under “vacuum. The three gases were then separated in

a CHN%acuum line by sequential freezing followed by revolatiliza~ion. Cold

traps in thermal equilibrium with liquid nitrogen (-196”C),  dry ice with

acetone (-73”C) and lastly, with hot water {70°C), were used to retain the

desired gaseous product in a condensed state. As C02 and H20 were frozen

within the Iiqufd nitrogen cold trap, the sample N2 gas was isolated by

passing it through a Toepler”pump.  and into a calibrated volume manometer

where the pressure of the N2 gas was measured (and later converted to

umol ). It was then transferred to a pyrextube, in which it was sealed for

subsequent mass spectrometric  analysis. Gaseous C02 was similarly isolated,

measured and stored after the cold trap temperature was raised to -73°C. ‘L’
@

The remaining H20 gas was warmed tom 7C1°C and then reduced to Hz gas by

passing it through a uranium furnace maintained at 780”C and under vacuum.

The

Was

Hz gas was. then measured volumetrically and sealed into a pyrex tube.

Stable isotope mass spectrometry of the isolated C02, N2 and H2 gases

performed on a Varian MAT Model 250 triple-collecting mass spectrometer.

Correction factors established by Craig (1957) were applied to the directly

measured C02 mass numbers. The C02 gas was measured relative to the Pee

Dee Belemnite (PDB) standard, the H2 gas was compared to Standard Mean

Ocean Water (SMCM), and the N2 gas ~as referenced to atmospheric. nitrogen.

Isotopic deviation from the relative values established by these reference

compounds was expressed in the conventional “5” notation in parts-per-roil,

where:

.



. I
6 ( ~00) = [ ‘samPl~ - ‘standard 1 ~ ,000

standard

R = ~3c/lzc for carbon,

I R = D/H for hydrogen, and

I R = lSN/14N  for nitrogen.

. .

of the hydrocarbons were

RESULTS AND DISCUSSION

Lipids:

The lipid yields were high and the concentrations

generally in excess of the fatty acids (Table 1). Ketones were present as minor

components only, with 6,10,14-trimethylpentadecan-2-one  as the major analog. ,.,

The distribution diagrams for the ~-alkanes and ~-fatty acids of the sam-

ples from Site 467 are found in Fig. 2. The~-alkanes of the samples back to

the early Pliocene exhibit an essentially trimodal distribution, with maxima at

C]7Y C23 and C29> no carbon number predominance < C26, a strong odd carbon

number predominance > C 26 and a range from C10-C33 (Fig. 2a-d). The sourc& of

the homologs < C26 are from primarily degraded microbi~l detritus of an auto-

chthonous origin and the homologs > C26 are derived from allochthonous tewi-

genous plant waxes (Simoneit,  1978; 1979a). The~-alkanes of the lithic tuff

(467-85-4, Fig. 2e) exhibit a bimodal distribution, ranging from C11-C31,  with

no carbon number predominance and maxima at C17 and C23. This distribution is.,*
indicative of a partially degraded lipid residue from microorganisms (Simoneit

1978; 1979a). The bottom sample in the diatom-nanno  ooze (Fig. 2f) exhibits n-

alkanes derived from microbial residues (< C~6) and higher plant waxes (> C26]

The pristane-to-phytane  ratios of the upper samples (Fig. 2a-d) are approxi-

mately 1.0 (cf., Table 1), indicating incomplete euxinic conditions (Didyk et—



.
al. , 1978) where the rate of influx of organic detritus did not fully dcp~etn—

the oxygen in the sedimentary environment. However, this interpretation must m

lx considered with caution since a significant portion of the lipids !s ~nter~i%?ted

to be not syngenetic but was derived from geologically older material. Thus,

the Pr/Ph may not reflect the true sedimentary conciiti.ons.  The Pt/P!, uf the

two lowest samples (Fig. 2e,f) are about 2.0, indicating oxic sedimerit~r;~

conditions (Didyk et al., 1978). The dominance of pristane in thes~ ::::; saxpl~s——

may indicate the major contribution of diatoms to the lipids. Peryl<fieg ano:ber

indicator of anoxic conditions of sedimentation (Simoneit,  1979b; Dici:;k  et zI.,.—

1978), was detected as a major lipid component in samples 467-8-5, 18-<, LIT-4,

85-4and 110-3( Table 2). -

.,, The ~-fatty acids of the upper samples (Fig. 2g-j) exhibit bimcwl dis.tri

butions, with a strong even-to-odd carbon number predominance, rangez $}”;;; ‘:,,-J. Q
The homologs < C22 are primar-il.; of anC32 and maxima at Cl 6 and C26 or C28.

Wtochthonous  mi.crobi”al origin (Simoneit, 1975) and the homologs > C2_ ‘.fier. o
considered in conjunction with the respective rt-alkane  distributions. , :’,-i,

further markers of allochthonous  higher plant lipids (Simoneit, 1975; : ‘“’”-,’

The ~-fatty acids of sample 467-85-4 (Fig. 2K) exhibit an essentially ti~~imoci~”!

distribution, with strongeven-to-odd carbon number predominance,range :rc:c C1ti-

C24 and the major maximum at C16. This distribution is typical ofmi::’obia?

residues (Simcmeit 1975; 1978). The q-fatty acids of sample 467-11O-T :~g. 21).+{
exhibit a bimodal distribution, with a even-to-odd carbon number prei:;”~,i,;zitc::

‘ange ‘rem c10-C3
2 and maxima at C16 and C24. This distribution is Ji z pixe,<,

origin from microbial residues and to a lesser extent from terrestrial: ,$-~;g~~er

plant wax {5imoneit, 1975; 1978). A minor amount of dehydroabietic a:: ‘J (,p.s

detected in some of the samples (Fig. 2), indicating some. allochthono~..: in~;~;

of resinous plant detritus (Simcmeit, 1977).
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The distribution diagrams for the ~-alkanes and E-fatty acids of the

e samples from Sites 468 and 469 are found in Fig. 3. The ~-alkanes  of sample

468-2-3, 100-120 cm exhibit a polymodal distrib~tion~ with maxima at C1Z5 C~73

C23 and C29, range from C10-C33 and a strong odd carbon number Predominance

above C2J (Fig. 3a). The homologs < C26 are of a primarily autochthonous

microbial origin and those > C 26 are derived from allochthonous  vascular plant
..

waxes (Simoneit, 1978; 1979a)”. In the case of sample 468-18-3, 100-119 cm the”

distribution is bimodal, ranging from C11-C31,  with maxima at C17 and C23 and

essentially no carbon number predominance (Fig. 3b). This distribution is

indicative of a partially degraded microbial lipid residue. and it is the same as,.
for sample 467-85-4, 105-116 cm in the lithic tuff section.

Then_-alkane: of sample 469-2-2, 150 cm reflect a primarily allochthonous

terrigenous origin from plant waxes by the dominance of the odd carbon

number homologs > C26 and maximum at C29 (Fig. 3c). The minor maximum at C23

a and homologs from $0-C26 are derived from degraded microbial lipids. In the

case of sample 469-43-1, 131-150 cm, located in the proximity of the diabase

sill, the distribution of the ~-alkanes is polymodal,  with maxima at C13, C17

and C29., ranging from C10-C33~ with a strong odd-to-even carbon number ”pre-

dominance> C26 (Fig. 3d). The major homologs < C26 are derived from partially

degraded autochthonous microbial detritus, where the cluster at C,3 may also be

contamination from diesel oil used on the core catcher. The homologs > C26 are

derived from allochthonous higher plant waxes.

The Pr/Ph of the samples from Sites 468 and 469 are about 1.2 or greater

(Table 1), indicating oxic sedimentary environments (Didyk et al., 1978). Perylene.—

was detectable as a minor component in samples 468-2-3, 469-2-2 and 469-43-1

only (Table 2). It is another indicator of anaerobic conditions of sedimentation

(Simoneit,  1979b; Didyk et al. 1978).— .

●
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Then_-fatty acids of sample 468-18-3, 100-119 cm range from C ~o-C24, with

a strong even-to-odd carbon number predominance and maximum at C16 (Fig. 3f).
m

This is typical of a microbial origin. The ~-f.atty acids of the other three

samples (Fig. 3e,g,h) range from C ~0-C34,.  with a strong even-to-odd carbon

number predominance and bimodal distributions, with maxima at C16 and C28. The

homologs <C22 are of an autochthonous  microbial origin and those > C22, when

considered with the y-alkanes z C26, ire of an allochthonous  origin from higher

plant wax. A trace amount of dehydroabietic  acid was detected in the surface
,.

:edi.ments only, indicating a very mjnor~ influx of allochtonous  detritus from,. . . . . . . .
..-.

resinous plants (Simoneit, 1977). , ; ‘“-” ‘-”
.

Molecular Markers:

The concentrations of the n_-alkylcyclohexanes,  the extended diterpanes,

the triterpenoids and the steranes with sterenes are given in Table 2. Major

sterane and triterpane  concentrations were encountered in samples 467-8-5,

467-18-5, 467-41-4 and 467-110-3.
0

Microbial markers in the form of ~-alkylcyclohexanes  were present and

their distributions are found in Fig. 4. All samples, except 467-85-4, 10!5-116

cm, have similar distributions with maxima at C 21 > no carbon number predominance

and an approximate range from C13 to C25. The exceptfon (467-85-4) has a maximum

at C18 and narrower range from C14 to.C23. These compounds are general in-

dicators of microbial detrital lipids (Simoneit,  1978, 19S0).

The relative distributions based on the m/z 191 mass chromatograms  of

the extended diterpanes and triterpenoids  are found in Fig. 5. The extended

diterPanes  {sf2’UCWrf2 1) range from C~OHj6 (I, R=C2H5) to C26HL8 (I, R=C8H~7)
>

“’lth  a ‘aximum at C23H42” In some samples, the range extends to C29H54 and

the homologs > C26H48 are resolved into two diastereomers. The distribution

patterns of the extended diterpanes , when considered viith the triterpane

distrititions, are siinilar  as those of shallow sediment samples from the e
Southern California Bight (Simoneit and Kaplan, 1980).

-.
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The triterpenoids (Fig. 5) consisted of primarily the geologically mature

9 hydrocarbons of the 17a(H)-hopane  series (11), with minor amounts ofl7B(H)-

hopanes and 17f3(H)-moretanes. The extended 17u(H)-hopanes  ranged from C31

‘0 C3 5
and were resolved into two diasteromers at the C-22 position. The

22S to 22R ratios were variable and approach unity for some samples, analogous

to the samples from the Southern California Bight (Simoneit  and Kaplan, 1980; Venka-

tesan et al.,—.
(Fig. 6A) as

Kaplan, 1980;

1980). The C28 triterpane .-vias identified from its retent~on Index an

17a(H),18a(H),21B(H)-28,30-bisnorhopane  (III, Simoneit and

Seifert et al., 1978). It was present in all samples and was——

the dominant analog in samples 467-3-3, 467-8-5 and 469-2-2. The similarity

of the extended diterpane and triterpane distributions of the shallower samples

(467-3-3, 467-8-5, 467-18-5, 468-2-3 and 469-2-2) with some of those of the

samples from the Southern California Bight (e.g., Fig. 5 I, Simoneit and

o
Kaplan, 1980) lend support to paleoseepage or erosive recycling of more . .

mature bitumen to these sediments. This is further supported by the presence

of a broad envelope of unresolved branched and cyclic hydrocarbons in these

samples. The triterpenoid distributions of these samples are completely

different from the uncontaminated distribution; for example, from the Guaymas

Basin in the Gulf of.:California  (Fig.5J Simoneit et al., 1979).

Indicators of an additional syngenetic component of triterpenoids were

the unsaturated hydrocarbons and acids. Triterpenoid ketones were only

trace constituents. The major unsaturated triterpenoid was identified as iso-

hop-13(18)-ene  (IV) from its retention index and mass spectrum (Fig. 6B)

(Ageta et al., 1968). It is the major triterpenoid of sample 467-18-5 and.—

occurs in excess of hop-17(21 )-ene (V) in all the other samples. Iso-hop-

13(18)-ene was not detected in the shallower sediment samples of the Southern

e California Sight (Simoneit  and Kaplan, 1980), where the major unsaturated

..
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triterpenes consisted of primarily diploptene and Iesser amounts of 179(H)-

hop-21 (22)-ene and hop-17(21)-ene. Diploptene  and 17B(H)-hop-2~  (22]-ene were o

not present in these samples. Minor amounts of iso-trisnorhopane  (VI) were

present in all samples. “This compound may represent a degradation product of

iso--hop-l3(l8)-ene. Ageta et al. (1968) reported ilop-13(18)-ene present— .

in ferns. Such a source seems unlikely for these samples, especially when

considered with ths presence of the other major non-hopanoid structures (cf”~

111, VI and VII). These compounds are probably derived from microorganisms

in the autochthonous  environment.
,.. The fatty acid fractions contained varying amounts of extended triter-

penoidal acids and samples 467-85-4, 467-110-3 and 468-18-3 contained no

detectable amounts of these cyclic acids. The extended 17f3[H}-hopanoic ac~ds,

ranging from C31 to C33 , with 17f3(H) -bishomohopanoic  acjd as the major hoinolog

were present in samples 467-41-4, 468-2-3, 469-2-2 and 469-43-1. The pre:,
o

domfnant stereochemistry was 17i3(l+) with only one diasteiomer and traces Of
. . .

the 17a(H) epimers. Samples 467-3-3, 467-8-5 and 467-18-5 contained a series

of extended 28-norhopanoic  acids, ranging from C30 to C33 with the C31 homolog

as the major compound. The structure of the C31 homolog was deduced from its

mass spectrum (Fig. 6C) to be 28-norbishomohopanoic acid (VII). The biogenic

source of these compounds is unknown, but may be analogous to that of the other
. . .*< extended hopanoic acids from bacteriohopanepo?yols of a microbial origin (Ourisson

et al., 1979). The biogenic precursors of the extended 28-norhopanoic acids

may also be the source of dominant 17a(tl),18a(H),215(H)-28,30-bisnorhopane  (111). “

The steranes present in these samples consisted primarily of the 5a and

5B(H),88(H),14u(H) homologs (VIII , Fig. 7], ranging YromC26 to C29, with

lesser amounts of 4-methylsitostane  (VIII, R’=CH3). Sanples 467-3-3, 467-8-5,

e
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a 467-18-5, 467-41-4, 467-85-4, and 467-110-3 contained varying amounts of nor-

cholestane (IX). pre9nane (C2~H3~) was also identified in “these samples

(Fig. 7). The presence of norcholestane may indicate an origin from marine

biogenic sources (eg., Djerassi et al. ,’1979).—— ‘he ‘ominance ‘f ‘he C27 ‘terane
in all samples is more characteristic of an origin from marine planktonic detritus

(Huang and Fleinschein, 1979). However, the high concentrations of the

steranes in the shallower samples (eg., 467-3-3, 467-8-5 and 469-2-2) -
. .

ndicate

art admixture of geologically mature bitumen from recycled or paleoseep  m&rial
. . . ..——

(Simoneit and Kaplan, 1980). This

from the Southern California Bight

can be compared with the example of a sample

(Fig. 7h). The isoneric5uor56  (H), 86(H),

?46(H)-steranes (X] were present in most of the samples as the second most

abundant steranes and occurred in essentially a 1:1 ratio of diastereo~ers. The 4-

0
methylsitostane is a further indicator of an autochthonous marine component

(Simcmeit, 1978]. Rearranged steranes and their monoaromatic  analogs ~eri’

present as trace constituents only. Pregnane was detected as a significant

component of all samples (Fig. 7) and its source is uncertain. Sterenes and

steradienes were not present as significant constituents. Also, the polyoleflnic

hydrocarbons detected in the shallow Southern California Bight sediments

(Slmoneit  and Kaplan, 1980) were not present in these samples.

Traces of the diterpenoid hydrocarbon derivatives retene, clehydroabietin,

simonellite, dehydroabietane, norsimonellite and methyl phenanthrene  and cadalene

were detected in some samples. Coupled with the presence of low amounts of

dehydroabietic acid, this indicates a minor influx of resinous higher plant

detritus (Simoneit, 1977).
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The presence of organic or elemental sulfur has been used as an indicator

of anoxic sedimentary

system, the elemental

Thus, the polysulfide

conditions (Diciyk et. al., 1978). With the present GC/blS

sulfur could be speciated into some polysulficie  moieties.

peaks correspond~ng to S8, S7 and S6 are resolved in

the GC/NS data (Fig. 8) and their molecular weights confirmed by the mass -.

spectra. Samples 467-3-3, 467-8-5, 467-18-5, 467-41-4, 467-110-3, and.

469-2-2 contained these polysulfides  indicating euxinic sedimentary../
conditions as was also concluded from the other lipid data.

. .

,i

o
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Kerogen:

Kerogen  combustion followed by manometric measurement of the resultant

gases for a determination of C, H, N and O in the original kerogen generally

has given the elemental results listed in Table 1. Some of”the variability

can be attributed to the high ash content in all but one of the kerogen

samples (7--Hole 468). Cores 467 and 469 contained variable amounts of

pyrite (FeS2), which was also detected in the initial core ”analyses on-

board s’hip, thus high ash values in the kerogen are not surprising. The

H/C values for
./
1, 3, 4, 6and

and 9 are more

The 613C,

samples 5 and 9 are therefore high and the values for samples

8 fall in the more aromatic range, whereassamples 2, 5, 7

aliphatic.  (cf., Table 1).

6~5N and 6D data for the kerogens  are listed in Table 1.

Values for 613C fall within the range of -20 to -23°/0. , and are indicative

@
of chiefly marine planktonic  source material with nrinor input of terrestrial

higher plant detritus (Sackett, 1964; Peters etal., 1978; Stuermer et al.,.—

1978).

In addition to source elucidation, 613C data have been used to in-

dicate structural modification of kerogen resulting from microbial break-

down or from elevated thermocatalytic effects due to increased burial.

Figure 9 shows a plot of kerogen 613C versus depth within each core. In

Hole 467, shallow samples become isotonically heavier with depth, reaching

a maximum value at 381 m

lowest 613C value in the

m (sample 6). This 6~3C

subbottom (sample 4), and then decreasing to the

core at the concomitant greatest depth of 1035

profile may be the result of two competing processes:

the microbial or ox~dative  alteration of kerogen substrate

in 12C, and the inorganic thermal decomposition of kerogen

e alities which are enriched in ‘3C. It is well established

moieties enriched

carboxyl function-

that less energy

is required to break 12C-12C bonds than it is for 13C- 12C linkages (Stevenson
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et al., 1948; Brodskii et al., 1959); therefore, degradation of kerogen——

would be expected to preferentially utilize 12C-12C fractions, leaving the

residual kerogen heavier in ~aC/12C. Indeed, this appears ty be the dominant

process for Hole 467 until at a depth of 381 ITI (4}, there is a reversal and

d13C becomes increasingly lighter. That phenomenon may be attributed to

the overriding effects of thermal decomposition of kerogen  portions that

are ~3C~enriched  in conjunction with the waning fractionation of 12C-rich

groups from ~he microbial or oxidative degradation of kerogen. Slight

systematic enrichment in 12C in the residual kerogen which is derived from

the elimination of -COOH groups heavy in 13C has previously been demon-

strated (Abelson and Hoering, 1961; Galimov, 1973; 1978i Rohrback, 1979).
.

It is not clear that the pumiceous  tuff located in the sedimentary column

between 700 to 820 meters might have accelerated the rate of decarboxylation
.._

reactions in the kerogen since there are no major cliscontinuities  in the ‘--” . e

decreasing d13C

(5) and at 1035

close proximity
.

the situation.

of7.5 m (7) to

trend with depth ”for the data points at 381 m (4), 800RI

m (6). More Information is needed for samples taken within

both above and below the tuff interval in order to clarify

Similarly, Hole 468 shows an increase in 6 13C from a depth

the deepest subsainple taken at 160m (8). Apparently,

. temperature effects were not great. enough to initiate decarboxylation  of.-.r
kerogen, and decomposition by microbes or oxidation was the dominant process,

yielding kerogen residues heavier in 613C. Conversely, Hole 469 shows

nearly a constant 613C value with depth (-22.20”/00), which could mean that

microbial/oxidative and thermal decomposition processes for the refractory

organic material were roughly in balance with one another throughout the

core intervals sampled. However, this shou~d be interpreted with caution

due to the limited data, until additional 613C analyses can be conducted on - m

further samples taken between samples 9 and 10.
.
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Deuterium ratios for the ten kercgen  samples demonstrate greater

variance, showing a distribution between -140 to +29%0 . Before an assignment

of organic source material can be. made on the basis of 6D variance, limitations

to the usage of the cieuterium ratio must be understood. Generally, 6D

results are thought to provide a less concrete basis for the elucidation of

organic source material, since deuterium values have previously been shown

to be intrinsically related to the.6D ratios of meteoric waters which drain

into a given geographic location, rather than to inherent biological fraction-

ation processes of marine and terrestrial biota (Hoering, 1975). However,,,

Nissenbaum (1974) detected slight differences among 6D measurements of

various marine and terrestrial humic acids and found that for a given

restricted geographic location, 6D ratios of -102 to -110%0 for humic

material in the underlying recent marine sediments, and attributed this

range to contributions primarily by marine plankton. Comparing this 6D” ~~

range to the 6D values of these kerogen samples (Table 1), only samples 1

and 8 of Quaternary and Lower/Middle liiocene ages, respectively, coincide

with the -102 to -110%0 interval. Clearly, the 6D values generated in

this study do not support the corresponding 13C data which irrevocably

point to a marine planktonic  origin for these kerogens. Factors which may

have induced the wide variations in 6D measured in the other eight sample

intervals include the following:

1) presence of heavy minerals in the isolated kerogen fractions could

either increase or diminish 6D during the separation and pyrolysis

phases of kerogen analysis (Durand and Honin, 1978),

2) fractionation due to equilibration or exchange of kerogen hydrogen

during analytical procedures (Hoering, ?975),

3) fractionation of the hydrogen fraction contained in humates  during
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diagenetic processes that lead to kerogen formation; thus, -102 to

-llOO/.O measured in humates, is fundamentally not applicable to m

kerogen, and

4) application of varying degrees of thermal stress to the kerogen

after burial within the sediment.

Knowledge of the thermal stress within a given sediment may be used to

demonstrate the changes in 60 with depth, and thus, correlate increasing.

temperature due to burial within a geothermal gradient. Thus, it may be pos-

sible to document paleothermal events by analysis of anomalous 6D fluctuations

with depth (Fig. 10). For Hole 467, 6D remains nearly constant to a depth of

381 m (4), then increases to a maximum value at 800 m (.5), ”and finally  de-

creases in the deepest kerogen sample. The substantial depletion of 12C at

a depth of 800 m~lso coincides with the appearance of a pumiceous tuff. It

seems evident that the heat from this nearly cooled volcanic material was

sufficient enough to cause mass fractionation of the lighter isotope, leaving
... :;

0
-., .
behind a deuterium enriched kerogen res~due. Moreover, ”in terms of D/H con-

tent, the sample at 800 m (5) is diagenetically  more mature than the lower

kerogen sample from 1035m (6). This anomalous maturation in the tuff. vicinity
.

may be interpreted as a Rayleigh distillation effect in which the lighter

isotope is distilled off first, the magnitude of which is related to the ab-

: solute distance from .the heat source. A similar phenomenon has been observed
z

in the thermal alteration of Cretacecws black shale by basaltic intrusions in

the Eastern Atlantic (Simoneit et al., 1978).

For Site 468, ~D increases with depth, however, the deepest sample is

only 160 m (8). Apparently, the sediment in this interval of 7.5 to 160 m

did not experience an unusual thermal stress, since the 6D lies within the

same range as for the shallow kerogen  at site 467, despite the fact that vol-

canic ash layers appear in the core lithology at a depth of about 230 m. o
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0 Similar behavior is not true for Hole 469, in which &l

70°/00 in the core relative to the dD values in either

organic matter in Hole 469 exhibits a high diage.netic maturity in terms of very

large D/Ii ratios, which may well have been induced by the high thermal stress

imparted by the observed diabase intrusion. Moreover, the intrusion appears to

be of an Upper Quaternary age in order to account for the high 6D value in the

is enriched by 40 to

Hole 467 or 468. The

shallow 10.0 m (9) sample that was formed during this era. Therefore, when com-

paring the relative thermal stress induced by volcanic debris or alternatively,

t,he greatest extent of diagenetic maturity of the organic mat~er, the following

is true: the core from Hole 469 shows extensive thermal degradation, followed

by localized zones of moderately heated kerogen in Hole 467, and finally, no

significant thermal alteration of kerogen from Hole 468.

Mhen a correlation is made between 6D and &~3C for each kerogen sample

@ (Figure 11) a compelling segregation of drill holes 457 and 468 from 469 is

evident. This separation of data points may be a manifestation of differential

thermal stress on the various kerogen fractions by a non-uniform thermal gradient

or by non-homogeneous heating by volcanic debris. That is assuming the

effects of experimental fractionation, heavy mineral interaction, meteoric

deuterium values and organic source material are roughly equivalent among all

ten kerogen samples. Overall, 613C shows minor deviation (-20 to -23°/~~), while

6D values demonstrate significant variability (-140 to +29°/~0). By plotting the

changes in 13D and 613C among kerogen  frcm a single drill site, consistent pro-

gressions becoine apparent. For Site 467, shallow samples are clustered together

(1 to 4), having low 611 ratios. Deeper samples (5 and 6) show an enrichment in

deuterium of about 40°/00, relative to the shallow kerogen. Carbon values are

e
more or less in the same range for all analyzed kerogen, with a variability of

approximately 2 70.. Thus, with depth there is a rapid increase of 6D relative

.
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to 613C, and this relation may indicate the accelerated effect of biological

and abiological kerogen alteration processes acting upon the lighter element. o

This same trend is noted for Hole 469 and less pronounced for Hole 468.

Consequently, winen considering diagenetic  alteration of kerogen, changes of

greater magnitude occur for hydrogen components than for carbon components.

This generalization is supported by simulated laboratory thermal alterations

of kerogens (Baedecker et al., 1977; Ishiwatari  et al., 1977; Sackett,—— ——

1978; Rohrback, 1979; Durand and Monin, 1978) which show the degree of

elemental loss in the order of O > H > IV> C.

- The 1515N data for the kerogens are also listed in Table 1 and they

range from +1.4 to +11.8°/00 , with considerable scatter and error due to

the low levels of nitrogen contents. The correlation of d~shl versus &~3C

is shown in Fig. 12 and the’correlation line (slope 1.1] for organic matter

from the continental shelf sediments of the Northeast Pacific (Peters ~“,,..-
al., 1978) is also indicated. The interpretation of the data is limited—

but it shows that all these kerogens  are of a mixed composition derived

from terrestrial and marine detritus. Based on the 6~sN values, the sam-

ples from Site 469 are distinctly more marine in character.

The nature and composition of

samples from Sites 467 to 469 were

CONCLUSIONS

the lipids and kerogens  of selected core

determined and the genetic origin and

maturity of that organic matter could be evaluated from these data.

Lipids:

The lipids had a multiple origin from primary autochthonous  marine

production (i.e., microbial residues) and from allochthonous  sources.

e

.
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The allochthonous influx was comprised of terrigenous  detritus, primarily

higher plant wax and traces of resin residues, and geologically mature bitumen

from seepage or from recycled older sedimentary material. These inferences

are based on the homolog  distributions of the ~-alkanes and n_-fatty  acids,

with the shape and magnitude of the unresolved branched and cyclic hydro-

carbons (the hump), and the structural and stereochemical

molecular indicators.

The Pr/Ph values ranged from 0.7 to 2.0 and perylene

compositions of the

and polysulfide

sulfur were present in most samples, indicating partial euxinic paleoenviron-

mental conditions of sedimentation.

l&2W@l

The 6D and 6~”3C values of the kerogen samples demonstrate that sites

467 to 469 contain organic material principally derived from marine planktonic

sources, with a minor input of terrestrial higher plant components. Although

these sites are within close proximity to each ”other, the respective sediments

show varying degrees of thermal stress, based upon the variation of 6D with

depth. Hole 469 shows anomalously high 60 values, which support the id$a of

localized heating by a recent (Quaternary) diabase intrusion. Alternatively,

Site 467 was moderately heated within close proximity of a vitric tuff$,.while

Hole 468 does not show any significant alteration of kerogen by a far removed

lapili tuff. Moreover, the in situ thermal alteration of the organic matter.—

shows these overall trends:

1) 6D increases with increasing depth, in a normal diagenetic

sequence as a result of the preferential loss of the lighter

isotope with increasing temperature (mass fractionation),

2) 6~3C increases with increasing depth, initially, due to microbial

degradation, and then decreases with depth due to inorganic

breakdown (thermal stress),
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3) loss of H is more rapid than loss of C during the normal

diagenetic sequence of events.
.

AC KNONLEIIGEMENTS

Me thank D. Winter for stable isotope data and for assistance ~

in sample preparation for stable isotope analyses, E. Ruth for GCI}IS

data acquisition and Robert E. Cox and 14.1. Venkatesan for manuscript

review. Partial financial assistance from the Department of Energy./

and Bureau of Land Management (Contract Number !?(-76-S-03-0034,  P.A.

134) is gratefully acknowledged.

. .



. .- . . .—— — .—-. —.. . . . . . . . . . .

- 2 2 -
.

REFERENCES

Abelson, P.H. and T.C. Hoering {1961). Carbon isotope fractionation in
formation of amino acids by photosynthetic organisms. Proc. Nat. Acad.
Sci. U.S. 47; 623-632.

— .  —
——

Ageta, H., Shioima, K. and Arai, Y. (1968). Fern constituents: Neohopane,
hopene-11, neohopadiene  and fernadiene isolated from Adiantum species,
Chem. Comm. 1968; 1105-1107.— .  .

Eaedecker, M.J., R. Ikan, R. Ishiwatari and I.R. Kaplan (1977). Thermal
alteration experiments on organic matter in recent marine sediments
as a model for petroleum genesis. In: Chemistry of Marine Sediments,
(T.F. Yen, Ed.), Ann Arbor Science, Ann Arbor, Micmpp. 55-72.

Brodskii, A.M., R.A. Kalinenko and K.P. Lavroskii (1959). On the kinetic
., isotope effect in cracking. Int’1. J. Appl. Radiat. Isotopes ~, 118.—  .

Craig, t-1. (1957). Isotopic standards for carbon and oxygen and correction
factors for mass-spectrometric analysis of carbon dioxide. Geochim.
Cosmochim. Acts 12; 133-149.

Didyk, B.PI., Simoneit, B.R.T., Brassell, S.C. and Eglinton, G. (1978). Organic
geochemical indicators of paleoenvironmental conditions of sedimentation,
Nature 272, 216-222.—.— —

Djerassi, C., Theobald,  l!., Kokke, N.C., Pak, C.S. and Carlson, R.M.K. (1979).
Recent progress in the marine sterol field, Pure Appl. Chem. 51, 1815-1828.-—

Durancl,  B. and Monin, J.C. (1978). Elemental analysis of kerogens. Chapter
4, in: Kerogen -- Insoluble Organic Matter From Sedimentary Rocks. 6.
Durand, cd., Paris~d~o~s Tecnnip. , pp. 113-142.

Galimov, E.M. (1978). 13C/12C ratios in kerogen. In: Kero~--- In~o~uble
@l@~~atter msedimentary M. B. D[;’”~*d’ cd”’ f’arls: ‘d~t’o)’s
Technlp, pp. 271-299.

Galimov, E.M. (1973). Carbon isotopes in oil and gas geology. English
translation: Washington, NASA TT F-682.

Haq, B., Yeats, R.S., Barren, J.A. et al. (1979). Eastern Pacific Boundary
Currents, Geotimes 24 (4), 30-31.

——
—

Hoering, T.C. (1975). The biogeochemistry of the stable hydrogen isotopes.
Annual Report of the Director, Geophysical Laboratory, Carnegie Inst.,
1974-1975, Nasliingtcn, D.C., Vol. 1975, PP. 598-604.

Huang, N.-Y. and )Ieinschein, M.G. (1979). Sterols  as ecological indicators,
Geochim. ~osmochim. Acts 43, 739-745.



& .>. i “---- -.  -a . . . . ..- ———-... —.:AG———., —..

.

-23-

Ishiwatari,  R., Ishiwatari,  M., Rohrback, B.G. and Kaplan,
Thermal alteration experiments on organic matter from
sediments in relation to petroleum genesis. Geochim.
41, 815-828.—

Nissenbaum,  A. (1974)0 The organic geochemistry of marine
humic substances: Implications of carbon and hydrogen
In: Advances in Organic Geochemistry 1973, B. Tissot.
eds.~n~Technip, Paris, pp. 39-$~

I.R. (1977).
recent marine
Cosmochim. Acts

and terrestrial
isotope studies.
and F. Bienner,

I

Ourisson, G., Al brecht, P. and Rohmer, M. (1979). The hopanoids.’  Paleo-
chemistry anti.biochemistry of a group of natural products, Pure Appl.
Chem. 51_, 709-729.

Peters, K.E., Sweeney, R.&. and Kaplan, I.R. (1978). Correlation of carbon
and nitrogen stable isotope ratios in sedimentary organic matter.

:, Limnol. Oceanoqr. Z3_, 598-604.

Rohrback, B.G. (1979). Analysis of low molecular weight products generated
by thermal decomposition of organic matter in recent sedimentary
environments. Ph.D. Thesis, University of California at LOS Angeles,
195 pp.

%ckett, IJ.M. (1978). Carbon and hydrogen isotope effects during the thermo-
catalytic production of hydrocarbons in laboratory simulation experi-
ments. Geochim. Cosrnochim. Acts 42, 571-580.—. .

%ckett, W.!4.. (1!2.64).. The depositional  history and isotopic organic carbon
composition of marine sediments. Marine Geol. ~, 173-185.— —

Seifert, \’I.K., Moldowan, J.M., Smith, G.!{. and Uhitehead; E.V. (1978). First
proof of structure of a C28-pentacyclic  triterpane in petroleum. Nature
271, 436-437.

Simoneit, B.R.T. (1977). !Iiterpenoid compounds and other lipids in deep-sea
sediments and their geochemical significance. Geochim. Cosmochim. Acts
~, 463-476.

Simoneit, B.R.T. (1978). The organic chemistry of marine sediments, in
& Chemical Oceanography, J.P. Riley and R. Chester, eds., Academic Press,.: New York,Vol. 7, pp. 233-311.

Simoneit, B.R.T. (1979a). Lipid geochemistry of Cretaceus black shales from
the Bay of Biscay, Site 402, and of Eocene mudstofie from the Rockall
Plateau, Site 4~4. in: Initial Reports.of,tne DSDP, Vol. 48, Montadert,
L ., Roberts, D.G. et al., U.,S. Govt. Prlnt~~O~e, Uashfigton, D.C.,
pp. 935-941.

Simoneit, B.R.T. (1979b). Organic geochemistry of the shales from the north-
western Proto-Atlantic,  DSDP Leg 43, In: Initial Reports ~ the DSTIP
Tucho?ke, B.E., Vogt, P.R., etfl., Vol. 43, U.S. Govt. !%ln~g~ice;
Washington, D.C., pp. 643-649.

—

Simoneit, 13.R.T. (1980). Orqanic  cieochemistry  of Mesozoic sediments from DeeL)

,.

Sea Drilling Proj;ct Si& 3 0:
the Deep Sea Drill~ng  Project,.. . —  —
al., U.S. Govt. Prlntr Off~,-—

Falkland blatcau. In: Initial Reports of
Vol. 50, Lancelot, Y., Wjfi, E.L. et—-—
!lashington, D.C., pp. 637-642.

9.

e
. .



-24-

.

Simoneit,  B.R.T. and Kaplan, I.R. (1980).

e

Triterpenoids as molecular indicators
of paleoseepage in Recent sediments of the Southern California Bight,
Mar Environ. Res. 3_, 113-128.

Simoneit, B.R.T., Mazurek, M.A., Brenner, S., Crisp, P.T., and Kaplan, I.R.
(1979). Organic geochemistry of recent sediments from Guaymas Basin,
Gulf of California, Deep-Sea Res. 26A, 879-891.——

Stevenson, D.P., Wagner, C.D., Beeck, O. and O OS, J.W. (1948). Isotope
?5effect in thermal cracking of propane-l-C . ~. Chem. Phys. 16, 993.—

Stuermer, D.H., Peters, K.E. and Kaplan, I.R. (1978). Source indicators of
humic substances and proto-kerogen. Stable isotope ratios, elemental.
compositions and electron spin resonance spectra. Geochim. Cosmochim.
Acts 42, 989-997.——

Venkatesan, I’I.I., Brenner, S., .Ruth, E., Bonilla, J. and Kaplan, I.R. (1980).
Hydrocarbons in age-dated sediment cores from two basins in the Southern
California Bight. Geochjm. Cosmochim. A~ta 44, 789+026—  —

. . . . . - . . . .-



.i.. ---  - “  . . ..- 4 & a . .  _ _ _ _ . — —  — . . . - .  - L ~~~ ..-.— . -

:

-

. ‘zl.

. . . ..-., 0

. . . . . -.
j.. .+- *.

.
Im.

.



.

Table 2. Approximate concentrations of some molecular markers of
sediments from Leg 63.

Sample

Site 467

.=l) 3-3

2) 8-5

3) 18-5

4) 41-4

5) 85-4

6) 110-3

“Site 468

7) 2-3

8) 18-3

Site 469

9) 2-2

10) 43-1

Perylene
(*g/g) 1

2
n.d.

1000

3200

900

30

200

100

n.d.

10

20

1

I

Extended
Alkylcyclohexanes diterpanes  Triterpenoids

(rig/g) (rig/g) (rig/g)

130 800 1200

105 660 1800

48 340 930

82 100 190

27 20 70

840 380 2040

170 190 300

730 270 530

Steranes
<rig/g)

250

83(I

22,000

460

130

9600

n.d.

95

~Based on dry sediment weight.
n.d. - not detected.



i . . . . ..[. . ..–”— . . . . . . . . . . -A — —  .- . . . . . . . . . . . . . . . . . , ._,------- ---  . . ..--—..  -= —=.4.X .-
—. ..&-—1.u.~xxs%i~.

.

Table 3. Inferred sources of lipids and lcerogen of Leg 63 samples
based on organic geochenical  data.

SsEA Lipids Kerogen

467-3-3
1

marine/terrigenous marine

8-5 marine/terrigenous . marine

18-5
1

marine/terriSenous~.z marine/terrigenous

41-4 marineiterrigenous marine

85-4 marine marine

120-3 marinelterrigenous marine

468-2-3 marinelterrigenous marine

18-3 marine marine .--

-469-2-2 marine/terrigenous niarine/terrigenous

43-1 marine/terrigenous marine

1
Dominant source of two is underscored.

o
.
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a FIGUPQ LEGENDS

Fig. 1. Location map of sites 467-469 in the California Continental
Borderland.

.

Fig. 2. Distribution diagrams for the ~-al?canes (A-F) and n-fatty
acids (G-L) of the samples from Site 467. (.. .ind~cates
isoprenoids, --- dehydroabietic acid).
A,G: sample 467-3-3, 105-120 cm
B,H: sample 467-8-5, 100-117. cm
C,I: sample 467-18-5, 100-118 cm
D,J: sample 467-41-4, 100-121 cm
E,K: sample 467-85-4, 105-116 cm
F,L: sample 467-110-3, 5-9 cm

.-Fig. 3. Distribution diagrams for the ~-alkanes (A-D) and ~-fatty
acids (E-E) of the samples from Sites 468 and 469. (...
indicates isoprenoids, ––- dehydroabietic acid).
A,E: sample 468-2-3, 100-120 cm
B,F: sample 468-18-3, 110-119 cm
C,G: sample 469-2-2, 136-150 cm
D,H: s.mple 469-43-1, 131-150 cm

Fig. 4. Distribution diagrams for the ~-alkylcyclohexanes of the
samples from Sites 467-469+
(A) sample 467-3-3, 105-120 cm; (B) sample 467-8-5, 100-117
cm; (C) sample 467-18-5, 100-118 cm; (D) sample 467-41-4, 100-
121 cm; (E) sample 467-35-4, 105-116 cm; (F) sample 467-110-3,
5-9 cm; (G) sample 468-2-3, 110-120 cm; (H) sample 469–2-2,
136-150 cm.

Fig. 5. Relative distribution diagrams for extended diterpanes and
triterpenoids (the concentrations are based on the relative
intensity of the m/z 191 mass chromatograms and gas chromato-
graphic response). The R and S diastereomers of the extended
homologs are also indicated and the C28 compound is 17a(H),
18a(H), 21S(H)-28,30-bisnorhoPanc..
A) sample 467-3-3, 105-120 cm

.

B) sample 467-8-5, 100-117 cm
C) sample 467-18-5, 100-118 cm
D) sample 467-41-4, 100-121 cm
E) sample 467-85-4, 105-116 cm
F) sample 467-110–3, 5-9 cm
G) sample 468-2-3, 100-120 cm
H) sample 469-2-2, 136-150 cm
1) sample BLM 193, 25–31 cm, Southern California Bight

(Simoneit and Kaplan, 1980)
J) sample 30 G-5, Gus>-mas Basin (Simoneit et al., 1979)

.
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Fig. 6.

Fig. 7.

.- “

Fig. 8.

Fig. 9.

Fig. 10.

Fig. 11.

Fig. 12.

Selected mass spectra of molecular markers in lipids of
sample 467-18-5, 100-118 cm.
A) 17a(H), 18a(H), 21B(H) -28, 30-Bisnorhopane (ITI)
B) iso - Hop-13(18)-ene  (IV)
C) =Norbishomohopanoic acid (as methyl ester) (VII)

DisCribu&ion  diagrams for sceranes (also sterenes . ..)
of the samples from Sit_es 467 to 469.
A) sample 467–3–3, 105-120 cm
B) sample 467-8-5, 1OO-U7 Cm j

C) sample 467-18-5, 1OO-U8 cm
D) sample 467-41-4, 100-121 em
E) sample 467-85-4, 105-116 cm
F) sample 467-110-3, 5-9 cm
G) sample 469-2-2, 136-150 cm
H) sample BLM 193, 25-31 cm, Southern California Bight

(Simoneit and Kaplan, 1980)

GC/MS data for the polysulfides,  (A) mass chromat.ogram
for m/z 64, the base peak of S6S S7 and S8, (B) total ion
currene trace.

Plot of the 613C data versus depth for the kero~ens from
Sites 467 to 469.

Plot of the dD data versus depth
Sites 467 to 469.

Correlation diagram of 6D versus
Sites 467 to 469.

for the kerogens from

ev-
&C for the kerogens from

Correlation diagram of 615N versus 6
13

C for the kerogens
from Sites 467 to 469.

Appendix 1. Chemical Structures Cited
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ABSTRACT

The analytical techniques of organic geochemistry are used to

examine organic matter in terms of its structural and compositional

makeup. The sources and transport mechanisms to a sedimentary environment

and the geothermal history of this organic matter can be evaluated from

such data.

Organic matter is best examined in four separated fractions,. where

to some extent (a) gas and mainly (b) lipids (bitumen) are characterized,,

by various molecular markers and homolog distributions in terms of their

biogenic precursors and diagenetic alterations, and both (c) humates

(and fulvatesjin older sediments— the asphaltenes)  and (d) kerogen (and

protokerogen)  are characterized by their bulk properties (eg., H/C, N/C,

stable 3sotope rattos, pyrolysis-GC,  and ESR)in terms of their biogenic,

origins and diagenetic and catagenetic evolution. The transport of
-,

organic matter. to sedimentary environments consists of autochthonous

production uith a varying allochthonous  influx of detritus by predomin-

antly potamic, eolian and in some cases, ice-rafting mechanisms, followed

usually by redistribution from turbidite and contour flows. Predation

takes place throughout the transport and especially once deposited,

which is followed by diagenesis and eventually catagenesis.

All of these processes contribute to the ultimate fingerprint of

the organic matter in sediments. Thus, the overall analyses of organic

matter with the effects of its influx on the environment, need to be

carried out in such detail, in order to delineate the origins, with the

geologic history, of that organic matter and to correlate the Or~aTiiC

geochemistry of the F.ecent realm with that of the geologically ancient

realm (i.e., chemical evolution).
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INTRODUCTION

c

I
!

The isolatton and identification of fossil. pigments from geological

samples by Treibs (1934, 1936) set the stage for modern organic geochemistry.

The concept of the chemical evolution of life based on the elucidation of

molecular fossils (marWs] (Calvin, Z969) has been an active academic per-

suit since the advent of modern analytical. instrummtation (eg., Eglinton

and Murphy, 1969). Innumerable diversifications and applications of organic

geochemical methodology have occurred since (eg., Nriagu, 1976; Krumbein,

1978; Hunt, 1979; Tissot and WeL&e, 1978; Swain, 1970; Colombo and Hobson,

1964; Hobson and Louis, 1966; Hobson and Speers, 1970; Schenck and Havenear,
. .

1969; Gaertner and Wehner,

Goiii> 1977).

The biog~etic and/or

1972; Tissot and Bienner, 1974; &mpos and

geogenetic  origin of carbonaceous sediments is

reflected in the constitution of their organic matter as well as their

mineralogy and lithology. Aquatic sediments are the ultimate  depositories. . . .
a

of posthumus organic debris. This orgenic matter is composed of bofih auto.
. .

chthonous residues and detritus derived from allochthonous  sources

(SimoneiE,  1975]. Modern aquatic sediments receive organic detzitus

from natural and anthropagenic  sources. Thus, the pollutant chemistry

is en integral part of the “natural.” chemistry and is subject to the

same environmental processes (eg., Eglinton et al., 1975).——

The preservation of organic matter in sediments depends on the initial

diagenetic processes involving microbial degradation and chemical con-

version, coupled with the environmental conditions of acidity and redox

potential (.eg., Didyk et al., 1978).. Examples of these processes for the

marine environment are shown in Fig. 1. Then, during subsequent sediment

maturation and lithification, the organic matter is modified by the effects

of temperature, pressure and petrology (eg., Hunt, 1979; Tissot and Welze,

1978; Simoneit, 1978a; Tissot et al., 1971).

.
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The analytical techniques of organic geochemistry are ideally suited

to examine the character of such organic matter in terms of its structural

and compositional makeup (Simoneit,  1978a). The sources, the diagenetic

and catagenetic  histories and the transport mechanisms to the sedimentary

environment of this organic matter can then be evaluated from such data.

It should be noted that in the following discussion, organic matter is

comprised of gas, lipids (bitumen), humic substances (with fulvic sub-

stances) and kerog~ (with ‘tprotokerogentf).

Here, I shall illustrate and summarize some of the analytical tech-

.-
niques with examples of typical data for the various types of organic.

matter found in sediments.

k..
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ANALYSES OF ORGANIC MATTER

A typical. experimental flow schematic for sample workup is shown in

Figure 2. This basic organic geochemical  procedure has been in roueine

use. for several years, with only minor mdificacions tailored to specific

/
problems {eg., Si&neit, 1980~Simoneit.  et al., 1979; Boon ee al., 1978;—.— — .

Deroo et al., 1978).

Interstitial gas analyses are usually accomplished by gas chromato-

graphy (GC) and confirmed by gas chromatography-mass spectzometry {GC/MS)

(eg., Hunt, 1975; Simoneit et al., 1979). Stable isotope analyses have

also been carried out to delineate sources snd genetic origins of gases

ceg., Claypooland Kapkn, 1974).

The wet sediments are cmmuonly freeze-dried, powdered and exzraceed

in a Soxhlet apparatus or by ultrasonic or shaker agitation (Recent

sediments are extracted directly without drying). The extracted lipids

or bitumens are separated by column (liquid)-, thin layer- (TX@, gel
4-

permeation- or high-pressure Iiqu+d chromatography into discrete fractions,

which are then analyzed by GC and GC/MS (eg., Simoneit, 1978a). Prior to

separation, the lipids can also be derivatized (eg., esterification  of

free fatty acids) to reduce the polarity of some compounds. Saponification

of whole sediment or lipids can be employed to de-esterify  bound lipids

(eg., waxes). Argentation-TLC can be utilized to separaee  saturated from

Oleffi.ic compounds. Cmpl~ fractions can be further separated by mole-

cular sieving or urea (also thiourea) adduction into normal and branched-

cyclic components.

Other

are stable

photometry

ancillary techniques which can be applied to lipid analyses

isotope ratios, W-visible spectrop,hotometry,  infrared spectro-

and nuclear magnetic resonance spectroscopy.
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RESULTS AND DISCUSSION

The organic matter of sediments can be divided into the followir.a

categories based on the limitations imposed by the analytical proceduc~~

Gas Lipids (bitumen) Huma~es (with fulvates) “Kerogen

(cl-c*, + C02, (Ca-cko+) (Macromolecular, M.W. (Macromo3~:Qar  ,

Minor amount Minor amt. (Max. %10%) variable mount Major ‘. “:?).. ~. ;!:. t
of total Corg.

,.,
-. —

Gas

Interstitial hydrocarbon gases consist primarily of methane witn .G ‘

amounts of ethane and higher hydrocarbons to about Cfj.

@

Biogenic hydrc  ‘~”.i

*. gases usually have CHI+/(CZH6 + C3H8) ratios greater than 1000, while -1. .: -

a w~wenic (thermwwid Origin have ratios less Cbn 50 (Bernard - . .

1976) . For example, the C1/(Cz+C3)  ratios for shallow sediment gas~ . . . . .

Guaymas Basin, Gulf of California range from 41-150 and thus indica~c  a

mixed origin of biogenic (CH4) and thermogenic {C2-C8) hydrocarbons ~. :.~.~?.eit

et al., 1979). More detailed analyses of the trace components in ir.teI.-——

stitial gas can be found in the work of Hunt and Whelan (1978) and T -.?:.cn

(1979) . Stable isotope analyses of carbon and nitrogen have been us ;.s

guides to sources of natural gas (eg., Stahl, 1977}. For example, b:..-

genic methane has a mean 613C range of about -60 to -75 O/oo , with is.r.l.- c=-?.

values outside this spread (eg., Degens, 1979; Simoneit et al., 1979 .

for mature thermogenic  methane, the 613C values cluster from -ZO to .,, “r.

(Stahl, 1977).

More data are needed to identify the origins and to different. ‘,c

biogenic hydrocarbons other than CH4 (eg., ethykne,  propylene, etc. “Y ..:.~-fi

the thermogenic  analogs (eg., neopentane,  thiophene, etc.).
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Humic and fulvic substances are separated from exhaustively extracted

o
sediments (after removal. of carbonates by HCI treatment) by shaking with

aliquoes  of 0.1-0.3 ~ sodium hydroxide solution uneil the exaractis are

culorless (S~uermer et al., 1S?78; SCuermer and Simoneic, 1978). T“e com-——

bined attracts are then centrifuged’ and the supernatane is acidified with

hydrochloric acid co pH 1 to precipitance the hudc substances. The super-

natant,  after removal of humic substances contains the fulvic material>

w~;&can be separated by lyophfiization after dialysis or after ion ex-

change chromatography which remove ehe sales. The humic substances

.- are washed with 0.01 y HC1 and lyophil.ized  to yield the protonated form.

The residual sediment is then treated wish hydrofluoric acid to remove

silicate minerals yielding .s kerog= concentrate. Kerogen with a low ash

content can be obtained by density flotation (Stuermer et al., 1978).——

Both humates and kerogens have been characterized mainly by bulk

4/-. properties and to a limited ex~ent by chemical degradation (espec@y ‘::-’
o

‘k
kerogen]. These analyses consist of. ekmental.”composition  (eg., H/C, O/C,

N/C, etc:), stable isotope composition (eg., ~13C, ~34S, ~15N, SD, etc.),

electron spin resonance and nuclear magnetic resonance spectrometry, and

for kerogens alsa a determhtion  of the vitzinite  reflectance (Simoneik,

1978a). Pyrolysis GC and pyrolysis GC/MS have also prove~ to be of utility

for analysis of kerogen  and humates, since they provide a fingerprtit  pat-

tern and are rapid analytical methods (eg., Van de Meent et al., 1980;

Larter and Douglas, 1978; Phil-p etal., 1978) .

(
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The lipids of sediments, especially

most extensively examined. The compound

the hydrocarbons, have been

classes which are commonly

analyzed

geologic

aromatic

as lipid components and which have reasonable stability over

time periods are: hydrocarbons (~-, ~-, anteiso-, alkenes,

and isoprenoidal),  fatty acids (~-, ~-, anteiso-, unsaturated]

isoprenoid and dicarboxylic), fatty alcohols, ketones, wax esters,

steroids, terpenoids (.sesqui-,  di-, sester-, tri- and tetra-), and

tetrapyrrole  pigments (Simoneit, 1978a, 1980). The following additional

compound classes are analyzed primarily in Recent sediments, since their

geologic half-lives are short: chlorin and carotenoid pigments, amino

acids and peptides, purines and pyrimidines, and carbohydrates (Simoneit,

19.78a). The homolog distributions and molecular markers of the first

category of compound classes will be briefly illustrated with some

examples ‘and further details can be found elsewhere (Simoneit,  1978a,

and references cited therein].

Distributions of Homologs

Some typical examples of homologous compound distributions in lipids

of sediments are shown in Figures 3 and 4. Sample 36-330-10-1, 95-102 cm,

which is of Jurassic age from the South Atlantic, exhibits ~-alkanes  maxi-

mizing at I@17 and ~-C1g (Fig. 3A)

with a maximum at Q-C16 (Fig. 3E).

of primary bacterial lipid residues

and even carbon numbered ~-fatty acids

Both these distributions are indicative

and there are only traces of alloch-

thonous

1980b) .

mixture

homologs > C21. These lipids are of a marine origin (Simoneit,

The g-alkanes are superimposed on a minor unresolved complex

of branched and cyclic hydrocarbons (hump) which maximizes in the

GC retention region of C17. Such humps were found for bacterial residues

in surface sediments at natural gas emanations in Chile (Siinoneit and

Didyk, 1978; Simoneit et al., 1980).
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Sample ML71-2-23, 8.Om is from Mangrove Lake, Bermuda, of Recent

c origin in a highly productive sapropelic  environment (Hatcher et al.,

I-977, 1980). The ~-alkanes CFig. 3B) show maxima at &-Cl, from prfmary

_ 22 from microbial degradation of algal detxitasalgal synshesis$ at n-C

and a minor one at ~-C29, with a strong odd carbon number predominance

s C26, dezived from higher plant wax (Simoneiz,  1975). The maximum at

&-C22 With no carbon number predominance is superimposed on an unresolved

hump which also maximizes in that retention region. TheE -fatty acids

(Fig. 3F) exI@sit a bimodal. distribution where the predominant

. . at C28 and C30 is of a plant wax origin and the minor homologs

of a Mrine (or Iacustrine) derivaidcm.

me Black Sea is a sink for terrigenous  lipids from plant

maximum

< C20 a r e

wax as

c

. .

(

indicated by the emple (Fig. 3C, G). The ~-alkanes exhibit a maximum

at =C29 wi~h a strong odd-to-even carbon number predominance, typical

of higher pl~t wax (Stioneit,  1974, 1977b, 1978b).  This is corrobo~ated
. .

by the ~-fatty acids with their maxima at r&16arid ~-C26 and strong ~ven

carbon number predominance, where ehe homologs  > C20 are of an aUo-

chthonous cerrigenous origin (Simoneit, 1977b, 1978b).

Sample 18-175-2-2, 45-47 cm is an example of a reducing microenviron-

mesm, where the ~-alkanes (Fig. 3D) exhibit a strong even-to-odd carbon

number predominance

that of the ~-fatty

may be derived from

alcohols (Simoneit,

with the odd carbon

from plant wax.

Strong euxinic

for the homologs c C24 and the distribution follows

acids < C24 (Fig. 3H). These even ~-alkanes (< cz~)

reduction of fatty acids or of olefins from fatty

1977Z;

number

Tissot and Welte, 1978).

predominance and maximum

conditions of sedimentation are

The ~-alkanes z C24

at &29 are derived

saturated hydrocarbons by an excess of phytane to pristane as for example,

9=



for the Cretaceus

(Stioneit,  1980a).

odd-to-even carbon

The homologs c C21

derived from plant

black shale from the Cape Verde Basin (Fig. 4A)

The ~-alkanes  exhibit a bimodal distribution with an

number predominance and maxima at ~-C17 and &-C31.

are of an autochthonous origin and those s C22 are

wax. The ~-fatty acids (Fig. 4E) also have this same

dual. origin, as indicated by the maxima at ~-C16 and &24, with the

strong even carbon number predominance. The presence of pristanic and

phytanic acids should be noted , as well as the large amount of phytane.

The presemation of the CZO>C19 isoprenoid  skeleton is a consequence of

,- the anoxic depositional environment

The g-alkane distribution of a

Greenland Sea is shown in Fig. 4B.

has no carbon number predominance.

the broad unresolved hump which has

and range from C12 to C31.

Alkan-2-ones  are also found in

(Didyk et al.., 1978).

seep oil from the Norwegia&

It exhibits a maximum at C20 and

The q-alkanes are superimposed on

a maximum at about C25 retention

sediments and they are derived from

microbial alteration of ~-alkanes or ~-fatty acids (Arpino, 1973;

Simoneit, 1980a). The ~-alkan-2-ones of the Pleistocene sample 42B-

381-1-4, 104-115 cm from the Black Sea are shown in Fig. 4F. They ex-

hibit a strong odd carbon number predominance with a maximum at C29,

reflecting an origin from alkanes of higher plant wax. The 6,10,14-

trimethylpentadecan-2-one  (Structure I) and 6,10-dimethylundecan-2-one

(.11) are the predominant isoprenoidal ketones present.

Fatty alcohols are ubiquitous in sediments (Sever and Parker,

19.69) and an example is shown in Fig. 4D. Sample 12-114-5-5, 80-140

cm is of Oligocene age from the North Atlantic and consists of terri-

genous clay (Simoneit, 1980a). The ~-fatty alcohols exhibit a bimodal ,
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distribution with a major”maximum  at ~-C28, a minor one at ~-C~S and a

strong even carbon number predominance. The homologs > Czo are typical

of higher plant wax alcohols.

Eolian particul.ates are carried by trade winds fax out to sea and

they contain lipids composed of primarily plant wax blown off from contti-

ental sources (Simoneit et al., 197’7; StineiG”, L577c). Dust sample DC 5

from over the Atlantic Ocean is shown as an axample in Fig. 4C and G for

comparison purposes. Ther&alkanes  show a strong odd carbon number pre-

dominance and maximum at n_-C31 only. The ~-fatty acids show a

distribution with a strong even carbon number predominance and

ae Z@16 and 9-C26. The=-alkanes  > C20 and the ~-fatty acids

typical. of plant wax. The

gin from the sea slick and

alcohols of dust sample E2

~-fatty acids < C20 have probably a

bimodal

maxima

> C20-are

dual ori-

from desiccated Iacustrine muds. Then_-fatty

from over the Atlantic are shown in Fig. 4H.

They exhibit a bimodal distribution with a

p;’edominance and maxima ac C18 and C28 The

typical of higher plant wax alcohols.

strong even carbon number
.. ..,,

~ m.
homologs z C20 are again

The distribution patterns of homologous compounds in lipids can be

used

Th i s

to make partial assessments of ehe geneeic origins of those compounds.

approach can be further strengthened by coupling it.with the analysis

and interpretation of the molecular fossils in the lipids. Lipids have

also been analyzed for stable carbon isotope content which can lend fur-

ther support to their genetic origin (eg., Simoneit, 1980a).

Holecular Harkers

Molecular markers

and/or marine) or of a

Thes-alkanes, ~-fatty

which are characteristic of a biogenic (terrigenous

petrogenic  origin can be identified in lipid fractions.

acids, p5Uan-2-ones, ~-fatty

can be considered as molecular markers based on their

alcohols and isoprenoids

homolog distributions.



However, structurally more complex molecules have a much greater infor-

mation content. The terpenoids are the compound groups which have had

the greatest utility as specific markers.

The sesquiterpenoi’ds that have been identified in sedimentary

environments are primarily cadalene (III), with various tetrahydro

analogs. They are of both a marine (algal) and terrigenous  origin

(Simoneit and Kaplan, 1980).

The diterpenoids that have been characterized fit into two classes,

those derived from terrigenous sources (Sf.moneit, 1977a) and extended

diterpanes of a probable marine origin (Simoneit,  unpublished data)..-

The terrigenous diterpenoids  consist of a large number of compounds and

the most abundant analogs are dehydroabietic acid (IV), dehydroabietin

(V), dehydroabietane 01), simonellite (VII) , retene (VIII) , tetrahydroretene

(IX), fichtelite (X), pimanthrene (XI), 17-nordehydroabietane (XII), iosene

(XIII), 13-methyIpodocarpa-8,11,13-triene  (XN), and norsimonellite  {XV]

(Simoneit, 1977a, in preparation). The extended diterpanes were first

identified in shale and petroleum (eg., Reed, 1977), where they are ubi-

quitous, and then in Recent sediments. Most of their occurrences were

coupled with the presence of the 17a(H)-hopane  series of triterpanes, which

are geologically mature, i.e., old (Simoneit and Kaplan, 1980). These

extended tricyclic  diterpanes range from C19H3% to C2GHQFJ and sometimes to

C29H5q with very similar distributions. The inferred skeleton for the

C19-C24 homologs is Structure XVI. The c2GHq8 homolog (in some cases to

C29H5Q) is resolved on capillary  GC into an R and S diastereomeric  pair

(Simoneit  and Kaplan, 1980). Some distributions are shown as examples

in Figure 5. The samples from the Southern California Bight (Fig. 5C,D)

are contaminated by petroleum seepage, indicating that the extended diter-

panes are syngenetic with the 17a(H)-hopane  series. However, the

extended diterpanes in the Recent sample from Walvis Bay (Fig. 5B) must

be derived from a marine source, since no petroleum contamination is evident.
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The triterpenoids  found in most pelagic sediments are of an auto-

0
chthonous origin and are usually comprised of the hopane and to a lesser

ex~ent the moretane series. Hemipelagic and lacustxine sediments can

also receive tricerpenoid residues from terrigenous sources. The iomo-

logs consist”of Erisnorhopane  (XVII, R=H), norhopane (X’VTI, R=c2H5],

hopane. (XVII R=C3H7) and extended hopanes ran@ng from C31 to (235 (XVIII)

with minor amounts of the corresponding moretanes (XIX]. The 17S(H)

stereochemistry predominates in Recent, immaturs sediments (Dastillung

and Albrecht, 1976) and various triterpenes such as diploptae (XX),

17f3(H]-hop-21(22)-ene  (XXI), and hop-L7(21)-ene (xx~~) are ~SO Present

(Brooks et al., 1977). The Recent sediments from the Gulf of California——

and Walvis Bay (Fig. 5A and B) illustrate this point in that only 178(13)-

hopanes and hopenes are present. The extended 176(H)-hopanes  occur as

only the 22S diastereomer  in Recene sediments as the direct markers of

biosynthesis. In ancikt sediments or c~de oil, the hoPanes occur “as “
e

the .17u(.H]-stereomers  and the eixtended  U’a(H)-hopanes are found

as 22R and 22S diasteromeric  pairs, where full maturity is indicated by

an S/R ratio of one (.Dastillung  and. Albrecht, 1976; Brooks et al.,

1977; Simoneit and Kapl~, 198G). The samples from the Souehern Calif-

ornia Bight {Fig. SC and D) show this type of distribution, where in

sample

and in

allied

in the

193 only petroleum residues and matured 17a(H)-hopanes  are found

sample 575, a mixture of Recent and ancient triterpenoids  and

lipids are present. Also, a C28H~8 triterp~e is a major analog

Southern California Bight sediments and it has been identified as

17a(H),18a(H},21B(H)-28,30-bimorhoP=e (~~II)(seifert qS&”3 1978;

Simoneit and Kaplan, 1980]. This compound appears to be a specific

marker for SouEhern  California petraliferous residues, as it is not cormonly

5aund ,in other

Steroidal

areas @i~.oneit and Kaplan, 15!801 .

compounds are common in sediments and they undergo e
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complex diagmetic

cohols and ketones

reactions yielding various series of hydrocarbons, al-

(XXIV)(Gaskell, 1974; Lee et al., 1977, 1979; Huang

and Meinschein 1979). The saturated hydrocarbons are comprised of the

steranes [XXV, eg., cholestane,  5u(H) vs. coprostane, 56(H)], diasteranes—

(XXVI) and traces of other isomers. Examples of sterane distributions are

shown in Fig. 6 for a Cretaceus and a Jurassic sample from the South At-
b

lant ic. The 5a stereomers  predominate over the .56 (Simoneit, 198 . Un-
?

saturated hydrocarbons are found mainly as ster-Z-enes, ster-4-enes,  dia-

sterenes and monoaromatic steranes (XXVII), and functionalized  analogs
,>

are found as stan-3-ols  and stan-3-ones. Various series of 4-methyl-

steroids have also been identified in some environments (eg., Mattern

et al., 19.70; Simoneit, 1974, 1977b).——

Other minor components that can be utilized as molecular markers are

tetraterpenoids,  iso- and anteiso- alkanes or fatty acids, hydroxy fatty

acids (eg., Boon et al., 1977]— . , wax esters (Boon and delh=euw,  1979) ,

tetrapyrrole pigments {Baker, this volume)  and aro~tic hydrocarbons (ego,

Windsor and Hites, 1979). The tetraterpenoids are generally quite labile

(eg., carotenoids)., but can be preserved in anoxic environments (Watts

and Maxwell, 1977). Tetrapyrrole pigments have been extensively studied

and they are excellent molecular markers as well as

(eg., Baker and Smith, 19.74; Baker, this volume).

Aromatic hydrocarbons are found in hemipelagic

posed mainly of polynuclear  aromatic compounds with

stitution. These polynuclear  aromatic hydrocarbons

geothermal sensors

sediments and are com-

limited alkyl sub-

are proposed as

markers of pyrogenic activity Ceg., Windsor and Hites> 1979)+ In

anoxic sediments (Recent to Cretaceus), si=mificant  amounts of perylene

@XVIII) are found (Didyk et al., 1978; Simoneit, 1978b). This compound

appears to be derived primarily from the diagenetic alteration of naphthol
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pigments under reducing conditions and not from pyrolytic sources. &o-

matic hydrocarbons can also be derived from olefinic cyclic precursors

of natural origin

(eg., Spyckerelle

of such compounds

are summarized in

by dispeuportionation or dehydrogenation reactions

et al., 1977; SpyckezAle, 1975). The major examples

which have been identified in sedimentary environments

Fig. 7. The compounds h rows a and b are derived from

sesquiterpenoids of both

penoids of a terrtgenous

(mII) arederived fxom

../ 19.75).. The com@ounds in

marfie and terxigenous origins and from diter-

origin (Simoneit, 1977a). The aromatized steranes

diaster~es  (ring D olefin of XXVI}(Spycker&le,

row c are derived from the olefins (rtig E or

side-chain) of the hopane snd/or moretane series by successive dehydro-

genation which proceeds from ring D to A CGreiner et al.., 1977). These

o

compounds can be considered as markers of a predominantly marine (micro-

bial)- origin, stice their precursors are wides~read  in these environments

(Rohmer, L975; Rohmer and Gurisson, 1976). The compounds in row d ake “:

. 0
-..

derived from triterpesmids

A ring (Spyckerelle,  1975;

components in environments

of higher plants by I.oss of the functionalized  ‘

Spycker.elle  et al., 1977). They occur as minor

receiving terrigenocs detritus. Pentacyclic

aromatic hydrocarbons (analogs to those of row c, Fig. 7) , where the

aromatization occurred from ring A to D, and the series in row d (Fig. 7)

have been identi’f:ed  in environments receiving dominantly terrigenous

drainage (.eg., in Indonesia, P. AlbreCht,

River, R. Hites, private communication).

dered as indicators of terrestrial higher

Humates (and fulvates)

Both humic and fulvic substances are

private communication; Amazon

These compounds can be consi-

plants .

mixtures of compl~~ macro-

molecules, and the latter are of lower molecular weights and thus soluble
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in dilute HC1. Little is known about the detailed structures of the

compounds concerned and the analytical data consist of their various bulk

properties (eg., Schnitzer  and Khan, 1972; Stuermer,  1975; Hue, 1973,

1978) . It has been shown that humic substances decrease in concentration

with. depth of burial or geologic age and are probably ticorporated into

the kerogenous material (eg., Nissenbaum and Kaplan, 1972; Stuermer and

Simoneit, 1978). This trend is illustrated in Fig. 8 showing the decrease

of humates with depth to the upper Jurassic for DSI)P site 44-391 (Stuermer

and Simoneit, 1978). The abundance of humates at this site at depths of
.

600-1000 m sub-bottom indicates that a significant contribution of land-

derived organic matter had occurred (Deroo et al., 1978). Humic sub-

stances from Recent environments have been characterized by bulk pro-

perties such as elemental (C,H,O) composition, stable isotope ratios

(C,H,N), and electron spin resonance (Stuermer  et al., 1978). The sources

of this organic matter could be delineated by coupling these parameters

with the same data for the respective kerogens. Data for fulvates  are

sparse, although they are being determined in sea waters. Both these

carbon fractions should be characterized for more environments to

yield better baseline data.

Kerogen

Kerogens are also complex mixtures of high molecular weight moieties

of various, essentially unknown structures. The end members of kerogen

sources are coals for terrigenous

kerogens of the aquatic realm are

Tissot et al., 1974). Kerogen is.—

and alginites for marine origins. Most

admixtures of all input sources (eg.,

an invaluable endogenous  paleoenviron-

mental marker for the origin of the bulk of the organic matter. This

could be enhanced if its bulk structure,

?

and thus its genetic origin,
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could be further characterized. The elemental composition and H/C and O/C

.0
ratios of kerogen  can be correlated using Van Krevelen (1961) diagrams

to assess the magnieude  of the allochthonous tiflux and the etant of

diagenesis  and catagenesis (eg., Deroo et al., 1978). Using the stable

carbon isotope ratios in a correlation versus H/C (eg., Fig. 9) of kero-

gens of Recent to Cretaceus age reveals a clustering which reflects  the

genetic origin, i.e., terrigenous,  marine or a mixture of both (Simoneit

19.80c). Ancient kerogen can be eroded from continental geologic formations

and recycled to marine sediments Ce$g., Sackett et al., 1974}. Recent

sediments, eg., algal mats, yield a “protokerogen” which is a Iipoid macro-. . r

molecular matertal, constitutionally less complex than ancient kerogen

but related to it (eg., Philp and Calvin, 1976, 1977; Stuermez et al.,

19.78] .

Kerogen  is sensitive to thermal stress from either the normal gradient

due to depth of burial (.eg., Tissot et al., 1971; Tissot and Welte, 1978)——

or from trmsients such as intms.ions  (.s~oneit et al., ‘~97~)- This cata-

genesis results in the generation of

which m turn becomes

where an igneous sill

loss of volatiles  and

more aromatic.

intrusion into

decrsasein H/c

et al., 1978). This same phenomenon——

bitumen (petroleum) from the kerogen,

This is illustrated in Fig. 10,

Cretaceus shale resulted in the

in the =jor sill proximity (Simoneit

H/C versus N/C {Simoneit et al., 1978).——

tion, can be subdivided into phytoclasts

and vitrinite. Vitrinite particles have

be obse~ed in a correlation of

Kerogen,  on microscopic examina-

such as spores, pollen, resin

been used as the best petrographic

component for the dete-ation  of organic mturity (eg.~ Hunt, 1979;

Tissot and Welte, 1978). The vitrinite  reflectance values of the intruded

Cretaceus shale correlate with the H/C (Fig. 11) again

thermal stress of the intrusion. (Peters et al., 1979) .——

reflecting the

Thus, the buik
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parameters of kerogen can be good indicators of the thermal history of

the sediment.

Since kerogen represents the major portion of the sedimentary organic

matter, more extensive analyses are needed and should be forthcoming.

Transit Modes of Organic Matter

Autochthonous  organic detritus from the euphotic zone undergoes ex-

tensive modification on passing through the food web down to the sea floor

(Fig. 12a). The residual organic matter

incorporated into the sediment (Demaison

l$178a].

The amount of allochthonous organic

usually smill. However, over geological

from the bottom fauna then becomes

and Moore, 1980; Simoneit,  1975;

matter reaching the deep sea is

time spans

significant contribution to hemipelagic  sediments.

mechanisms for terrestrial organic detritus are the

rafting (.Fig. 12) (Simoneit, 1975, 1978a; Davies and

though river transport is obviously the major input

such material makes a

The major transport

rivers, wind and ice-

Gorsline, 1976). Al-

mechanism for terri-

genous organic

quantities and

evident in the

matter to the marine environment, little is known about

general makeup of the material. This potamic influence is

Black Sea (Simoneit, 1974, 1977b, 1978a) and in the Amazon

outflow (Aizenshtat  et al., 1973). Eolian transport carries terrigenous

organic detritus far out to sea (Simoneit  et al., 1977; Simoneit,  1977c),.—

but is a minor input mechanism for most areas. Ice-rafting is also a

minor and localized input mechanism for organic debris (eg., Sackett et—

~. , 1974) . The type and amount of organic matter that is presemed in

a sediment is highly dependent on the rates of autochthonous  production

and allochthonous  influx and the environmental conditions of sedimentation

(Fig. 1 and Fig. 12)(Bidyk  et al., 1978; Demaison  and Moore, 1980). High
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production and rapid influx of terrigenous  detritus, coupled with anoxic

conditions both in the sediment and water columns result in the _X~LL”&~

preservation of organic mat&er.

Natural seepage

can be a significance

Wilson et al. (1974]——

of both petroleum and gas into the marine envir~z.me:~t

contributor of organic maeter in limited areas.

have summarized the knom seeps (about 190) asui

estimated that they amounted to about 0.6xI.09 kg/year. Reed and Ka@n

(1977) have studied the chemistry of mari-ne. petrolem seeps of the ~L~~i-

ornia borderland and the Gulf of Alaska. Paleoseep contamination :X*S

-/
demonstrated to be prevalent in sediments throughout

derlend (Simoneit and Kaplan, 1980; Reed and Kaplan,

the California

1977) .

bor-

@
. .
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SUMMARY

geochemistry is of great value for the

in the geosphere, both in Recent and

ancient environments. The characterization of the gas,

(with fulvate) and kerogen fractions of sediments (also

atmosphere) can provide information about the origin of

lipid, humate

hydrosphere and

the organic

matter. It can also provide some insight into the paleoenvironmental

conditions prevailing during deposition and the diagenetic and thermal

history of the sediments. Such data

.> disciplines which examine geological

paleoclimatology,  paleo-oceanography

can complement results from other

phenomena such as paleogeography,

and economic geology (i.e., oil.,

gas and coal exploration, etc.]. Detailed analyses of all the fractions

of organic matter can aid in the interpretation of isolated analyses and

put them into an overall perspective (eg., pollutant hydrocarbon analyses

and how they interface with the naturai hydrocarbons). The link between

%’.t- Recent and ancient sedimentary environments (i.e., chemical evolution)

and the flux mechanisms have been addressed (Demaison

Didyk et al., 1978; Tissot and Welte, 1978; Simoneit,

1969; Cloud, 1978) but need more work.

and Moore, 1980;
(

1978a; Calvin,
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FIGURE LEGENDS

,,

F2g. 1: Schematic representations of typical sedimentary environments
(Didyk et al., 1978). The water column is divided into three
zones: euphotic, disphotic and aphotic and three levels of
the oxicity/anoxicity  interface (-.-=) are shown.

Fig. 2: Schematic for the experimental procedures for separating
various carbon fractions.

Fig. 3: Distribution diagrams of ~-alkanes (A-D) and ~-fatty acids (E-H)
( . ..isopreno ids, ---diterpenoids)  :

(A,E) Sample 36-330-10-1, 95-102 cm, S. Atlantic
(Simoneit,  1980Q

(B,F) Sample ML71-2-23,  8.0 m, Mangrove Lake, Bermuda
(Hatcher et al., 1979)

(C,G) Sample AI149-1462K,  5.0 m, Black Sea
(Stioneit, 1977b)

(D ,H) Sample 18-175-2-2, 45-47 cm, N.E. Pacific
(Simoneit,  1980a).

Fig. 4: Distribution diagrams of ~-alkanes (A-C), ~-fatty acids (E-G),
&-alkan-2-ones (F) and ~-fatty alcohols (D,H)(. ..isoprenoids,
---unsaturat cd):

(A,E) Sample 41-367-19-4, 10-15 cm, Cape Verde Basin, N. Atlantic
(Simoneit, 1980a)

(B) Sample 38-345-4-1, 130-140 cm, Norwegian-Greenland Sea,
Seepage (Simoneit,  1980a}

(C,G) Eolian dust DC5, North Atlantic (Simoneit,  1977c)
(D) Sample 12-114-5-5, 80-140 cm, N. Atlantic

(Simoneit, 1978b)
(F) Sample 42B-381-1-4,  104-115 cm, Black Sea

(Simoneit, 1978b)
(H) Eolie,n dust E2, N. Atlantic (Simoneit,  1977c)

Fig. 5: ‘ Relative distribution histograms for diterpenoids and triter-
penoids (based on the m/z 191 mass chromatograms  or gas chromato-
graphic response) of some examples. The R and S diastereomers
are also indicated and C28 Hopane I is 17~(Hjy18~(H}J216(H)-
28,30-bisnorhopane.

(A) Sample 30G-I (102-105 cm), Guaymas Basin, Gulf of
California (Simoneit et al., 1979).

(B) Sample AH 93/3-18 (197-201 cm), Walvis Bay, SW
Africa (Simoneit and Kaplan, 1980)

(c) Sample 193 (25-31 cm), Santa Barbara Coastal Area,
Southern California Bight (Simoneit and Kaplan, 1980)

(D) Sample 575 (25-31 cm), Tanner Basin, Southern Calif-
ornia Bight (Simoneit and Kaplan, 1980).

Fig. 6: Concentrations of steranes: (A) Sample 36-330-4-2 (120-126 cm),
(B) Sample 36-330-10-1 (95-102 cm)(sfioneit,  198~b).
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Fig. 7:

c
Fig. 8:

Fig. 9:

Some aromatic compounds derived from diagenesis  of s.esqui-,
di- and triterpenoids and steroids (T = terrigenous and
M = marine origin).

Plot of percent humic acid carbon with respect to total
org~ic carbon versus sediment depth at DSDP site 44-391
(SEuermez and Simoneit, 1978).

Correlation diagram of HIC versus 613C for some kerogens and
humaces ( & Recent kerogen; @ Cretaceus leesxagen; s Ret-t
kerogen from work of Stuermer et al., 197$; A Recent smd——
0 Cretaceus humar.es).

Fig. 10: Plot of the atomic H/C of the kerogens at DSDP site 41-368
versus depth in the sediment (Simoneit ea al., 1978). The.—
inErusi.ons are indicated by the hatched areas.

Fig. 11: Correlation diagram of vitrinite reflectance value versus~.>
atomic H/C or kerogens at DSDP site 41-368 (I?eters et al..,——
1979) .

Fig. 1.2 Examples of near-shore environments (Didyk et al., 1978):
a) oxic water and sediments, b} anoxic midcohuun water, gitig
anoxic sediments on rise, and c) anoxic basin water and sediments.
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I Sediment C, H,N, S and residue
gas analysis

1) HC1

2) Freeze-dry

3) Solvent extraction

microanalysis

9residue [
extract 613C>, _. —. . .. —. —-- ..—

0.2 ~NaOH 1) esterification

&residue
!!? /3I-IF deminerali-
i. zation

kerogen

elem. anal., 613C
pyrolysis

I 2) TLC or LC

I

I,H
esters ketones

I
I

GC
GC/MS GC

GC/MS

*

-.
alcohols &

polars

BSA

GC & GCfXS a
I 1) HC1

I 2) filter

freeze dry

I fulvates I humates I

+ +

C “anal. elem. anal., 613C
pyrolysis CC & GC/MS
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The Ccxqyxition, Sources and Trarqort of Organic Matter to

Marine Sediments — The Organic Gecchemical ~roach*

Bernd R. T. Simneit BEBNI R WM5T
FfB 3 1931

Institute of Geophysics and Planetary Physics

University of California

US Angeles, California 90024

U. S. A.

ABSTRACT

T h e  a n a l y t i c a l  t e c h n i q u e s  o f  o r g a n i c  g e o c h e m i s t r y  a r e  u s e d  t o
examine organic matter in terms of  its s t ruc tura l  and  compos i t iona l  makeup .
The  sources  and  t ranspor t  mechan i sms  to  the sed imen tary  enviromlent  of this

e
organ ic  matter can be evaluated from such data. .

Organic matter  is  best  examined in three “separated fract ions,  where
(a) l i p i d s  ( b i t u m e n )  a r e  c h a r a c t e r i z e d  by v a r i o u s  m o l e c u l a r  m a r k e r s  a n d
homolog d i s t r ibu t ions  in t e rms  o f  t he i r  biogenic precursors  and  diagenetic
a l t e r a t i o n s ,  a n d  b o t h  ( b )  humates (and  fulvates, i n  o l d e r  s e d i m e n t s  - -  t h e
asphaltenes)  a n d  (c) kerogen  (and protokerogen)  a r e  c h a r a c t e r i z e d  b y  t h e i r
b u l k  p r o p e r t i e s  (eg., H/C,  N /C ,  s tab le  i so tope  ra t ios ,  ESR)  in  t e rms  o f  the i r
biogenic  origins  and diagenetic  and catagenetic  e v o l u t i o n . T h e  t r a n s p o r t  o f
organ ic  mat t e r  to  mar ine  sed imen tary  env i ronmen t s  cons i s t s  o f  autochthonous
p r o d u c t i o n  w i t h  a  v a r y i n g  allochthonous  inf lux of  terrigenous  d e t r i t u s  b y
p r e d o m i n a n t l y  potamic,  eoliam and ice-raf t ing mechanisms and redistr ibut ion by
turbidite  and  con tour  f l ows . Predation takes place there and throughout  the
transport ,  fol lowed by diagenesis  and eventually  catagenesis.

A1l o f  t hese  processes  con t r ibu te  to  the  u l t ima te  f i ngerpr in t  o f  the
organ ic  matter  in marine sediments. Thus ,  overa l l  ana lyses  o f  o rgan ic  ma t t e r
(ana ly s i s  o f  single  c o m p o u n d  g r o u p s ,  eg.,~-alkanes, p~, can  be  mis l ead ing)
w i t h  t h e  e f f e c t s  o f  i t s  i n f l u x  o n  t h e  m a r i n e  e n v i r o n m e n t ,  n e e d  t o  b e
con t inued . The  l eve l s  o f  na tura l  organ ic  ma t t e r  in  recen t  sed imen t s  and  the
m a r i n e  e n v i r o n m e n t  s h o u l d  b e  b e t t e r  d e f i n e d  a n d  m o r e  t?ork  carr i ed  ou t  t o
c o r r e l a t e  anthropogenic  pol lutants  in  terms o f  t ha t  na tura l  background .

*
C o n t r i b u t i o n  N O.  1 9 3 2 : I n s t i t u t e  o f  G e o p h y s i c s  a n d  P l a n e t a r y  P h y s i c s ,
Universi ty  of  Cali fornia,  Los Angeles,  CA 90024.
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INTROEUC!TICYN

The biogenetic and/or geogenetic origin of marine sediments is

reflected in the constitution of their organic matter as well as their

mineralogy and litholqy. Marine sediments are the ultimate depositories of

posthumus organic debris. This organic matter is composed of both autoch-

thonous residues and allcchthonous organic detritus derived from continental

sources (Simoneit, 1975). Recent aquatic sediments receive organic detritus

fran natural and anthropogenic sources. Thus the pllutant chemistry is an

,...integral part of the “natural” chemistry and is subject to the same

environmental processes (eg., Eglinton et al., 1975).——

The preservation of organic matter in marine sediments depends on

the initial diagenetic processes involving microbial degradation and chemical

conversion, coupled with the environmental conditions of acidity and redox

potential (eg., Didyk et al., ,1978). Thenr during subsequent sediment——

maturation and lithification,  the organic matter is nmdified by the effects of

temperature, pressure and petrolqy (eg., Tissot and Welter 1978; Simonei.tr

1978a; Tissot et al., 1971).——

The analytical techniques of organic geochemistry are ideally suited

to examine the character of such organic matter in terms of its structural and

compo~tional makeup (Simoneitf 1978a) . The sources, the diagenetic and

catagenetic histories and the transport mechanisms to the sedimentary

environment of this organic matter can then be evaluated frcm such data. It

should be noted that in the follcwing  discussion organic matter is comprised

of gas, lipids (bitumen) , humic substances (with fulvic substances) and

kercgen (with “protokercgen”).
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I Sedirnertt C,H,N,S  and residue
(

1) HC1

gas analysis

2 )  F r e e z e - d r y

3)  Solvent  extract ion

C5res idue

I 0.2 &NaON

..’ $res idue

llF deminerali-
zat ion

kcrogcn

elem. anal., 6t3C

J’-

microanalysis

I

1 )  esterffieacicm

2 )  TX.C OZ’ LC

+@&
Cc ‘# Cxi

Gcn-ls cc cc his
GC/NS

!
p y r o l y s i s  CC & CCIMS

w

aqueous
,1 solution

1) Ilcl

C  anal. elem. anal., 613C
p y r o l y s i s  CC & CC[MS

Figure 1: Schmatic for the e~rimental procedures for
separating various carbon fractions.
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I shall illustrate and summarize the analytical techniques and

for the various types or organic matter found in marine

ANALYSES OF ORGANICM?WTER

A typical. experimental flow schmatic for sample workup is shown in

Figure 1. This basic organic geochemical procedure has been in routine use

for several years, with only minor nmdifications tailored to specific problems

4’ (eg., S.imoneit,  1979a; Sinkxeitet al., 1979; IWonet al., 1978; Derooet al.,—— ——
.r

1978) .

Interstitial gas analyses are usually accomplished by gas chromato-

grap’~y (CIC) and confirmed by g~s chromatography-mass spectrcznetry (G@VIS)

(eg., Hunt, 1975; Stineit et al., 1979). Stable isotope analyses have——

0 been carried out to delineate sources and genetic origins

Cla~l and Kaplan, 1974).

The wet sediments are

in a Soxhlet apparatus or by

mmnonly freeze-dried, pcwderd

ultrasonic or shaker agitation.

of gases

also

[eg.,

and extracted

The extracted

lipids or bitumens are separated by column (liquid)-, thin layer- (TLC), gel

permeation- or high-pressure liquid chranatography  into discrete fractions,

which are then analyzed by GC and GC/MS (eg., Simoneit, 1978a). prior to
c. !

separation, the lipids can also be derivatized  (eg., esterification  of free

fatty acids) to reduce the polarity of some compounds. Saponification of

whole sediment or lipids can be employed to deesterify bound lipids (eg.,

waxes) . Mgentation-TLC  can be utilized to separate saturated from olefinico

ccmpounds. Ccmplex fractions can be further separated bimolecular sieving oc

urea (also thiourea) adduction into normal and branched-cyclic ccmpnents.

Other ancillary techniques which can be applied to lipid analyses

are stable isotope ratios, w-visible s~ctrophotcmetry, infrared spsctt~
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metry and nuclear magnetic

I Humic and fulvic

82

resonance spectrosco~.

substances are separated from exhaustively ex-

1 tiractied  sediments (with carkxmates removed by HC2 treatment) by shaking with .

I
I

aliquots of 0.1-0.3 ~ sodium hydroxide solution until the extracts are

! colorless (Stuermer end Simoneit, 1978~). The combined extracts are then

centrifuged and the supernatant is acidified with hydrochloric acid to pH 1 to

precipitate the humic substances. The supernatant, after removal of humic

.,
substances, contains the fulvic material. and can: be

,, dialysis. The humic substances are washed with O.01~ HC1

.

lyophilizb after

and lyophilized  to

yield the probonatad form.

The residual sediment is bhen treated with hydrofluoric  acid to

remove siJicate minerals yielding a kercgen concentrate. Kerogen with a lcw

ash content can be obtained by density flotation (Stuermer et al., 1978] .——

130th humates and kerogens  are characterized mainly by bulk proper- 9

ties and to a limited extent by chemical degradation (especially kerogen).

These analyses consistof elemental composition (eg., H/C, O/C, N/C etc.),

stable isotope composition (q., l-3c, 34s, D, etc.), electron spin resonance

and nuclear magnetic resonance spsctrcmetry, and for kercqens, a determination

of the vitrinite reflectance (Simoneit, 1978a). Pyrolysis GC and pyrolysis

GC/MS have also proven to be of utility since they provide a fingerprint

pattern and are rapid analytical methods (eg., Van de}’ Meent ~ Q., 1979;
, -.
Larter and Dougl~”,  1978; Philp et al., 1978).——

,.
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RESULTS AND DISCUSSION

The organic matter of sediments can be divided into the following

categories based on the limitations

Gas Lipids (bitumens)

{C1-C8 , + ~z r (Cfj - C40 +)

H2S, etc. )

minor anmunt minor (max.fwIO%)

of total corg

imposed by the analytical

Humates (with fulvates)

(macromolecular, M.W.

mo3 to > 106)

variable

procedures:

Kerogen

(macrariolecular]

major

Gas

Interstitial

minor amounts of ethane

hydrocarbon gases consist primarily of methane with

to about C8 hydrocarkcms. Biogenic hydrocarbon gases

usually have CH4/(C2H6 + C3H8) ratios greater than 1000, while those of

petrogenic origin have ratios less than 50 (Bernard ~ ~., 1976). For

example, the C1\(C2 + C3) ratios for shallow sediment gases from Guaynas

Basin, Gulf of California range fran 41-150 and thus indicate a mixed origin

of biogenic (CH4) and petrogenic (C2 - C8) hydrocarknns (Simonei,t et al.,

1979) . More detailed analyses of the trace components in interstitial gas can

be found in the wnrk of Hun~and Whelan (1978) and Thcapson {1979).

~re data are needed to identify and differentiate the bi.ogenic

hydrocarbons other than CHq (eg-f ethylene, propylene, etc.) fr~ the

.=trogenic analogs (eg.~ neopentane,  thiophenef etc.].

Lipids

The lipids

extensively examined.

lipid components and

of sediments, especially the hydrocartxms have been mst

The ccapund classes which are commonly analyzed as

which have reasonable stability over geckgic times are:

hydrocarbons (~-, ~e, anteiso-, alkenes, arunatic and isoprenoidal), fatty.—
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alcohols, ketones, wax

t
tri-, and tetra-) , and

84

esters, steroids, terpenoids (sesqui-? di-, sester-,

tetrapyrrole pigments (Simaneit, 1979a). The follaing

1;
additonal cmpund classes are analyzed in recent sdiments only, since their

. ‘
geolcgic half-lives are short: amino acids and peptides, pmines and

pyrimi~dines,  and carbohydrates (Sinmneit, EY?8a). The homckg distributions

and molecular markers of

briefly illustrated with

elsewhere (Simoneit,  1978a,

Dktri&tio& of Hcmolcgs

the first category of compaund classes will be

some examples and further details can be found

and references cited therein}.

Sane t-ypical examples of hcmdcgous ccmpund distributions in lipids

of sediments are shown in Figures 2

which is of Jurassic age from

maximizing at r&7 and r&lg (Fig.

with a maximum at &16 (Fig 2E) . .

,and 3. Sample 36-330-10-L, 95-102 cm,

the South Atlantic,” exhibits q-alkanes

2A) and even carton numbered ~-fatty acids
..,.

Both these distributions are indicativeof

primary bacterial lipid residues and there are only traces of allochthonoms

homologs > C21. These lipids areof a marine origin (Simoneit,  1979b). The

n-alkanes are superxsed on a minor unresolved hump which maximized in the
~-,
GC retention regim of C17. Such humps were found for bacterial residues in

surface sediments at mtural gas emanations in Chile (Simoneit and Didyk,

1978) .

Sample ML71-2-23, 8.Om is from Mangrove Lake, Bermuda, of recent
c. *

origin in~highly productive sapropelic environment (Hatcher et al., 1979) .
/ .—

The ~-alkanes  (Fig- 2B) show maxha at &CIT frcm primary algal synthesis, at

n-c22 frcm microbial degradation of algal detiitus ~d a minor one at &C2gr—

with a strong odd carbon number prdCXiIinZUICe  > C261 derived frcm higher plant

wax (Simneit, 1975).
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Figure 2: Distribution diagrams of ~-alkanes  (A-D) and ~-fatty acids (E-H)  (. ..isoprenoids,
- - - d i t e r p e n o i d s )  :

(A,E) Sample 36-330-1.0-1, 95-102 cm, ‘S. Atlantic (Simoneit, 1979b)
(B,F) Sample ML71-2-239 8.0 m, Mangrove LaIce, Bermuda (llatcheretQ., 1979)
(C,G) S a m p l e  AI149-1462K,  5.Om, Black S e a  (Simoneit  1977b)
(D,H)  S a m p l e  1 8 - 1 7 5 - 2 - 2 ,  4 5 - 4 7  c m ,  N.E. P a c i f i c  (Simoneit,  1 9 7 9 a ) .
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unresolved
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I at C28 and
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at ~~2 with no carbon number predaninance is superimposed on an

hump which also maximizes in that retention region. The ~-fatby

2??} exhibit a bimdal distribution where the predominant maximum

C30 is of plant wax origin and the minor hc%nokgs < C20 are Qf a

\ marine derivation.

The Black Sea is a sink for tierrigenous lipids frcan plant wax as is

indicated by the example (Fig. 2C, G) . The ~-alkanes  exhibit a maximum at

~~g with a strong odd-@-even carbon nunb= predcmhnce, typical of higher

““plant w= (Sinmneit, 1974, 1977b, 1978b). This is corrchorated by the ~-fatty

ac_ids with their maxima ab r@16 and @26 and st~~ng even car~n nunber

,. .. prekminance, where the hcmdogs > C20 are of an allochthonous terrigenou~

origin (Simneit,  1977b, 2.978b).
,1

3 S2m@k 18-175-2-2, 45-47 cm is an exampleof  a reduc@micr@m.&ion-

~~~tr where the ~-alkanes (Fig.

predominance for the hcmdcgs <

~-fatty acids < %4 (Fig- 2H) .

number predcxninance and maximm

2D) exhillit  a strong even-to-cold carbon number

~4andt redistribution  follows thak of the
~L~ -Y & ~;d $-w M.&~

1These even ~-al.kanes > %4 with the &d carbon @.k.&
n

at ~-C29 are derived f ran plant wax.

Strong euxinic conditions of sedimentation ace reflected in the

saturated hydrocarbons by an excess of phy&ne > pristane as for example for

the Crekaceous black shale from the Cape Verde Basin (Fig. 3A) (Simneitf

1979a) . Tine ~-alkane~exhibit a bimodal distribution with an odd-to-even

carbon number predcdnance and maxima at~<l, and~~l. The hcmolcys < C21

are of an autochthonous origin and those > C22 are derived from plant wax.

The ~-fatty acids (Fig. 3E] also have this same dual. origin, as indicated by

““the maxima at ~-C16 and ~-C24f with the strong even carbon number predo-

minance. The presence of pristanic and phytanic acids should be noted, as

well as the large ~unt of phytane.
. .
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,.,

The preservation of

moxie depositional

o
the ~0 > C19 isoprenoid skeleton is a amxsequence  of the

environment (Didyk et al., 1978}..—

The~-alkane distribution of a seep oil frcm the Norwegian-Greenbnd

Sea is shown in Fig. 3B. It exhibits a maximum at C20 and has no carkxM

number predcaninance. The~-a.lkanes  are superimposed on the broad unresolved

h- whi~ has a maximum at *OU~ C25 @=n~ion and raw fr~ C12 tO %l.

Alkan-2-ones  are also found in marine sediments and they are derived

from microbial alteration of ~-alkanes or ~-fatty acids (Arpino, 1973;

‘“Sinmeit,  1979a). The ~-alkan-2-onesof the Pleistocene sample 42B-381-1-4,

104-US cm frcm the Black Sea are shown in Fig. 3E’. They exhibik a strong cdd

carbon number predominance with a maximum at %9, reflecting an origin fran

alkanesofhigher  pl.antwax. The 6,10,14-trimethy@entadecan-2-one  (Structure

5‘.
1) and 6,10~imethylundecan-2mne  (II) are tie predaninant  .isoprenoidal

o
ketones present.

Fatty alcohols are ubi~itous in marine sediments (Sever and Parker,

1969) and an example k skwn in Fig. 3D. Sample 12-124-5-5, 80-140 cm Ls of

Oligocene age from the North Atlantic and consists of terrigenous clay

(Sinmeit, 19794. The ~-fatty  alcohols exhibit a bimdal distribution with a

mjor mAmum at n__C28r a minor one ab @16 and a stron9 even carbon n~ber

predominance. The hcmlogs > C20 are typic~ of higher P~~t W= ~mhols.

Eolian particulate are carried by trade winds far out to sea and

they contain lipids _sed of prbrily plant WaX blare off frcm continental

sources (Sinmneit  et al.r 1977; Sirmneit, 1977c). Dust sample CC 5 from over— .

the Atlantic ocean is shown as an example in Fig. 3C and G for comparison

.-..purpses. The~-alkanes show a strong odd carbon number predominance and

maximum at ~-C31 only. The ~-fatty acids show a bimcdal distribution with a
o

StrOng eVWi CdI&OII  II-r ~r@~inaIICe and maxima at ~-C16 and Q-C26. The
,-
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~-alkanes > C20 and the ~-fatty acids > ~. are tYPical Of plant wax. The

slick and from1 ~-fatty acids ~ C20 have a probable dual origin from the sea

desiccated lacustrine muds. The ~-fatty alcohols of dust sample E2 frcin over
!

the Atlantic are shown in Fig. 3H. They exhibit abHal

strong even carbon number predominance and maxima at

distribution with a

CM and C28. The

~. > The distribution patterns of hcmlcgous ccmpmnds in lipids can be

of the genetic origins ofused to make partial assessments

,.This approach can h furthe~ strengthen=  by cnupling it with

interpretation of the molecular fossils in the lipids.

those pngmnds.

the analysis and .

a
Molecular Markers

Molecular markers which are characteristic of a biogenic

rigenous and/or marine] or of a petrogenic origin can be identified in

@ fractions. ‘l? heg-alkanes, gfatty acids, @Lkan-2-ones, ~-fatty alcohols and

iscprenoids  can be considered as molecular markers based on their homolog

(ter-

lipid
.,

distributions. However, the structurally more mnplex  molecules have a much

greater information content. The terpenoids are the compound groups which

have had the greatest utility as spcific markers.

The sesquiterpenoids that have been identified in the marine

environment are primarily cadalene (III) ~ with various tetrahydro  analcgs.

They are of troth a marine (algal) and terrigenous  origin (Simoneit  and Kaplan,

1979) .

The diterpsnoids that have been characterized fit into two classes,

those derived frcm terrigenous sources (Sinmeit, 1977a) and extended

diterpanes of a probable marine origin (Simoneit, unpublished data). The
.

●
terri.genous di.terpenoids cmnsist of a large numb= of ccmpounds and the mst

.7 abundant analogs are dehydroabietic acid (IV) , dehydroabietin (V) , dehy- -
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1“ droabietane  (VI), sirnonellite (VII) , retene (VIII), tetrahydrorek-e (IX),

f ichtelite (X), pimanthrene (XI), 17-nordehydroabietane (ml) J i@&ne (XIII) ,

I K3-methy@odocarpa-8, U, 13-w iene (~ , and norsinmnelliti (~ @imoneit,

1979a in preparation) . The extended diterpanes were first identified in shale

I
and ~troleum (eg., Reed, 1977) , where they

sediments. Most of their occurrences were

17 aH} -hopane series of triterpanes,  which

are ubiquitous, and then in Recent

coupled with the presence of the

are geologically maturer  i.e. t old

(Simoneit and Kaplan, 1979) . These extended tricyclic diterpanes range frcm
>>
C19H34 to C26H48 and sanetimes b C29H54 with Very similar distributions. The

, ‘.

inferred skeleton for the CM -~4homologs i,s Stiructure~.  The C!26H48

homolog (in sune cases to C29H54] is resolved on capiUary GC into an R and S

diasterscmeric  pair (Sinmneit and. Kaplan, 1979). Sane distributions are sho+m

as &xan@es in Figure 4. The samples frcm the Southern California Bight (Fig.
o

,4C, l)) are contaminated by petroleum seepage, indicating that the” extended,. .

diterpanes  are Syngenetic with the l?- (H)-hopane series. However, the

extended diterpanes  in the Recent sample from Walvis Bay {Fig. 4B] must be

derived frcxn a marine source since no ~troleum contamination is evident.

The triter~noids found in nnst marine sediments are of ~

autcchthonous  origin and are usually c=qxised of the hopane and to a lesser

extent the moretane series. The homobgs consist of trisnorhopane (XVII, “

s“’ %H) , norhopane {XVII, R=C2H5), hopane (XVII, R=C3H7) and extended hopanes

ranging from C31 to C35 (XVIII) with minor amounts of the corresponding

nnretanes (XIX}.
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[
Triterpenoids I

I
-“- 17/9 (H) 1

1- - -  ~~”o.~”~
I. . ..-.. unknown 1

B

) 20 25 35 40 15 20 25 30 35 40
Cz c~

H
- ’
~ Triter panes

!! ::rond’ ,1 c’s ‘o:ne ‘.-

15 20 25 30 35 40 15
c~

F i g u r e  4 : R e l a t i v e  d i s t r i b u t i o n  h i s t o g r a m s
terpenoids  ( b a s e d  o n  t h e m / e  191

20 25 30 35 40

c~

for diterpenoids and tri-
mass chromatograms  or gas

chromatographic  r e s p o n s e )  of s o m e  e x a m p l e s . The R and S
diasiereomers  a r e  also i n d i c a t e d  a n d  C2B Hopane 1 is 17ci(H),-
18ct(H),  21B(H)-28,30-bisnorhopane.

( A )  Sample 30G-I  ( 1 0 2 - 1 0 5  c m ) ,  Guaymas B a s i n ,  G u l f  o f
C a l i f o r n i a  (Simoneit e t  a l . ,  1 9 7 9 ) .

(B) Sample AII 93/3-18 (197-201 cm), Walvis Bay, SW
A f r i c a  (Simoneit a n d  K a p l a n ,  1979)

(C)  Sample  193  (25 -31  cm) ,  San t a  Ba rba ra  Coas t a l  Area ,
S o u t h e r n  C a l i f o r n i a  B i g h t  (Simoneit and Kaplan,1979)

( D )  Sample 5 7 5  ( 2 5 - 3 1  cm), T a n n e r  B a s i n ,  SouChern  C a l i f -
o r n i a  Bight  (Simoneit a n d  Yaplan, 1 9 7 9 ) .
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The 17 # (H) stereochemistry predaninates in Recent, irrunature  sediments

{Dastill~g and Albrecht, 1!376) and various triterpenes  such as diploptene

(xX), 17~[H)-hop-21(22)-ene (XXI) and hop==17(21}-ene  (XXII) are al.so present.

The Recent sec?imen~s frcxn the Gulf oftiifornia and Walvis Bay {Fig. 4A and
g.

B) illustrate this pint in that only 17~(H)-hopanes
4

The extended 17$(H)-hopanes occur as only the 22S

sediments as the direct markers of biosynthesis.

and hapenes are presen~.

diastereomer  in Recent

In ancient sediments or

crude oil, the hopanes occur as the 17~{H) stereomers  and the extended 17%
,/
(H]-hopanes are found as 22Rand 22S diasteraericpeirs,  where full maturity

is indicated by an S/l? ratio of one (Dastillung and Albrechk, 1976; Simneit

and Kaplan, 1979). The samples frcm the Southern California Bight (Fig. 4C

and D) show this type of distribution? where in sample 193 only ~troleum
.

residues and mtured 17~(H?-hopanes are found and in sample 575r a mixture of o

.~nt and ancierit triterpenoids  and allied lipids are present. == aC2@48

triterpane is a major analog in the Southern California bight sediments and it
P

has been identified as 17~(H)r18&(H),21..  (H)-28,3O-bisnorhopane (NIII)

(Seifert et al., 1978; Sinmneik and Kaplan, 1979) . This cgnpund appears gO——

be a specific marker for Southern California ~troliferous residues, as it is

not found in other areas (Simorieit  and Kaplan, 1079).
.

Steroidal compounds are widespread in marine sediments and they

undergo cartplex  diagenetic  reactions yielding various series of hydrocarbons,

alcohols and ketones (XXIV) (Gaskell, 1974- Lee et al., 1977, 1979; Huang and
>

Meinschein 1979). The saturated hydrocarbons are comprised of the steranes

[XXV, eg., cholestane, 5~03) vs. coprostane, 5~(H)], diasteranes (XXVI) and—

traces of other isomers. Examples of sterane distributions are shown in

Figure 5 for a Cretaceus and a Jurassic sample fman the South Atlantic. The ●
5Asterecmers predcminadte over the 5~(Sinmeit, 1979b).b Unsaturated
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hydrocarbons are found mainly as ster-2-enes, ster-4-enes and nmoarcmatic

steranes (XXVII) , and functionalized  analogs are found as stan-3-ols and

stan-3-ones. Various series of 4-methylsteroids have also been identified in

sane environments (eg., Mattern et al., 1970).——

50

. . . ,. !
ppb

25

0

I 40

!
Ppb

20

0\ .-

25 30 35 25
c~

---- 5#NH)
— 5a (H)

i-----l “’”
30 35
c—

F i g u r e  5 . Concentrat ions of steranes: (A) Sample 36-330-4-2 (120-126 cm) ,~. ,
(B) S a m p l e  3 6 - 3 3 0 - 1 0 - 1  ( 9 5 - 1 0 2  c m )  (Stineit, 1979b)  .

Other minor

tetraterpenoids, iso-

ampments that can be utilized as mlecular markers are

and anteiso- alkanes or fatty acids, hydro~ fatty acids

(eg., Ebon et al., 1977), wax esters (Bcon and deLeeuw, 1979), tetrapyrroleG

pigments and aromatic hydrocarbons (eg., Windsor and Hites, 1979). The

tetraterpenoids are generally quite labile (eg., carotenoids), but can be

preserved in anoxic environments (Watts and Maxwell, 1977). ‘&trapyrrole

pigments have been extensively studied and they are excellent molecular

m markers as well as geothermal sensors (eg., Baker and Smithr Z974) .
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Aromatic hydrocarbons are found in hemipelagic sediments and are

ccapsed mainly of plynuclear arcmatic ccxnp.mds with limited alkyl substitu-

tion. These plynuclear aromatic hydrocar-bons are proposed as markers of

pyrogenic activity (eg., Windsor and Hites, 1979). In anoxic sediments

(Recent to Cretaceous), significant amounts of perylene (XXVIII) are found

(Didyk et al., 1978; Simoneit, 1978b) . ~is mqmnd appears to be derived——

fran diagenetic alteration of naphthol pigments under reducing conditions.

Aromatic hydrocarbons can also be derived frcmolefinic cyclic precursorsof
:/ ,. .,
natural origin by disproprtionation  or hydrcgen abstraction reactions. The

major examples Gf such compounds which have been identified in the marine

environment are smnarized inFig&e 6. The compounds in rows a and b are

derived .frm sesquiterpmoids of both marine and terrigenous origins and frcm

diterpeaoids of a terrigenous origin (Simoneit, 1977a). The aromatized OJ

.steranes (XXVII) are derived from diasterenes  [ring D olefin of xxvi)

(Spyckerelle,  197s)  . The compounds in row c are derived from the olefins

(ring Eor sid~in) of the hqane and/or moretane series by successive ring

aromatizatim, which prcceeds frcxn ring D to A (Greiner et al., 1977). These——

-~ds C= ~ ~nsider~ as markers of a preainantly marine (microbial)

origin, since their precursors are ubi~itous in these environments (Rohmerr

1975; IWmer and Ourissonr 1976) . They occur as minor ccmpnents in

environments receiving terrigenous detritus. Pentacydic aromatic hydrocar-

bons (analogs to those of row C, Fig. 6), where the amnatization  cccurred

frcm ring A toD, and the series in row D (Fig. 6) have been identified in

environments receiving dminantly terrigenous drainage (eg.~ in Indonesia, 1?.

Albrecht, private ccmrmmication; Amazon River, Laflamme and Hites,  1979).

These ccnpunds can be considered as indicators of terrestrial higher plants.
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Figure 6: Some aromatic compounds derived from diagenesis of sesqui-,
di- and triterpenoids and steroids (T = terrigenous and
M = marine origin).
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I Humates {and fulvates)

EOth humic and f~vic substances are mixtures of complex rnacromo-

Iecules, and the labtiec are of lower molecular weights and thussoluble  in

dilute HC1. Little is known about the detailed slxuctwes  of the compounds

concerned and the analytical data consist of their various bulk properties

(eg-, Schnitzer and Khan, 1972; Stuermer, 1975; HUC, 1973, 1$378) . It has been

,-. shown that humic subtances decrease in concentration with depth of burial or

geologic age and are probably inoorpxakd

‘“ Ni.ssenlxaum  and Kaplanr 1972; Stuermer and

illb’strated  in Fig. 7 shcwing the decrease

Jurassic for DSDP site 44-391 (Stuermer  and

into the kercqenous  material (eg. ,

Simoneit,  1978). This trend is

of hmnates with depbh to the upper

Simoneit,  1978). The abundance of

humates”at this site at depths, of 600-M300 m subbttom indicates that a

signi~icant  contribution of land-derived organic matter had occurrecY (M&o et—
o

~., 1978). Data for fulvahes are sparse, although they are being determined

in sea waters.

environments to

Eoth these carkon fractions should be characterized for more

yield,tetter ~seline data for the marine realm..—
HAC/TOC  (!U

001 0,1 1.0 U,o 100.0
0 ++H.

20

40

I

600

ma

C3

G1

I
Figure 7: Plot of percent hurriic acid carbon with respect to total

organic carbon versus sediment depth at DSDP site 4.4-391
(Stuermer and Simoneit, 1978).
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Kercgens  are also ccxnplex mixtures of high molecular weight moieties

of various, essentially unknown structures. The end members of kerogen

sources are coals for terrigenous  and alginites for marine origins. Most

‘kerogens of the marine realn are admixtures of all input sources (eg., Tissot

et al., 1974). Kercgen is an invaluable endcgenous paleoenvircxunental marker.—

for the origin of the bulk of the organic matter. This could be enhanced if
,

its bulk structure, and thus its genetic origin, could k characterized. The

eknental ccrpsition and H\C and O\C ratios of kerogen can be correlated

using van Krevelen (1961) diagrams to assess the magnitude of the alloch-

tlhonous  influx and the extent of diagenesis (eg., Derco et al., 1978) . Using

the stable carbon isotope ratios in a correlation versus H/C (eg., Figure 8)

,7

of kerogens of Recent to Cretaceus age reveals a clustering which reflects
. . ..

the genetic origin, i.e.r terrigenous, marine or a mixture of tith. Ancient

kerogen can be eroded frcm continental geologic formations and recycled to

marine sediments (eg., Sackett et al., 1974). Recent sediments, eg., algal

mats, yield a “protokerqen” which is lipid macrcxdecular material constitu-

tionally less complex than ancient kercgen but related to it (eg., Philp and

Calvin, 1976, 1977).

Kerogen is sensitive to thermal stress from either the normal

gradient due to depth of burial (eg., Tissot et al., 1971; Tissot and Welter——

1978) or from transients such as intrusions (Simoneitet ~., 1978). This

catagenesis results in the generation of bitumen (petroleum) from the kerogen,

which in turn ‘beccmes mxe arcmatic. This is illustrated in Figure 9, where

an igneous sill intrusion into Cretaceus shale resulted in the loss of

volatiles and decrease in H\C in the major sill proximity (Simoneit et al.,

1978). Thus, the bulk parameters of kerogen can be gcod indicators of the



,

therqal histo~ of the sedimnte
., .,

2 . 0

“1

k%
1.5

s

=., H/c

,.,

Marine

I
A;

:
1
I
1 T’ewigeftws

A
❑

o
e

I 4?
1.0 “ 10

0 I El%

,It’i
\e a

- - - - - -  .=-- i
\

b \
\ \\\\\@

0.5 t I r t f ! ? 1 1 1 I ! 1 1 I t 1
-15 -20 -2!5 -30 ‘

i’3 c (0/00} ‘

Figure 8: Correlation diagram of H/C versus 6 ~3C for some kerogens

matter,

and humates ( A Recent kerogen; ~ CreCaceous kerogen;
a Recent kerogen from work of Stuermer et al., 1978;
A Recent and O Cretaceus humates).

Since kerogen rep-kesen+= the major portion of the sedim=ntary organic

*

mm *ensive analyses are needed.

Transit Wales of Organic Matter

. Autochthonous organic detritw from the euphotic zone urdergces

extensive edification on passing through the feed wb dcwn to the sea flcor.

t The residual organic matt=” from fauna then keccws incorporated into the

I sedinent (12emaison  and &bore, 1979; Sinmneit, 1975; 1978a).

,-,
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F i g u r e  9 : Plot o f  t he  a tomic  H /C  o f  t he  kerogens a t  D S D P  s i t e  41-368
v e r s u s  d e p t h  in t h e  s e d i m e n t  (Simoneit e t  a l . ,  1 9 7 8 ) . The——
i n t r u s i o n s  a r e  i n d i c a t e d  b y  t h e  h a t c h e d  a r e a s .

The amount of allochthonous organic matter reaching the deep sea is

usually small. However, over

significant contribution to

mechanisms for terrestrial

geological time spans such material makes a

hemipelagic sediments. The major trans~rt

organic detritus are the rivers, wind and

ice-rafting (Sinmneitr 1975; 1978a; Davies and Gorsline, 1976). Although

river trarsP3rt  is obviously the major input nxx%anism  for terrigenous organic

matter to the marine environment~  little is known abut quantities and general

makeup of the material. This ptamic influence is evident in the Black Sea

o (Simneit, 1974, 1977b, 1978a) and in the Amazon outflow (Aizenshtat et al.,——

1 9 7 3 )  . Eolian trans~rt carries terrigenous organic detritus far out to sea
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Weltet 1978; Sirrnneit~ 1978a) but need more work.
c-’
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ABSTRACT

Pleistocene

been intruded by

thermal stress.

Sediment samples

sediments in Guaymas Basin, Gulf of California have

sills and their organic matter was thus subjected to

This was the case for DSllP/IPOi)  Sites 477, 478 and 481.

from these sites and of thermally unaltered materials

from Site 474 and 479were analyzed to characterize the lipids and

kerogens

The

microbial

sill prox

nd to evaluate the effects of the intrusive thermal stresses.

ipids of the thermally unaltered samples are derived from

and terrestrial higher plant detritus. The samples from the

mities contain the distillates and those adjacent to the sills

contain essentially no. lipids. The pyrograms of the kerogens from the

unaltered samples reflect their predominantly autochthonous  microbial&

origin. The pyrograms of the kerogens. of

the thernial effects by a reduction in the

when compared with the unaltered samples.

produced little or no pyrolysis products.

the alte;ed samples reflect o
.

complexity of the products,

Kerogens adjacent to the sills

The effects of intrusions into unconsolidated, wet sediments re-

sulted in in situ pyrolysis of the organic matter as confirmed by these.—

data.
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INTRODUCTION

The drilling in the central Gulf of California concentrated on the Guaymas

Basin and the”Continental Slope east of that basin. The Guaynas Basin is an

actively-spreading oceanic basin, part of the system of spreading axes and

transform faults that extends from the East Pacific Rise to the San Andreas

fault system (Currayet  al., 1979). It is therefore tectonically very active— .

and consists of two rift valleys separated by a 20 km transform fault area.

The basin is characterized by a high sedimentation rate, which keeps its

floor and rifts covered}while a complex ocean crust and intrusions are formin9

(Cwray et al., 1979).——

Site 477 is in the southern rift and 481 in the north (the locations of

all drill sites of Leg 64 are found on the map of the area in the Introduction

to the shorebased geochemistry). The sediments were all diatomaceous oozes

and tuvbidites

et al., 1979).

intruded by various sills and of late Quaternary age (Curray

Site 477 showed extensive hydrothermal alteration and high in—

situ heat flow. Site 478 was located on the basin floor in the transform

fault zone and consisted of similar sediments with intrusive (Curray et al.,——

1979). All these sites showed biogenic gas and thermogenic hydrocarbons

ranging to C7 derived from the endogenous organic matter were also detected

at Sites 477 and 481 (Curray  et al., 1979).——

Site 479 was situated on the Guaymas Slope and consisted of primarily

diatomaceous  ooze, which Was laminated below 250 m subbottom (Curray  et al.,——

1979).

It was therefore of interest to examine the organic matter in samples

from these sites to evaluate two major questions: (1) The sources and

o
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characteristics of the organic matter and (2} the effects of the thermal stress

on that organic matter. The sources and characteristics of the organic matter e

“ can be determined by the analysis of the lipid fractions in terms of the homo-

logous compound distributions, the structural types of molecular markers and the

nature of the unresolvable mixtures (,Simoneit,  1975s 1978b; 1981), and by the

analyses of the ke~ogens  in terms of their ,bulk compositional properties and by

pyrolysis-GC and pyrolysis-GC/MS

of thermal stress on the organic

lipid and kerogen analyses. Such

the interstitia~ hydrocarbon gas

Here we present the data of

(eg., van de Meent et al., 1980). The effects

matter can also be evaluated by these same

data can then be correlated with the results of

(C1-C7) compositions.

the lipid analyses of the hydrocarbonand the

fatty acid (as methyl esters) with ketone fractions for selected samples listed

in Table 1. All the samples that were analyzed are listed sequentially by sites

in Table 1 and their locations are indicated to the left of each Iithologic

column by the numerals in Fig. 1 (supplemental samples are indicated by A-F). @

Curie point pyrolysis (Cupy) of the kerogens from the Leg 64 sampling sites ‘

was chosen as the method for examining the effects of sills on the organic

matter for a variety of reasons.

Pyrolysis has become a powerful analytica? tool in the past few years,

especially in-the study of macromolecular materials. This rapid expansion in

the.use of pyrolysis has been due to the development of fast micro-scale flash

pyrolysis techniques which appear to yield predominantly primary degradation

products (Jones and Cramers, 1977). Pyrograms, obtained by either Cupy-GC or

Cupy-MS, are found to be sufficiently reproducible and specific  to be used for

the characterization of synthetic polymers, btopolymers  and geopolymers. In

o
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● order to relate the thermal degradation products to the original macromolecule,

it is necessary to identify the products, and try to understand how they are

formed. Cupy-GC-MS  (Simmonds et al., 1969) and Py-high resolution MS, using——

both field ionization and field resorption techniques (Schulten  et al., 1973;——

1978), have been used successfully to obtain a great deal of information on the

structure of thermal degradation products from various tjpes of macromolecular

materials. The general reaction mechanisms by which pyrolysis products are

formed are only poorly understood at the present time, although recently sub-

stantial advances have been made in this area (Posthumus et al., 1974; Posthumus— .

and !libbering, 1977a; De Jongh, 1977). Despite this shortcoming, pyrolysis

techniques have been successfully employed in the study of biopolymers  (Meuzelaar

etal., 1977), humic substances (Bracewell et al., 1976) and kerogens (Maters

et al., 1977; Larter and Douglas, 1978). More recently, Cupy combined with both——

0
GC and GC-MS has been used to characterize a series of protokerogens from Recent

algal mats and kerogens from DSDP core samples

Meent et al., 1980).——

Here we discuss the results obtained from

and ancient sediments (van de

the pyrolysis of the kerogens

of some of the samples listed in Table 1. Im addition, we illustrate how

these results show the effects of thermal stress on the kerogens  in the

sill vicinities.
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EXPERIMENTAL METHODS

Lipids

The small core samples were d~~ed in an oven at 45°C and extracted after

C, H, N analysis (onboard) with methylene  chloride (CH2C12)* The Iarger samples

were freeze-dried and then extracted with chloroform and methanol (1:1) using

ultrasonicati on. The extracts were concentrated on a rotary evaporator and

treated with BF3 in methanol to derivative free fatty acids. The extracts

were then subjected to thin-~ayer  chromatography (TLC) on silica gel and

using hexane and diethyl ether (9:1) as eluent. The bands (after development

with iodine vapor) corresponding to hydrocarbons, esters and ketones were’

scraped off the TLC plates and eluted with methylene chloride. The hydrocarbon

and combined ester and ketone fractions were analyzed by gas chromatography (.GC

and GC-mass spectrometry’ (MS).’

The GC analyses were carried out on a Hewlett-Packard Model 5830 gas chrotiato-  —

graph using-a 25mx 0.20mm fused silica capillary column coated with SP-21OO,

progranuned  from 35-280°C  at 4°C per minute and using He carrier gas.

The GC/MS analyses were carried out on a Finnigan  Model 4000 quadruple

mass spectrometer interfaced directly to a Finnigan  Model 9610 gas chromatography,

equipped with a 30 m x 0.25 mm fused silica capillary column coated with SE-54.

The GC conditions for the GC/MS analyses were as those for theanalytical  GC

system. The mass spectrometric data was acquired and processed using a Finnigan-

Incos Model 2300 data system.

!Ew!w
The exhaustively extracted samples were treated with 3$4 HC1 and warmed to

approximately 60°C for 1 hcur. The acid was removed and the residue washed

with water and dried. After weighing, the sample was treated with aliquots  of
o
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3M HC1 and 50% HF in a 1:1 ratio until no further weight loss of the residue was

recorded. Finally, the kerogen concentrate was re-extracted with CH2C12 to re-

move the entrapped lipids. The extracts obtained after the acid treatment were

evaporated to dryness and the weights of each fraction are recorded in Table 1.

The entrapped lipid fractions were not analyzed further.

Curie point pyrolysis combined with qas chromatography (Cupy-GC) and Cupy-GC/MS

The exhaustively extracted kerogens were used for pyrolytic analyses, but

were further purified for subsequent analyses (Jenden et al., this volume). Cupy-GC.—

of the kerogens was performed using a Pye Curie-point pyrolyzer coupled to a

Hewlett-Packard Model 5710GC. Ni/Fe alloy wires were used in the pyrolyzer to

produce a pyrolysis temperature of 610”C for 12.5 sees. The GC was equipped

with a fused silica capillary column (50 m x 0.3 mm o.d.), coated with SE-3tl.

Temperature conditions were: ambient for 2 reins; 70°C for 2 reins; temperature

programmed at 4“C/min to 260”C.

Cupy-GC/MS  of the kerogens were performed using a Pye Curie-point pyrolyzer

coupled to a Finnigan Model 4023 GC/MS system equipped with an INCOS data

system. Ni/Fe alloy wires were used with the pyrolyzer  to give a pyrolysis

temperature of 61O”C for 12.5 sees. A 30m SP-21OO NCOT column was used in the

GC/MS system and temperature programmed from 100 to 270°C at 4°C/minute. The

separator temperature was 250*C; ion source temperature 260”C; filament current

250vA, electron energy 70 eV and scan speed 0.95 seconds/decade.
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RESULT’S AND DISCUSSION

o
The results of the carbon and lipid analyses and kerogen yields are found

~n Table 1. The total lipid contents, including the entrapped lipids which are

liberated after demineralization, are both high and consist of dominantly polar

materials. The kerogen yields are also high and they reflect a significant in-
. .

orgartic content.

Lm!2
The lipid data will be discussed in two aspects, namely the nature and

sources of the lipids in the surface sediments and some unaltered deeper sedi-

ments and then the effects of the various intrusions on those lipids-.

1 ) Surface samples from Sites 474, 477 to 479 and 481

The distributions of then_-alkanes  and fatty acids are given in Fig. 2.

The lipids of the surface samples from the mouth of the Gulf of California

are of a primarily marine autochthonous  origin (Simoneit,  this volume). This
● . .*

can be discerned in the example from Site 474 shown jn Fig. 2a and h, where

the~-alkanes  and the ~-fatty acids are derived mainly from microbial sources,

coupled with a minor higher plant wax component.

The shallow samples from Sites 477 and 478 reflect a lipid

from marine and terrestrial sources in about equal proportions.

(eg., Fig. 2b-d} range from C12. to C35, with maxima at C~9, C22

strong odd-to-even carbon number predominance s C24. The lower

weight homologs.  (.c C25), with the associated unresolved complex

represent primary and degraded detritus from microbiota and the

composition

The ~-alkanes

and C
29

and a

inolecular

mixture (hump)

higher homologs

are from vascular plant wax (Simoneit, 1975; 1980a,b).  The dominance of~-

nonadecane (Fig. 2b,d) may indicate a primary bacterial residue. Phytane is

the dominant isoprenoid hydrocarbon (Pr/Ph < 1) and varying amounts of both

sulfur and perylene are also present, indicating partially euxlnic paleoenviron- ●
mental conditions of sedimentation (Didyk et al., 1978). Perylene is commonly
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found in Recent sediments and probably indicates deposition under anoxic con-

● ditions,  where it may derive from possible biogenic precursors of either a marine

or terrigenous origin (Simoneit et al., this volume}. The presence of organic——

and/or elemental sulfur is, however, less definitive in terms of paleoenviron-

mental conditions, but does indicate a low level of oxygen (i.e., euxinic].

This is in agreement with the lithologic interpretation of a high influx of sedimentary

detritus to the Guaymas Basin (Curray et al., 1979), leading to euxinic con-

ditions where all the organic matter cannot be fully degraded. The high phytane

content of sample 477-7-1, 124-126 cm (Fig. 2c) is characteristic of a more

sapropelic  sediment deposited under st~ong euxinic conditions (eg., Simoneit,

1977a; 1980a; Simoneit et al., 1979).——

Sample 479-29-5, 114-116 cm is from 267 m subbottom and its lipids are

as irmnature as those of the surface samples. Approximately equal proportions

and sulfur

conditions.

sources.

o of autochthonous  marine (< C24, Fig. 2e~ and allochthonous  terrigenous  n-

alkanes are present. The Pr/Ph is less than one and both perylene

are present, again indicating partially euxinic  paleoenvironmental

At Site 481 the lipids are derived from primarily terrestrial

The~-alkanes (eg., Fig. 2f,g) range from Cll to C35, with maxima at C17 and

C29 and a strong odd-to-even carbon number predominance s C23. The minor com-

ponents < C21 are derived from degraded microbial detritus and the significant

odd carbon g--alkanes (> C23) are derived from vascular plant wax (Simoneit>

1975; 1980a,b). These distributions correlate with some of the surface samples

analyzed from Site 30G (about 8 km to the northeast)(Simoneit,  et al., 1979)——

and the terrestrial wax component may originate from primarily grassland with

forest vegetation. The Pr/Ph is about one {some sulfur is present, but no

perylene) and indicates partially euxinic conditions, again as a result of the

e
high and varying influx of sedimentary detritus by turbidite transport,

which leads to a greater preservation of the organic matter.
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Then_-fatty acids. exhibit bimodal distributions, ranging from CIO to C32, a

strong even-to-odd carbon number predominance and maxima at C16 and C24 or C26 or ●
C30 (eg., Fig. 2i-1). Then_-fatty acids of the samples from the mouth of the Gulf

are primarily marine in origin (Simoneit;

the Guaymas Basin (Site 477, also 478 and

Iochthonous terrigenous.  In the northern

al., 1979)—

from plant

(Simoneit,

this volume] and in the southern trench of

479] their origin is both marine and al-

trench (Site 481, also 30G--Simoneit et—

the distributions (eg., Fig. 2k,l) reflect a primarily terrigenous origin

wax, with a lesser component derived from marine microbial sources

1975). Unsaturated fatty acids were not detectable.

Thealiphatic ketones consisted of only traces of ~-alkan-2-ones (CIO to C21),

with primarily 6,10,14-trimethylpentadecan-2-one  and a minor amount of 6,10-di-

methylundecan-2-one  for most of the shallow samples. The isoprenoicial  ketones reflect

an origin from phytol by microbial degradation.

llehydroabietic acid {Structure 1), the dominant molecular marker of resinous.

higher plants (Simoneit, 1977b), is present in all

3(IG (Simone~tet al., 1979). Its concentration is— .

fatty acids (eg., Fig. 2i-1). Dehydroabietic.  acid

the shallow samples and a?sp in 9

indicated on the plots of the

was not detected in the samples

from the mouth of the Gulf (Sintoneit, this volume). This confirms the influx of a

terrestrial component from resinous plants to the Guaymas  Basin and Slope.

The distributions of the major triterpenoids  are given in Fig. 3. The

shallow samples at Site 477 {eg., Fig. 3a) contain triterpanes ranging from C27

‘o C32 , consisting of the hopane series (II) with primarily the 17a(H) stereo-

chemistry and lesser amounts of 176(H)-hopanes,  ~-hopanes (III), hoP-~7(2l)-

ene (IV) and moretanes (V). The dominant homolog is 17a(H)-hopane  and the

22S to 22R stereomer ratio for the C31 to C34 17a(H}+opanes  is about 0.8 for

the shallow samples and

These triterpenoids are

dominance of the 17u(H)

about 1.2 for sample 477-7-2, 14-16 cm closer to the sill.

probably of an autochthonous  syngenetic origin and the

stereochemistry with the 22S/R of @ 1 indicates geologic 9
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maturity, probably due to the high geothermal gradient at this site (Dastillung

and Albrecht, 1976; Simoneit and Kaplan, 1980; Simoneit,  this volume).

This can be compared with the triterpenoids of sample 479-29-5, 114-116 cm

from 267 m subbottom  and the shal 1 ow samples from Site 481 (eg., Fig. 3h-j ).

In these cases the major series are the 176(H)-hopanes (11) and the

(III )[also termed ~-hopanes), with significant amounts of various triterpenes

and 17~(H)-hopanes. The major olefins are hop-17(21)-ene (IV) and iso-hop-l3(18}-

ene (VI) and 17a,l&,216(H)-28,30-bisno~hopane  (VII) is prese~t in sample 481A-6-5,

118-120 cmonly, where it is the major analog (Fig. 3i). These triterpenoid distri-

butions correlate with those at Site 30G (Simoneit et al., 1979) and they reflect

an origin primarily from autochthonous  microbiota. The preponderance of the

176(H] stereochemistry of the hopanes with the presence ofolefins confirms the

Recent origin of these molecular markers. Iso-hop-13(18]-ene  appears to be a

o primary residue from microbiota (Howard, 1980), rather than allochthonous sources

(eg., ferns--Ageta et al., 1968).— .

The fatty acid fractions of all shallow samples contain various amounts of

extended 17@(H)-hopanoic  acids (VIII), ranging from C31 to C33 and with 178(H)-

bishomohopanoic acid as the major homolog. The source of these markers is

probably the bacteriohopanepolyols  of autochthonous  microbiota (Ourisson et al.,

1979). Trit.erpenoidal ketones are present as trace components only.

Minor amounts of sesquiterpenoid  and diterpenoid hydrocarbon residues are

present in all samples analyzed. Their concentrations are highest in the shallow

and geothermally unaltered samples. They consist of primarily cadalene (IX),

dehydroabietane (X), dehydroabietin (XI), retene (XII,R-CH3), simonellite (XIII,

R-CH3), l-methyl -7-ethylphenanthrene (XII, R=H) and norsimonellite (XIII, R=H).

These molecular markers are derived primarily from terrestrial resinous plants
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(Simoneit, 1977b), however, cadal ene may also have an autochthonous  origin
o

from algae. Extended diterpanes {XIV) were detected only in a few thermally

altered samples (477-A-5-1, 477A-9-1, 481A-14-3) and they appear to be

syngenetic with the 17a(H)-hopane series.

Steroidal residues are present and were characterized mainly in the hydro-

carbon fractions as steranes and sterenes (Fig. 4]. The steranes present in

“the shallow samples of Site 477 (eg., Fig. 4a) consist primarily of the 5a and

!56,8S,14a(H)-homologs  (XV,,R=H) ranging from C26 to C30, with minor amounts of

the % and 56,8B,146(H)-steranes. Sterenes were not detectable. The presence

of the high concentrations of the 5B(H)-steranes  in these shallow samples

indicates a significant maturation, probably due to the very high thermal

gradient at this site. The dominance of the C27 steranes is consistent with

an origin from marine planktonic detritus (Huang and Meinschein, 1979) and the

presgnce of varying amounts 6f norcholestane (XVI] fs a further indicator bf

such a source (eg., Dj.erassi et al., 1979). Lesser amounts of 4-methylsi~ostane——

[XV, R=CH3, R’=C2H5) and diasterenes (XVII) ranging from C27 to C29 are also

present.

The steroidal compounds in the shallow or unaltered samples from Sites

478, 479 and 481 consist of steranes with primarily the 5u(H]-stereochemistry

(XV, R=H), diasterenes (XVII’), 5a(H) -ster-2-enes  (XVI II) and ster-4-enes  (XIX)

(eg., Fig. 4f,g). Trace amounts of various steradienes are also present In

some of thesamples. Some of the”samples  from Sites 479 and 481 exhibit a

‘ominance ‘f ‘he C29 sterane,  which reflects the more pronounced influx of

terrigenous detritus (.Huang and Meinschein,  1979), which was also indicated

by other lipid data.

2) Hydrothermal effects of intrusive on lipids

e

The distributions of the~-alkanes and n_-fatty acidsof the deeper samples

from Sites 477, 478 and 481 are given in Ftgs. 5 and 6.
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Site 477

0 Sample 477-7-1, 124-126 cm is situated from 1.2 to 8m above the sill

(depending upon how depths are assigned, cf., Table 1], whereas sample

477-7-2, 14-16 cm is on?y 40cmc loser to that sill. The differences in

the hydrocarbon distributions are quite dramatic (Fig. 2C vs. 5a). A defi-—

nite thermogenic  component with no carbon number predominance ranging from

C20 ‘0 C33
appeared.

remnants.

and a maximum at C25 has appeared and the wax alkanes  have dis-

Phytane is still dominant and the C17 and $9 reflect microbial

A broad unresolved mixture (hump) of hydrocarbons. is also evident

in the GC traces of this and the following samples, further evidence of a

thermogenic component. Similar hydrocarbon distributions are observed below

the sill in the high heat flow zones (eg., Fig. 5b-e) of both Holes 477 and

477A. As the subbottom depth increases, the in situ temperature rises and——

these hydrocarbon distributions reflect primarily the effects of very high

@ (s 350-400”C)  hydrothermal activity. These hydrocarbon distributions do

not compare directly with similar data for an intrusive event into semi-

Iithified Cretaceus black shale (DSDP Site 368--Simoneit et al., 1978; 1981).——

In that case the hydrocarbon distributionsin close sill proximity were nar-

rower (C12 to C20 only).

The molecular markers also exhibit the effects of thermal stress. The

triterpenoids  of sample 477-7-2, 14-16 cm (Fig. 3b) are more mature or

thermodynamically equilibrated than those of sample 477-7-1, 124-126 cm (Fig.

3a). They consist primarily of the 17a(H)-hopanes  (11} and the extended

homologs are present at a 22S to R ratio of about 1.2, very mature for such

a Recent sediment. Similar triterpenoid  distributions are observed for

the

o are

samples below the sills (Fig. 3c-g) in both holes 477 and 477A.

The sesquiterpenoid and diterpenoid residues present in the shallow samples

found in these samples as traces or as more aromatized minor components
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only. The extended ctiterpanes  (XIV) are present as trace components only and

they appear to be syngenetic with the triterpanes. Steroidal residues are found o

mainly as steranes  (XV, R=H) with the 5cY(H) and a significant amount of the

5B(H) stereomers (Fig. 4b-e). The predominance of the C27 steranes and the

presence of norcholestane  (XVI) still reflect their primarily marine origin

(Djerassi et al., 1979; Iiuang and Meinschein, 1979).

One major group of compounds, namely various olefins and di-olefins,  are

found only in samples 477-7-2, 14-16 cm; 477-17-3, 44-46 cm; and 477A-5-1, 44-46

cm; and 481A-14-4, 52-53 cm. They range from C14 to C26, with the major homo-

logs of C18H36 and C20H40 and an even carbon number predominance. The mass

spectra of the two major olefins are shown in Fig. 7. The molecular ion of

C18H36 is at m/z 252 and the loss of ethylene is observed to yield the even ion

at m/z 224 (.Fig. 7a).. Various other even rearrangement ions are present (eg.,

m/z 68, 168, 182, 196, 210) and the base peak at m/z 55. These data indicate
,,

that the molecu~ar is probably. the terminal olefin octadec-1-ene. The analogous e’
. .

fragmentation is observed for eicos-1-ene [Fig. 7b). An additional minor series

of mono-olefins  with a base peak at m/z. 70 and no carbon number predominance is

also present. In view of the location of these samples in the proximity of a

high temperature environment it can be concluded that these olefins are thermo-

genic products derived from the protokerogen  of the sediments.

It should also be noted that these lipid fractions contain large amounts of

probably polysulfide moieties, eg., S8, S7 and S6. This sulfur was probably

generated by the hydrothermal activity from organic sulfur and/or H2S. Such

polysulfide moieties are also observed in euxinic sedimentary environments (eg.,

the shallow sediments in Guaymas Basin and the Southern California Borderland--

Simoneit and Mazurek, 1981].

Site 478

The lipids of samples 478-13-12, 138-140 and 116-118 cm; 478-29-1, 57-59
0
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0
and 124-126 cm (below the upper sill and about 1.5 to 4.0 m

sill) and 478-35-2, 77-79 cm (below small sill and about 40

are immature and unaltered, reflecting the primary biogenic

above the small

m above major sill)

residues (Fig. 5f,g,j

and Fig. 6b). ‘he~-alkanes ‘ C23 are derived from terrestrial plant wax as dis-

cussed above and the homologs < C23 are of an autochthonous marine origin. The

~-fatty acids also reflect a mixed origin from autochthonous microbiota and

allochthonous plant wax (eg., Fig. 6h).

Sample 478-29-2, 108-110 cm is located 1.8 m below the previous sample

(478-29-1) and about 0.6 to 2.9 m above a small sill [m 1.5 m thick]. The ~-alkanes

appear typically altered (> C21), with a remnant microbiological imprint < C20

(Fig. 5h).

small sill

this (Fig.

Sample 478-29-2, 129-131 cm is about 5 cm from the contact of the

and is in the hydrothermally altered zone. The ~-alkanes  confirm

5i) in that their low concentration has a very narrow distribution

o similar to those observed for the intruded Cretaceus shales (Simoneit et al.,

1978; 1981). Sample 478-40-2, 61-63 cm is located about 80 cm above the lower

major intrusion. The ~-alkanes  again appear typically altered (Fig. 5k) as is

the case for sample 478-29-2, 108-110 cm.

These hydrothermally altered samples do not contain any significant amounts

of molecular markers (eg., triterpanes), but do have high concentrations of

Sulfur ($3$ etc.) and some minor polycyclic- aromatic hydrocarbon series. The

triterpanes and other lipids may have been removed by the hydrothermal cir-

culation.

Site 481

The lipids of all the samples examined from Hole 481A with depth across

two basalt layers are essentially unaltered and reflect

origin.

m
Sample 481A-12-1, 107-109 cm is located about 25m

and the ~-alkanes (Fig. 6a) are essentially the same as

primarily their biogenic

above the first sill

for the shallow samples
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(eg., Fig. 2g). Phytane Is dominant and this may be the result of minor dif-
e

ferences in paleoenvironmental conditions. Sample 481A-12-4, 55-65 cm is located

about 22 m above the first sill and it has a different composition of the ~-

alkanes and n_-fatty acids (Fig. 6b,i). The even carbon number alkanes  represent

a significant p~oportion  of the homologous series and also the odd carbon number

fatty acids are quite high. Pristane is the dominant isoprenoid  hydrocarbon.

This may represent some contribution of a thermogenic  component to the natural

background lipids. This distribution closely resembles some observed for the

Intruded Cretaceus shale (Simoneit et al., 1978; 1981).——

further strengthened by the next two lower samples, which

thermogenic lipids.

This interpretation is

contain essentially no

Sample 481A-14-3, 50-52 cm is located about 1.5-5.Om above the sill and

the~-alkane and ~-fatty acid distributions (Fig. 6c,f) are the same biogenic

fingerprints as observed in the shallow samples. The same is the case for
o

sample 481A-14-4, 2-4 cm (eg., Fig. 6d) located about 50 cm to 4 m above the
—

sill (depths are dependent on convention of assignment, cf., Table 1). “The ~-

alkanes are dominated by terrestrial plant wax @ C23) with a minor autochthonous

microbial constituents and the ~-fatty acids also contain both of these source

components. Two explanations for the presence of these immature, unaltered

‘lipids close to the

samples to the sill

Second, the section

sill are proposed. First, the true in situ distance of the——

contact may be greater due to sediment loss during drilling.

above the sill described as a megaturbidite (Fig. 1), which

includes these samples, may have been emplaced on a flow of basalt after cooling.

This second suggestion, however, is not supported by the samples analyzed below

the sill, as they too are essentially unaltered.

Sample 481A-14-4, 52-54 cm is located about

depth assignment, Table 1) above the sill and it

5 cm to 3.5 m (depending upon

is heavily altered. The ~-
0



-16-

0
alkanes range from C13-C29, with a maximum at C18 and essentially no carbon

number predominance. This distribution reflects the effects of thermal stress,

which is further confirmed by the presence of various olefins,  found in only

this sample from Site 481, and a large amount of sulfur. The major olefins are

the ~-alk-l-enes (cf., Fig. 7) ranging from C14 to C26, with a strong

carbon number predominance and maximum at C18.

Sample 481A-18-1, 27-29 cm is located about 80 cm to 7.8 m below

complex and this large depth discrepancy is due to poor core recovery

depth assignment (Table l). The ~-alkanes  (Fig. 6e) are dominated by

even

the sill

and the

terrestrial

plant wax (> C23), a lesser microbial residue and major isoprenoid hydrocarbons

(Ph ~Z Pr). This distribution can be correlated with a sapropelic algal sedi-

ment that received a large terrigenous influx (eg.,

Simoneitet al., 1979). Thermogenic lipids are not.— —

9
Samples 481A-20-1, 60-62 cm and 481A-25-cc are

Simoneit,  1977a; 1978a,b;

evident.

located about 23 to 34m and “
.

77,m, respectively, below the sill complex and in excess of 50 m above the minor

sills at depth. The fl-alkanes  (Fig. 6f,g) exhibit essentially identical distri-

butions, with a dominance of the terrestrial plant wax components and a minor

residue of autochthonous  marine lipids. These distributions are also very

similar to those just above the sill complex and in the shallow samples. Thermo-

genic lipids are not evident. The ~-fatty acids (Fig. 6k,l) exhibit bimodal

distributions comprised of both a terrigenous  influx from plant wax and auto-

chthonous marine component, again similar to the other samples reported.

The molecular markers of the lipids in the samples from Hole 481A show

limited effects of thermal maturation, most are immature. The diterpenoid and

sesquiterpenoid residues are still present and consist primarily of dehydro-

abietic acid (1], cadalene (IX), dehydroabietin (XI), retene (XII, R=CH3),

*
simonellite (XIII, R=CH3), l-methyl-7-ethylphenanthrene  (XII,R=H), and norsimo-

nellite (XIII , R=H).



The triterpenoids of the deepest sample (481A-25-cc) consist mainly of o

176(H)-hopanes (11), hop-17(21]-ene (IV), other olefins and moretanes,(Fig. 3n).

This distribution is very similar to’that of the shallow”sample 481A-8-7 (Fig.

3j) and represents immature markers in the early stages of diagenesis. The

triterpenoids of the other samples are more mature, with a dominance of 17a(H)-

hopanes (II) and 178(H)-moretanes (v) and essentially no triterPenes (e9”> Fig”

3k-m). These distributions approach the fully matured patterns at Site 477

(eg., Fig. 3b-g) and COUPI ed with the immature pattern below these samples, this

data indicates a lesser but definite thermal effect on the molecular markers in

the lipids of the sediments around the upper sill complex.

The steroidal hydrocarbon residues are present primarily as ster-2-enes

(XVIII}, ster-4-enes (XIX) and various steradi enes in the deepest sample {Fig.

4j). These markers are immature and are the same as encountered in shallow

samples. Samples- 471A-12-4 and 481A-14-4, 2-4 cm (Fig. 4h,i) contain the more o

mature !5a(H) and 56(.H)-steranes  (XV, R=H], with 4-methylsteranes  (XV, R=CI-13) and”

only traces of sterenes. These distributions lend further-support to the lipid.

alterations caused by the thermal effects around the upper sill complex as

discussed above.

Kerogen

This section of the paper will be divided into two major portions. First,

a comparison will be made between the pyrolysis

face samples at each site; second the pyrograms

each dawn-hole sample will be discussed in some

products of kerogens from sur-

from the kerogens isolated from

detail, with emphasis on the

effects of the intrusions on these kerogens. The yields of kerogen are found in

Table 1.

1. Surface samples from Sites474,  477, 478 and 479

The pyrograms of the kerogens from unaltered (near) surface samples from 0’

Sites 474 and’477 to 479 are shown in Fig. 8. For the sake of comparison, a
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e pyrogram of kerogen isolated from a diatomaceous  ooze of Walvis Bay (Namibian

Shelf, SW Africa) is also shown. This kerogen represents the organic residue

from diatoms in an upwelling area similar to parts of the Gulf of California.

It should be noted that

subbottom depth of about

it is of Pliocene age.

A comparison of the

the kerogen from sample 479-29-5 (114-116 cm) at a

266 m is essentially unaltered (immature), even though

four pyrograms (Fig. 8) shows a significant similarity.

This provides a strong basis for the theory that the organic material currently .

being deposited at all four sites is very similar. A further comparison of

these four pyrograms with the Walvis Bay pyrogram (Fig. 7e] again shows a very

strong similarity between them. Thus, the bulk organic matter currently being

deposited at the Gulf of California sites is of a predominantly marine origin

similar to the Walvis Bay diatomaceous  ooze and is lacking in any significant

contribution from higher plants.

The major features of the pyrograms in Fig. 8 can be summarized:

(i) Predominance of ~-al kane/alkane doublets in the range Cl* to C21 or

C22 ‘ with relatively minor amounts of higher homologs  above C22. The alkene in

each doublet generally predominantes over the corresponding alkane. The complex

“humps” of unresolved components make it difficult to determine whether or not

there is any marked even/odd predominance of these doublets.

In contrast to the isoprenoids, normal paraffins and olefins can have their

origin in all kinds of lipids and hence these products are commonly considered

to be uncharacteristic (van de Meent et al., 1980). However, the relatively low——

concentration of aliphatic products in the higher carbon number range is pro-

bably a reflection of the relatively low abundance of long chain structures

generally encountered in the macromolecular organic matter (kerogen) of aquatic

ecosystems.

(ii ) Prist-1 -ene is a prominent component of each pyrogram and general Iy



-19-

1s two or three times the concentration of the C17-doublet.  The mass spectrum

of the prist-1-ene detected in these samples was found to be identical with e

that of prist-1-ene, recently identified by Larter et al. (1979) as the major——

pyrolysis product of Messel shale kerogen. Pristene  is one of the most abundant

products in nearly,all kerogen.s studied here. This observation is consistent

with findings of other investigators (Larter, 1978 and refe~ences therein).

The ubiquitous occurrence of pristene in kerogen pyrolysates suggests that its

source is widespread. The most commonly-proposed source is chlorophyll. Chloro-

phyll itself, on pyrolysis, does not yield any significant quantity ofprist-l-

ene but phytadienes instead. However, prist-1-ene was observed in the pyrolysate

of surface sediments from environments extremely rich in phytoplankton,  which

indicates a rapid biotransformation of chlorophyll into the pristene precursor

(van de Meent et al., 1980). The one exception is the surface sample from Site

474, where pristene is present at a much lower concentration.

Each pyrogram has a second peak, present in varying amounts, which is just ●
resolved from prist-1-ene. It is proposed that this peak corresponds. to the

prist-2-ene  isomer. In the pyrogram of the 474 sample (Fig. 8a], prist-1-ene

and prist-2-ene  are present in approximately a 1:1 ratio. ?rist-1-ene is a

common component in pyrograms of almost all geological samples reported in the

literature. The presence of prist-2-ene  is not so widely reported and only

appears in samples of relatively recent geological age. This introduces the

possibility of using the prist-t-ene/prist-2-ene  ratio as a possible early

maturation indicator for samples of similar source material.

(iii ) The pyrograms  of these kerogens (Fig. 8) exhibit a complex hump of

unresolved components underlying the alkene/alkane  doublets described above. The

“humps” actually have two maxima, one in the C18-C20 region appears to consist
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m of polar material (possibly phenolic) and another in the C~8-C30 region may con-

sist of a complex sterane/triterpane mixture. This complexity is clearly visi-

ble in the pyrogram of the samples from Site478 and Walvis Bay (Fig. 8d,e).

These peaks presumably represent sterane and triterpane  derivatives as observed

by Gallegos (1975) and Philp et al. (1978), and differences in relative concen-——

trations probably reflect differences in source material and/or the environ-

mental conditions under which it was deposited.

(iv) Comparison of these pyrograms  with previously published pyrograms

obtained from immature terrestrial type kerogens or lignite (van de Meent et—

fl. , 1980) confirm the essential absence of a higher plant contribution to

these kerogens. Kerogens derived from terrestrial higher plants produced alkyl-

phenols and methoxyphenols  in significantly higher amounts than from other

kerogens. Higher plant wax residues are found in the pyrolysates as long chain

o
alkanes and alkenes with odd and even carbon number predominances, respectively.

Both phenol humps and long-chain alkane/alkanes  are found, however, in very minor

amounts in some of these kerogens.

In summary, the pyrograms of all the near-surface samples are similar to

each other and to the Malvis Bay diatomaceous ooze. The pyrograms  are char-

acterized by alkene/alkane  doublets predominantly c C20 and the presence of

prist-1-ene and prist-2-ene. Each pyrogram also has a complex hump of unresol-

ved components underlying the alkene/alkane  doublets.

2. Effect of burial and sill intrusions on kerogen.

Site 474

Only two near-surface samples were analyzed from Site 474. The pyrograms

of kerogens isolated from 474-5-3 (105-107 cm) and 474-6-5 (32-34](Fig. 8a) are

very similar to each other and to the Ilalvis Bay diatomaceous  ooze as described

above.
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Site 477 and Hole 477A
e

The pyrogram of the kerogen from composite sample 477-5-1 (89-91; 94-96 cm)

(Fig. 9a) is virtual Iy identical to that for 474-6-5 (32-34 cm) shown in Fig.

8a, The pyrogram of 474-6-5 (32-34 cm has been discussed above and is typical of

an unaltered marine kerogen, as is the case for these samples.

The pyrogram of the kerogen from 477-5-CC is shown In Fig. 8b and is very

similar  to that obtained for the kerogen from 477-5-1 (89-91, 94-96 cm] and the

other surface samples. The major difference between the pyrograms of 477-5-

CCand 477-5-1 is the enhanced intensity of the alkene/alkane doublets below C20

for the former. Whether or not this represents a possible variation in the

composition of the organic matter of the two samples is unclear at this time.

Sample 477-7-1 (124-126 cm) is the firstkerogen  examined in this study

that shows any effect due to a dolerite intrusion. Major differences between

the pyrograrns of this kerogen and that of 477-5-cC are immediately apparent

(cf., Fig. 9b). It is

pyrograms are mainly a

not natural

apparent in

site.

diagenesis

proposed that the differences observed between these

resu?t of the close proximity of the sill to 477-7-1 and

of

the following

the organic matter. The reasons f& this will become

discussion of pyrograms  from the other

The most characteristic feature in the pyrograms  of all the

thought to have been affected by sill intrusions is the presence

multiplet of components in the n-C12 region of their pyrograms.

samples at this

kerogens

of a complex

The overall

abundance of the alkene/alkane doublets has decreased. Prist-1-ene  is still

present in the pyrograms and the relative abundance of the unresolved complex

hump has been reduced. It is proposed that the effect of the sill intrusions

has been to cause partial but natural pyrolysis of the organic material in the

samples. This has removed much of easily pyrolyzable  material responsible for Qo
the complex pyrograms of the near-surface samples. In addition it has caused a
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certain amount of alteration to the kerogen structure such that subsequent Cupy-

0 GC produces the complex, but characteristic, multiplet  in the n-C12 region.

The effects of the sill intrusion are more distinct in the pyrogram of the

kerogenof 477-7-2 (14-16 cm)(Fig. 9c). Themultiplet of peaks in the n-C12

region is now the most abundant feature of the pyrogram. Components observed in

the C18-C20 regions of previous pyrograms  are still visible but present only in

relatively minor quantities. None of the other features described above for the

other pyrograms  are present. The alkene/alkane  doublets are absent; prist-1-ene

and prist-2-ene  are absent and the pyrogram is devoid of any complex hump of

unresolved components. The source of these traces of volatilizable compounds is

unknown.

Sample 477-17-3 (44-46 cm) was collected from approximately 25 m below the

bottom of the sill. The pyrogram of the kerogen is virtually identical to that

obtained from 477-7-2 (14-16 cm) (Fig. 9c) which was 0.8-7.6 m from the top of

o the sill. If a comparison is made of pyrograms of kerogens from similar dis-

tances above the below the sill, it appears that kerogens below the sill have

been affected slightly more by the heat than those above the sill. Two explana-

tions are available to explain this observation. Either heat transfer through

the underlying sediments from the sill is more efficient or the underlying

sediments are affected by both the heat from the sill plus a greater heat flow

from depth. It is not possible to draw a firm conclusion on this matter from

the available evidence.

Sample 477-20-2 (61-63 cm) was collected from 50m below the sill. The

pyrogram shows that the kerogen has been altered most probably by the effect of

the sill plus a small contribution of heat flow from depth. The only feature of

the pyrogram is the mu?tiplet of

*
no additional pyrolysis products

components in the n-C12 region. Apart from this

could be detected.
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The pyrogram of kerogen (Fig. 9d) isolated from sample 477-22-1 (26-26 cm),
@

collected 75m below the sill, shows signs of being less altered than the kero-

gens of samples 477-17-3 (44-46 cm) and 477-20-2 (61-63 cm). Themultiplet  In

‘he ‘-cl 2 region is present

alkene/ alkane doublets and

C30 region are all present.
1

of the kerogen has occurred

in this pyrogram, but in addition prist-1-ene,

indications of a sterane/triterpane  mixture in the

It is proposed that at this depth

by the natural heat-flow phenomena

slight alteration

and the kerogen ~

has not beeq affected by the sill intrusion.

The pyrogram also has four relatively intense peaks in the C19-C22

region. Two of these have been identified by GC-MS as the C16 and C18 saturated

fatty acid methyl esters. Their presence in the pyrogram is puzzling. The

possibility that they are contaminants from the pyrolysis wire cannot be eli-

minated. However, all the wires were cleaned and handled in the same fashion,

but these compounds are only present in certain pyrograms.  By analogy it.is
o

unlikely that they are contaminants in the kerogen simply because of the iso-

lation procedure. If these compounds are not artifacts, it is proposed that

they were trapped in the kerogen and released by pyrolysis at 600°Cti

The major peaks of the pyrogram of sample 477A-5-I (.44-46 cm) (Fig. 9e) are

to be found in the multiples in the n-C12 region. In addition, relatively

small amounts of alkene/alkane doublets, and broad peaks, probably phenolic type

compounds, are also present in the region above C20. These phenolic-type  com-

pounds may be present in previous pyrograms but not easily observable due to

much higher abundance of the alkene/alkane doublets.

Sample 477A-9-I (39-41 cm) was the deepest material analyzed from this

site. The pyrogram obtained for this kerogen (Fig. 9f) does not differ signi-

ficantly from that described above for 477A-5-I (44-46 cnt)(Fig.  9e). Again, it

is proposed that it is the effect on the organic matter of the high heat flow ~
*

from depth and not from the sill which has caused the alteration of the kerogen.
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a Site 478

Cores recovered from this site span the depth range of O-464m subbottom.

Dolerite sills intruded into the section at 230 and 255m. Samples for this

study were obtained from the surface, between the sills, below the lower and

smaller sill at about 260M, and another at about 340M, just above the major

dolerite. Various samples were composite to increase their overall amounts.

Composite sample 478-2-2 (2-5 cm), 2-6 (102-104 cm), and 3-1 (19-21 cm) has

a pyrogram of the kerogen which is virtually identical to the other surface

samples (Fig. 8). It is dominated by alkene/alkane  doublets in the range CIO to

C30’
which predominance in the region below C20. Prist-1-ene and prist-2-ene

are present in a ratio of approximately 3:1. Two prominent peaks in the Clg and

C20 region of the

fatty acid methyl

pyrograms have been tentatively identified as the C16 and C18

esters as previously described in the GC-MS analysis of 477-

0
22-1 (26-28 cm). A complex mixture of steranes and triterpanes is also present

‘n ‘hec30 region”
The composite

118 cm) is derived

sample 478-12-2 (81-83 cm), 13-1 (138-140 cm) and 13-2 (116-

from approximately I1OM subbottom and the pyrogram of the

resulting kerogen is not dominated by the characteristic signs of thermal altera-

tion previously observed in the pyrograms  discussed above. Although the multi-

plet in the n-C12 region, common to the other pyrograms of thermally-altered

kerogens, is present in this pyrogram; the major components are still the alkene/

alkane doublets. Prist-1-ene  and prist-2-ene  are present in a 1:1 ratio. There

appears to be a slight even/odd predominance of the alkene/alkane  doublets, but

since the doublets are superimposed over the complex hump, it is unrealistic to

attach any great significance to this observation.

The composite sample 478-29-1 (57-59 cm], 29-1 (124-126 cm) and 29-2 (34-36

e
cm) is derived from about 5-7m above the minor sill (254m subbottom) and the

pyrogram of the kerogen (Fig. 10a) shows a remarkable absence of any signs of
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thermal alteration. The pyrogram is dominated by alkene/alkane  doublets with
e

carbon numbers primarily < C20 and extending to C30; prist-1-ene and prist-2-ene

are present in a 1:1 ratio; steranes and triterpanes  are present in the C30

region and the underlying complex hump of unresolved components is also present.

ltmust be speculated that the heat flow resulting from this narrow intrusion

was not large enough to have caused any significant alteration to this sample.

Sample 478-29-2 (108-110 cm), which is approximately 0.4-3m from the sill,

shows some effects of thermal alteration due to the intrusion. In the pyrogram

{Fig. 10b) the unresolved complex humps are absent; prist-1-ene  predominates

over prist-2-ene and the relative intensity of the alkene/alkane  doublets is

reduced. In addition, a fairly well resolved complex mi.xtu.re of components is

now present

Sample

pyrogram of

‘n ‘hec17-c21 ‘egion=
478-29-2 (129-131 cm) is about 0.2-2.8m  -From the sill contac”and  the

{
the kerogen confirms more extensive thermal alteration than for

o
sample 478-29-2 (108-110 cm). The dominance of themultiplet  in the n-C12

region of the pyrogram”is a good indication of the extensive alteration incurred

by this sample as a result of the intrusion. The relative intensity of the

alkene/alkane doublets has been further reduced. The complex mixture in the

c17-C22
region is still evident and

478-29-2 (108-110 cm). Although not

region are probably the C16 and $8

477-22-1 [26-28 cm)(.Fig.  9d).

similar to that observed in the pyrogram of

confirmed by GC-MS, the major peaks in this

fatty acid methyl esters as described for

The carbonaceous slick of sample 478-30-1 also reflects the thermal stress

bf that sill as indicated by the pyrogram in Fig.

Iyzable material in the sample is reduced but the

altered sample are still visible in the pyrogram.

are absent and the appearance of a series of well

toe. The amount of pyro-

characteristics of a thermally

The alkene/alkane doublets

defined humps of polar material o
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0 can now be observed in the C17-C22  region of the pyrogram.

Sample 478-40-2 (61-63 cm) is from a depth of about 340M subbottom, which

eliminates any possibility of alteration of the organic material by the lower

sill at 255m. However, the major cause of alteration is probably the major

dolerite present immediately below the sample. The pyrogram (Fig. 10d) is very

similar to that for the slick described above (Fig: IOC}. Themultiplet in the

n-C12 region is present, the alkene/alkane  doublets and prist-1-ene are absent.

The phenolic-type humps are present in the C17-C22 region.

Site 481

The shallowest sample analyzed from this hole was at a depth of 147.5m,

therefore, no direct comparison has been made with the surface samples from the

other sites. However, changes observed in the pyrograms of these samples with

increasing sample depth clearly show that alteration has occurred as a result of

e the intrusions and not the natural geothermal gradient.

Sample ,481A-12-l (107-109 cm) is derived from about 25m above the sill

complex {170.5 to 203m) and the pyrogram  of the kerogen is already showing

certain signs of thermal alteration (Fig. ha). The mul’tip?et has partially

developed in the n-C12 region and the complex humps observed in pyrograms of

surface samples from other sites are essentially absent. The pyrogram is domi-

nated by alkene/alkane doublets ranging from Clo to C30 maximizing between C18

and C20” The presence of both prist-1-ene and prist-2-ene in a ratio of about

1:1 suggests that the sample has only undergone limited alteration. Previous

pyrograms obtained in this study indicate that prist-2-ene  tends to be absent if

the sample has been substantially altered. Steranes and triterpanes are present

in the C30 region of the pyrogram.

Sample 481A-t4-3 (50-52 cm) is the first of three samples analyzed from

@ immediate vicinity of the sill complex. The pyrogram (Fig. llb) has many o?

the

the
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characteristics observed in the pyrograms of previous samples which were ex-
e

tensively altered. The amount of pyrolyzable material appears to be low and

its source is unknown. The multiplet in the~-C12 region is the dominant fea-

ture and the pyrogram generally lacks any other interpretable information.

Sample 481A-14-4 (2-4 cm) was derived from only a s?ightly greater depth

(Ire) than 481 A-14-3 (50-52 cm) and the pyrogram of the kerogen (Fig. I IC) lacks

any evidence of alkene/alkane doublets. Instead, seven or eight broad humps in

the C17-C30 region are the major characteristic features of the w“ogram~ On top

of each hump is a triplet of peaks which appear to form three homologous series.

This pyrogram has only a small contribution from themultiplet in the n-C12

regf on.

Sample 4818-14-4 (52-54 cm) is 50 cm lower than sample 481A-14-4 (2-4 cm)

and its kerogen has a“very similar program. The series of broad humps and

associated triplets are present. In addition, this sample has a significant
o

contribution from the multiplet in the C12 region, plus a complex distribution

of other components in this lower molecular weight region.

The appearance of these two pyrograms is quite different from any of the

other pyrograms produced by thermally altered kerogens  in this study. The

multiple emplacement of the sill complex in this hole indicates that these two

samples may represent “bituminized  kerogens” (Peters et al., 1979]. The “pres-

sure cooking” effect on the trapped kerogen and liquids produced by thermal

degradation of the organic material, could cause them to recombine to form a

coke-like material, similar to mesophase formation in.coal (Durand, 1980; van

Krevelen, 1961).

Sample 481A-18-1 (27-29 cm) was derived from directly beneath the sill and

the pyrogram of this kerogen shows no indication of any extensive alteration.
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● The extract from the sample shows no fluorescence, also indicative of the ab-

sence of any major thermal alteration. The dominant features of the pyrogram

are the alkene/alkane doublets ranging from C9 to C31, with no odd/even carbon

predominance and maximizing at C20. Prist-1-ene and prist-2-ene are also ob-

served to be present in approximately equal amounts. The pyrogram is very

similar in appearance to that of sample 481A-20-1 (60-62 cm] shown in Fig. lld.

Examination of the pyrogram of the kerogen from sample 481A-20-1 (60-62 cm)

showed it to be virtually identical to the surface sample and !dalvis Bay dia-

tomaceous ooze pyrograms (Fig. 8). Alkene/alkane doublets are present through-

out the pyrogram predominating below C20; prist-1-ene and prist-2-ene  are pre-

sent in a 1:1 ratio and more abundant than the C17 doublet. Steranes  and tri-

terpanes are present in the C30 region and the complex unresolved humps are also

a prominent feature of the pyrogram.

8 It would appear, therefore, that the two samples beneath the sill are

virtually unaffected by the thermal effects of the sill. Likewise, very little

alteration of the samples has occurred from the natural geothermal gradient and

by diagenesis.
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SIJMMARY AND CONCLUS1ONS

The lipids and kerogens from representative samples at shallow and in-

creasing depths and across sill contacts have been analyzed from Sites 474, 477-

479and 481. The lipids have been characterized in terms of their homolog

distributions, molecular markers and the unresolvable components to assess their

genetic sources and the resultant thermal alteration effects due to the in-

trusions into the sediments. The kerogens have been anatyzed in t@rms of their

capability of generating pyrolysis products,

both the geologic maturity (i.e., the degree

situ) and the sources of that kerogen.

Site 474

which is utilized as a measure of

of thermal stress accumulated in—

.

The lipids of the shallow samples at the mouthof the Gulf are of an auto-

chthonous marine origin deposited under oxic conditions (Simoneit, this volume).
9

The kerogen analyzed from Site474 is unaltered and comparable to shallow sam-

pies from the other sites. .

Site 477

The lipids of the shallow samples from Site 477 are primarily of an auto-

chthonous  marine origin, with a mi”nor influx of terrestrial plant wax. The

paleoenvironmental conditions of sedimentation were partially euxinic, probably

as a result of the high deposition rates. Close to and below the sill the lipids

are thermally altered. This is indicated by the loss of the carbon number

predominance, the appearance of a broad hump and the thermodynamic equilibration

of certain stereomers of molecular markers. Also large amounts of olefins,  only

in the altered 477 samples, and elemental sulfur are present. This thermal

alteration of lipids is most severe at this site.

o
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Kerogens from 477-5-1 and 477-5-CC are virtually identical to surface

samples from all the other sites examined and are representative of unaltered

material. Sample 477-7-1, a few meters above the sill, shows signs of being

altered presumably as a result of the intrusion. Sample 477-7-2 shows an even

more dramatic effect of the alteration resulting from its proximity to the

sill. A characteristic feature of these thermally altered samples is a multi-

plet of peaks in the n-C12 region of the pyrogram. Samples 477-17-3 and 477-20-2

produce pyrograms very similar in appearance to 477-7-2, which indicates a high

degree of thermal alteration resulting from the intrusion. Sample 477-22-1, 75m

below the bottom of the sill, produces a pyrogram showing some signs of alteration

indicated by the multiplet in the n-C12 regio~ and in addition, it also has some

characteristics of the unaltered samples. It is proposed that this sample has

not been affected as much by the sill as by the high heat flow from depth.

o Finally, the two deepest samples, 477A-5-1 and 477A-9-1 have similar pyrograms

and appear to be more altered than 477-22-1. It is proposed that the high

heat flow from greater depth has played a greater role in the alteration of these

two deep samples than the sill intrusion.

Site 478

In the shallow samples, the lipids derived from

and allochthonous  terrigenous sources in about equal

mainly autochthonous  marine

proportions. They were

deposited under partially euxinic conditions, again due to the high sedimentation

rates. The lipids of the samples from greater depths are essentially unaltered

(eg., 478-35-2) unless they are in closer proximity to sills. The unaltered

samples reflect the same sources

the shallow samples. The lipids

stress than at Site 477 based on

and depositional  conditions as observed for

of the altered samples indicate a lower thermal

thedistributions  of the homologous compounds,
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the hump and

terpanes).

For the

the degree of isomerization  of the molecular markers (eg., tri-

kerogens, as observed at Site 477, increasing sample depth shows an

increase in the thermal alteration. The effect of alteration is first notice-

able in the pyrogram  of” sample 478-29-2 (]08-110 cm) collected in the vicinity

of

on

i s

the sill (around 255m). There is no evidence for a “pressure cooker” effect

the organic matter trapped between the sills as was the case at Site 477. It

evident that the presence of the sills is responsible for the majority of the

thermal alteration observed in these samples. The presence of intrusions in the

vicinity of all the samples examined virtually eliminates the chance of disting-

uishing any effect of natural heat flow on the samples.

Site 481

The lipids of the shallow samples in the northern rift are derived from

primarily terrigenous sources with a minor component of autochthonous marine
o

detritus. On”the slope (Site 479) these two sources are”about equivalent, due . “

to the high marine productivity. The paleoenvironmetital  conditions were parti-

ally euxinic, as in the other areas due to the high sedimentation rates. The

lipids of the thermally altered samples indicate a similar stress as was the

case for the simples from Site 478. The carbon number predominance is lost, a

broad hump is present, and molecular markers have undergone isomerization,  but

lesser amounts of sulfur are present and olefins are found only in sample481A-

14-4, 52-54 cm close to the sill complex.

The kerogens of the threes amples from above the sill complex show definite

signs of thermal alteration. Two of them (481-14-4, 2-4 cm and 14-4, 52-54 cm}

are particularly unique within the set of samples studied in this work. The

presence of a series of phenolic-type humps in their pyrograms  has led to the

suggestion of recombination of kerogens and liquids in a “pressure cooker” type
e
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0 environment. Below the sill complex , the samples have not been affected by the

sill or the natural geothermal gradient to any extent and the pyrograms are very

similar to those of the surface samples and the Walvis Bay diatomaceous  ooze.

In conclusion, both lipids and kerogen are two ideal carbonaceous fractions

that complement each other in their information content regarding the origins

and thermal history of the sedimentary organic matter. Kerogen is a very sensi-

tive in situ marker for thermal stress and the lipids can represent the products——

from that stress which
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TASLE  1. SAMPLE DESCRIPTIONS AND
LEO 64

.,
.

RESULTS OF THE CARBON, LIPID AND KEROCf!N ANALYSES FOR ‘EiiE SAMPLES FROM THE CENTRAL WLF OF CALIFORNIA

Sample Subbatoa Lichology Carbonl Cttco] ch4 Lipide2 n-Alkanea Pr/Ph’
~-Fatty  Acid@

Number Designation Depth and Age T~~l  Or~ic (Z) Free lhwrapped Total NC CPI “ Maxw Total
*X* I$:W’R6

(cf. Fig 1) (m (will)
cPI~

(m) /R) (~g/R) WR) (%)

477-5-1 30..4
(81-91, (36.7)9

94-96 cm)

.477 -5-CC 32.6
(39.0)

.tll-l-l .%9.7
(124-126 cm) (56.8)

477-7-2
(14-16 cm)

417-17-3
(44-46 Cd

4?7-20-2
(61-63 cm)

411-22-1
(26-28 Cd

477-23-1
nlick

471 A-5-1
(44-46 Cd

dl)A-9-l
(39-41 cm)

418-2,3-
2,3,6,1
Composite

50.1
(57.2)

127.9
(133.4)

155.1
(161.8)

172.3
(179.3)

185.0

191.4
(199.6)

229.4
(237,6)

8.0

Diatom. ooze,
Late Pleist.

Diatom. ooze;
Late Pletat.

DiacouI.  mza,
Late Pleist.

Sandy  ailr.,
debris flow,
Late Plclst.

Silty clay-
atone, t

Silty  clay-
atone, ?

silty clay*
a l t e r e d ,  ?

Carbonaceous
click, ?

Friable 6ilt-
atone, 2

Siindntone,  1

Diatom. ❑ ud
ooze, Late
Pleistocene

3,6

3.9

2.8

1.3

1.0

1.6

1.6

14.0

1.2

0.5

3.9

2.6 8

2.6 10

1,8 8

0.7 4

018 0

1.0 4

o.a 7

14.0 0

0.6 6

0,4 3

2.9 9

13

16

21

27

12

28

47

a6

69

a633

12

1040

3600

860

4ao

1000

720

410

20

3500

Hto

Soo

1120

3200

930

750

230

470

1200

n.d.

1600

2200

1350

7a

n.d.

3ao

1s0

430

50

34

n.d.

400

14

20

-- --

I.10 la,~,22,
29

1.03 19, Pli,~

1.03 18,2Q

1.23 39, 25

1,14 17,=

-. none
preaant

-- none

1.02 19,=

1.73 l!), 2 9

0.61

- -

0.24

0.42

1.2

0.8)

1.1

- -

- -

‘ 1.11

0.s0

n.d.

n.d,

260

n.d.

n.d.

o.d.

n.d.

-.

n.d.

n.d.

n.d.

.-

--

a.ob

- -

..-

- -

- -

none

--

--

36,24

- -

.-

- -

- -

- -
pweenc

-- --

-- --

.- --

4.2

9.1

to. ?

a.7

8 . 3

7.2

10.1

-.

15.6

13.2

8.8

@
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Sample Subbotom Lithology Cerbonl Cacoj Clu Lipids* n-A3kanea Pr/Ph” @’.@y  Acid- Keyrg@en~
NOmber Designatim Depth and Age T~fil Orfiic (X) ?rett

(cf. Fig 1)
Entrapped Total HC CPI’ Malr Total CPI’ Mexr Yield

(m) (M R)f (Pg/R) (IM6) (W4  g)I ( x )

d
11

11-

13

lq-

15

%

IL

17

c

47843- 1,2 I  10,0 Via&_. *UA  3 . 9
O**&#

(138-140,116
-i18 cm) (114.0) Late Pleiat.

478-29-1 251.4 Diatom. mud, 3.4
( 5 7 - 5 9 ,  124-
Izficm) (254.4) Late Pleiet,

618-29-2

(108 -llOcm)

.478 -29-2

(129 -131cm)

478-30-1

478-35-2
(??-%.  -)

478-40-2

(61-63 cm)

479-29-5

253.1 Dolomitic  Chly-  2.1
stone j

(255.9) Late Pleiet.

253.3 Dolomite clay-  1.4
a tone ,

(2 S6.7) Baked, Late
Pleist.

257.3 Slick, Late -
Pleist  .

3 0 0 . 0  Nuddy diato-  4 , 2
mite, Late
Pleiet.

(302.3)

338.1 DOlomitic clay- 1.1
atone , L.+ti

(343.3) ?Id,+,

2 6 6 . 6  Diatom. Mud,  3 . 0
(114-116 cm) Plei8t.

481-11-2 50.4 Wood , L,~s
(140-145 cm) Plmis4,

2.4

2.2

1.7

1.4

2.1

2.7

1.1

2.6

6

11

3

0

13

0

3

n.d

14

16

17

26

22

17

13

15

n.d

2050

2100

240

170

500

380

680

490

n.d

IA80

1500

1260

400

n.d

500

730

n.d

18

12

10

8

n.d.

28

42

64

8

2.65

3,44

1.07

1.01

17,fl

17,2!J

17,3

21,24

1.17

0.5

1.14

3.00

1.77 17,22,22,31 0.91

1.60 17,29,3J

1..14

0.88

n.d.

n.d

n.d.

n.d.

n.d.

40

n.d.

80

n.d

7.47

8.ss

11.5

12.6

- 7.2

9.8.

9.8

L!@ n.d.

7.2

36,26 11.5



Ccrrbonl Keragen6Sample Subbotom Lithology c:;{ Ctfl Lipidaa n-Alkanes Pr/Phs &-Fatty Acids
Number Designation Depth and AS% T:gl CVgi. Free Entrapped Total lIC CP13  wltt~ Total CP1’ Mm%:

(cf. Fig 1) (MR (IMs)
~ -

(m) /R) (PR/R) (1% E)I (%) ~

3 481A-6-5 96.7 Sand turbidite, 1.5 “ ‘
., .s, ,.

(118-120cm)

e 48 JA-8-I
(0-5cm)

Ill 481 A-12-1
(107 -109cm)

18 4t!lA-12-4
(55-65 cm)

bq 481 A-14-3
( 50-52  cm)

20 481 A-14-4
(2-4cuI)

xl 481A-14-4
(52-54cID)

2Z 481 A-18-1

2 3

F

Late Pleiat.
117.5 Diatom. Mud, 1,6

Late Pleist.
147.6 Si l ty  Clay ,  1.5

(148.8) Late Pleiet.
151.6 s i l t y  clay, j,+

LIS2,:)  Turbidlte,
L. Pleist.

169.0 sil L, 1.1
(,?2. $) Pleist.
1 7 0 . 0  Cemenled  sil+, 1.2

(173.5) Pleist.
170.5 Siltatone, 0.6

(174.0) Pleist.
2tJ3. 8 Sandy clay, 1.1

(27-29 cm) ~z,a. q) Late Plei{t.
481A-20-1 223.1 Diatom. umtdet.,  3.5
(60-62 cm) (230.4) Late Pleist.
481A-25-cc 279:5 S i l t y  clayst., 1.8

Late Pleitit.
30G-17 1,0 500 Yr flp 2.8

30&117 1.8 2.8
900 yr bp

Ualvia maye
-i.bw. . . ..AJ

AI193-3-variout! 0.0-0.2 Holocene 5.0

1.3

1.4

1.3

1,0

0.8

0.6

0.4

0.9

1.8

1.1

2.5

1.8

5,0

x

2

2

4’

2

5

2

2

1.4

6

3

9

2

14

n.d.

13

~.d,

i9

n.$1.

1.4

M

n.d,

1 UQU

1410

2700

+3s

1010

490

350

800

1740

n.d, 560

n.d,

n.d.

n.d. 10,000

n.d.

n.d.

380

~.d,

870

9700
(s)
1030

530

1000

m.d’.

n.d.

n.d.

n.d.

18

36

74

I 20

60

36

n.d.

40

64

26

24

1

50

3.96 11,~ 1.60

2 . 5 1  17,9 0.78

4.10 16,29,31 0.38

1,5s

3.23

3.34

- -

2.4fl

$.82

3 .“38

1.5

3.0

1.1

Ir, ?., ts, y 1. If-?

17,Pr,@ 1.07

16,29,3J 0.40

- - - - -

19,Ph,29 0.26

19, Ph,& 0.50

17, Ph,~ 0.45

17,L9,29 0 . 6

17.XJ 1.2

17,19,&,31

..- .-. . . . .lZ

45

n.d.

70

62

n.d.

n.d.

n.d.

46

80

30

90

1500

3.3U LooJ&  O. #.,

3.93 16,X  n.A,

-- -- 8*L

-- -- % L

3.29 %,24 !0.0

4.80 16,22,28 h.d,

7.5 MI,24’ M.db .

7.8 16,26 h.d,

10.0 14 ,MJ24 WA. ,

1 Data supplied by shipboard party and icroanalytical  aborntory, IXemlatry  Dept., Univeralty of California at Berkeley $ 2 Baaed on dry wei8ht  ‘f
sediment; entrapped ltpidu  are liberated from mineral matrix after demineralizntion; 9 cmrb~n  p r e f e r e n c e  index, auwn:d frtrm c12 to C3S  o odd-~o-even  for

b The  &O~tna,,t  I,lwrlog  %8 underscmed ialkaucs and even-to-odd foC futty  IICM6; 5 pr~~tmnc-t+,ygane  ratio  (Oidyk  ~ aj, ,  1978); 6 Curie POiOt  PYrO~Ysia
7  Data frOm Siwneit ~ u. * 1979;of  kerugeu, yitild is percent of total dry aedlmr!nt; B Data from ~npub~ished rcaultd  (Sluaneit  e t  ~. , 1981)  i 9  The

depth accord lug to the DSOP  conve,itio,l  ia given and che depth calculated upward from the core caccher la given In parentlieaes  if fiat ia dlff erent.
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Figure 1:

Figure 2:

Figure 3:

Figure 4:

Figure 5:

FIGURE LEGENDS

Litho?ogic columns for Sites 477 to 479 and 481 showing the
positions of the samples analyzed here (samples 1-23 and A-F
in Table 1).

Distribution diagrams for the ~-alkanes (a-g) and ~-fatty
acids (h-l) of the shallow samples from Sites 474, 477 to
479and 481. . . . . .( indicates isoprenoids,  --- dehydro-
abietic acid).

a,h: Sample 474-5-3
b: Sample 477-5-1, 81-91, 94-96 cm ,
c,i: Sample 477-7-1, 124-126 cm
d: Sample 478-2/3-composite
e,j: Sample 479-29-5, 114-116 cm
f,k: Sample 481A-6-5, 118-120 cm
g,l: Sample 481A-8-7, O-5 cm

Distribution diagrams for triterpenoids of samples from all
sites (the concentrations are based on the relative intensity
of m/z 191 correlated to the GC response). The R and S dia-
stereomers  of the extended homoloas  are also indicated and
the C28 compound is 17~,18a,21f3(H~-28,30-bisnorhopane  (VII).

a) 477-7-1, 124-126 cm h)
b) 477-7-2, 14-16 cm i)
c] 477-17-3, 44-46 cm ~]
d) 477-20-2, 61-63 cm
e) 477-22-1, 26-28 cm 1)
f) 477A-5-1, 44-46 cm m)
9) 477A-9-1, 39-41 cm n)

Distribution diagrams for steranes
samples analyzed.

a) 477-7-1, 124-126 cm f)
b) 477-7-2, 14-16 cm 9)
c) 477-20-2, 61-63 cm h)
d) 477A-5-1, 44-46 cm i)
e) 477A-9-1, 39-41 cm j)

479-29-5, 114-116 cm
481A-6-5, 118-120 cm
481A-8-7, O-5 cm
481A-12-4, 55-65 cm
481A-14-3, 50-52 cm
481A-14-4, 2-4 cm
481A-25-cc

and sterenes of the

481A-6-5, 118-120 cm
481A-8-7, O-5 cm
481A-12-4, 55-65 cm
481A-14-4, 2-4 cm
481A-25-cc

Distribution diagrams for the ~-alkanes of samples from
Sites 477 and 478 (..... indicates isoprenoids).

a) 477-7-2, 14-16 cm !3{ 478-29-1, 57-59, 124-126 cm
b) 477-17-3, 44-46 cm 478-29-2, 108-110 cm
c) 477-20-2, 61-63 cm “

1
478-29-2, 129-131 cm

d) 477-22-1, 26-28 cm ; 478-35-2, 77-79 cm
e) 477A-9-1, 39-41 cm k) 478-40-2, 61-63 cm
f) 478-13-1/2, 131-140, 116-l18cm



Figure 6:

Figure 7:

Figure 8:

Figure 9:

Figure tO:

..?. .

Figure 11”:

Appendix I.

Distribution diagrams for the n-alkanes (a-g) and the n-fatty
acids (Ii-1) of samples from Sires 478 and 481 (.... in~icates a
Isoprenoids, ---- dehydroabietic acid).

a] 481A-12-1, 107-109 cm 9) 481A-25-cc
b) 481A-12-4, 55-65 cm h) 478-35-=2, 77-79 cm
c) 481A-14-3, 50-52 cm i) 481A-12--4, 55-65 cm
d) 481A-14-4, 2-4 cm ~] 481A-14-3, 50-52 cm
e] 481A-18-I, 27-=29 cm 481A-20-1, 60-62 cm
f). 481A-20-1, 60-62 cm Ii 481A-25-cc

Mass spectra of major olefins present in sample 477-17-3, 44-46 cm.

a) ~-Octadec-l-ene,  C18H36
b) @ices-1-ene, C2~H4~

Examples of Curie-point pyrolysfs gas chromatograms (Cupy-GC)
of kerogen concentrates from shallow and unaltered samples
(,subbottom  depths are given in parentheses].

a) 474-6-5, 32-34cm (46m)
b) 477-5-cc (39m)
c) 479-29-5, 115-116 cm”(266m) .
:{ 478-2/3-composite (8m)

Walvis Bay, S.Id. Africa (0.5m)

Examples of Cupy-GC traces of kerogen concentrates from Site
477 versus depth (subbottom depths are given in parentheses):

a] 477-5-1, 89-91 and 94-96 cm (30m)
b) 477-7-1, 124-126 cm (50m)
c) 477-7-2, ?4-16 cm (50+ m) (* designates the C12 retention
d) 477-22-1, 26-28 cm (172m)
e) 477A-5-1, 44-46 cm (191 m)
f) ,477A-9-1,39-41 cm (240m)

Examples of Cupy-GC  traces of kerogen concentrates from Site
478 (,subbottom depths are given in .parentheses):

a) 478-29-1, composite (250m)
b) 478-29-2, 108-llOcm (253m)
c) 478-30-1 slick (257 m)
d] 478-40-2, 61-63 cm (378m)

Examples of Cupy-GC traces of kerogen  concentrates from Site
481 (subbottom  depths are given in parentheses).

a} 481A-12-I, 107-109 cm (148cm] “
b) 481A-14-3, 50-52 cm (169m)
c] 481A-14-4, 2-4 cm (170m)
d]. 481A-20-1, 60-62 cm (223m)

Chemical Structures Cited.
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ABSTRACT

Thirty-eight samples of final effluent were collected from the major muni-

cipal wastewater dischargers in southern California during 197”9. The CHC13-

soluble organic substances isolated from unfiltered and filtered samples were

separated chromatographically  and analyzed for gravimetric yields of total,

aliphatic  and aromatic hydrocarbons. Mean total hydrocarbon contents of those

effluents having received mainly primary treatment ranged from 6.1 to 16.3 mg/1,

whereas sltige concentrations were approximately 340 mg/1. The vast majority of

these hydrocarbons are associated with particulate matter; however, their compo-

sition {~ 5477 aliphatic) WS virtually identical for all effluents whether un-

filtered or filtered. The temporal variations of wastewater total hydrocarbon

concentrations were from 13 to 37% and appear to be independent of sampling

frequency.

From these data, southern California’s treatment pl”ants  are estimated

discharge more than 17.4 x 103 metric tons hydrocarbons/year or 4.6g-cap-1

to

day-l

to coastal waters. This is approximately double the input rate of petroleum

hydrocarbons due to surface runoff in this region. Moreover, it represents

nearly 677 of the currently-accepted estimate for the world-wide. input of waste-

water-borne petroleum to”the ocean. Problems associated with global input

assessments of this type are discussed, and a correlative means of estimating

wastewater hydrocarbon concentrations is presented.
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INTRODUCTION

Information on the composition and variability of organic substances in

municipal wastes and their input rates to the ocean is extremely limited. Al-

though there have been isolated studies of sewage constituents of environmental

concern (l-6), and certain compound classes (7-10), no comprehensive work has

appeared in the literature.

cal data bases are urgently
.

Nevertheless, substantial descriptive and statisti- “

needed for the following reasons: 1) to determine

the potential chemical threats, if any, posed by the systematic, chronic dis-

charge of wastes to the environment, and 2) to assess the role municipal wastes

play in the overall carbon budget of the coastal zone. In this and succeeding

papers (11,12), we provide new data for use in addressing these problem areas.

This report presents background information on the study site, southern

o
California, along with results of hydrocarbon analyses of effluents from the

major wastewater  dischargers in this area. A 1975 NAS study of petroleum hydro-

carbon (PHC) inputs to the marine environment (13) stated that municipal wastes

contribute roughly 3.0 x 105 metric tons PHC to the sea per annum. This cor-

responds to approximately 5% of the total yearly global input from all sources.

Although highly rated by the NAS panel, the confidence of this estimate is in

some doubt due

this work were

and to examine

to the paucity of reliable data. Therefore, major objectives of

to generate new data on the P1-tC content of municipal wastewaters

possible predictive tools for use in global inventories. This

research is part of a large study aimed at characterizing the terrestrial

sources of organic matter to the southern California Bight and constructing a

reasonable budget for this coastal system.
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Study area

The southern California Bight is a body of water contiguous

American continent extending from Pt. Conception, California, in

o
with the North

the north to

Cabo Colnett, Baja California, in the south (Figure 1). It is roughly bounded

cm the west by the edge of the continental slope at a water depth of approxim-

ately 3000m (14]. As such, the Bight encompasses an area of roughly 100,000

kmz. Owing to the intense human activity in the adjoining urban complex stretch-

ing from Los Angeles to San Diego, the possibility of adverse environmental

effects has repeatedly been noted (14-17). Localized accumulations of numerous

toxic substances have been found in the vicinity of sewage discharge sites (14,

18-20), and it is generally thought thatdomestic/industrial wastes are among

the most serious threats to the ecology of the Bight.

The majority of southern California’s municipal wastewaters  (m 86%) receive

only primary treatment and are introduced directly to the ocean via submarine
c

outfall systems at a water depth’ of ’approximately. 60’meters.  The rationale for

this disposal plan, details of which can be found elsewhere (21), rests upon the
,

effective dispersion of a buoyant wastewater plume by currents at sub-thermo-

cline depths. In 1979, the year of this study, four of southern California’s

five major treatment plants contributed more than 98% of the total regional

waste flow, 3.84 x 109 liters/day (22).’ The locations of these four plants. are

shown in Fig. 1, and a list of their treatment procedures, influent properties

and some general effluent characteristics is given in Table I.

Because of its relatively high industrial component and large flow rates,

the Joint Water Pollution Control Plant (JWPCP-LOS  Angeles County Sanitation

Districts) has historically discharged the greatest quantities of oil and grease

(Table 11). Therefore, this facility was targeted for a detailed study of

total extractable organic and hydrocarbon contents of its effluent. The other
e
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plants studied (cf., Table 1) are as follows: 1) tiyperion treatment plant

@ (City of Los Angeles) which discharges two effluents: HYP-7 (sludge + secondary

effluent) through the seven-mile outfall into the head of the Santa Monica

Canyon, and HYP-5 (primary + secondary centrate] through the 5-mile outfall into

Santa Monica Bay, 2) Orange County Plants (OCSD -Orange County Sanitation

Districts), and 3) Point Loma Plant (CSD -City of San Diego). Details of the

outfall systems and effluent monitoring data tabulations can be found elsewhere

(14, 22-27).

Samplinq
.

During 1979, a series of flow-proportioned 24-hour composite samples were

collected by personnel at each of four treatment plants (Table I). In the case

of JUPCP, HYP-5, OCSD and CSD effluents, duplicate (3-liter) samples were ob-

tained by either automatic sampling devices or manual methods. These samples

*

were mechanically homogenized and placed in calibrated, organic-free glass

bottles sealed with teflon-lined  lids. One of the two samples was adjusted

immediately to pH 1 with CHC13-extracted 6N HC1 and preserved with 200 ml hex-

ane. This procedure was intended to terminate biological activity, minimize

evaporative losses and initiate extraction. Both bottles were then refrigerated

on location. Sample pickup never exceeded three hours from the time of col-

lection/ preservation. Sampling of the HYP-7 (sludge) effluent, was performed in

a similar fashion; however, only 600-900 ml volumes were necessary due to the

high suspended solids and “oil and grease” contents (cf., Table 1).

HYP-5, HYP-7, OCSD and CSD effluents were each collected at approximately

the same time on a quarterly basis. The JWPCP effluent was sampled more fre-

quently. In this study, 24-hour composites were taken at daily (8 consecutive

days), weekly (6 consecutive weeks) and monthly (12 consecutive months) in-

0
tervals.
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Methodoloqy

Upon return to the laboratory, two liters of the untreated sample were

fittered using pre-combusted Whatman GF/A glass fiber filters and a specially-

desicyiecl all-glass filtration system. The filtrates were then preserved with

200 ml hexane and 6N HCI as before. Only 50Clml samples ofHYP-7 [sludge)

filtrate were generated in this way. If not extracted irrunediately,  unfiltered

and filtered samples were stored at IO*C until a later time. Particulate from

the remaining undisturbed sample were stored frozen for subsequent elemental/

isotopic analyses.

Liquid/liquid extractions were

200ml hexane preservative solution

three times). CHC13-extracted  NaCl

performed in separator funnels using the

followed by CHC13 (100m”l/liter  sample--

was added’to the mixtures to help break

emulsions. Furthermore, all extractions were preceded by rinsing the sample

bottle to recover lipid materials possibly adhering to the glass walls. For the
o

HYP-7 (sludge] effluent, the hexane was followed W six CHC13 extractions (~so

ml CHC13/500-75Cl ml sample). In most cases, an emulsion layer remained after the

last extraction. This was broken by centrifugation (2,00CI rpm),

layer was combined with the extracts. Subsequent steps included

by rotary evaporation, water and sulfur removal, esterification,

and the CHC13

concentration

and thin-layer

chromatographic separation of the esterified extractable into five organic

fractions, one of which contained the total hydrocarbons (THC). In some cases,

theTHC fraction was further chromatographed  to isolate aliphatic (Al) and

aromatic (Ar) hydrocarbon subfractions. Technical details are given elsewhere

(28) .

Data presented here include gravimetric  results for the total extractable

organics (TEO), THC, Al

triplicate weighings of

and Ar fractions’.

solution residues

These measurements are based upon

using a Mettler PIE 22 electromicro-
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balance. Replicate determinations showed the precision to be (coefficient of

variation) * 5% or less. Molecular analysis of the hydrocarbon (11) and non-

hydrocarbon (12) components will be discussed separately.

As a check on the extraction efficiency, exhaustive extractions were pet--

formed on two samples: JMPCP (3/14/79-unfiltered) and HYP-7 (10/15/79-unfil-

tered) (cf., Table III); gravimetric measurements were made on each sequential

extract. The results indicate that 95% of the TEO and 97-991 of the THC were

recovered by the methods used in this study. Gravimetric yields of blanks

treated by the same

General Findinqs

Concentrations

a
(TI-IC)  and al iphatic

procedure were below

RESULTS AND

of total extractable

detection limits.

DISCUSSION

organics (TEO), total hydrocarbons

(Al ) and aromatic (Ar) hydrocarbons measured in the five

effluents are listed in Table 111. Also given are values for “oil and grease”

determined by treatment plant personnel on grab samples taken the same day (29}.

In nearly all bases, the values of TEO exceed those for oil and grease. This is

probably the result of differences in the extraction solvents (Freon R is used

for oil and grease determinations) and variations in technique.

Unfiltered samples of HYP-7 (sludge) effluent have 10-20 times theTEO and

THC contents of other effluents, the hierarchy thereafter being JMPCP > (25D >

OCSL)> HYP-5. These differences most likely reflect variations in the nature of

influent composition and degree of treatment. Filtered samples of HYP-7 ef-

fluent contain roughly 2-3 times the TEO and 4-5 times theTHC content of the

other effluents. Because the filters used here do not completely retain col-

loidal particulate matter (mean particle retention size = 0.9~m; ref. 30),

a elevated levels of extractable substances in HYP-7 filtrates probably reflect an



enrichment in the mass of

fairly similar TEO and THC

in unfiltered samples. Th

may have attained a common

- 7 -

‘ine colloids. The other effluent filtrates have

concentrations despite varying total concentrations o

s suggests that the aqueous phase of these effluents

practical limit for the “accommodation” of organics.

The” surprisingly high percentage ofTEO found in filtrates of the Jl@CP, HYP-5,

OCSD and CSD effluents (21 .5-52.l%)”is  due to the presenceof water-soluble

polar materials such as fatty acids, alcohols, sterols and phenols (12). With

the exception of the HYP-5 wastewater,  hydrocarbons were associated to a large

extent (75.1 - 97.6%) with filterable particulate matter, a characteristic noted

previously by others (31). The high percentage of hydrocarbons in the HYP-5

filtrate is probably related to the low overall THC content of this effluent.

Aliphatic  hydrocarbons represented slightly greater than half the total

hydrocarbons in both unfiltered (54.2 * 2.2%) and filtered (53.0 f 2.2%) samples

of all effluents. The fact that Al and Ar sub-fractions did not exhibit fract-

ionation between the unfiltered and filtered sample’s may mean that equilibrium @

has not been established in these aqueous mixtures. Typically, Ar/Al ratios are

greater in filtrates owing to the higher aqueous solubilities of aromatic hydro-

carbons (28). A possible explanation is that fine colloids capable of passing

through the filter and having the same composition as the bulk sewage. may

dominate the dissolved constituents of the filtrates. Thus, any fractionation

associated with the solution process would be masked. Another remarkable find-

ing was the similarity in the hydrocarbon compositions of different effluents.

This” suggests that wastewater treatment plants of southern California are pro-

bably receiving hydrocarbon mixtures from similar sources, each plant differing

only in the amounts they treat and ultimately discharge.

The total hydrocarbon concentrations found here (6.1 to 16.3 mg/l; 341

mg/1-sludge) are similar to those previously reported (6, 31, 32). Because so
a
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few data are available, it is difficult to establish whether the variations are

* due to regional differences in hydrocarbon usage, disposal and treatment removal

efficiencies or simply non-representative sampling. The possibility of temporal

variation in the composition of sewage requires that the optimal sampling method-

ology and frequency be established. In recognition of this fact, we attempted

to examine the temporal variation of TEO and THC concentrations by sampling the

JMPCP effluent over different time intervals.

grease levels measured daily at the JWPCP can

partly due to the fact that the analyses were

As Fig. 2 illustrates, oil and

change dramatically. This is

performed on grab, not composite,

samples and are therefore subject to considerable fluctuation. Our measurements

forTEO and THC contents on daily, weekly and monthly intervals (Table IV) show

virtually the same levels of variation regardless of sampling frequency. The

differences between the daily means and those of the weekly and monthly samples,

however, indicates that consecutive daily sampling, although more exact if done

o year around, may be non-representative when performed over short intervals of

time. Compositing of samples on a weekly or monthly basis might better satisfy

both the statistical requirements and the practical (i.e., economic, time)

limitations of monitoring. However, the preservation of samples for other than

hydrocarbon analyses over these periods is questionable in viewof the labtlity

of certain non-hydrocarbon lipid constituents.

Mass Emission Rates

One of the main goals of this project was to compute mass emission rates

(MER) of wastewater-borne hydrocarbons to the coastal waters of southern Cal i -

f orni a. Although these estimates are based upon relatively few measurements,

they represent the most reliable data against which other inputs can be evalu-

ated at this time. Values for the MER’s of total suspended solids, oil and
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,.

grease, TEO and T1-tC given in Table V were calculated according to the formula:

*

Mass Emission Rate (metric tons/yr, rota) = 10g’l~rt  ●  ‘ i  ●  ‘i=
where:

F’i 

=
mean flow for time interval i (liter/day),

number of days in time interval i,

mean analytical concentration of parameter during time
interval i (mg/1),

maximum number of timeintervals  per year (JblPCP-12; HYP-5,
HYP-7, OCSD, CSD-4).

For the JWPCP estimate, mean values of 74.4 mg/1 (TEO) and 16.3 mg/1 (THC)

were used to approximate the lost November sample. Gross estimates of aliphatic

and aromatic hydrocarbon MER’s were calculated using the MER values for THC and

applying ’data obtained from the few individual chromatographic separations that

were perform~ (Table III).

From the present results (Table V),. it appears that the JWPCP contributes

nearly one-half (45.477) of the petroleum hydrocarbons discharged by all waste-

water treatment plants in southern California. This is very close to its rela-

tive input rate of oil and grease (Table II). The remaining hydrocarbon input

is more or less evenly divided among the other outfall systems. The dominance

of the JMPCP must be due to the relatively higher hydrocarbon burden of the

effluent because flow and

39%, respectively, of the

represents a mere 0.5% .of

total suspended solids (MER’s) represent only 35% and

total . In contrast, the HYP-7 sludge effluent, which

the total yearly flow, contributes 21%, 6.2%, and

13.1% of the combined suspended solids, oil and grease and THC” input, respecti-

vely; a reflection of its high (lipid-rich) solids content.
. .

On the basis of a limited number of hydrocarbon. analyses of wastewater

effluents from treatment plants in Rhode Island, Barrington and Quinn (32) e
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estimated the total coastal U.S. input of PHC to the ocean at between 28,000 and

● 140,000 metric tons/year (rota). Subsequently, Storrs (33) calculated an annual

U.S. mass emission rate of approximately 200,000 metric tons. This estimate was

based upon an assumed unit input of 8 g-cap ‘1 day-l and a coastal population of

68 million. When computed on a daily per capita basis (cf., Tables I, V) south-

ern California effluents discharge 3.3 to 6.0 g-cap -1 day-l with a mean value of
-14.6 g-cap-~ day . Assuming this mean value to be representative of similar

discharges nationwide, and a coastal population of 68 million persons, the total

U.S. input should total roughly l13,400mta. This estimated MER falls within

the range proposed by Barrington and Quinn (32) and represents a remarkable 41%

of the NAS-computed global input from municipal wastewaters (13). The combined

MER of sewage-borne PHC to southern California waters (17.4 x 103 rota) comprises

5.8% of the global wastewater input (13). These results seem to indicate that

either southern California treatment plants discharge especially large quantities

o of petroleum hydrocarbons in their wastes or that the NAS global estimate is

1 Ow.

The other major route by which surface waters are delivered to the ocean is

runoff. In southern California, rivers and streams discharge only one-third the

volume of water to the Bight as do wastewater treatment plants (3]and recent

calculations for all of southern California (28) place the surface runoff mass

emission” rates of TEO and THC at approximately 17.9 x 103 mta and 9.69 x 103

rota, respectively. Thus, municipal wastes contribute 5.1 and 1.8 times as much

TEO and THC to the ocean as runoff. The discrepancy between these ratios arises

from differences in the lipid compositions of waste and runoff waters. The

extractable organic matter of sewage contains roughly 22% THC, ”whereas  data for

urban’ storm runoff indictes that hydrocarbons comprise about 51% of the extract-

able material. It should be noted that relative to wastewaters, surface runoff

e



is subject to greater temporal and spatial variations in the composition and

total concentration of extractable organics. ●
In considering potential environmental impacts to the marine ecosystem, it

is also vital to recognize the contrast in their modes of delivery. Municipal

wastes are effectively discharged. from four point sources in southern California

on a more or

on the other

events which

less continuous basis at sub-thermocline  depths. Surface runoff,

hand, is generated by intermittant, and oftentimes dramatic, storm

are superimposed on chronic dry weather flows. These highly seasonal

discharges emanate from more than 150 rivers , streams and drainage channels

terminating in surface waters of the ocean. Differences such as these undoubtedly

affect the transport and ultimate fate of terrigenous  organfc matter from these

sources.

Estimating the hydrocarbon content of wastewaters

From the viewpoint of input assessment, periodic measurements of total

hy&ocarbon concentrations in municipal wastewaters would seem desirable. e

However, the legal requirements forsuch monitoring do not presently exist, nor

are theylikely to in the near future. Hence, the impetus to develop a simple,

indirect and universally-applicable method for estimating PHC burdens in waste-

waters is obvious. Past assessments have relied on largely unsupported assump-

tions of the THC content of oil and grease. With refinement, this approach .

might be attractive because oil and grease levels. are commonly monitored in

treatment facilities world-wide. Therefore, we investigated

correlating our TEO and THC measurements with oil and grease

treatment plant personnel.

Casual inspection of contemporaneous data for the JWPCP

suggests that correlations among THC, TEO and oil and grease

the possibility of

data obtained by

.’

effluent in Fig. 2

concentrations

exist. To be valid, however, a correlation used for estimation on a regional
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scale, must be applicable for a number of effluents. Thus, we analyzed the data

a for all effluents together. Fig. 3 illustrates the analytical curves obtained

by linear regression under two different conditions, that is, with and without

the HYP-7 sludge data.

The correlation between TEO and THC data for all five effluents (Fig. 3a,

curve 1) is exceptionally good, indicating that w“th respect to hydrocarbon con-

tent,the composition of the extractable organics is very consistent among these

wastewaters. Me also explored the possibility of excluding the sludge data from

the regression analysis. Practically speaking, there is some justification for

doing so because undiluted sludge is usually disposed by pyrolysis, landfilling

or offshore dumping, not be continuous discharge through relatively shallow water

outfalls. Thus, most effluents

ceived a combination of primary

characteristics to those of the

discharged directly to the

and/or secondary treatment

JWPCP, HYP-5, OCS!) and CSD

ocean will have re-

and should have similar

wastewaters. When theo regression analyses are performed on all but the sludge data, the correlation of

TEO with THC remains very good (r = 0.91), and the slope and intercept are similar

(cf., Fig. 3a, curve 2) to those obtained for the analysis using the complete data

set. Thus, exclusion of the sludge data does not present a serious statistical

problem for the correlation of TEO and THC measurements.

When considering the correlation

ferent situation arises. Because oil

plant personnel on entirely different

determinations, there is considerable

of THC with oil and grease, however, a dif-

and grease measurements were performed by

(grab) samples than those used for the THC

sampling-related error associated with plot

of THC versus oil and grease (Fig. 3b, curve 1). In addition, the analytic curve

does not appear to fit the non-sludge effluents very well. This may be due to

the fact that the HYP-7 sludge, a highly-concentrated effluent, is analyzed for

a
oil and grease by a modification of the standard method which may not have the

same extraction efficiency as that used For the other effluents (34).
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If the linear equation for theTHC vs oil and grease correlation for all the—
o

data (curve 1) is used in conjunction with annual mean values of oil and grease

concentration and flow (Table 1) to calculate a combined hydrocarbon MER for the

dischargers, a value of ll,290mta  is obtained. This is in very poor agreement

with that shown in Table V (17,610 rota). MER values for individual dischargers

are even more deviant. ” In fact, because they-intercept of the line (curve 1),

22.3 mg/1, exceeds the mean annual concentration of oil and grease in HYP-5

effluent, a negative MER is calculated when this equation is used.

Performing the regression analysis in the absence of the sludge data

produces

1 ower},

greatly

and oil

where:

somewhat less satisfying statistical results (i.e., the “r” value is

however, the ability to accurately estimate THC mass emission rates is

improved. The final expression obtained by linear regression of the THC

and grease data (without HYP-7 data; curve 2) was:

Y= 2.01 x+IO.4 (r= O.72)

Y = concentration of oil” and grease (mg/1),

x = concentration of total hydrocarbons (mg/1).

Using the average values of oil and grease concentrations and flow given in

Table I, MERs were calculated using this formula:

Ji/PCP 8443

I-IYP-5 2014

HYP-7 1600

Ocsc 2465

CSD 2475

Total 16,997

By comparison with the data given in Table V, the predicted individual MERs

show adequate agreement, whereas the grand total agrees quite well. This crude
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test simply demonstrates the self-consistency of the method.

9 other effluents may provide a means of evaluating whether or

found here is generally applicable and/or subject to changes

tool will obviously be of value in estimating the wastewater

hydrocarbons because of its simplicity, and applicability to

data.

Conclusions

The results of our analyses of municipal wastewaters in

More data for

not the correlation

with time. Such a

input of petroleum

existing monitoring

southern California

have shown that large quantities of petroleum hydrocarbons (17,400 rota) are

currently being discharged to the ocean in this area of the world. Indeed, it

appears that calculated global PHC inputs due to sewage may have been under-

estimated in the past. The environmental significance of these findings is

clouded, at best. This is because: 1) the nature and quantities of specific

organic compounds in wastewaters are largely unknown and 2) the fate of complex

mixtures of natural and anthropogenic organic substances in the ocean are only .

poorly understood. We intend to address the detailed molecular composition of

sewage in subsequent writings (11,12); however, the environmental fate of or-

ganic wastes will remain an important and difficult subject for future investi-

gations.
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Table II. Mass Emission Rates (metric tons/year) of Oil and ~~ease for Nafior Municipal
t;asteweter  Dischargers in Southern California from 19’i’1-1q79U

Year

1971

1972

7973

1574

1975

1976 .

1977

1978

1979

JdPcP

30,000

S6,SO0

29,300

26,3oo

28,900

30,600

21,300

,21,900

20,200

6550

9210

8380

8470

9530

9950

8380

8940

9270

IiYP-7

6JJ0

4040

6130

5860

~760

3860

3700

j2T0

24~o

OCSD

ND

7450

8430

8210

8230

10,300

10,100

7800

6760

CSD

46OO

3440

4980

5900

4000

4100

5340

6800

6190

TOtal

---

60,640

~7,220

54,740

56420

58,810

48,820

48,710

45,fi70

“ .

Jl;/pcp
(;: total)

. . . .

-. -.9

6002

51.2

48.0

51.2

52.0

43.6

45.0

44*7

a I)ata obtained from routine effluent monitoring data (14, 22-27).



“TABLE 111. Concentrations (mg/1) of oil and grease,. total extractable organics,
total hydrocarbons and aliphatic and aromatic hydrocarbons in Southern
California wastewater effluents, 1979a.

Total Extractable Organics Total Hydrocarbonsc

Sampling Sampl ~ Oil and Unfiltered Filtered Unfiltered Filtered
Date Typeb Grease -

JWPCP

1/1 5/79 1,4
2/15/79 1

3/7/79 2,3
3/8/79 3
3/9/79 3

3/1 0/79 3

3 /11 /79  3

3/12/79 3
3/13/79 3
3/14/79 2,3

36.0
33.0
50.9
72.6
58.6

39.3
39.0
49.3
56.3
31.3

3/21/79 2 50.0
3/28/79 2 47.0
4/4/79 2 45.3
4/17/79 1,4 48.3
5/15/79 1 29.7
6/15/79 1 42.0
7/16/79 1,4 33.7
8/1 5/79 1 38.5
9 / 1 3 / 7 9  1 33.0
1 0/15/79 1,4 31.0
11/15/79 1’ 40.6
12/13/79 1 34.0

y~s 42.7*1O.8

HYP-5
. ,

1/1’5/79 4 13.0

4/18/79 4 20.0

7/16/79 4 22.0
10/16/79 4 17.0

:~s 18. C&3.9

59.8

75.0
71.0
83*5
79.6
64.7

66.1
79*O
79.7
71.2

“+5.7,
62.7
71.5
71.9
67.5
77.9
79.8
83.6
69.’0”
65.6
d
75.0

73.3* 7.4

47.3

48.8

43.8
46.2

46.5*2.1

28.0
20.0
26.9

31.8
29.0
26.6

24.7
26.1
25.1
27.2

22.6
24.8
22.6
d

21.1
25.8
23.5
29.0
22.3
23.6

d
d

25.353.0

1 7 . 2

23.4

22.8
21.4

21 .=2.8

10.6
14.2

13.4
22.6
22.0

13.0

15.8

16.2

18.5

14.3
(8.0/6.3)

20.2

13.6

16.6

17.3

13.0

15.6

15.9
20.9
18.2
16.1

d
14.0

16.3* 3.2

(2.9~~:2)
6.9

5.7
6.5

6.l~o.8

2.18
1.78

2.36
(1.18/1.18)

*

1.53
d

1.29
2.13
2.18

3.29
1.61
2.19

d
d

2.05t 0.56

1.92

3.04
(1 .71/1 .33) m

2.90
3.10

2.74k0.55



TABLE 111. (continued)

a Sampling Sample Oil and Total Extractable Organics Total Hydrocarbonsc

Date Typeb Grease Unfiltered Filtered Unfiltered Filtered

HYP-7

1/15/79 4 456 1 t$8 81.00 397 17.6
(211/186) (9.4/8.2)

4/18/79 4 425 994 64.5 374 13.2

7/16/79 4 355 ‘ 796 50.3 297 9.4

1 0/1 5/79 4 476 717 41.5 297

59 3+17 3 !i!:4~33)
(3.i;i.3)

y~s” 428?53 899*1 72 . - . 11 .8*4.6

acme

1/15/79 4 31.6 40.3 19.3 1.23
(3.o;i:7) (0.63/0.60)

4/12/79 4 84.0 63.2 20.2 10.9 1.63
7/16/79 4 22.9 47.3 23.0 7.0 1.73
10/16/79 4 2 4 . 9 50.1 32.9 7.8 1.73

F*S 25.8*3.9 52.&9.6 23.8?6.2 7,8&2.2 1 .53*0 .26

CSD

1/16/79 4 67.4 56.3 .12.1 11.8 T .22
4/1.4/17/79 4 32.1 58.9 2?.1 1.78

(4.:;; .0) (0.94/0.84)
7/17/79 4 27.0 65.3 23.3 10.4 2.21
10/16/79 4 41.2 69.1 22.2 18.7 2.66

y~s 41.9f18.O 62.4*5.8 19.715.1 12.3*4.5 1.97t0.61

a= Data for oil and grease concentrations obtained from monthly and annual reports
of the sanitation districts.

b = Sample type: l-monthly, 2-weekly, 3-daily, 4-quarterty.

c = Aliphatic\aromatic  concentrations are given in parentheses below the THC values.

e d = Sample lost.

e = Data for oil and.grease concentrations are quarterly means.



TABLE IV. Variations in the concentration

and total hydrocarbons in JNPCP
. .

of total extractable organics
. .

final effluent as a function

of sampling frequency

Daily Weekly Monthly

Total Extractable Organics

Unfiltered 74.4*7.O 72.4k8.3

Filtered 27.2?2.3 24.8?2.2
.’ . .

Total Hydrocarbons

Unfiltered -17.ot3.7 15.6f2.8

72.326.8

24.523.2

15.5?2..8

Filtered .- 2.O!%O.56

a = All results given as means * standard error (mg/1) for 24-hour composite

samples. ,. . . ‘.



TABLE V. Mass Emission Rates (metric tons/year) of Wast~water  Constituents from

o
Major Dischargers in Southern California, 1979

JMPCP HYP-5 HYP-7 OCSD OSD Total

Total Suspended 99,080 39,050 51,800 36 ,560b 25,540 252,040
Solids

Oil and grease 18,890 8,760 2,830 6,720b 8,160 45,360
(14.2) (10.2) (10.8) (16.6)

Total Extractable 37,360 22,630 5,950 I’3,860 10,980 90,680
Organics (28.0) (25.2) (22.2). (22.3)

Total Hydro- 7,990 2,950 2,260 2,040 2,160 17,400
carbons (6.00) (4.60) (3.29) (4.38)

Aliphatics 4,470 1.,680 1,230 1,070 1,110 9,560

A r o m a t i c s 3,520 1.270 1,030 970 1,050 7 * 840

0
a =.Total suspended solids and oil and gre se ca culations  based upon data from Table III;

7 -1per capita mass emission rates (g-cap- day ) are given in parentheses.

b = Calculations based upon quarterly averages.



Figure 1:

Figure 2:1

Figure 3:

LIST OF FIGURES

The Southern California Bight. Insets depict the locations

of the major municipal wastewater outfall systems in

southern California.

Variations in the total extractable organic, oil and grease

and total hydrocarbon contents of the JJIPCP final effluent

during 1979. Dashed line indicates oil and grease values

for samples taken by plant personnel contemporaneous with

samples analyzed in this study.

Correlation of total extractable organic, total hydrocarbon
o

and oil”and grease measurements for southern California

municipal wastes, 1979.
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ABSTRACT

Katz, A. and,, Kaplan, I. R., 1981.  Heavy metals behavior in coastal sediments of southern
California: a critical review and synthesis. Mar. Chern.,  10: 000–000.

The present paper reviews and discusses the studies on heavy metals  behavior in coastal
sediments of southern California which have been pubIished  since 1970.

./ The available data allow for the estimation of poliution-free ‘base-line’ concentrations
of some heavy metals in southern California sediments (Ag, 0.4 pprn; Cd, 0.4 ppm; Cr,
25 ppm; Cu, 9 ppm; Ni, 15 ppm; Pb, 10 ppm; and Zn ppm,  44 ppm) which may be used as
references for monitoring future metal pollution.

The transport of most, if not all, heavy metals through the near-shore and shelf
environments is controlled by  their association with particles, a significant fraction of
which  is sewage-derived and rich in organic carbon. Changes in the relative abundances of
the heavy metals are brought about mainly by settling differentiation of their host par-
ticles, and much less so by diagenetic solubilization. The bulk of the heavy metals are
transported, within fine-grained particles, out from the shelf into deep ocean regions.

Simple linear mixing of poIluted  outfall materials with clean natural sediments cannot
explain the distribution of heavy metals in near-shore and basinal  sediments in southern

. .

California, unless significant protective effects of organic coatings (near outfalls) and of
grain-size distributions are taken into account. EIeavy metal pollution from oil seepages-..
are signi~lcant  for only a very limtied number of metals (Ni, Ba, etc. ) and only on a local
scale.

The urgent need for standardization of heavy metal leaching techniques is demonstrated
and emphasized.

INTRODUCTION

The interest of geochemists in the fate of heavy metals in estuarine and

. coastal environments has increased in recent years, in the main, for the fcJ-
lowin~ reasons.

(1) Because of the recognition that important controls on the cycling of

* Contribution No. 207S: Institute of Geophysics and Planetary Physics, University of
California, Los Angeles, CA 90024, U.S.A. !
** Permanent address: Department of Geoiogy,  Hebrew University, JerusaIem,  Israel.
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suspensions become more concentrated. The reactivity of a particulate-bound
metal is obviously very different from that in true solution:  depending upon
mineralogy, nature of association, and site of occlusion in the particle.

(4) The buik of the heavy metal mass, whether ‘inorganic’, ‘biogenic’,  or
‘anthropogenic’ in origin, passes through coiistal  waters in the particulate
form (Turekian  et al., 1973; Benninger et al., 1975; Harris  et al., 1975; Troup
and Bricker,  1975; Turekian, 1977; Wallace et al., 1977) and some of the
complexity in the transport and fluxes of such particulate in the ocean has --- -----

been discussed by Brun-Cottan  (1976), Biscaye and 13ittereim  (1977), La.1
(1977), Lerman  et al. (1977), Wallace and Duce (1978a, b), Baker et al.
(1979), Aller et al., (1980) and by Hunter (1980). Successful modeling of
heavy metals necessitates the distinction between their various sources by
differential leaching techniques which depend  on the nature of the material
analyzed, types of metals investigated and purpose of the investigation (see
Rohatgi  and  Chen, 1975; Rutherford adn Church, 1975; Faisst, 1976;
Eganhouse  et al., 1978; Brt.dand  and Franks, 1979a; Chow and Earl, 1979a;
Galloway, 1979; Kettering, 1979; Word and Meams, 1979;  Hunter, 1980).
The general concept is that weak acid—low temperature leachi~g of particu-

., lates release H+-exchangeable and carbonate-bound heavy metals, dilute
mineral acids followed by oxidative  agents, extract ‘biogenic’  and/or ‘anthro-
pogenic’ metal contributions, and complete dissolution of the residue repre-
sents the ‘inorganic’ or ‘refractory’ silicate fraction. it is unclear whether the
basic hypothesis is true, and comparison of data obtained from different
studies is frequently meaningless.

(5) The deployment of radionuclides  for monitoring fluxes of heavy metals
in the coastal environment and lakes (Koide et al., 1972; Chow et al., 1973;
Koide et al., 1973; Bruland et al., 1974b;  Goldberg and Bruland,  1974;

*
Edenkeuser  et al., 1974; Koide et aI., 1975; Benninger, 1976; Patterson et
aI., 1976; Goldberg et aI., 1977; Mc Caffrey, 1977; Bertine et al., 1978;

., Goldberg et al., 1978;  Hedge et ai., 1978;  Benninger et al., 1979; Bruland et
al., 1979a; Ng and Patterson, 1979 ;Turekian and VoIchok,  1979; Aller et al.,
1980; KrishnaSwami et al., 1980; Shirahata  et al., 1980; Spencer, 1980),

provides two important advantages: some of them can be determined rather
accurately at extremely low levels; and more significantly, they furnish the

needed time-scale to estimate rates of metaI cycling. Although heavy metaIs
are often measured along with radionuclides,  their assumed analogous be-
havior in the coastal environment should be verified for each element and in
each case, due to the viability in environmental conditions, especially oxi-
dation—reduction at the sediment-water interface.

(6) Experimental investigations of the behaviour of trace metak in sea-
water suffer from reagent, laboratory equipment and laboratory atmosphere
contamination, which may contribute more trace metal than is present in the
original seawater. A second problem, removal of t~ace metals onto container
walls (e.g., Spencer et al., 1970), appears in certain cases to be a more com-
plex matter than simpi  y chemical adsorption. Finally, in simulation systems,

.— -.

.

;. .

.



.

,/

-.

—

\
4

●

the ratio between the mass of the heavy metal in solution to that of the sur-
face areaof the system’s boundary is very sma.11  in comparison 10 any naturzd
situations which they are intended to simulate. Thus, it may be advantageous
to follow heavy metal behavior in well-defined ‘natural laboratories’, in
which the oceanographic and sedimentologicai  conditions are known, rather
than continue heavy metal research along the same lines as in the past.

The southern California coastal  zone is inhabited by 11–12 million people
and is highly industrialized, resulting in the release of large masses of heavy --- ‘“’-

metals and in the dischmge of the bulk of the freshwater, some 3.6 x 1091
per day, (Yourig et al., 1975) which continuously flows into the Southern
California Bight, through five sewarage systems (Fig. 1}.

The surface runoff volume amounts to an (average) equivalent of approxh
mately 1.5 x 10g 1 clay-l, mostly contributed by a few fall and winter storms.
The annual municipal waatewater input into the Southern California Bight in
the last decade has probably varied litt~e. Calculations based on wastewater
flow data” taken from Schafer (1978) show a mean annual, daily-averaged flow
of 3.609 *0.16 (la) x 1091 day-] for the period 1971—1977, with a fairly
constant value for total suspended solids concentration, excpet for a signifi-
cant (-18$%) drop in 1977.

Thus, the bulk of the heavy metals  is introduced into the coastal waters
via a few point sources along the coast. Hence, the behavior of heavy metals
may be learned from their dispersion modes in the sediments between their
emission points and., the deeper ocean. The necessary oceanographic, geo-
logical and sedimentological background for such studies has been provided
by several authors. ‘A review of the earlier and historic developments is
given by Emery (1960).

Joint Conception
Santa Barbara

-

k + w
n7”

San Diego

Fig. 1. Location map of investigated area, Southern California.
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The present paper presents an attempt to review and evaluate the last

decade’s voluminous bibliography on heavy metals in the sbuthern  California
coastal waters. An attempt has also been made to emphasize important
accords or discrepanices between available sets of data and to interpret them
in terms of heavy metal transport and removal out of the water column.

PREV1OUS STUDIES ON HEAVY METALS IN THE SOUTHERN CALIFORNIA
COASTAL ZONE - - -  .*.

Table 1 reviews heavy metal research papers and reports on southern
California coastal sediments and waters published mostly since 1970. Sedi-
mentation rate and dating studies (Bruland,  1974; Goldberg and Mdand,
1974; Koide et al., 1972, 1973, 1975, 1976],  sediment-type characterization .

and mixing studies (Peters et al., 1978; Sweeney and Kaplan, 1980) or sedi-
ment dispersion studies (Hendricks, 1975, 1978) important for heavy metal
interpretation have aiso been included, as well as a few studies relevant to
atmospheric fluxes (Shirahata  et al., 1980) or to metal concentrations in the
Pacific (Bruland  et al., 1979 b). The first column in the table lists the various

.- papers in alphabetic order; the second and third columns detail the chemical
elements dealt with, and the sites which were sampIed. The next nine
columns define materials and subjects studied in each case. The materials in-
clude dissolved elements (‘dissolved’) or metals attached to suspended par-
ticulate  (’particulate’). Heavy metal data on sediment surface and core
samples, plants and animals, various atmospheric materials (aerosols, dust,
brushfire smoke, etc.) and wastewater are indicated by crosses under the
headings ‘sediments, ‘organisms ‘, ‘atmospheric’ and ‘sewage’, respective] y.

The ‘sewage’ column includes all man-made matenaIs  discharged into the
southern California coastal waters. Laboratory experiments of heavy metal
fractionation, adsorption-resorption, sedimentation, etc., are indicated in .
the ‘experimental’ column, whereas modeling of heavy metal behavior is
iisted under ‘theoretical’. Papers containing calculations of heavy metal flux
are marked under ‘flux’. Data other than heavy metaI information (organics,
nutrients, isotopes, major ions, etc.) are listed under ‘other’ and sediment
dating studies are indicated under ‘dating’.

Some 55% of all the studies cited are based on sediment analysis, about
40% reIate to particulate composition and about 37$% to sludge- and sewage-
chemistry. Few studies (- 245ZO) have been directed at the dissolved heavy
metals, and over 6070 of these are dedicated to experimental investigations,
mostly of sewage and sludge behavior. The same is true for studies of atmos-
pheric heavy metal sources. This trend of research reflects, in part, the ease
of sediment analysis relative to seawater, and the fact that much of the
research was conducted by the Southern California Coastal Water Research
Project (SCCW7RP), where the emphasis was placed on anthropogenic ma-
terials and their effects on sediments and marine life rather than on the be-
havior of trace metals in seawater itself. The relative scientific interest can be
rated as follows (numbers in parentheses designate percent of papers, out of
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TABLE I

Literature review of heavy metal studies performed in southern California between 19 T0—1980  in marine coastal environments

Source Elements Sites Dating ,w

Anderhalt  and Reed
(19i9)

Bertine and Goldberg,
(1977)

Bertine et al. (1978)

Brooks et al. (1968)

Bruland  (1974)

Brulaqd  et al. (1974a)

Bruland  anrl Franks
(1979a)

Bru]%nd  and Franks
(1979b)

Bruland  and Franks
(1979C)

Brukmd et al. ( 1979a)

Bruland  et al. (1979b)

Bruland  et al (1978a)

Brukmd  et al, (1974b)

Chen and Hendricks

Chen et al. (1974)

Sedimentologicaf
study

Ag,Al, Cd, Co, Cr,
Cu, Fe, Mn, Ni,
Pb,V,Zn

Ag, Al, Cd, Co,Cr,
Cu, Fe, Mn, Ni,
Pb, V,Zn

Ca, Cd, Co, Cu,Fe,
K, Mg, Na,Ni,P,
Sr, Zn

Radionuclides
only

Ag, Al, C, Ca, Cd,

Cd, Cr, Cu, Fe, Ni,
Pb,Zn

Cd, Cr, Cu, Fe, Ni,
Pb, Zn

Cd, Cr, Cu, Fe, Ni,
Pb, Zn

None

Cd, Cu, Ni,Zn

Cd

None

Cd, Cr,Cu,Fe,Hg,

Cd, Cr,Cu,  Fe,Hg,
Mn, Ni,Pb,  Zn

PC, SB,SM,SP,  OS, SD

SCLB; SCTB

BR

SBB, SCB,SCTB,TB

SMB,SPB,SBB,SCLB,
SOB, etc.

SBB,SOB,  SMB, SPB

Inner  and Outer
Southern California
Continental shelf

Non-specific

Non-specific

SBB, SPB,SMB, SNB

37 °05’N,123022’W

Ne Pacific and Gulf

of California
Gulf of California

HYP

HYP i,.

x

$“,>,

x

x

x

x

x x

x x

x

x x

x x

x

x

x

x

x

x

x

x

x

x x

x

x

x

x

x

.

Carbonate, Organic
carbon, Mineralogy

x

x

x

x

x

x

x

x

x

x

x

x

x U, Th series radio-
e l i d e s

Techniques

210 pb

137C5 210 p~
238,239’,240 Pu

210 Pb- 226 Ra

228 ~h~ Th

210 pb

Techniques

,x E@- No;

x 210 pb,226 $a

f
,
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TABLE I (continued) j i

Source Elements Sites Dating

Hendricks (1974)

Hendricks (1975 )

Hendricks (1978)

Hendricks and Young

Herring and Abati
(1978)

Hershelman  et al,
(1977)

H;rao  and Patterson
(1974)

Hedge et a!. (1978)
.-+

. .
Huntzicker et al. (1975)

Jan~~al, (1977) .

Jan and Young (1976)

Jan and Young (1978)

Johnson (1974)

Kalil (1976)

Kalil (1978)

(Model) PVP

(Model) PVP

(Model) P V P

Cd, Cr,Cu,Pb,Zn PVP

Ag, Cd, Cr, Cu, Fe, HYP,PVP,OC  and SD
Mn,Ni,Pb,Zn outfalls

Ag, Cd, Cr,Cu, Hg, PVP
Ni,Pb,Zn

Pb, Ba, Sr, Ca TC, LA, SF

Ag,Al,Cd,  Co, Cr, LJ, BC
Cu,Fe,Mn,  Ni,
Pb,V,Zn

Pb La basin and coastal
waters

Ag, Cd, Cr, Cu, PVP8  OC outfalls,
Hg, Ni,Pb,  Zn SCT,SM?3Y

Cr HYP,PVP,  OC, SD, OX,
outfalls and sea-
water

Ag,Cd,  Cr, CU, Fe, Non-specific
Ni,Pb,  Zn

l-rg PVP

u Near and offshore SC
basins

Cr, Cu,Mn, Ni, U SCTB,TB

x x

x x
., ..,, ,;, . .

x

x

x

x x

x

x x

x

x

x

x

x

x

x x

x

x

x

x

x

x

.

x

x

x

x

x

x

x

x

x

x

x

x x

x x

x

x

x x

A.erobic/unaerobic
mobilization model ,

Particulate dispersion
model

Sediment dispersion
model

Modelling

Dispersion model

Pb Isotopes

Pb and  I% Isotopes

c o

.

Cr oxid. states

Analytical procedure

x C, S, P, N, Ca,Mg,alk. 84
$

G

Organics,~-Isotopes
t

-u . . . . ,.
r ~

.,
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TABLE I (continued)

Kettering (1979)

Kline and Goldberg
(1970)

Knezevic and Chen
(1977)

Koide et al. (1973)

Koide et al. (1976)

Koide et al. (1975)

Koide et al. (1972)

Krishnaswami et al.
(1976)

Lazrus  et al. (1970)

Liljestrand  and Morgan
(1978)

Lu and Chen (1977)
. .+

Martin and Krmu-er
(1979)

McD~?mott  (1974)

McDermott and
Alexander (1976)

McDermott and Young
(1974)

Mearns (1974)

Mitchell (1974a)

Mitchell (1974b)

Cd, Cr, Cu, Ni,Pb,

Hg

Ag, Al, As, Cd,Cr,
Cu, Fe, Mn, Ni,
Pi, V,Zn

Radionuclides
only

Radionuc[ides
only

Radionuclides
only

Radionuclides
ordy

Radionuclides
only

Cu, Fe, Mn,Ni,Pb,
Zn

Mn, Pb

Ag, Cd, Cr, Cu, Fe,
Hg,Mn, Ni, Pb,

Cd, Cr, Cu, Fe, Ni,
Pb,Zn

Ag, As, Cd, Cr, Cu,
Fe, Hg, Mn, Ni,
Pb,Se,  Zn

Ag, Cd, Cr, Cu,l?e,
Mo, Ni,Pb,  Si,
V,Zn

Ag, Cd, Cr, Cu, Nil

Cr
Ag, As, Cd, Cr, Cu,

Ni,Pb,Zn
Zn, Cr

r

PVP

LJ,PVP,HYP

La harbor, PVP

SBB, BC, LTA,
LTI,TL,  LM

SCLB,BC,  SBB, SPB,
SMB,TL,  LM

SBB, SOB
>., ,

SB13

Pacific Ocean x

AVN(+  N a t i o n w i d e )  x

Pasadena

x

NTB, COP, SMG, PC

PVP, HYP,OC,SD and x
OX outfalls

SB channel, SM bay

PVP and SB channel

HYP

PVP

x

x x

x

x

x x

x

x

x

x

x x

x

x

x

x

x

x

x H20,C

x x Humic  and  fulvic acids

x 228rrh,232  Th,

Zlopb , -

x 226 ~a 238 +239  Pu
210 ;b

239+2WPU

210 p~

14 C Pu-, Th-2i0Pb  and
2i6 Ra Radionuclides

x

Major ions, PH

x x Orgfmics, PO~-
N,S=

x Organics,  nutrients
volatiles,  suspensoids .

#

Hydrocarbons

x

x Cyanide,  Ph~nols

:
x x

i
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TABLE I (continued)

Source Elements Sites

hfitchell  and McDermott Ag, &cd,cr,cu,
(1975) Fe, Hg,Mn,Ni,

Pb,Se,Zn

Morel et al, (1975) Ag, Cd, Co, Cr, Cu,
Fe, Hg, Mn, Ni,
Pb,Zn.

Murray and Ku (1977) Pb

Myers (1974) c

Ng and Patterson (1979) Ba,Pb

Nozaki  and Tsunogai None
(1973)

Oshida (1976) ‘-’ Cr

Oshida ( 1 9 7 7 )  ““ Cr
Oshida and Wright Cr

(19%)

Patterson et al. (1976)  Pb

Peters et al. (1978) C,N

Rohatgi and Chen Cd, Cr, Cu, Fe,Mn,
(1975) Ni,Pb,  Zn

Schafer (1976) Ag,As, Cd, Cr, Cu,
Hg, Ni,Pb,  Se, Zn

Schafer (1977 ) Ag,As, Cd, Cr, Cu,
Hg, Ni,Pb,  Se,
Zn

Schafer (1978) a s  a b o v e

S c h a f e r  a n d  Bascom Ag, Cd, Cr, C.u,
(1976) I-fg,Ni,Pb

PVP, HYP,OC,OX
outfalls

PVP outfall

‘TB, SNB,PVP  shelf

PVP outfall

SBB, SMB,  SPB, SNB

North Pacific

LJ,PVP  outfall, SCT

SCTB, SBB,TB,SP
shelf

HYP, La river

PVP,HYP,OC,SD,
OX outfalls

PCP,HYP,OC,SD,
OX outfalls

w above !..,
HYP

... ,. .;..

x x

x

x

x

x

x

x x

x x

x

x

x

x

x

x

x

x

x

x

x

x

x

x

.

,,

Dating ‘

x x Organics,volatiles,
nutrients, suspensoids

x x x

x 210 p~

x x x x Carbon system
(including Isotopic)

x x I’b I s o t o p e s

x 210 p~

x

x

x

x x x P b  I s o t o p e s 8

C,I$ Isotopes

x x

x “ x  Organics,  N, Suspensoids

x x  Organics,IV,Suspensoids
$
t

x Volatiles  ~
c

Q~,.. 7’-
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TABLE I (continued)

Sherwood (1976)

Sherwood and Wright
(1976)

Sherwood and McCain
(1976)

Shokes  and Mankiewitz

Cd, Cr, Cu, Ni,
Pb,Zn

Cr

Ag, Cd, Cr, Cu,
Pb, Zn

Al, Ba, Cd, Cr,
Cu, Fe, Mn, Ni,
Pb, V,Zn

Pb,Ba,  Sr, Ca

Al, Bs., Cd, Cr, Cu,
l?e,Ma,Ni,Pb,
V, Zn

None

None

None

NO new d a t a

No metals
analysed

u

No metals
analysed

as above

Cr, Cu, Hg,Ni,
Pb, Zn

Ag, Cd, Cr,Cu,
Ni, Pb, Zn

As, Sb,Se

Ag, &, Be, Cd, Cr,
Cu, Hg,Mn,Ni,
Pb,Sb,Se,Tl,Zn

Ag, Cd, Cr, Cu, Ni,
Pb, Sn,Zn

PVP

PVP

PVP

SBB, SMB,SPB,  SNB

Thompson canyon,
California

Non-specific

SBB

SBB

SBB (bottom)

SBB,SPB, SOB

PVP outfall

PVP outfall

PVP outfall

PVP,SBB

SF Bay

71 sta~ions  between
PC and SD

PVP outfall

HYP,SD,  OC, PVP
treatment plants

SP, SD, SW’ harbors
and control stations

x x

x

x

x

x

x

.,x

x x

DDT,PCB

Ca, K, Mg, Na

C3rganics,sedim.
parameters

*x

,., ,

x

x

x

x

x

x x

(x) x

(1979)

Shirahata  et al. (1980

Shokes  et al. (1979)

Sholkovitz  (1973)

x Pb,Po,Pu and Cs 210 pb

radionuclides

Methodology

x

x

x x

x

Majors

Majors (flushing model)

x

xSholkovitz  and Gieskes
(1971)

Sholkovitz  and Soutm
(1975)

Soutar  et al. (1977)

S w e e n e y  (1978) --

Sweeney et al.”(1980)

Sw<eney and Kaplan
(1~80)

Majors

x

x

x x

C, N (elemental and
Isotopic)

N ,  C,S I s o t o p e s

x

x

x

x

x

x

x

x x

as above

Sweeney et al. (1978)

Wakeman (1974)

Word and Mearns  ( 1979)

Young (1974)

Young (1978)

N Isotopes @x

x

x

Biological, organic and
biochemical data

x

x x

x Nutrients, trace
organic+  suspensoids

t
Young and Afexander

(1977)
PCB ;x

. ‘. .,..”
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TABLE I (continued)

I
I

Source Elements Sites Dating v ‘

Young et al. (1979)

Young and Jan (1975a)

Young and  Jan (197 5b)

Young and Jan (1976)

Young and Jan (1977)

Young et a1,,(1977)

Young et al. (1973)  “-

Young and McDermott
( 1 9 7 5 )

Younqet al. (1975)

Ag, Cd, Cr, Cu, N!,
Pb,Sn,Zn

Cr

Cd, Cr, Cu, Ni

Ag, Cd, Cr, Cu, Ni,
Pb, Zn

Ag, Cd, Cr, Cu, Fe,
Mn, Ni, Pb, Zn

Cd,Cr,  Cu, Ni,Pb,
Zn

Hg

Cr, Cu, Nl, Zn

Ag, As, Cd, Cu,

SD and NP harbors

HYP

PVP outfall

PVP, SCI’, SB island

8 stations between CP
and SD, and 3 on
SCT

6 power stations
between VEN and
O c

SBB

SD Harbour

SC (general)

x PCB. . . . . . .

x x x Oxidation states of CR

x x x

x

(x) x x Brushfire input

x x ” x, x Cooling water discharges

x x Varve count

x PCB

x x x x x x DDT,PCB .
< Sb,Se,  Zn

Young and Mearns Ag, Cd, Cr, Cu, PVP,NP,  SS x CS,K,).)DT,PCB  ‘
(1978) Fe, Hg, Mn, Ni,

Pb, Zn

Locations; AVN  – Avalon,  California; BC — Baja, California; BR –“Barrett Reservoir (California); COP - Coal Oil Point; CP — ,Carpenteria;  HYP — Hyperion
Outfall (SMB); LA – Los Angeles; LJ – Ja Jolla; LM – Lake Mendota, (Wisconsin); LTA – Lake Tahoe; LTI – Lake ‘Nticaca  (Peru/Bolivia); NTB – North
Tanner Bank; NP – Newport; OC - Orange County; OS – Oceanside; OX – Oxnard; PC – Point Conception; pVP - Pales Verdes  Peninsula; SB – Santa
Barbara; SBB – Santa Barbara Basin; SC — Southern California; SCB – Santa Cruz Basin; SCLB - San Clemente  Basin; SCT – Santa Catalina Island; SCTB –
Santa Catalina Basin; SD – San Diego; SF – San Francisco; SMB – Santa Monica Basin; SMBY – Santa Monica Bay; SMG –@an Mlgue! Island; SNB – San
NicoIas Basin; $OB – Soledad Basin; SP – San Pedro; SPB – San Pedro Basin; SRO – Santa Rosa Island; SS — Salton  Sea; TB — $anner  Basin; TC - Thompson
Canyon (California); TL – Trout Lake (Wisconsin); VEN – Ventura, ;

;:,
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a total of 1190, cited): Cr (53); Cu (51); Pb (50); Zn (48); Ni (45); Cd (45);
Ag, Fe (30); CO, V (9), AS (7); Se (5), Ba (5); Sb, U (3);ti0, Sn, Ti (2);
T1 (1). This reflects the ‘classical’ recognition of Ag, Cu, Cr, Ni and Zn as
important industrial pollution tracers, and the high toxicity  of heavy
metals such as Hg, Pb and Cd. Low ratings for some highly toxic metals
(e.g., As, Sb, Tl) very probably result from technical problems.

Most of the studies center on the major outfalls  of southern California,
mainly the Joint Water Pollution Control Plant (J\VPCP)  off Whites Point, - - -  .*.

the Hyperion plant in the Santa Monica Bay and the Orange County outfalls
off the Santa Ana River mouth.

BACKGROUND LEVELS OF HEAVY METALS IN THE SEDIMENTS
:.

Natural (’background’) concentrations of heavy metals  in southern
California coastal sediments may be estimated in two ways:
(1) by analysis of surface sediments in non-polluted areas, wherever they
e x i s t ;
(2) by anrdysis of core samples antedating modern pollution.

,. The surface sediment data are presented in the studies of Young et al., (1975),
Bruland  and Franks (1979 a,b,c), Chow and Earl (1979a, b), Hansen et al.
(1979), Shokes and Mankiewicz (1979), and Word and Mearns (1979). Core
data can be found in Galloway (1972), Chow et al. (1973), Brukmd et al. ,.

(1974a), Bertine and Goldberg (1977), Kalil Jr. (1978), Galloway (19’79),
Kettering (1979), .Ng and Patterson (1979) and Shokes and Mankiewicz
(1979).

.

Luteral heauy metal  distributions

o Word and Mearns (1979) analyzed Ag, Cd, Cr, Cu, Ni, Pb and Zn in surface
.

sediments sampled along the southern California 60 m water-depth countour,
thereby minimizing depthdependent concentration variations (reported by
Chow and Earl, 1979a; Table 11). Their data show heavy metal spikes super-
imposed over the natural background near the major outfalls (JWPCP and
Hyperion). Table II presents calculated average background concentrations
for the north-western section (stations 4,5 and 11—17) and the south-eastern
region (stations 50-64) and calculated concentration ratios between the
most polluted sample and the ‘background’. Five out of the seven metals
studied (Ag, Cd, Cr, Cu and Zn) display statistically indistinguishable back-
ground concentrations in the north and in the south.

The selection here of ‘background’ stations from Word and Mearns (1979)
leans heavily on their definitions of ‘man-affected’ (i.e., polluted) areas. Even
very low heavy metal concentrations are not necessarily ‘natural’, but may
have been achieved by dilution of pollutants with low heavy metal content
‘natural’ material. Thus, little can be gleaned
concentrations in such environments. Instead,
(anthropogenic  or ‘natural’) of heavy metals in

~rom absolute heavy metal
ider$ification  of the
‘clean’ environments

J$

source
can be

—



, . ”

. ..—

-..

14

TABLE H b

Average and maximum concentrations of heavy metals in non-pohuted and polluted
southern California surface sediments (calculated from Word Mearns’,  data 1979). All
values are in dry weight ppm units (1s)

Metal ~ackground Background Background Pollution Peak/
north-west south-east average peak background

Ag 0.51 * 0.56 0.31  kO.32 0.41 18.1 44.2 - -v- .~.
Cd 0.55 * 0.35 0.3 *O-19 0.43 60.8 143.0
Cr 29.7 k 10.1 21.3 *4.3 25.5 1317.0 51.6
Cu 6.94 *3.2 11.1  k6.3 9.02 782.0 8 6 . 7
Ni 23.228.1’ 7.63 k3.1 15.4 107.0 6.9
Pb 6.02 k3.O 15.0 k2.o 10.5 537.0 51.1
Zn 44.6 *9.1 44.3 *14.4* 44.4 2096.0 47.2

* The Zn value at station 63 (172 ppm) was excluded from the calculation.

attempted by comparing the concentration ratio between two metals in a
distinctly polluted area to the ratio between the same metals in a supposedly
‘clean’ area. Similar ratios would support a dilution origin for the respective
metals in the ‘clean’ samples.

The slope of a dilution line can be calculated by linear regression compu-
tation on the concentrations of the selected heavy metal pairs measured in
surface sediments from the vicinity of a sewer outfall. In doing so, the fol-
lowing assumptions should  hold tree:

(1) no significant inetal  fractionation takes place across the area sampled;
(2) metal deposition is synchronous in all stations sampled;
(3) the metal ratios are reasonably constant, at least on the (pollutant)
emission-removal time-scale.
Assumption (1] can be confirmed by a high statistical correlation coef-

. . .

ficient on the heavy metal pair regression line. The second and the third
assumptions are reasonable in light of dispersion models (Hendricks 1975;
1978) and experiments (Hernng and Abati, 1978), and in view of available
emission-rate data (Schafer, 1976, 1977, 1978). Additional support for
assumption (3) is provided by the simikuity, in heavy metal data, between
surface sediment and water column intercepted parkicles reported by Bruhmd
and Franks {1979a).

Table 11~ ,details  the linear regression parameters (b = line intercept on y at
x = O, a= line slope and r = correlation coefficient) for metal/Zn  concen-
tration ratios in surface sediments in the vicinity of the Whites Point outfall
(Word and Mearns, 1979, stations 30-35). Zinc was selected as the ‘normal- -

izer’ because of its relatively high concentration in the samples and its low
analytical error. The average background rnetal/Zn  ratios, as calculated from
Table H, are given in the next column and the JWPCP mass emission rate
ratios for 1977 (calculated from data given by Schafer, 1978) are presented
for comparison. Graphical representations of the same data me given in Fig. 2.

#J-r

-. — - - -  . — — —  .  .  . . _ _
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TABLE 111 .

The ratio between the concentrations of Ag, Cd, Cr, Cu, N] and Pb and the concentrations
of Zn in highly polluted and ‘clean’ sediments (calculated from Word and Mearns,  data
1979)

Metal r b a Background JLVPCP  1977 Total
ratio emission emission

ratio c

r a t i o s ,  SC=  - --  ‘- -

Aga 0.9628 3.5 0.0072 0.0092 0.0095 0.019
c d 0.9925 – 0 . 7 0.029 0.0097 0.030 0.038
C rb (0.9233) (300) (0.55) 0.57 0.45 0.48 -
Cu 0.9901 69 0.35 0.20 0.30 0.40
Ni 0.9755 19 0.041 0.35 0.29 0 . 2 3
Pb 0.9938 19 0.25 0.24 0.23 0 , 1 6
Zn 1 0 1 1 1 1

a Excluding station 32, for which the Ag value is probably erroneously low.
b The relation between Cr and Zn is obviously non-linear. (see Fig. 2c).
c Calculated from Schafer’s ( 1978) data.

All the metals, with the exception of chromium, display very good linear
relationships with zinc. The chromium curve is bent towards the Zn-axis,
indicating a fractionation between the two metals. The authors’ calculation,
however, cannot distinguish between sedimentologically-induced  (settling
fractionation between particles with different Cr/Zn ratios) and chemically -
induced (preferentkd  solubilization  of chromium or zinc from the particles)
differentiation between Cr and Zn.

Ag, Cu and Ni show positive, statistically significant intercepts of the re-
gression lines. Hence, the concentrations of these elements (and of Zn) in the
background stations cannot be explained by simple dilution of municipal
waste with natural material with similar heavy metal  ratios.

The Cd/Zn and the Pb/Zn  ratios can be lineady  extrapolated, within data
scatter, through the origin (Figs. 2b and 2f), and may represent, therefore, a
simple dilution relationship between natural and anthropogenic components
with similar Cd/Zn and Pb/Zn  ratios. The difference, by a factor of 3, be-
tween the slope of the Cd/Zn  regression line and the average background Cd/
Zn ratio is not disturbing regarding the very large reIative  scatter (f 63%) o n
the background Cd values (Table  II). The line slope and average background
Pb/Zn  ratio are practically identical.

The metal/Zn line slopes (a values in Table 111) are mostly in good accord
with mass emission rate ratios calculated from Schafer’s (1978) data for
J\VPCP for 1977, the year in which \Vord and Mearns (1979) ~ollected  thek
samples. The emksion Ni/Zn ratio k higher, by a fa~tor of about 7, than the
corresponding line slope. On the other hand, the background ratio is higher
than the 1977 emksion ratio. A preferential dispersion (or solubilization)  of
Ni (relative to Zn) from the outfall may explain both observations.

●
. . -..
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-. Pig. 2.Relationship between the concentrations of Agj Cd, Cr, Cu, N], Pb and the concert-. .
tration of Zn in highIy  polluted surface sediments of PaIos  Verdes (drawn and calculated
from Word and Mearns data, 1979).

The Cd/Zn  emission ratio for JWPCP and the calculated a value are
practically identical, supporting our previous interpretation of the background
value. Finally, a comparison of the total southern California emission rate
ratios for 1977 (last column  in Table 111) with the JWPCP and with the a
values demonstrates the strong local signature imprinted by the JWPCP out-
fall on its vicinity. Mass emission {1977) metal/Zn  ratios for all the five
southern California outfall systems, calculated from Schafer’s (1978) data,
are presented in Table IV.

The previously-discussed data of Word and Mearns (1979) can be compared
with a few of Chow and Earl ( 1979a, b) data which were obtained from suf-
ficiently shallow coastaI  stations (Table V). Background concentrations of
leachable and total heavy metals from Table V and from Table H are pre-
sented for comparison in Table VI.

(
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TABLE IV .

Metal/Zn  1977 emission rate ratios for the five largest southern California outfalls (cal-
culated from Schafer’s (1978) data).

Heavy JWPCP Hyperion Hyperion Orange Point Oxnard 2 ~ lS.D.

metal 5-mile 7-mile County Loma
- - - - - - - -

Ag 0.0095 0.094 0.067 0.024 0.10 0.082 0.063 kO.038
Cd 0.030 0.063 0.046 0.11 0.10 0.082 0.072 fO.031
Cr 0.45 0.41 0.46 0.41 0.32 0.23 0.38 ?0.088
Cu 0.30 0.62 0.55 0 . 8 1 0.74 1.1 0.7020.28
N1 0.29 0.56 0.15 0.32 0.47 1.9 0.62 fO.65 ..:

Pb 0.22 0.094 0.077 0.23 0.47 0.45 0.26 kO.17

Table VI shows that Word and Meams leachable metal data are higher, by
a factor ‘of between 2 and 7, than the corresponding leachable determined
by Chow and Earl and are, in fact, closer to Chow and Earl’s total concen-

-. trations.  No systematic differences are discernible between the three sets of
data. Consequently, the higher background values obtained by Word and
Mearns are probably related to the sample dissolution techniques rather than
to contamination. Chow and Earl’s extraction of leachable metals involved .

sample shaking in 1 N HN03 at room temperature whereas Word and Meams
twice leached their samples in -5.5 N HNO~ followed by near evaporation
and then boiled the residual HNOs -treated sample with concentrated HCL
This procedure, which is very oxidative (free chlodine must evolve during
the second state), is clearly more effective in metal leaching than h that of
Chow nd Eaxl, and satisfactorily accounts for the differences in the results
obtained.

-.
Historical (buried) heauy  metal background leveis

Table VII summarizes the concentrations of heavy metals in the oldest
(lowermost) samples recovered from shallow and basinal  cores along the
southern California cost. The data for San Pedro, Santa Monica, Santa
Barbara and Soledad  Basins are from Chow et al. (1973), Pb only, Bruland  et
al. (1974a) and/or from Shokes and Mankiewicz (19’79). Bruland et al’s data
were estimated from their Fig. 3. The San Clemente data has been calculated
from Bertine and Goldberg (1977, Table I). The data  on the outfall cores is
from Galloway (1979) and/or from Kettering (1979). Despite the different
dissolution techniques applied, and the Very different environments sampled,
the data scatter in Table VII is mostly within 30—50?% of the corresponding
average values, which k similar to surface sediment data (Tables II and V).

Except for the JWPCP Pb analyses, which show a very wide range (G.2–
300 ppm ) and have, therefore, been excluded from the average calculation,
the deepest core samples near outfalls are not significantly higher in heavy
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TABLE V

Background conccntrat.ions  of leachal)lc  (L) and  total (T) heavy metals (in ppm) in shalIow-water  southern California sediments, selec-
ted from Chow and  13arl (1979a)

General Sta t ion Depth Cd Cr Cu Fe N i Pb Zn
area* (m)  ~ ~,  —

L’T L T L T L T L T L T ~“’

PC (winter) 831 102 0.34 0.38 6.1 4,!2,3, . ..1.1 8.4 3358 14368 5.6 13.0 3.5 13.0 12.0 29.1
SB (winter) 800. 25 0.40 1.7 1 . 6 1172 1.4 2.9 5.6
SB (summer) 800 26 0,35 0.40 2.7 26,8 2.2 5 . 6  1 8 7 8 8442 4.0 14.0 3.3 17.3 7.0 25.1
SB (winter) 801 70 0.19 “ 5.0 1.9 3769 2,6 5,8 lf3.5
SB (summer) 801 68 0.29 0!98 5.5 47 .2  1.7 9.1 3515 38928 1.7 19.3 5.5 17,8 15.3 44.3
SB Bay (winter) 873 78 0.27 0,40 9.0 66.7 5.4 19.8 8000 35776 6.6 29.3 9.5 20.3 32.6 91.9
PVP (winter) 820 89 0.10 0.18 6,7 51.4 4.8 15.3 2090 30322 2.0 16.7 6,7 18.0 12.3 72.8
PVP (winter) 819 34 0.12 7.1 3 . 5 1423 1.1 6.7 11.5
PVP (summer) 819 33 0.21 0.36 8.0 62.5  4.1 10.8 1692 26168 0.8 14.7 7.5 20.4 13.7 62,6
PVP (winter 824 31 0+13 5 . 8 5.4 1197 0.9 9.0 10.1
PVP (summer) 824 32 0.16 0.36 5.9 37.0 5.6 12.4 1306 19231 0.9 10.8 7.4  23.1 10.6 46.4
oceanside (winter) 851 139 0+13 0.48 2.9 70.6 4.0 27.0 2803 40740 2.4 23.7 6.5 16.6
SD (winter)

9.1 1 0 4 . 5
861 33 0,009 0,062 0.7 11.5 0.2 2.6 8 4 6  1 0 9 0 1  0 . 2 2.0 1.4 8.7 +.6 14.0

SD (winter) 862 58 0.037 0.37 1.8 28.9 2.2 14.1 1124  19308  0.8 8.0 3.4 13.9 6.7 46.5

Average+ 0.20 0.40 4.9 43.5 3.1 12.5 2441 22418 2.2 15.2 5.6 16.9 11.8 53.7
* ‘J.. 0.12 0.24 2,6 18.2 1.8 7.1 1 8 7 2  1 0 6 2 2  1 . 9 7.8 2.4 4.2 7.2 29.2

* J?or key to locations, see footnote to Table  1.-b
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TABLE VI .
.

Average background leachable and total metal concentrations from Chow and Earl
(1979a) and leachable data from Word and Mesrns  (1979), in ppm*

Metal CE (L) WM [L) CE (T)

5 Metal/Zn z Metal/Zn z Metai/Zn
--- -----

Cd 0.2 0.0169 0.43 0.0097 0.40 0.0074
Cr 4.9 0.415 25.5 0.574 43.5 0.810
Cu 3.1 0.263 9.02 0.203 12.5 0.233
Ni 2.2 0.186 15.4 0.347 15.2 0.283
Pb 5.6 0.475 10.5 0.236 16.9 0.315
Zn 11.8 1 44.4 1 53.7 1

.

* CE (L) = Chow and Earl (1979a), Ieachables;  WM (L)= Word and Mearna (1979),
- Ieachables;  CE (T) = Chow and Earl (1979a), total.

meta.ls  than those from basins, and even seem to be depleted in Cu, Fe, Ni
and Zn. However, all the heavy metals (except Pb) have higher average back-
ground concentrations in the basin cores (Table VII) than in the near-shore
sediments (Tables II and V). The Pb core data for basin sediments are similar
to those from Word land Mearns (1979), and lower, but still similar, to the
‘total’ surface data of “Chow and Earl (1979a).

From all these observations, it can be concluded that the core and surface
sedim”ent  background values are ‘real’, and that they have not been influenced
by recent coastal pollution. This rules out bioimrbation and/or diffusion as
effective vertical or lateral heavy metals transport mechanisms -within---
southern California sediments, on a time scale of 50 years at least, and places
constraints on diagenetic solubilization  of these metals. The higher Cu, Fe,
Ni and Zn concentrations in the basins reflect the higher (metal rich) clay
content of the sediments in these environments, relative to coastal zone nem
shore sediments.

Kettenring’s (1979) data from the Pales Verdes sediments present the
only one exception, however. He analyzed cores from 8 stations sampled at
increasing distances from the outfall. The data from the farthest station from
the outfall is in good accord with data from elsewhere in sol~thern  California
(Table VII). Yet, an increase in heavy metal content shows up in core bot-
tom samples from stations near the outfall. In the longest core extracted
(station 7C,  December, 1977), which is also the closest to the outfaHs, heavy
metal content k still above background even at a depth of 50 cm below the
water interface. The rather great thickness of poliuted  sediment penetrated
by the corner may represent a short period of high sedimentation rate rather
than diffusion of bioturbation.
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TABLE VII (continued)

.f 9.3 11 17 10 6.1 6 (113) 6.9 10
PII Range 8 - 1 1 11–11 1 6–18 6 - 6  ( 6 . 2 – 3 0 0 ) 9.54 *3.6

n (3) (3) (3) (1) (1) (2) ((3)) (1) (1)

-.x 1 1 8 123 114 127 178 80 63 57 110
Zn Range 115–121 120–126 110–119 51–75 108 *37
n (2) (2) (2) (1) (1) (1) (2) (1) (1) ●

* For key to locations, see footnote to Table  I. ... .,,..’
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Remarks on the pollutant mixing mode! .

Shokes and Mankiewicz  (1979) suggested that anthropogenic  metals may
be associated with sediment particle surfaces and, if so, can completely be
leached with weak acid, in contrast with the refractory, lattice-bound metal
fraction, which can be released from a sample only by total dissolution. . -- -..
They proposed that linear  regression analysis of total vs. leachable metals
[T= f(L)] may be used to dktinguish  the mass of metals derived from Pol- --- .-..

lution (as reflected in high correlation coefficients) from the average back-
ground (refractory) concentration represented by the zero-leachable intercept.
Shokes and Mankiewicz applied their tnodel  to all the heavy metals they
studied, and found almost perfect correlations for Pb, Cd and Cr. and good
correlations for a few others.

However, almost all the heavy metals investigated by Shokes and
Mankiewicz (1979, Table 11-24.0-3) have slopes [T= f(L)] significantly
greater than unity, including Pb, Cd and Cr with slopes of 1.4, 1.3 and 1.6,
respectively. Increases in these trace metal concentrations above background
were ascribed by the authors to be derived from pollution only. The following,/
argument is intended to show that such a mixing model  is an oversimplifi-
cation of the real situation.

. Let P and N be the concentrations of a heavy metal in a polluted, and in a
natural fraction comprising a sediment mixture, respectively. The total con-
centration of the met? (T) in the mixture, and the leachable (polluted) con-
tribution (L) of this metal to the sediment are given byI
T = XP+ (1 –’x)jv : U )  .

L = X P (2)
where X designates the fraction of pollutant in the sediment mixture. Sub- : ,-

stituting  eq. 2 in eq. 1 and rearranging, T is obtained as a linear function of L
----

T =  N+ L(P–iv)/P (3)

In eq. 3, the slope of the T = f(L) regression line is given by (P — N)/P, Since
the concentration of the metal in the natural sediment, N >0, the slope of
the line can only have a value of <1. Steeper slopes indicate that processes
other than, or superimposed on, pollutant mixing have taken place. The sig-
nificance of Shokes and Mankiewicz’s greater-than-unity slopes is that the
leachable heavy metal fraction of the sediment gradually increases from the
outfalls toward the cleaner environments at greater distance and/or depth
from the pollution sources. Such an increase may be explained by either one
or both of the foHowing mechanisms:

(1) The gradual sedimentation of larger particles near the outfalls  leaves
finer grains, with a larger specific surface area, to deposit in the kss-polluted
environments. Upon leaching of these sediments with weak acid, the finer
particles will yield higher L/T heavy metal ratios, shifting the T = f(L) slope
toward vakes greater than unity;

..
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(2) Organic coatings on particles, which suppress heavy “metal leaching in
the laboratory, are probably abundant in the reducing environment of the
outfalls.  Smaller particles which are transported through oxic waters towards
the ‘cleaner’ reaches of the ocean lose their organic shield (aIong  with the
small fraction of metals in it). Later, during acid leaching, their heavy metal
load is released more easily than that of the coated, coarser outfall materials,
and change the slope in the obsemed manner.

Figure 3 shows total vs. leachable metai concentration Enes for three
h ypotheticaI  mixing systems differing in the N/P ratios. The upper limit slope
of unity is obtained for the system in which N/P = O. The Cr line of Shokes
and Mankiewicz  (1979) with a slope of 1.75, for the San Pedro, Santa
Barbara, Santa Monica and San Nicolas basins, is included for comparison.
C1early, no simple pollutant dilution model can account for this steep slope.

HEAVY METAL TRANSFER MECHANISMS

The following arguments indicate that active migration of particulate and/
-z or dissolved heavy metals takes place after their introduction into the ocean

at the outfall sites:
(1) Only 1% fo the particulate organic carbon discharged from the JWPCP

-.

‘[ ~L.w=rSurf..e.> ,
00 f23456  78

Leachable heavy melal concentration—
(in arbitrary units)

Fig. 3. Theoretical mixing lines for leachable vs. total heavy metals in sediments composed
of polluted and naturai materiaIs.  N = concentration of metal in natural endmember; P =
concentration of mctaI  in polluted endmember. Highest sfope  possible = 1.00 (for N/P =
0). Larger surface area of sediments in deeper environments, and coatings by organic
materials near outfalls are considered responsible for the > 1;00 slopes found by Shokes
and Mankiewicz  (1979).
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outfalIs  at Whites Point between 1934 and 1971 has been’ retained as sedi-
ment on the PaIos Verdes Shelf (Myers, 1974, p. 137; recalculation of the
data presented by Myers’ results yields an actual value of about 0.5%). Be-
cause the heavy m etzds are associated with organic carbon-rich particxdates
in the effluent, the massive loss of particulate carbon from the coastal zone
cannot remain without an effect on the accompanying heavy metals. That
this is so can be demonstrated by several observations, e.g. excellent linear --- -----
correlation coefficients between organic carbon and heavy metals can be
calculated from Ket.tenring’s  (1979) data, Cr, Cu, Fe, Ni, Pb and  ‘Zn were
found (Fti,sst, 1976)  to approximate, in their behavior, organic-rich particu-
late in sludge-seawater mixtures and Sweeney et al. (1980)  have shown that
several heavy metaIs follow effluent organic carbon near the discharge points

.

(see also Galloway, 1979 and Hendricks and Young, 1974).
(2) Figure 2 shows that already in the vicinity of the outfalls  some frac-

tionation  between Cr and Zn has taken place;
(3) Metal concentration ratios, calculated from Kettenring’s (1979) data,

show gradual changes in surface sediments sampled at increased distances
from the outfalis  (Fig. 4); -

(4) Galloway (1979) used metal concentrations and sedimentation rates
to demonstrate that less than 10?ZO of the metals injected into the ocean via
the outfall system are retained in the sediments in its vicinity.

(5] Based on Hendricks and Young’s (197’4) defionstration  that the sedi-
ment deposition near, the JWPCP outfall is almost completely sewage-derived,

.’
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Fhz. 4. Cu/Zn  concentration ratios in sediment cores recovered from seven stations near
th; JWPCP outfall off Whites Point (drawn from Kettering, 1979 data).
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Sweeney et al. (1980) showed that less than one-half of the particulate efflu-
ent organic carbon persists beIow the site of emission, and must have been
decomposed and mobilized prior to burial, along with the heavy metals bound
to it;

(6) Bruland and Franks (1979a) found a strong imprint of the Los Angeles
outfalls  on the concentrations of heavy metals (mainly Pb and Zn) in sus-
pended particulate colIected  approximately mid-way between Whites Point
and Santa Cataline Island;

(7) Sedimentary records for approximately the last 50 years show signifi-
cantly heavy metal spikes in the San Pendro  (Cr, Cu, Cd, Mn, Pb and Zn),
Santa Monica (Cr, Cd, Pb and Zn), and Santa Barbara (Pb, atmoshpenc?)
Basins (Shokes and Mankiewicz, 1979);

(8) Particle dispersion from an outfall system (Point Loma, near San
Diego) was studied by Herring and Abati  (1978) who released fluorescent-
labelled particulate into the wastewater system and traced their dispersal
pattern. They found that the onshore-offshore particle dispersion is signifi-
cantly Iarger than that predicted by theoretical consideration, despite the
prevailing upcoast  current in this region;

(9) Combination of Herring and Abati’s (1978) PLOP (pollutant loading
on particulate) experimental data with 1976 metal emission rates compiled
by Schafer (1977) show that onIy a small fraction of the heavy metals intro-
duced into the ocean remains near the outfalls.  For example, the dispersion
area of nearly 20 km? adjacent to the Whites Point outfall will receive, via
rapid-settling particles (> 0.01 cms- 1 ), the following percentages of heavy
metals (reiative to the total mass of metals emitted through the outfall): Ag,
5.5; Cd, 6.3; Cr, 4.0; Cu, 3.0; hri, 2.3; Pb, 4.6; Zn, 3.5. The contribution of
metals associated with finer, slower-settling particles in the vicinity of Whites
Point outfall will be even smaHer,  because these particles will largely be
carried away.

The transport of heavy metals from the outfalls can be accomplished by
either one, or a combination of, the three following mechanisms: (a) removaI
by association with suspended particulates;  (b) rapid solubilization  of the
heavy metals in the water column before burial; and (c), cliagenetic  solubil-
ization  and diffusion of the metals from the sediments into the overflying
waters.

There are practically no data available on soluble heavy meals in interstitird
waters or in the ocean near the outfah.  Thus, a direct confirmation of heavy,.
metal transport by step (c), based on in-situ observations, is not possible at
this time.

Solubilization  of heavy metals upon mixing of effluent particulate with
seawater in southern California has been studied in short-term laboratory
simulation experiments by several authors (e.g. C~en and Hendricks, 1974;
h’litchell,  1974b;  Morel et aI., 1975; Rohatgi  and Chen, 1975; Young and Jan,
1975b;  Faisst, 1976;  Patterson et al., 1976; Eganhouse et ai., 1978). The
fractions of heavy metais released, upon dilution of sewage with seawater,
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vary within very large ranges. The degree of solubilization in the laboratory
seems to depend mainly on dilution ratio, source and treatment of the sewage
materkd tested, pE, pH, duration of experiment, temperature and particle
size. Except for Ni (and perhaps also Mn and Co), for which a relatively high
mobilization in solution seem to be agreed upon, the available data does not
provide an adequate basis for even a qualitative (relative) mobilization modeL
For example, Cd and Pb, which have been reported to be non-mobile, or
even enriched in the PVP sediments (Morel et. al., 1975) behaved differently
(up to 60% release for Cd and up to 19% release for Pb) in Chen and
Hendricks (1974) dilution experiments.

Myers (1974)  reported that over 99% of the organic’carbon  in the vicinity
of the Whites Point outfalls on the Pales Verdes shelf  is lost to deeper ocean
regions. Even if all the sediment deposited near the outfaIls  is sewage-derived
(as suggested by Hendricks and Young, 1974), and about 50% of the rem-
aining organic carbon decomposes in the water column” (in order to explain
a drop in”” organic carbon concentration from 3470 in the sewage to 13% in
the sediment), this is still a small fraction of the carbon that escapes with the
fine particulate by current transport from the outfall vicinity. It is very’
likely that the heavy metal load associated with these particles foIIows the
path of its host without significant fractionation, unless individual heavy
metals are inhomogeneously  distributed between different size fractions of
particulate. The latter possibiIi@  haa been indicated by Faisst’s  (1976,  p.
96) heavy metal filtration-fractionation experiments, where Cr, Cu and Zn
preferentially associate with smaller particles and Pb favors larger ones.

The prevailing transport mechanism (particulate; water column solubil-
ization,  dirigenetic  mobilization) may have characteristic imprints on the

core data near the JWPCP outfalls.  Table VIH, which summarizes the import-
ant criteria for these modes of transport, is in part based on: (a) metals being
homogeneously distributed among particles at alI sites; and (b) the fact that
current regime, settling-depth and effluent plume configuration are such that
particles which remain suspended in the water for a few days will be carried
far away. (The significance of this condition is that heavy metal removal by
water column solubilization  becomes indistinguishable from particulate trans-
port within a few days or less.)

Kettenring’s (1979) study of the Pales Verdes sediments provides the
necessary data basis for the examination of these criteria (Table VIII}.  The
Cu/Zn  ratio was selected as an example for this purpose (because of the rela-
tively high abundances and low analytical error in determination of these
metals) and the data is graphically presented in Fig. 4.

Figure 4 is in good accord with the particle transport critera  listed in Table
VIII. The SCCVIRP reports show that the mean annuaI emission rate, Cu/Zn
ratio, at Pales Verdes was 0.308 (k 0.019) for the period 1974—1977 (inclu-
sive). This value is nearly identical with the surface ‘sediment ratios at station
7C “which is the closes;  sampling site to
underlie them (see fig. 1 in Kettennng,

the outfalls,:  but does not directly
1979, and fig. 4, this report). All
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TABLE VIII

Heavy metal ratio discrimination criteria for different transport mechanisms

Criterion Particle transport Water column solubilization Diagenctic  solubilization
(A) (B) , ( c )

1 Metal ratio in surface Emission ratio intermediate Same for all stations Dictated by local environ-’
sediment between outfall and more ment (Eh, pH, etc. )

remote surface st~tio,rw

2 Metal ratio-depth relationship Parallel to emission ratio vs. No simple relationship to No simple relationship to
in individual cores time trend emission history emission history

3 Magnitude of metal Increasing away from outfall Same for all stations Dictated by local environ.
fractionation (relative to then levelling  off ment (Eh, PH, etc. )

4 Background sediment dilution Strongly discernible Weakly or non-discernible Masked by local processes
effects on heayv metal ratios
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other stations exhibit surface Cu/Zn ratios Iaqger than the’ emission ratio. If
we allow for extrapolation of the Cu/Zn ratio from the stations to the area
immediate y below the outfalls, criterion 1A (Table VIII) will be satisfied.

W h e r e a s  t h e  Cu/Zn r a t i o s  i n c r e a s e  towexds  shaIlower  c o r e  d e p t h s  i n  sta-
tions 1-6, this is not the case near the outfalls (station 7). At the same time,
however, no systematic increase in the Cu/Zn  emission ratios has been re-

-- . . . .

ported for the. JWPCP outfalls  for the period 1974—1977. We ako do not --- .Z.
know, however, where and by what sediment thickness this period is repre-
senkd in the core data. Yet, Schafer’s (19’78) total emission data for the
combined Southern California sewer systems indicate an almost continuous
increase in the Cu/Zn ratio from a value of 0.297 (in 1971) to 0.486 (in
1977). The rather constant Cu/Zn ratio in the JWPCP effluent and the grad- .‘

.

ual elevation of this ratio in the total southern California effluent towards
more recent years k consistent with criterion 2A (Table VIII) and Fig. 4.
The area close to the outfalls k supplied mainly  by the rapid settling JWPCP
effluent .particulates with a relatively constant Cu/Zn ratio. Areas farther
away from the outfalls receive smaller particles, with a longer mixing history

,/ in the ocean, and may thus be more influenced by the total gradually in-
creasing, Cu/Zn ratio of the combined effluent. The Cu/Zn ratio can also be
increased by admixture of cIean, natural sediment in which the Cu/Zn ratio
is much higher (Fig. 2d). Figure 4 also shows that whereas large differences
in the Cu/Zn ratios are evident between stations 5-6-7, the Cu/Zn in the
more distant stations 1, 2, 3 and 4 are similar. The detailed picture is by no
means a perfect one: The different stations plot on non-paralleI lines; station
5 data fall, at least hi; part, between those of station 4 and of station 7. These
and other discrepanices  are probably caused by particle size distribution,
dilution by natural sediment, and mixing with pollutants discharged from
other sewers. -----

However, Kettenring’s (1979) data lend significant support for the view
-.. that heavy metals in the coastal zone of southern California are mostly not

mobilized by dissolution, but remain attached to particulate material, with
which they are finally carried away into the open ocean.

Heavy metals from oil seeps and offshore drilling

Only few data on heavy metal contributions to the southern California
coasti  waters from natural oil seeps and offshore driIling  operations are
available. The problem has been addressed by Delaney (1.972), Chapin
(1972), Nikolaj et al. (1972), Reed and Kaplan (1977), Hansen et al. (1979),
Shokes and Mankiewicz  (1979) and Shokes et al. (1979). The metals of con-
cern are mainly Ni and V, which are enriched in crude oils due to their com-
plexation  by porphyrins (Hunt, 1979, p. 485), and Ba which may constitute
up to 90% (as barite)  of drilling mud (Hansen et al!, 1979). The contributions
of V and Ni from oil seeps into the Southern Californ~a  Bight are very small in
comparison with the mass of these metais residing b the sediments and/or

)
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emitted into the ocean through sewers. The average concentrations of V in
clayey, benthic,  southern California sediments is 103 t 32 ppm (-Hansen et al.,
1979) on the order of one half of the concentrations of vanadium reported
by Reed and Kaplan (1977) for oil seep samples from Coal Oil Point
(110 ppm),  La Goleta  (158 ppm) and Isla Vista (245 ppm).  Contribution
from such a source can, therefore, be considered insignificant even on a Iocal
scale.

The Ni concentrations in the same soil seep samples are 44,65 and 115 pprn,
--------

compared with the average ‘background’ Ni concentration of 15.4 ppm (Table
11). A significant local contribution of Ni, from an oil seep to its immediate
sedimentary environment, especially in isolated basins is, therefore, possible
but it becomes very small relative to the input of Ni through the southern
California sewers, and is negligible in comparison to the total flux of Ni into
the coastal zone. The total flux of crude oil from Southern California seeps
amounts to Iess than 6 x 104 t Y-* (calculated after Wilson, 1973),  which is
equivalent to ‘7 t Ni y-l if the highest (115 ppm) concentration in oil is
used, whereas the total flux of Ni from sewers is between 230 and 340 t y - 1,
or 30—50 times more (Schafer, 1976; 1977; 1978). The lowest toixd Ni.-
accumulation rate reported from paxticle interceptor measurements takes
place in the Santa Monica basin (17 mg particles cm2 y-l, with 50 ppm Ni,
after Chow and Earl, 1979), which corresponds to a flux of 0.85 pg Ni cm-z
Y ‘1 . This is equivalent to a total flux of ‘2 x 106 t Ni y-* to the entire
Southern California Bight, or some five orders of magnitude higher than the
mass of Ni contributed by oil seeps.
A similar calculatiofi  can be done for barium. The average fluxes of 13a to
the Santa  Monica, San Pedro and Santa Barbara basins have been reported to
be 16, 27 and 52 #g cm-2 y-~ , respectively (Ng and Patterson, 1979). Re-
calculating these data for the total area (-2600 km2 ) of the Southern
California Bight, one obtains a total Ba flux in the range of 4.16 x 1.07 –

-.. 1.35 x 108 t y-~.  This is obviously larger, by orders of magnitude, Lhan the
amounts of Ba which may be introduced into the same area via drilling oper-
ation. In addition, a significant fraction of drilling muds are recycled in the
drilling operation, decreasing pollution effects.

The foregoing discussion does not rule out minor local pollution effects,
near petxoleum seeps or drilling sites, which should be monitored periodically.

SUMMARY

Heavy metal studies on the coastal and shelf sediments of Southern
California have provided the following information: .

(1) ‘Baseline’ or ‘background’ concentration levels have been established
for several heavy metals in various near-shore an$ basinal  environments .
They can be used as references for monitoring possible future metal pollution.

(2) The history and magnitude of heavy metal pollution has been evaluated
in detail in a few deep basins and in selected shallow water areas (mainly

.
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near sewer oukfalls). Radioactive dating has provided, in a few-cases at least,
an exceIIent absolute time-reference for assessment of the rate of change in
trace metal poIlution.

(3) The majority of heavy metaIs enter the coastal waters of Southern
California associated with particulate material via waste outfalls. The coarse-
grained particles, along with their metal loads, are deposited as such near the
outfall and are removed altogether from the system. The bulk of the finer
particulate do not remain on the shelf, but are carried out in suspension
from the. coastal and shelf environments by ocean currents, without a signifi-
cant solubfikation  0$ heavy metals in the coastal water column or in the
sediments. However, the evaluation of heavy metal transport mechanisms
(such as size fractionation of metals on paxticulates, geographical dispersion
modes of the particulate, effect of specific sewage and industrial effluent
treatment methods on particulate transport efficiency, etc.) needs much
additional, stud y, before a better understzmding  of the process can be achieved.

(4) The data obtained from experimental simulation of hea~ metal be-
havior vary within wide ranges and are confusing, reflecting the multiplicity#
of factors which affect the settiing  rates and metal release processes from
particu~ates in wastewate+eawater  mixing systems.

. . . (5) Heavy metal contributions to the coastal environment from oil seepages
can become significant only on a very ‘local’ scaIe, and only a very few metals
[Ni, Ba, etc. (are of some concern. These contributions rwe very small com-

. . . pared with anthropogenic  fluxes and become negligible with regard to their
total fluxes into southern CaJifomia ocean waters.
(6) The ~derstanding  of heavy metal behavior in the southern California

coastal entionment  will greatly benefit from the study of the following sub-
‘.., jects:  (a) the relationships between the concentrations of heavy metals in

interstitial soIutions  and the distance of the core sites from outfalls;  (b) the
relationships between the heavy metal and organic carban  compositions in-
water column  particulate, and in the sediments around outfalls.  Such an
evaluation may detect heavy metal size fractionation at increasing distances
from the emission sites; (c) direct sedimentation rate measurements (by sedi-
ment traps) around outfaIIs. Such are very important for accurate assessment
of paxticle fluxes and melds. (d) standardization of heavy metal leaching
t e c h n i q u e s .

A very detafled experimental study of various leaching agents and con-
ditions, which should be applied to various sediment types, and particulate
(primary, treated, and final effluent particuIates,  etc.), in order to evaIuate a
‘standard’ method which wilI selectively remove metals bonded differently
to particles between the principal meta%olid  bonds.
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The thermal effects

intrusions on Cretaceus

A concentration gradient

ABSTRACT

of three (one major and two minor) Miocene diabase

black shales from DSDP site 41-368 have been analyzed.

was observed, especially for the hydrocarbons, de-

creasing towards the major intrusion and between the three sills. The ther-

mally-altered samples in the proximity of and between the sills contained ele-

mental sulfur and an excess of thermally-derived pristane over phytane, whereas,

the unaltered sediments contained no elemental sulfur, and more phytane than

pristane. A maximum yield of the extractable hydrocarbons was observed at a

depth of 7 m below the major sill. Two classes of molecular markers were pre-

sent in this bitumen suite. The first was sesqui-, di- and triterpenoids and

steranes, which could be correlated with both terrigenous  and autochthonous

soiirces.  They were geologically mature and showed no significant changes due to

the thermal stress. The second class was found in the altered samples, which

contained only polynuclear aromatic hydrocarbons with low

sulfur and oxygen heterocyclic aromatic compounds. These

from pyrolytic reactions during the thermal event.

alkyl substitution and

compounds were derived

Kerogen was isolated

substances were present.

petted effects of thermal

from all

The H/C,

stress.

of these samples, but only traces of humic

N/C, d13C, 634S and 6D all exhibit the ex-

The kerogen becomes more aromatized and

richer in 13C, 34s and D in the proximity of and between the sills. Maturation

trends were also measured by the vitrinite  reflectance and electron spin reso-

nance, where the thermal stress could be correlated with an elevated country

rock temperature and an increased degree of aromaticity.  The effects of in situ.—

thermal stress on the organic-rich shales resulted in the generation and ex-

pulsion of petroliferous material from the vicinity of the sills.



INTR(IOUCTION

0
Organic-rich, black shales of Cretaceus age have been recovered from

various Deep Sea Drilling Project sites in the Atlantic Ocean (Simoneit, 198Cla;

T’hiede and van Andel, 1977; .Schlanger and Jehkyns, 1976) and their paleoen-

vironmental conditions of sedimentation and petroleum source rock potential have

been examined (Demaison and. iloore, 1980; Ti.ssotet al., 1979; Didyk et al.,.— ——

1978; Comer and Littlejohn, 1976; Kendrick et al., 1977 ;1978). At site 41-368,——

a Cretaceus black shale was intruded by diabase si-lls and sma?l quantities of

l~ght, extractable hydrocarbons were observed in cores onboard the drilling ship

(Lancelot et al., 1975). The”presence of light hydrocarbons was subsequently—— . .
confirmed (Dow, 1977; Baker et al”., 1977a; Simoneit et al”., 1978): GLeochemical—— ——

analyses of sediments across these silt intrusions presented an excellent ~

situ thermal  experiment to monitor the thermal effects resulting in expulsion of

volatile organic components and the alteration of the residual  organic matter o
(Simoneit et al., 1978). A similar study” for Kimmeridgian  shales of Greenland

which were intruded by a dyke has been reported {Perregaard  and Schiener, 1979).

Site 41-368 is located’ (Fig. 1) in the Cape Verde Rise (17°30.4’N, 21*21 .2’M;

water depth 3,367 m)(Lancelot  et al., 1975). Turonian-Albian  black shales were——

horizontally penetrated by two thin (N20 cm) and one thick (15 m) diabase sills

(Natland,  1977). The age of the major intrusive untt was determined by the K/Ar

method to be approximately 19 million years (earlyM iocene)(Duncan and Jackson;

1977). The genera? lithology of the Cretaceus section from site 41-368 is

sham in Fig. 2.



- —> . . ------- ——. -. —. —.. .-...— -.. —.. _ -... ___ . . . . ..~..a- --------—. .,.. .—t~a- U---J?ai=%zrizri%

,

e

‘e

a

The samples were obtained

All samples were freeze-dried,

-3-

EXPERIMENTAL

from the working cores of the DSDP repository.

powdered and treated in the same manner for

extraction, thin-layer chromatographic (TLC) separation, analysts by gas chroma-

tography (GC) and gas chromatography-mass spectrometry (GC-MS), and for kerogeri

isolation and analysis (Fig. 3).

Lipid Extraction and Separation

~ The lipid material was extracted by shaking the dry sediments (after carbon-

ate dissolution) with portions of 1:1 chloroform and methanol mixture (Sire- “

oneit, et al., 1979). Each extract was checked for the presence of elemental——

sulfur (Cu wire). Only if the tests were positive, ”was the extract volume

reduced to 20 ml and the bulk of the crystalline sulfur removed. This sulfur

was washed with methanol and retained for stable isotope analysis. :

-,

were

min.

The extracts were then derivatized with BF3 in methanol  prior to TLC.

Precoated Adsorbosil-5 (20 cm x 20 cm, 250vnt, Applied Science] TLC plates

cleaned by elution with ethyl acetate and then activated at 130°C for 30

After application, the samples were eluted in 100% CHOCIO. Each plate was
cc

examined under UV light and was then developed in an iodine chamber. The major

bands corresponding to the hydrocarbon, fatty acid ester and ketone fractions

were scraped off and eluted with CH2C12 (Simoneit et a~.~ 1979).

Four samples (2,3,15,18) containing substantial amounts of asphaltenes were

treated with pentane prior to the TLC separation. Asphaltenes were isolated by

precipitation with pentane,  shaking, centrifugation,  and removal of the super-

natant by aspiration. This procedure was repeated several times until the

supernatant became colorless. The asphaltenes were air-dried and retained for

6~3C analysis.
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In a few cases where the GC traces indicated the presence of complex mix-
0

tures of either hydrocarbons or fatty acid este~s, separations using urea ad-

duction were performed by the methud described (Simmneit, 1975; Gaskell, 1974). .
All GC analyses were carried out using a Hewlett Packard Mode? 5830A gas

chromatography equipped with a flame ionization detector and glass NCOT columns

(30m x 0.25 mm) coated with either OV-10’? or SE’-3O (SGE Scientific, Inc.). The

operating  conditions utilized a temperature program from 1OO-275*C at 2aC/minute

and isothermal at 275QC for one hour, with the injector temperature at 280°C and

the detector at 30(l°C. The concentrations of the resolved compounds were cal-
,..-

cu?ated using response factRrs derived from standards.

The GC/MS analyses were carried out on a Finnigan Model 4000 quadruple

mass spectrometer interfaced directly with a Finnigan  Model 9610 gas chrumato-

graph” equipped with a 3C!n x 0.25mm glass capil”lary”column  (J&W, Inc.), which was

wall-coated with OV-101. The GC for the GC/MS analyses was programmed from 40-., ,-. 0
260°C at 6°C/rnin., then held isothermal for 80 minutss. The mass spectrometric

data ~as acquired and processedustng a Finnigan-Incos  Model 2300 data system.

Kevuqen Separation and Analysis

The extracted sediments were air-dried and checked

humic substances by extraction with 0.2 N_NaOH. It was

for th~ presence of

found that the amounts

of humates were negligible and that this step was not necessary prior to the

isolation of kerogen. The samples were treated with a 1:1 mixture of 6 ~HCl

and 60% HF (Baker Analyzed Reagent) for mineral removal uniil no further re-

action occurred. Samples were washed with double-distilled water, and then

mixed in a zinc bromide (.Znfir2). solution Of density 2-1 by ultrasonication  for

20 minutes. Separation of the kerogen (float) by centrifugation at 2500 rpm for

20 minutes was followed by a Milli.pore wash using double-distilled water and

double-distilled methanol through pre-washed glass fiber filtsrs (55 mm Whatman e
GF/A). Finallv, the kerogen was freeze-dried and weighed..
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Electron spin resonance (ESR) measurements and elemental analyses (C, H, N

and ash) were made using procedures and apparatus described in Peters et al.,

(1978). Sulfur

Tennessee.

Carbon and

content was determined by Galbraith  Laboratories, Knoxville,

hydrogen stable isotope analyses were carriect out using the

procedures descr;bed by Stuermer et al. (1978), where Chicago Pee Dee Bel emnite——

(PDB) and Standard Mean Ocean ilater (SMOW), respectively,were  the reference

standards. . Sulfur stable isotope analyses were carried out by the procedure as

described by Kaplan et al. (1970) and Crisp et al. (1979), using troilite from.- —— ——

Canyon Diablo Meteorite as reference standard. Nitrogen isotope analyses were

carried out by the procedure as described

et al. (1977), using atmospheric. nitrogen——

expressed in the 6 notation: “

613C, 634S, 615N, 6D (o/Go) =

by Cline and Kaplan (1975) and Sweeney

as reference standard. The data are

Rsample - Rstandard
R

)“

x 1ooo-
standard

where R is the 13C/12C, s4S/3zS,  15N/14N or D/H ratio, respectively.
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RESULTS ANO DISCUSSION

The sample descriptions, analytical results for the lipids (the so~vent

soluble organic matter, alsa called bitumen) and the elemental ctmIpc&ticIns are

given in Table 1. The data for samples l-~3 areg ’iven sequentially with in-

creasing depth. Data for additional samples (24-39] are taken frumworkot

various other authors &dman and Schorno, 1977; Dow, 1977; Baker et a?., 1977;.—

Kendrick et al..; 1977; Demo et al.~ 1977) for comparison and co~p?eteness.—— ——

Samples 39-41 are composite sediments which were used for themal simulation./

experiments carried outin this laboratory (Simcmeit et al., in preparation].——

The locations of samples

by the circled numerals.

(Simoneit et al., 1978).

1-23 are indicated in the Iithologic’ ctilumn of Fig. 2

Some of the preliminary data have been published .

The-sediments in the proximity of the. sills and between the sills (e.g.,

samples 4-8] appear to be altered  by elevated temperatures’ (baked]. .Samples

10-12 are light gray in colorand partially fused, indicating that mostof the

organic matter had been expelled. Samples 4-12 and the contacts with the in-

trusions exhibit microfissures,  veining and rusty areas, indicating minerali-

zation aid alterat~on due to circulation of hydrothermal fluids..

The organic carbon values vary due to Titholog?c differences, but they are

generally lower near the intrusions (cf., Table 1 Figure 4a)- Sample 3, frcm

20 cm above the upper sill, contains 38% calcium carbonate, indicating that its

thermal  stress did not exceed about 900°C, the maximum temperature for de-

composition of CaC03. Significant ”carbonate values are also observed for other

samples (8,1’1 ,14,16,17, z~, 25 and 35). Sample Q is located about 80 cm above

the major sill and appears heavily carbonized. The other carbonate-containing

samples are from below the major sill, in the relatively unaltered region. 9
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Total nitrogen contents range from 0.03 to 0.30% and based on the atomic C

o to N ratios do not appear to show any linear trends due to the thermal stress

imposed by the intrusions. Sample 8 is an exception where the C/N = 85.5, and

samples 31 and 32 exhibit C/N % 40, which is also high.

Lipids

Based on the lipid data, samples 2, 20-23, 36-39 and 41 resemble typical

unaltered black shale as

41-367--Simoneit,  1977a;

of total solvent-soluble

co’ntent of asphaltic (in

pies) and in some cases,

found at other DSDP sites in the Atlantic Ocean (eg.,

or others--Simoneit, 1978a, 1980a). The overall’ yields

material for these 10 samples are variable due to the

altered samples) or polar material (in unaltered sam-

elemental sulfur. The amounts of ~-alkanes and ~-fatty -

acids exhibit a minimum near and between the sills (cf., Table 1}. In unaltered

black shales, the phytane (Ph) concentration is much greater than that of pris-

tane (Pr) (e.g., Simoneit, 1980a), reflecting the strongly anoxic paleoenviron-

0
. .

mental conditions of sedimentation (Didyk et al.> ~978)” This re~ationshfiP  is.

observed for samples 1,2,21,23,25,38,39 and 41. However, the Pr-to-Ph ratio

appears to be strongly affected by the major sill and is > 1.0 above that sill

with a maximum of 2.86 in sample 6 (about 3 m above the sill) and then decreases

again in the sill proximity. Coming up to the sill from below, a lesser maximum

is observed for sample 15 (about 2.5 m below), indicating that more pristane was

generated than phytane by thermal release from kerogen, or preferential thermal

destruction of phytane. Both the Pr and Ph contents decrease nearer the sill,

possibly

a)

due to cracking to smaller molecules.

homolog  distributions

Examples of typical analytical GC traces for fractions from an unaltered

sample (number 21) are shown in Fig. 5. The total hydrocarbons exhibit a bi-

0 modal hump with phytane as the dominant hydrocarbon (Fig. 5A). The urea adduct
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fraction (predominantly n_-alkanes)  is shown in Fig. 5B and the branched and
1

cyclic non-adduct fraction, which has phytane as the major peak, a bimoda?

unresolvd””hump,  and a series of steroidal and triterpenoidalh  ydrocarbens,

Fig. 5C. The branched and cyclic fraction was further separated. by TLC into

saturated (essentially the same GC’as Fig. 5C), alkyl aromatic (naphthenes,  low

concentration in this sample, G& in Fig.. 5U) and polycyclic aromatic hytiro-

carbons (GC in Fig. 5E). The GC traces of the total fatty acid (as methyl

esters) and ketone fractions are shown in Fig. 5F, where ~AC16 acid is pre-

dami nan~ and the homol ogs range to ~-C34.

.“ Examples  of typical analytical GC traces for a heavily altered sample

(number 6) are shown in Fig. 6. The total hydrocarbons (Fig. 6A) exhibit~

broad hump with only minor amounts of n_-alkanes, while the urea adducted c--

. a.lkanes (Fig. 6B) are minor components, and the branched and cyclic non-a:iuc:s

ii. . (Fig. 6C) are similar ta the total. The “thermal stress has cracked the g--tikmes
a

. to other p~udcts, thus reducing their overall concentration. The branc!la~ anti ““-

-.
cyclic fractionwas further separated by ‘TLC into saturated (essentially zhs

same GC as Fig. 6C), alky? aromatic (Fig. 6D) and polycyclic aromatic hyti:--:-

carbons (Fig. 6E].

The distributions of the p--alkanes (with Ph and Pr) for the samples in-

vestigated here are found in Fig. 7. These distributions and their concen-

trations vs. those of the isoprenoids for samples 2,20-’23, 36-39 and !“; are—

typical of Cretaceus black shales from the Atlantic (e.g., Simoneit, 1S732,

1 980a). The 1 ower weight homologs (<n_-C25)  exhibit essential Iy no carkfi

number predominance, with maxima at r@15, C17 and C23. Such a distriix:t:on is

attributable to an autcchthonous  origin from microbiota (Simoneit, 197~5, ‘:q~~~’~-.  . . .

The higher-weight homulogs (> 1-~25) exhibit a Strung odd-to-even car~~j[’ fi~~m~=~

predominance, with maxima at n_-C2a or R_-C31 , indicating z plant wax or?~.,’~.
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(Simoneit, 1978b, 1980 b). Sample 1 appears to contain a larger autochthonous

a algal component and it is not a typical black shale (the organic carbon content

is only 0.66%). Samples 14-20 and 36 exhibit a progressive dilution of the

higher ~-alkanes by the more volatile homologs, maximizing at~-C17. Samples 3-

12 from the proximity of or between the sills exhibit low”levels of~-alkanes

with narrow distributions maximizing at ~-C17,  or in some cases ~-C15, Clg, or. .,

c~*. Samp?e4 shows higher weight homologs {> n_-C21) with a strong even-to-odd

carbon number predominance, possibly reflecting reduction of oxygenated species.

The distribution patterns of the~-alkanes  for samples 3-12 do not appear to be

derived from primary biogenic production. These alkanes are probably thermal
:,

alteration products that formed in situ or were redistributed since the Miocene..—

The alkane distribution for sample8 is very narrow, with a higher yield (18Q

ppm) and CPI (1.21) than its neighbors. This sample is from between the major

and middle sills, which are~nly 1.6 m apart. We suggest that these thermally-

* altered hydrocarbons have remained more or less in situ between the sills since——

the thermal event.

Examples of some distribution diagrams of then_-fatty acids and the C~8

isoprenoid ketone (6,10,14-trimethylpentadecan-2-one),  are “found’ in Fig. 8 a-g.

The fatty acid distributions of samples 2 and 21 are typical of Cretaceous black --.

shales from the Atlantic (e.g., Siioneit, 1980a). The homoiogs” (even carbon

number predominance) > L-C20 have an al’lochthonous  higher plant origin and the

homologs < ~-C20 appear to be of an autochthonous marine derivation (Simoneit,

1978b, 1980b). The fatty acids of sample 1 are of predominantly a marine ori-

gin, with a minor higher plant component. The fatty acids of samples 16-20

(eg., Fig. 8c) indicate various degrees of di Iuti on by 1 ower weight homologs

analogous to the alkanes. The significance of thesedistributions  is, however,

●
not clear. Samples 3-12 from the proximities of or from between the intrusions
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contain low levels

even-to-odd carbon
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of fatty acids with very similar distributions. A strong

number predominance is observed, with a maximum at ~-C16 and

essentially no homologs s n-_~2- These distributions may reflect microbial

activity in the cores sinca collection, and thus less significance can be as-

signed to these traces of fatty acids. However, unsaturated fatty acids are not

detectable,i ndicating a non-recent ori”gin. The fatty acids may, therefore,

have come from thermally stable salts or by redistribution from external,sources

since the Miocene. ‘he C18 isoprenoid ketone, present in low amounts in all

sayples, may reflect microbial activity or oxidative weathering since recovery

and during storage.

The overall yields of total hydrocarbons”and  the pristane @ phytane ratios

are plotted versus subbottorri  depth in Fig. 4b. Maximum yields and ratios are

observed about 7m below and above the major sill. This indicates that the

intrusive event distilled  the liquid products to approximately those distances, o

wh~re they hav”e remained superimposed on the endogenous bitumen. Above the

sill, it appears that some of the volatilized organic matter may have been lost

due to lateral migration through sand or carbonate layers (cf., Fig. 2).

Alkyicyclohexanes, CnH2n, ranging from n = 12 to 31 are present in the

lipids of all samples that were nut pyrolyzed by the sill intrusions. Some

examples of distributions are found in Fig. 8 h-k, showing that their ranges

exte~d beyond C24, which may indicate a dual origin. This can be cmnpared

with the distribution for a

site 330, Simoneit, 1980c},

bacterial origin (.Simoneit,

Jurassic siltstone  of marine

where the range extends only

?978b, 1980 b). The homologs

origin in Fig. Sk (DSDP

to C24, indicating a

‘ C24 may be bacterial

metabolizes of terrigenous long-chained compounds.
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9 b) Stable isotope composition

The stable carbon isotope data

to -28.5°/00 , with the exception of

-11-

for the unaltered bitumen ranges from -27.0

sample 24 (Table 1). These values are

within the range typical for non-marine lipid matter and the 61SC of -23.7Y00

for sample 24 is within the range typical for marine lipids ‘(Kaplan, 1975;

Degens, 1969). “

Interstitial gas (predominantly CH4) from site 368 has been analyzed for

. 613C and composition (Doose et al., 1977). The CH4, becomes isotonically

heavier with depth (-65 to -55~QO) and is -51°/0. between the sills. The yield.,

ofC1-C4 hydrocarbons increases in the sill proximity, which also reflects the

effects of the thermal stress- imposed by the sill intrusions.

c) Molecular Markers:

Two classes of molecular markers are present in the bitumen of this sample

a suite. They are the natural biogenic markers which are charact~ristic  of a

terrigenous or marine origin, and compounds formed as a consequence of the

intrusion. The markers that can be correlated with a biogenic  origin consist of

sesqui-, di-, and triterpenoids, and steranes.

Sesquiterpenoid residues are found only in samples 1, 2 and. W as traces of

tetrahydrocadalenes  and di- and trimethyltetrahydronaphthalenes.  These compounds

could be derived from either a marine (algal) or terrestrial (higher plant)

origin (Simoneit, 1980d). The diterpenoids are more prevalent in these lipids,

while diterpenoid residues and extended diterpanes are found in the unaltered

samples from above and below the sills. The diterpenoid residues consist of

primarily dehydroabietic acid (j), dehydroabietin (11} and retene (III), with

minor amounts of simonellite, norsimonellite, pimanthrene and tetrahydroretene

in some of the samples. These compounds are derivedfrom terrestrial resinous

o plants (Simoneit, 1977b). Extended diterpanes, CnF!2n-4,  are found fOr n = 20 “tO
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rnaximuin concentrations at n = 21 and 23 and very sihilar

Fig. 9). The~r mass spectra are characterized by a bas&

molecular ion (M*) and M+-CH; ,

N (Anders  and Robinson, 1 !371 ).

.stereamers  on GC/MS, indicating.

distributions (cf., 9

peak at in/z 191, the

which fits for the carbon skeleton of Structure

The C26Ha hcmwlog is resolved into two dia-

a methyl branching in the side chain. This

compound series has been identified in shale and petroleum (Reed, 1977)$ and in

Recent sediments (Simoneit and Kaplan, 1 !380; Sirnoneit,  unpub? i shed results] i”

Triterpanes are significant components in al 1 unaltered samples (1 ,2,12,1 !5,

17<,18,20,21,39 and 41 and traces in 10). Both the extended diterpanes  and most

triterpanes  exhibit a strong fragment ton (base peak) at mtz 191 in their mass.

spectra. Thus, the relative distributions of th&e compounds can be represented

by this m/z 191 peak” intensity from the GC/MS d&a. Some examples are shown in

Fig. 9. The triterpanes in these samples con~i~t pred~mi nant~y of the 17~(H),

21$(H)-hopane series, with lesser amounts of tha ~7s(H),2~s(H}  isomers and’the @. .
176(H),21a(H)-moretanes. “The hopane series cumprises 17a(R), and 178(H)- -

trisnorhopane (V, R

17 B(H) -hopane (V, R

‘rem C3T ‘o C35 and
tion. The mcwetane

= H), 17a(H), 216(H)-norhopane (V, R ‘C2H5), 17u(H)- and

= C3H7), and extended 17a(H),21S(H)-hopanes (VI) ranging

resolved into the S and R“diastereomers  at the C-22 posi-

series consists of 17S(H),21C(H)-normorehne  (VII, R = H),

176(H) ,21&(H) -moretane, (VII= CH3) and 173(H) ,21u(H)-homomoretane  (VII, R =

C2H5). No triterpenes were detectable in any sample. Tine homolog distributions

are qualitatively similar, and for the samples which contain distillation

products superimposed on the endogenous  bitumen (12-15, 17, 18, and 20), the

pattern is geologically mature. This is based on the predominance of the 17Q(H}, -
homologs

21@(Fi)-and  a 22S to 22R ratioof about one for the extended 17a(H)-hopanes

(Dasti I lung and Al brecht, 1976; Simonei’t and Kaplan, 1980). Seifert and Moldo-

wan (1 980) determined this S/R ratio for mature samples t~ be in the ranga of o
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1.4 to 1.6 by using capillary columns which give baseline resolution of the C-22

o epimers. Samples 1, 2, 21, 39 and 41 in the unaffected lithology  exhibit an S/R

ratio of about 0.5 to 0.7 for the extended 17a(.H)-hopanes.  The distributions of

the extended hopanes are not uniform from C31 to C35 and the relative concen-

trations of the moretanes are greater than in the case of

and 20. Laboratory simulation experiments should provide

whether these distributions and S/f? ratio differences are

bitumen distillate or are caused by the thermal stress.

samples 12-15, 17, 18

further evidence on

due to dilution by

Significant quantities of steranes  are present in all unaltered samples and

co;sist primarily of the 5a(H) and the 58(H) series (VIII, R = I-t), with minor

amounts of 4-methylsteranes (VIII, R = C~3), monoaromatic  diasteranes (IX) and

diasteranes (X]. The 5a(H)-steranes (trans) are predominant over the 5s(H)-

steranes (~), i.e., cholestane  > coprostane,  and range from C27 to C30.. The

e
C30 homo?og has a base peakatm/z 217 and antolecu?ar ion atm/z 414 (withM+-

-
CH3 atm/z

identified

the cis to

399) and may be a 24-propylcholestane.  This basic skeleton has been

in some marine organisms (eg., Idler et al., 1971). The ratios of——

trans stereomers are 0.3-0.4 for samples 1, 2, 21, 39 and 41 and 0.4-

0.6 for samples 12-14, 17, 18 and 20, with 0.7 for sample 15. Ratios for

mature source rocks and petroleums have been observed in the range of 0.6-0.8

(eg., Seifert and Moldowan, 1978). Thus, the bitumen distillate appears to be

more mature than the endogenous lipids. Some examples of the sterane  distri-

butions (based on m/z 217) are found in Fig. 81-0. Cholestane (VIII, R = H, R’

= H, %) is the predominant homolog for all samples. The distributions appear

to be of a more terrigenous nature (Goad et al., 1972; Rubinstein, 1972; Gas-— .

ken, 1974) when compared with samples that are known to contain organic matter

from a largely autochthonous  marine source, eg., 36-330-10-1 (Jurassic, Sim-

e oneit, 1980c).
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hydrocarbons whose structures

precu~sar~  are found as minor

can be correlated with an origin

unaltered samples

(eg., sample21;  the PAH fraction, cf., Fig. 5e). Various pol~ethylnaphthalenes

and mono-to-tiimethylphenanthrenes  are present and-they are probably derived

from sesqui= and diterpenoidresidues  (Simoneit,  1977%]. The major peak (Fig.

5e) is a norsimonellite and lesser amounts of retene, simoneltite and dino~- .

simone?lite are present. These are diterpenoid residues fiam terrigencws

sources (Simoneit,  1977b). The dominant peaks abovee 275°C’im Fig. 5e were

Identified as aromatic triterpenoid derivatives, consisting of”7-i?tethyl-3’-. . J
ethyl-1,2-cyclopentenochrysene  (Xl); (3’-ethylcyclopenteno-7,8)l  ~~-dimethyl=

tetrahydro(l ,2,3,4 ]-chrysene  (XII); 8,14,18-trisnomethyl  adfuta-8,11  ,13,15,17-

pentaene (XIII); 14,18-bisnonnethyladianta-13,1  5,17-triena (XIV) and lesser
. .

amounts of possibly 3,4,7-trimethylchrysene;  3,3,7-trimethyl-1,2,3,4-tstra-

hydrochrysene (XY) and

chrysene (XVI). These

confirmed by synthesis

3,3,7,12a-tetramethyl-l  ,2,3,4.,4a,ll ,12,1 2a-octahydro-

compounds” were ;dentified in shales  and petroleum and

(Greiner et al., 1976; ‘1977; Spyckerelle et al.,—— — .

1977a, b). The pentacyclic analogs (XI-XIV) are derived from olefins (ring E or

side chain] of the hopane and/or moretane series by successive dehydrugenation,

which proceeded from ring D to A (Greineret  al., 1976; 1977). Tkse compounds——

can be considered as markers of predominantly marine microbial sources. The

tetracyclic  analogs eg., (XV, XVI) are probably derived from 3-oxygenated Wf-

terpenoids (ego, ~-amyrin) by bio- or geo-degradative processes leading to the

loss of ring A, followed by successive dehydrogenation  which proceeded from ring

B to E (Spyc~erelle et al., 1977a,b). These compounds are thu~ potential markers——

of terrigenous higher pl”ants. Pentacyclic  aromatic hydrocarbons (analogs to XI-

XIV), where the aromatization would proceed from ring A to D (probably from a

ring A olefin), are not detectable in t~esa ~amP~es” 9
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The aromatic hydrocarbons of the altered samples exhibit different distri-

e butions of compounds (eg., sample 3, Fig. 6c), concentrated more in the lower

molecular weight range and consisting of polynuclear  aromatic hydrocarbons with

low alkyl substitution. The GC/MS data for the total branched and cyclic hydro- .

carbon fraction (by TLC} from sample 4 is summarized in Fig. 10. The dominant

compounds are dibenzothiophene, phenanthrene,  methyldibenzathiophenes,  methyl-

phenanthrenes and methylfluorenes with lesser quantities of di- and trimethyl-

naphthalenes,  fluorene, methyldibenzofurans,  dimethylphenanthrene,  pyrene,

ntethylpyrene and chrysene. The presence of dibenzothiophenes,  coupled with-the

large amount of elemental sulfur, indicates that these compounds are derived

from .pyrolytic  reactions caused by the diabas.e intrusions.

Asphaltenes and tlumic Substances

Asphaltenes are present in some samples (cf., Table 2) and a higher yield

8
is apparent in the thermally-altered samples (Table 2). The H/C ratios are

about 1.0, indicating rather aromatic material. The 6~3C data range from -25

to’”-28 ~Oo (Table 2).

Humic substances are present in trace amounts onl’y in unaltered shale

(samples 2 and 21) and were not

-

The kerogen from unaltered

further examined.

shale at site 368 was found to be geologically

immature (Deroo et al., 1977; Bogolyubova  and Timofeev, 1978). The results of——

the kerogen analyses are found in Table 2 together with data’ for the other

samples taken from the work of Deroo et al. (1977 ); Erdman and Schorno (1977);——

Dow [1977); Baker etal. (1977); and Kendrick etal. (1977). The ash contents—— ——

of the isolated kerogens  were rather variable, and because of the small sample

sizes, further purification was generally impractical. Thus only the f-t/C and
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N/C (and not O/C) values could be calculated fram the elemental analyses. A

plot of !+/C v&. depth in the sediment is shown in Fig. 4c. Adt-amzttic  decrease

of H/C in the sill proximity is evtdent,  indicating aromatization of the kerogen

as a result of the thermal stress. The N/C values also exhibit a minimum near .

the sill; however, they. are somewhat more scattered. A correlation plot of N/C

~. WC is shown in Fig. 11. Forcbmpariion,  additional data points are plotted

for humic acids and kerogens isolated from diYerse Recent environments, e.g.,

lacustrine and marine sediments, peats, algal mats, and soil (Stuemner et al.,——

1978). The unaltered kerogens from this site cluster in the Iower right potiiun
. . .

of the plot and the altered kerogens cluster in the Iowei left (i.e., they are

highly aromatic).

a) Vitrinite reflectance

The results of oil immersion vitrinite reflectance

given in Table 2 and a plot of,Ro~. distance from the

(Ro) determinations are

major stll is shown in
o

Fig= 12a. Reflectance values near the intrusion  are higher at a given distance

above than at the same distance belaw the si;ll (Peters et al. ,197Q). “Cold”——

reflectance  values occur at a distance of less than one ~jl~-~idth (~!j m) into

the country rock. ”It appears that the two thin ( ~ 20cnt) sills can be ignored in

terms of their effect on the overall maturation of these sediments. The main

explanation for the differences in reflectivi~i above and below the sills is the

better transfer of heat upward by volatiles emitted from the magma during solidi-

fication and from the pore water af the intruded shale (Peters et al., 1978).——

Below the sill, these volatiles  would be restricted from upward migratian by

the intrusion. Similar conclusions were reached by 3riggs (1935) from studies

of coals intruded by sills.’ The greater alteration of vitrinite above, rather

than below, the sill could not have been due to simple conduction of either heat

or ?ressure.  Since the heat w&ld be less able to escape downward, heating by
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a simple conduction must have been more intense and prolonged immediately below

the sill.

The country rock temperature history was reconstructed from the vitriitite

data (Peters et al., 1978). For a 15-m-thick sill, a 1000*C magma-country rock .——

temperature difference, a 100 cal/g latent heat of crystallization,  and a Sedi-

ment saturatedwith  water at about 600 m depth of” burial, the plot of theore-

tical temperature versus distance from the intrusion (Fig. 12) was drawn using

the method of Jaeger (1959). As shown in the figure, theoretical values of

country rock temperature agree fairly well with those based on a calibration
..

using vitrinite reflectance values of Eocene li.gnitic shale from hydrothermal ““

bomb experiments (Bostick, 1971)..

In addition to an unusual alkane distribution (Fig. 7), sample 8 provides

an anomalously low R. value (Fig. 12).. The kerogen contains abundant fragments

e of “coked” bitumen, characterized by its anisotropic  or “mosiac” structure ~~

(Crelling and Dutcher, 1978). Smaller quantities of this material were found in

samples 6 and 7. Sample 8 is located between the major and overlying minor

sills [Fig. 1]. The low atomic N/C for this kerogen is in the range of most

thermally-polymerized, solidified bitumens (Waples, 1977).

Although the heat provided by the minor sills must have been insignificant

compared to the major intrusion; they may have served as impediments to the

migration of volatiles and thermally-generated bitumen. The higher thermal

conductivity and diffusivity of diabase compared to shale (Lovering, 1936),

however, preclude the possibility that the smaller sills acted as traps for

heat. The anomalously low reflectance value for thevitrinite  in sample 8 may

thus be the result of extreme thermal stress on the sapropelic material in the

sedimentary matrix and subsequent absorption of trapped, thermally-generated

e bitumen into the associated vitrinite. This may have retarded the rate of

reflectance maturation in the vitrinite.
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Vitrinite reflectance values for these samples also correlate with certain

ogeochemical parameters ofthte  kerc)gen [Table 2), such as the atomic WC ratio

(Fig. 13a), the carbon isotopic (~~aC) composition (Fig. 13b) and the ESR spin

density (N) (Fig. 13c). The kerogen appears

gen deficient in the sill proximity, whereas

sediment exhibits a more aliphatic ~haracter

613C of the thermally-altered kerugens (cf.,

to become more aromatized or hydro-

kerogen from the thermally-unaltered

with a relatively high H/C. The

Table 2) is heavier than that of

the unatterqd samples, indicating that the lighter isotope of carbon was pre-.

ferentially  Iost ’during the thermal event. An alternative explanation is that a

thennal?y-labile fraction of the kerogen, which was originally of a lighter

carbon isotopic  composition than the

(A.N. Feuxi personal communication).

composition of kerogen with maturity

bulk kemgen, was preferentially destroyed

Similar changes in the carbon isotopic

have been observed in regionally meta-

morphosed sediments (Hoefs and Frey, 1976; McKirdy and Powell, 1974), although
. .. . ..

these metamorphic thermal events lasted much longer than that caused by these o

diabase  intrusions:

b) E?ectron spin resonance spectroscopy

ESR spectroscopy has been used to find paleoternperature.s  and the degree

organic maturity for sediments and kerogen (Pusey, 1973; Ishiwatari  et al.,

1977). Pusey (1973) considered the type of organic matter as a minor factor

of

in

hfis calibration ~f ESR signals against known paleotsmperatures.  However, humic-

type kerogen has a higher spin density than the sapropelic-type  (Ho, 1977;

Stuermer et al., 1978). This may account for the variation of ESR data when——
.

compared to vitrinite reflectance determinations on the same sample (Burgess,.

1977). The spin density (N) represents the number of unpaired electrons which

are stablized by the kerogen structure. This value appears to-be the most

reliable Wl” criterion for maturity detefiination  (Ho, 1977). Spin density

values for kerogens frcm this site are plotted versus reflectance in Fig. 13c.



. . . . . . . . . . . . . . ..~. _A . .. _ _ _ _ _ _  .&  ___ - —.%  - _- . -. ---- .. --.-— . . . . . . ..- .-—. ..,,”,-.Z

-19-

A similar curve is obtained when the spin concentration is plotted versus H/C.

The latter case closely resembles curves developed from artifical heating of

kerogens (Ishiwatari et al., 1977; Peters, 197$3). Briefly, as immature kerogen

is heated, reflectance values rise and thermally-generated free radicals are

stabilized by delocalization  over aromatic n-bonds. Eventually, the density of

unpaired

electron

The

electrons reaches a maximum, after which further heating results in

pairing and loss of the free rad5cal absorption.

kerogens from site 368 are primarily sapropelic, with little vari-

ability in original composition throughout the sampled interval (Dow, 1977;

Tissot et. al., 1978). Consequently, the correlation of R. with bulk properties——

of the kerogens (such as elemental composition, carbon isotopic ratio, and spin

density) can be attributed primarily to thermal, rather than source effects.

c) Stable isotope compositions

The results”of the 6~3C, 634S and 6D determinations on kero~

in Table 2. The 6~3C, 6Dand the 634S become heavier near the s-

range from z -25°/oofor  C, > -100°/~~ for H and > -5%ofor S,

ens are found

11., where they

to about -

27~~0 for C, - 140%0 for H anti -280/.0 for S (pyrite) in the unaltered

kerogens. This indicates a preferential loss of the 1 i ghter isotopes (12C, H

and 32S] during the thermal activity.

A correlation plot of H/C versus 6Z3C is shown in Fig. 13d, which includes

some other Recent kerogen data [Stuermer et al., 1978; Simoneit, 1980a)..—

A shift of about 2°/oo to heavier values is observed for the altered kerogens.

Similar shifts were observed in laboratory simulation experiments by Peters

et al. (1981).——

The sulfur content of the bulk samples {Table 1) consists of pyrite and

organic sulfur in the relatively unaltered samples and of large amounts of

elemental and organic sulfur in the samples from near the major sill. The 634S



-=:---- L . . ..-.  . . . . . . ..=  _.,._. . . . . .. ..- - -... .&-. ... A ..- .._ _ . . - .  ..=. .- . . . . . . . . .. ~_.  -s
.-. -—.  .-—.-

-20- ‘

data for pyrite in kerogen and elemental sulfur are found in Table 2 and they
@

are plotted” versus depth in Fig. 4d. The values of”d34S ~n the unaltered shales

range from -10 to -28700 and cover the range for bacterially-produced s~lfur

(~34~  ; The” increase in the CS34S val~es of the-207.0 ,  Kaplan etal.,1963).

kerogenous  and. pyrfticsulfur adjacent to the major fill to about -1 to +~~a,

may be due to the input ofmagmatfic  sulfur as-a consequence of leaching pro-

cesses acting on the diabase after its emplacement. The 63%S data for the

elemental “sulfur from the proximity of the-major sill Show an average value

about -7.4%. with no definite trends. This elemental sulfur is probably

d&ived from the disproportionation  of’ pyrite in the presence of organic matter

at elevatad intrusion temperatures. The i33topic values measured for this

elemental  SU~fUP are Only about s’”/oo enriched in 32S relative to the av&3:e

values for pyrite associated with the sills.

The 6~5N data are scattered from -0.3 tQ +4.5°/00 an~=~~bit  no WJ===

isotope effect due to thermal stress. .
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e CONCLUSIONS

The thermal effects of the diabase intrusionson the organic matterof the

Cretaceus black shale from ”site 368 are evi’dentin the following parameters:

(1) for the hydrocarbons - total yield, presence of sulfur compounds, and PrjPh
~,

and (2) for kerogen - H/C, #3C and 6D (possibly 634S), vitrinite reflectance

measurements, ESR data and the presence of elemental sulfur (cf. Tables 1 and

2).

. . The total hydrocarbon yield exhibits a maximum about 7 m below the major

sill and a lesser increase at about 6-8 m above that sill. The lower content

above the major sill indicates that the expelled volatiles  may have migrated out

laterally along sand (silt)

remained in relatively high

or carbonate units, whereas below the sill they have

concentrations. The total hydrocarbon yield reaches

* a minimum in the proximity of the major intrusion; however, a relative increase

in hydrocarbon content in sample 8 may be due to entrapment between sills.

The Pr/Ph ratio also approaches a minimum near the major sill. The mole-

cular markers (eg., hopanes) were derived from primarily autochthonous marine

sources, with some analogs of a terrigenaus ortgin. The stereochemical di-

stributions of the hopanes indicated almost complete epimeric equilibrium and

the intrusions resulted only in the migration of these markers

sill without any significant further isomerization. The traces

vicinity of the sills consist primarily of polycyclic aromatic

some sulfur and oxygen heterocyclic aromatic compounds. These

derived by secondary reactions during the thermal event.

Kerogen was isolated from all samples,

were present and asphaltenes  were separated

but only traces of

from some samples.

away from the

of bitumen in the

hydrocarbons with

compounds were

humic substances

The kerogens

o



become more aromatic innature toward the major sill (i.e., hydrogen content

decreases--low H/C, Fig. 4c), whereas the kerogens of the relatively unaltered’

sediments exhibit a more aliphatic character (i.e., higher H/C). TFIe H/C values

in the sill proximity fall in the rangeof 0.I-CI.5S which Irndlcates extr-anelj

aramatic kerogen. The 61~C, &g4S and 6LI data also reflect the eff%cts cf the

thermal stress due to the intrusion, where the samples nearer the sill a:s

richer in the heavier isotopes 13C, 34S and D. The thermally induced maturation

is evident in the vitrinite reflectance and electron  spfn resonance data,. where

the thermal stress could be correlated with an elevated temperature of $he--

country rock and an increased degreg of aromaticity.

The major effect of the intrusicm on the organic-rfch  shales was the

generation and expulsion of petroliferous bitumen from the vicinity of ths

sills, leaving behind a hydrogen-depleted carbonaceous residue (kerogen) :::%h :.

highly aromatic character. Organic matter; in the form of both bitumen ~n~

kerogen (also gas) i“s a sensitive indicator for geothermal events and czn GC

utilized to assess the genetic sources-of that organic matter.
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FIGURE” LEGEMIS

Figure 1:

Figure 2:

Figure 3:

Figure 4:

,..

Figure 5:

Figure 6:

Figure 7:

Figure 8:

Locatfion  map of DSOP Holes 367 and 368. ‘

L.ithologic cdlumn showing the locations of samples 1-23
in the Cretaceus black shale sequence in the proximity
0$ the sill intrusions.

Experimental flow chart for the sample preparation,
fractionation, and analyses.

Distributions of organic carbon, hydrocarbons, atomic H/C,
and stable sulfur isotopes with depth. (a) Total organic
carbon content; (b) upper scale--total hydrocarbon content
(~} and lower scale--pristaneto  phytane ratio (Pr/Ph,
. . . . . ..o)-( ~ data fromllimmet  al., 1977; ~ ~rdm~n— .

~nd $chorno, 1977; ~ Dow, 1977, 6 and @ , averaged data
from composite sarn les); (c) atomic H/C ( ~ Deroo.~
@_. , !1977]; [d) 6 ‘%5 [*total keragenous sulfur,. s
extracted elemental sulfur).

Analytical capiJlary gas chromatographic  trac& for lipid
fractions from sample 41-368-63-3, 110-114 cm, an unaltered
example {GC conditions as cited in the text) (a) total
hydrocarbon fraction, ~b}, ~-alkanes,  (c) branched and cyclic
hydroc~~bons,  I-prfstane, 2-phytane, (d) alkylarene fraction., .
{e) polynucl ear aromatic hydrocarbon fracti  cm, 1 --norsimonel - @
Iltei 2-=-3,3,7,13  -tetramethylc@ahydra(l  ,2,3,4,11 ,12,13,14 )-
chrysene [XV~),, 3--l4,l8-bisnormethyladianta-l3  ,15,17-triene
~X?l~, 4--3,3,7 -trimethyltetrahydro(l ,2,3 ,4)chrysene  (XV),
5--8, T4,l8-trisnomethyl  adianta-8 ,11 ,13,T5Y17-pentaene (XIII),
6---{3’ -ethyl cycl~penteno-7,8  ~1,1 -dimethyl  tetrahydro(l ,2,3 ,4) -
chrysene {XII), 7--{3’- ethylcyclopenten7-7  ,8.)-l -methy?chrysene
[XI.’}, (f] total fatty acid [as methyl esters) and ketone
fracti.oin.

Analytical W traces for the lipid fractions from sample
41-368-60-1, 121-127 cm, an altered example (GC conditions
cited in the text (s): total hydrocarbon fraction, (b) fl-
alkanes, (jc). branched and cyclic hydrocarbons, (d) alkylarene
fraction, (g)- polynucTear aromatic hydrocarbon fraction.

Distribution diagrams of the normal and isoprenoid alkanes
(@ncentrati.on versus carbon number). ~ne sample numbers
a~e qlso giyen on each diagram: .[a)_ sample 1, (b) sample
2, [c1 sample 3, (dl sample 4, (e) sample 5, (f) sample 6,
fg]. sample 7, (J). s~ple 8, (i] ~amp~e 10, (j) sample 123
“(k)- sample 15, (J)- sample 17, (m) sample 18, (n) sample 20,
[o)_ sample 21. .

Distribution diagrams of n-fatty acids, alkylcyclohexanes
and steraces: n-fatty aci~s: (a) sample 1, (b) sample 2,
(c). sample 3, Ta) sample 15, (e). sample 18, (f) sample 20,
(g). sample 21; alkylcyclohexanes:  (h) sample 12, (i) santpl e

*

20, {j) sample 21, [k} sample 36-330-10-1, 95-102 Cm
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(Simoneit,  1979c); steranes (%H — , 5f3~----- ):
(1) sample 1, (m) sample 12, (n] sample 18, (o) sample
36-330-10-1, 95-102 cm (Simoneit,  1979c).

Figure 9: Relative distribution histograms for extended diterpanes
and triterpanes (based on the m/z 191 mass chromatugrams)
in the hole 368 samples: (a) sample 2, (b] sample 39
(Table l), {c) sample 21, (d) sample 10, (e) sample 15,
[f) sample 20.

Figure 10:

Figure 11:

Figure 12:

Figure 13:

Total ion current trace of the GC/MS analysis of the total
branched and cyclic hydrocarbon fraction from sample 4.
Peaks labeled are: I--dimethyltetrahydronaphthal  ene;
2,3,4--dimethylnaphthalenes; 5 to 8,11--C -naphthalenes;
10--fluorene;  12,14--methyldibenzofuran; ?3--n-hexadecane;
15,16--C2-biphenyl;  17 to 20--methylfluorene; ~1--
~-heptadecane; 22--dibenzothiophene; 23--phenanthrene;
24,25,28--methyldibenzothiophene;  26,27,29--methyl-
phenanthrene; 30--dimethylphenanthrene;  31--fluoranthene;
32--pyrene; 33--methylpyrene; 34--chrysene.

Correlation plot of atomic N/C versus H/C for the kerogens
from site 368, compared with some kerogens and humic acids
from Recent environments.

Temperature (“C) of countryrock,  determined after Bostik
(1971 ), versus distance above (A) or below (=) the’
sill. The temperature range below the sill was predicted
from porphyrin and kerocien rate assumptions ( ~ ) {Baker
et al;, 19j7a). Data o+ Baker et al.” (1979b} ~o~ ~amples——
below the sill were also converted to temperature (~).

——

The theor~tical line after Jaeger (1959) is indica~ed-

Correlation plots of kerogen parameters: (a) R. value

‘er’us atomi;.H/c’ ‘~) ‘y ‘“Y! :~:g;$:’~j;:~:q:a’ueversus ESR s In dens~ty NxIO
H/C versus 6 3C, m samples this work, A samples in
Stuermer et al., 1978.

Appendix I - Chemical Structures Cited.
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DIFFERENCES IN ANIMAL 13C, 15N and D ABUNDANCE BETWEEN

A POLLUTED AND AN UNPOLLUTED COASTAL SITE:

LIKELY INDICATORS OF SEWAGE UPTAKE BY A MARINE FOOD WEB
.

G.H.  R a u ,  R.E. Sweeneyl,  I.R. K a p l a n
Inst i tute of G e o p h y s i c s  a n d  P l a n e t a r y  P h y s i c s

Universi ty of  Cal i fornia a t  L o s  A n g e l e s
Los Angeles, C a l i f o r n i a  90024

and

A.J. Mearns2 and D.R.  Young3
Southern California Coastal Water Research Project

646 W. Pacific Coast Highway
Long Beach, California 90806

ABSTRACT

. . .. . .
In comparing a control versus a sewage-affected near-shore site off South-

ern California,  the natural relative abundances of 13C, 15N and D in Dover sole

and Ridgeback  prawn muscle were found to be significantly different. This

b e t w e e n - s i t e  s h i f t  i n  a n i m a l  i s o t o p e  a b u n d a n c e  !s o f  t h e  t y p e  e x p e c t e d  i f

sewage organic materials were an important food source for animals in the latter

s i t e . Use of stable isotope natural abundance to trace the incorporation and

movement  of  sewage-der ived organ;cs in marine food webs is suggested.

1 Union Oil Company of California, Research Departmf
Brea, California 92621

2 MESA Puget Sound Project, Office of Marine Pollut
7600 Sand Point Way NE, Seattle, Washington 981

nt, P.O.  BOX 76,

on Assessment, NOAA,
5

3 Dames and Moore, 1100 Glendon Avenue, Los Angeles, California 90024

Submitted to Estuarine and Coastal Xarine Science

Revision - March, 1981 .
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0
INTRODUCTION

Large areas of the Southern California nearshore marine environment are

‘9

exposed to municipal and industrial sewage. T h i s  e f f l u e n t  represents a signi-

ficant amendment of organic material to sites in close proximity to sewage

outfalls, and it is o f  i n t e r e s t  t o  d e t e r m i n e  t o  w h a t  e x t e n t  t h i s  materiaI is

being incorporated into marine food webs. By measuring the natural stable

isotope abundances in animals from polluted and unpolluted sites, we herein

present a preliminary attempt to demonstrate the uptake of sewage C, N and H

by two marine animal species.

A number of recent studies of aquatic food webs have successfully used

natura l ly -occurr ing stable carbon isotope ratios, 13C/12C, in animal t issue to

determine the primary carbon/food sources they are using (e.g., Fry et al.,——

1977; Thayer et al., 1978; Haines and Montague, 1979; MCCOnnaU@q and MCROY,.—

1979a,b; Rau and Hedges, 1979; Rau, 1980; 1981). Because animal  metabol ism

-.

little a l ters  the 13C/12C o f  t h e  f o o d  a s s i m i l a t e d ,  t h e  13C/12C of a n  auimalls

t issue can be matched to the 13C/12C of a food source or  mixture of  food

s o u r c e s  that are in question (DeNiro  and Epstein,  1978; Teeri  and Schoeler,

.1979)  . S i m i l a r i t y , ~5N/lqN and D/H have also been proposed as food web

tracers (DeNiro  and Epstein, 1981; Estep and Hoering, 1980; Estep and

Dabrowski, 1980). Thus, if sewage material was isotonically distinct from

marine-derived material, animals using sewage directly or indirectly as a

C, N, and H source. should, as a result, be isotonically discernible from

animals feeding exclusively on marine-produced food sources

That land-produced organic material is isotonically different from

marine sources has been reported in a number of studies. A 1%0 to 10%o

-. .._ -.. . . ___ . .
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difference in both 13C/12C and ~5N/lkN” can b-e expected when comparing

terrestrial or sewage versus marine organ~cs  (Nissenbaum,  1973; Myers, 1974; o

Wada et al., 1975; Peters etQ., 1978;  Sweeney et al.$ 1978, 198o;  Burnett  and—— ——

Schaeffer, 1980; Sweeney and Kaplan, 1980a,b;

marine material having the higher isotope rat’

is much larger, the D/H ratio of marine organ’

Venkatesan  e t  a T . ,  1980],.

0s . Whereas the range of

cs is commonly Tower-than

l a t i t u d e  t e r r e s t r i a l  c o u n t e r p a r t s  (Schiegl and Vogel,  1970;  Nis:enbaum,

w i t h

values

in temperate-

1973;

Hoering, 1974; Stuermer e t  a l . , 1978; Estep and Hoering, 1980) .  Accordingly ,

members of a marine” food web utilizing sewage-derived organ

portion of their diet would be expected to have lower relat

of 13~” and 1“5?4, and higher D than the same species of anima

to marine-produced food sources.

MATERIALS AND METHODS

c material as a

ve concentrations

s having access only

.,.---- e
Specimens of Ridgeback  prawn (Sicyonia ingentis) and Dover sole (Micro-

stomus pacificus) were taken from a control station and a sewage-affected
.

station as part of a sampling program conducted by the Southern California

Coastal Water Research Project (Word and Mearns, 1979). Station 34, located

off the Pales Verdes peninsula at a water depth of 61 meters, lies less than

a kilometer “downstream” from the Whites Point sewage outfall, one of the

largest” in”the world. Measurements of BOD, COD and TOC, among other parameters.,

clearly indicates that this site is signif icantly affected by sewage eff luent

(Word and Mearns, 1979). In contrast, ” values of the same analyses from the

control station (11) , are some one to two orders of magnitude lower than those

of Station 34 (Word and Mearns,-  1979). Stat ion 11  lies at a w a t e r  d e p t h  o f

9

.-.. . . . . . -. .
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58 m near Ventura, California, some 130 km NW of the Pales Verdes station.

a No sewage or terrestrial  inputs, or oil seepage are known to occur in the im-

mediate  v ic in i ty  of  th is  s i te .

Muscle tissue from 5 to 6 sole and 3 prawns were taken from the collected
.

specimens from each of the two stations and dried at 60
0
C for several days.

Further dehydration of the samples was accomplished by heating (< 100°C} under

vacuum for 6-12 hours.

then combusted, and the

separated, purif ied and

Five to ten mill igram subsamples of these tissues w e r e

resul tant  C02, N 2 a n d  li20 (u l t imate ly  1-12)  g a s e s  w e r e

collected using methods described by Stump and Frazer

{1973) . The stable isotope ratios in these gases [equivalent toth~atios in the

original animal tissue) were measured using a Varian MAT 250 mass spectrometer.

By convention, the ‘r&’ notation is used to report these ratios as follows:

6X = {(R samPle/Rstandard)-1}*~03 ~00 (per mi])

where X = 13C 15N, o r  D,9

R 13c/12c,= 15N/14N,  or D / H

and standard = Peedee Belemnite, Air, or Standard Mean Ocean Water,
respect ive ly .

RESULTS AND DISCUSSION

As shown in Table 1 and Figure 1, the mean and range of 613C,  615N,. and 6D

values for both sole and prawn are significantly different between stations. The

613C of  pol lu ted s i te  indiv iduals  averaged 0.7°/00 to 1.4°/00 lower  than the i r

counterparts from Station Il. Because 13C/]2C  in animal tissue is largely

determined by the 13C/12C of the animals : diet  (DeNiro  and Epste in  1978;  T e e r i

13C found in animals from the  Pales  Verdesand Schoeller 1979), the lower  d

station likely reflects the uti l ization of food/carbon sources possessing lower

. . . . . .
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613C values than those normally found In unpolluted marine settings. Whites

Point sewage detritus is such a 13C-depleted s o u r c e  o f  o r g a n i c  material at ““ o

Station 34 . I t s  613C i s  ,approximately 2~00 lower than those of plankton and

benthic algae sampled from waters off the Pales Verdes peninsula (Myers, 1974).
.-

Thus, a signif icant uptake and incorporation of sewage organic carbon by Station

34 animals may explain the more negative animal 6~3C values observed there.

While the shift in animal carbon isotope abundance in polluted-site animals

is of the appropriate size and direction if  sewage organics were being util i-

zed, it must be pointed out that all of the animal 61”3C values were somewhat

assumed
higher than the d 13C values previously reported for the primary food sources a.tj

A

e i t h e r  s t a t i o n . Some 13C enrichment in marine animals relative to food sources

has been noted elsewhere by McConnaughey and McRoy (1979a). They attribute such

isotopic enrichment or biomagnif!cation to heterotrophic  .effects whereby 13C is

preferent ia l ly  re ta ined (and 12C”is  p r e f e r e n t i a l l y  lost) as plant c a r b o n  i s
~

consumed, processed, and transferred through aquatic food chains. Indeed$ b“oth 9

the prawn and the sole species we analyzed are known to be predators of benthic

invertebrates in sewage outfall

1980;  P. Striplin, Southern  Cal

data) . The relatively elevated

r e f l e c t  t h e i r  i n d i r e c t  utilizat’

and non-out fa l l  env i ronments  (Kleppel et al.,

fornia W a t e r  R e s e a r c h  P r o j e c t ,  u n p u b l i s h e d

613C values of prawn and sole may therefore

on of marine pr imary product ion or sewage or-

ganics; a  u t i l i z a t i o n  t h a t  r e q u i r e s  i n t e r m e d i a t e  c o n s u m e r s .

A s  i n  t h e  c a s e  o f  c a r b o n  i s o t o p e s ,  t h e  ~ 15N Of p o l l u t e d - s i t e  a n i m a l s  is

lower than the d15N o f  an ima ls  f rom S ta t ion  34 (Table  1 ,  F igure  1). A g a i n ,

these differences are in concordance with the 61SN differences found in ter-

restrial/sewage v e r s u s  m a r i n e  organics (Wada et al., 1975; sW=n@Y et al.,

1978, 1980;

61SN i n  t h e

Sweeney and Kaplan, 1980a,b; Venkatesan et—

latter mater ia l  (commonly  8Y00  to IzYOO)

fl. , ] 980). The higher

i s  t h o u g h t  t o  r e f l e c t

e

-. . . ..-.
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0 fundamental  di f ferences in the sources and cycling of nitrogen in the marine

environment which ult imately results in a significant enrichment of 15N in

marine animal  biomass.

The contention that residual organic 15N/lqN  increases as a function of

heterotrophic  nitrogen cycling and metabolism (Gaebler et al., 1966; Miyake and.—

W a d a ,  1967; Saino  and Hattori, 1980; R a u , 1981) is supported by the data in

Figure  2 .  Here ,  so ’

mass, an indication

15N/lqN  i n  animal  t ’

sources between the

e 615N is  posi t ive ly  corre la ted wi th  indiv idual  f ish  bio-
over time

that growth and/or metabolism~can  significantly modify the

ssue. However,  a large difference in the 615N of food

two sites apparently is the primary factor maintaining

signif icant between-site differences in animal 615N. Metabolic and trophic

level effects in addit ion to food source effects, however,  wil

considered in future food web tracer studies using lsN/14N  a s

‘o The 6D values of animals from the unpolluted station (11)

1 need to be

well as 13C/12C.

are  s igni f icant ly
. .

—
lower than those from Pales Verdes. Assuming animal D/H is largely determined

by food D/H (Estep and Dabrowski, 1980) ,  the  h igher  animaI  6D at Station 34 is

indicative of the utilization of a non-marine and deuterium-rich hydrogen source.

Temperate/arid terrestrial organic materials, presumably

of Whites Point sewage, have 6D values (s -lOOO/.~ ) that

than those found in marine organic material  (~ -1007~. ;

the primary constituent

are commonly higher

Schiegl and Vogel,

1970;  Nissenbuam,  1973; H o e r i n g ,  1974; Estep and Hoering, 1930).

t h i s  r e l a t i o n s h i p ,  Eganhouse  et al. (in preparation) found the 6D——

organic matter from the Los Angeles River to range from -62.4 O/oo

in contrast to California offshore sediment values of -105 O/oo to

In support of

of insoluble

to -77 .4”/ .0 ,

-139°/00

(Stuermer et al., 1 9 7 8 ) . Assimilation- of terrestrial ly-derived sewage detritus,

having higher 6D values thah marine food sources, may thus be the cause of the-

0
hydrogen isotope discrepancy observed between Station 34 and Station 11 animals.+

,
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In conclusion, it has

13C
, 9 15N and D in two spec

when comparisons between a

k

been shown that the natural relative abundances of

mes of marine animals were significantly different

sewage-affected and non-sewage-affected site were

made. Thesesite differences in animal isotope abundance appear toebe due to

the incorporation of isotonically distinct sewage organics into the animal

biomass produced in the sewage-affected environment. Refinements In the site

selection, animal and detritus sampling, and analytical methods should  provide a

more accurate method of determining not only the presence, but also the quality.

a n d  mov”ement of sewage- and terrestrial ly-derived materials in marine food webs.

.,
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FIGURE LEGENDS

Figure 1: The range of 613C,  &~5N, and CSD values for Ridgebacki

prawn and Dover sole taken from a polluted and a non-

polluted site off the Southern California coast:

Figure 2: Individual Dover sole 615N versus individual sole wet

weight. Both the correlation coefficient, r, and the
.,

slope of the linear regression of both sets of data

are not equal to zero (significance level = 0.05)0

The hypothesis that the two slopes are equal is not

rejected at the same signif icance level,  0.05.

.
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ABSTRACT

:“’.Latitudinal trends in plankton 613C were found to s igni f icant ly  d i f fer
between northern and southern oceans. Apparently factors other than water

13C are importanttemperature and dissolved inorganic carbon & in producing
the marked 13C depletion observed in antarctic plankton.
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* INTRODUCTION

In 1965, a paper by Sackett and others reported that the 13C/~2C of both

Atlantic and Pacific Ocean plankton decreased toward the Antarctic. The cause

of this p lankton 13C/12C decrease in southern latitude waters was attr ibuted to

carbon isotope fractionation effects (associated with phytoplankton carbon

f ixat ion  processes)  that  w e r e  directly affected by latitude vis-a-vis water

t e m p e r a t u r e .  H o w e v e r ,  f u r t h e r  s a m p l i n g  a n d  a n a l y s i s  o f  s o u t h e r n  h e m i s p h e r e

p l a n k t o n  (Sackett e t  a l . , 1973; Fontugue  and Duplessy, 1978)  as well as con-.—

trol led  laboratory  exper imentat ion (Degens,  et al . ,  1968a; Wong and Sackett,

1976; Falkowski, unpublished} indicated that factors other than water temperature
.

were most responsible for the observed isotopic variations in open ocean plank-

ton. In our research it  was reasoned that i f  temperature were not important in

* determining the carbon isotope abundances in plankton, then the 13C/12C of

plankton from arctic waters might not reflect the ratios previously found at

s imi lar  la t i tudes in t h e  a n t a r c t i c . As described below, such circumstances were

found.

MATERIALS AND METHODS

Samples of near-surface ocean plankton were collected by water filtration

or netting at a number of North Pacific and Arctic Ocean stations ranging from

Z8*N la t i tude to’71°N la t i tude as  noted in  T a b l e  1 . In the case of samples

derived from seawater f i l tration, the  contents  re ta ined on glass fiber fi lters

were dried and stored. Samples collected from net tows (bongo, 3331.I mesh) were

either stored frozen or in formal in. Subsamples of two of the formalin p r e -

served samples were allowed to leach in l“C, distilled water that was changed

daily during a f ive-day period. This was an attempt to remove residual formalin

a carbon whose effect on plankton isotope abundance could then be estimated by



comparison with preserved, but unleached, pTankton. All o f  the a b o v e  samples

*were then submerged for several hours In IN HC1 to remove carbonates, washed i n

djstil”led water,  and dried at 50”C for,several days.  The carbon present  in  5-10

mg subsamples  of the above materialswas s u b s e q u e n t l y  .converted to C02 g a s  a n d

%.’/T2c  o fcollected as described by Stump and Frazer (1973).  The relative

each of these C02 gas samples (derived from the original plankton organic car-

bon) was measured on aVarian 250 MAT ratio mass spectrometer. By convention,

the Isotope ratios are reported as 613C, the  par ts -per - thousand (%.) dif-

‘-3C/12C of the PDB carbonate‘3C/12C of the sample and theferemce between the

standard (Table 1 legend).

RESULTS AND QISCU’SSiON

Thus analyzed, northern latitude plankton tl~3C values ranged from -18.4

to -23.3°/00 with the lowest values belonging to the formal in-preserved samples

(PS-~1  and N-31, Table 1). Indeed, by comparison with their formal in-preserved,

. .
d i s t i l l e d - w a t e r - l e a c h e d  subsamples, ‘*residual formalin contamination appears to

have caused a slight 613C decrease in the preserved plankton material of less

$tF” “Even with this negative ‘bias in three of our plankton samples, however,

‘none of our arctic plankton 613C values are as low as thos~  found below 40°S

‘ ‘(Figure 1). ‘

#JJP . .
South  of the equator, thee orrelation between ”latitude and previously-

~ P“p
*@~epurted p l a n k t o n  613C is  s igni f icant  (r = -0.917), whereas a much weaker rela-

~~>, tionship ex is ts
~+

in n o r t h e r n  w a t e r s  (  r  =  0.405). Linear.regression o f  t h e

ti.

F*

Y*northern and southern hemisphere data separately  produces l ines whose s lopes are

+“ “ signi f icant ly  .different from zero as well as  be ing s igni f icant ly  d i f ferent  f rom
~,# ,,

A.
P each  ather (u =  0 . 0 5 ) . T h e s e  d i f f e r e n c e s  b e t w e e n  t h e  n o r t h e r n  a n d  s o u t h e r n*

,

e’
h e m i s p h e r e  e x i s t  d e s p i t e  r a t h e r  s y m m e t r i c a l  l a t i t u d i n a l  t r e n d s  ( a b o u t  t h e  equa-

r~
e

) tor) in”surface w a t e r  t e m p e r a t u r e  a n d  d i s s o l v e d  i n o r g a n i c  c a r b o n  (DIC]  .313C
##i?2@ta

+,H*J=W?- ~<k
ALJj2Ks. A?Z2XGU%Z4.,,’

~lv.fd~



*

(F igure  1). We conclude,  that  whi le  p l a n k t o n  613C d o e s  s i g n i f i c a n t l y  d e c r e a s e

toward both poles, the amount and nature of this decrease is quite different

between northern and southern waters. These circumstances argue against a

strict temperature-plankton &~3C relationship common to all oceans. Rather,

factors other than temperature % a n d  613C (DIC)  m u s t  play a  s igni f icant  role in
S#r

determining plankton 613C.
y Ji@’
)4

Perhaps the signif icant dark C02 f ixation recently discovered in high
0. *&:

l a t i t u d e  a n t a r c t i c  w a t e r s  (~rrigan, 1 9 8 1 )  is the  u l t imate  sourc  o f  t h e  l o w

AFtiA> Y*
plankton 613C observed there. A number of marine organism~ based upon dark,~ ,~’

$$y&chemoautotrophic rather than photosynthetic primary production have been shown

to possess 613C values near or below d-3o %0 (Degens e t  a l . ,  l!368a;  F u c h s  ~ ,  &z

a l . , 1979; Rau and f-ledges,

+2”

‘p&- >1979; Rau, 1981;  Rau et al., 1981;  Rau, unpublished—

data) . ~e
I

;&&d

13C depletion similar to that found in antarctic plankton

@
In any case, a

+)@ ~)+

has not.been found in their northern-latitude counterparts. This i s o t o p i c  ~~~>
{’ ,

y apparent ly  has a  b i o l o g i c a l  o r  b i o c h e m i c a l  b a s i s  r a t h e r  t h a n
w“

*

hysical/chemical c a u s e . fl>*A
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Table 1: The d13C of bulk surface water plankton collected from
various locations in the Pacific-Arctic Ocean where:

~13c ‘“{[(13C/12C)samp~e/{13C/~2C) pDBl ‘l}x 1~3 ‘/00.

The plankton was collected either by seawater f i l tration
or plankton net tows and were stored frozen, dried, or in
fcmnalin p r i o r  to.isotope a n a l y s i s ,  as notedu

,

Sample # Lat i tude Longitude Collection & Storage 6~3c (0/00 )

s-l
s-2
S-3
PS-21

( PS-2?
\ s-4

PS--T5
PS-30
WP-014
N-13

N-13

28°N
33*N
34”N
55°N
55°N

59°N
60”N
62°N
63°N
710N
710N

155°1d
120°M

142°w
175°N
167°w
171 ‘M
15o”w
1 5o”l’d

F i l t e r e d ,  D r i e d  ‘
F i l tered,  Dr ied
Fi l tered,  Dr ied
Net ted ,  Formal in,-
Netted, Formal in”

Fi l tered,  Dr ied
Net ted ,  Frozen
Net ted ,  Frozen
Net ted ,  Formalin
Net ted ,  Formal in:,
Net ted ,  Formalin

-20.3
-20.5
-20.1
- 2 3 . 3
-22.9.

-20.8, -21.1)

-20.3, -20.7
-18n4, -18.5

- 2 1 . 4
-22.4
-21.5

—
.

~ Sample  leached in  cold disti l led water prior to  analys is .
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Figure 1: Surface water temperature, XC02 613C and surface and near-

surface water plankton 613C versus lat i tude as compiled

f r o m  t h e  sourced c i t e d . The hypothsis that the slopes

of the. l ines relating plankton 613C witl

to  zero  is  r e j e c t e d  ( s i g n i f i c a n c e  level

hypothesis that  the two slopes are e q u a

l a t i t u d e  a r e  equal

=  0 . 0 5 ) ,  a s  i s  t h e

.
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ABSTRACT
“,

- -  .-

Sediment samples from pristine and polluted marine environments “- , “
,.

were analyzed for their hydrocarbon distributions. Stable isotope ratios =

of sulfur in the extractable organic rnatterwarealso

same samples. 334S values could be correlated with

tion indicated by the hydrocarbon profiles.. . -.
In the pristine marine environment, extractable

determined for the ‘- :.

petrolWn contamina- ““””. .

sulfur” is derived

~“mainly from bacteria? reduction of sea water sulfate. .In both reduc$ng ~~ “. .
and oxidizing sediment, the 63sS value o-F extractable sulfur is ~-15°~o .

Petroleum-derived sulfur, concentrated in the refractory compounds

resistant to weathering and transported to marine sediment, is iso- . .

topically heavier than bacterial  sulfur: ~ ~%. for prudhoe BaY> ~~as~a;. .. . -.. .. . . . .
-5 to +5’Yce for the Gulf Coast oils and +8 to +15700 for the Southern.

-x”
California natural seeps. In marine environments adjacent to each of

these areas, abnormally positive 63QS values were measured in certain

sediments. These sediments are the same as those shown by organic

geoctiemical analyses to be contaminated by crude oi”l.

Extractable sulfur from sediment-trap particu’lates does not appear to

originate from in situ bacterial processes and the 63’+:S  .my therefore be.—

directly related to the 634S value 07 petroleum contaminants,

.
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INTRODUCTION
.“.

~requently~  no~a~ alkanes are useful indicators. of hydrocarbon” sou~ces; “

marine organisms, land plants and petroleum each have charac~eristic distr$-”

butions of~-alkanes  which can be distinguished f& correlation pur&e~ :
. .

(Clark and Blumer, 1967; Kollatukudy and ~a~ton, 1972; Eglinton  and Hami  I ton,. ~:. ‘.
. . .

? 963; Speers” and Mhiteheadj.  ?969). Iicnwer, weathering processes may . ~. . . .
extensively alter-the composition of petroleum” hydrocarbons introducedinto

.the marine sedimentary environm~k,often resulting in an ”’’unresolved ~ . . :... “+
complex mixture” (Farringtcm  et a~.,-1977~.  ,Therefore, id&tifying, the ,’— .

predominant source-of hydrocarbokr equires other correlations. The branched ‘
.

and especially the cyclic hydrocarbons, more.resistant than .~-alkanes can

yield information gwre?ating sediment chemistry’with sources (ffastillun~ ~~

and Albrecht, 1976~ Simoneit’and Kaplan, 1980).. “Stable isotopic fractio;a-=”
.-. .’

*-Won studies of carbon, nitrogen and sulfur, which maybe less affected by .

weathering, could also be useful as source indicators. Particularly, .
. . .

petrogenic sulfur, concentrated in the refractory compounds, can yie’ld -

information independent of the compositicmal”  cmnplexity of the sample. The
. . .

range of 634S values (stable isotopb ratio of suqfur) for a series of oils

stud’ied ’by Sweeney and Kaplan (.1978) were significantly different from

those of the various sulfur species present’in  the offshore sediments “ -.

(Kaplan  et al., 1963). In fact, the isotopic ratio was so characteristic ~

for “some oils that they could be distinguished from one another. However, .’” “

_6~3C and 615N were not helpful for tracing petrogenic pOlli.itiOn in the .> .-
marine environment due to the similar ranges of values measured for the ‘

local oils. Based on these observations, an attempt was made to correlate “

the hydrocarbon data of sediments from different environments ~~ith the . . ●
stable isotope composition of sulfur. The southern California Bight region
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known to be contaminated by crude oil (Reed et al., 1977; Crisp & fl. ,

1979; Venkatesan et al., 198%) Simoneit and Kaplan, 1980) was chosen as

the @nary site of study. Sediments and trap particulate were analyzed -

.-
from the area. The main alternative source of organic sulfur in marine . .

sediments is bacterially produced hydrogen sulfide from in situ sulfate ~ “——

reduction- Therefore, sediments from pristine env-jronmenix  such as Gulf”of ““ “

Alaska, eastern Bering Sea and Walvis Bay, were collected to document the” .“ . ‘<

distribution of 634S values in non-cmtamirtated samples.
. .

Perti~ent data were als; 6btained orithe potential sources of oil ~
/
“~ollutionsuch as beach tars and imported oils to ~he Los Angeles Harbor in-

the southern California Bight to compare with the natural seeps and sedi-

ments of this area. The locations of ~henatural seeps previously measured

for”63% (Sweeney and Kaplan, 1978) from southern California Bight are - -

shown in Fig_.’$Ll. Coal Oil Point (+14 to +15YO~ ) and Carpenteria  “
~’Fi. $-i .
.@ 1

-. . . .., >-.

(+10 OJOO ) seeps were shown to” have cliff erent isotopic ratios-  and sever~l ‘“-<. . .
beach tars collected along the shore from Jalama to Venice Beach were shown. . .

by isotope comparison to have been derived from Coal Oil Point (Sweeney and .

Kaplan, 1978). The beach tars in the Santa Monica Bay region were also

reported to come mainly from the Coal Oil Point seepage or from a sulxnarin~

seepage in the Redonclo Canyon (634S, +8 to +12°/00  ) by Hari%ari (1978) ~

after his detailed study of the 63US values.

The transport of the Coal Oil Point material was considered to occur

via the counterclockwise California current that travels around offshore

islands before returning to the coast near Santa Monica Bay. Hartman ‘- .

(1978) ,compared the rate of seep discharge at Coal Oil Point to the rate Of

accumulation of beach tars {with this isotopic label] along the coast.

o Using suitable corrections for -evaporation and weathering, he estimated

that most of the refractory portion of the seep discharged material was

. . . . . __ . .._ . . . . . . . . . .
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ultimately transpor~ed ~0 the b e a c h e s .  Tars on the b e a c h e s  are soon ag-

glomerated with sand grains and transported back to the ocean by tidal
“a

actjon and bottom currefits. The ultimate fate of the natural marine seep ~.. “

material off southern. California,’ thereforei appears to be the mar%ne . .
. . . .

sediments of the continental shelf. “ . . .
,..

A study of hydrocarbon diktr$butio;s and sulfur” isotope ratio measure- ~ .
., .. .. . .

ments of sulfur in the extractable organic matter froi these-’s&liments were .“ ~
. .

carried out to teat if crude oil contamination can bedetermf?ted  by using : ~. .

Freeze-dried sedi~epts  were extracted using a toluene:me~hanol (3:7) .
.,

azeotropic  mixture in a .%xhlet apparatUs for 100 hours with ohe solvent.”
.

chang& after 24 hours (V&katesan et al”., lg80b). The total extracts we~k ‘x;’”—— .
.0

%mshed down a copper column to purify the samples of e’iementa~  sulfur, “
-. )

saponified and thkn chrom~tographed on a column packed with 1:2 alumina
. .

over silica gel, successively eluting with 2 column volumes, each of hexane~

benzene and methanol. The three solvents eluted the n-a]kanes  and blefins,”

aromatic compounds and olefiris, and pola; compounds, respecti~ely~

Gas chromatographic  analyses Of the ~exane and ben=ne fra~-~ions ~~ere “...

conducted usincj a Hewlett Packard Model 5840A instrument, equjppsd  with ~ ~~ “

linear temperature programmer, flame ionization detector and ari electronic

integrator. A 30m x 0.25 mm glass capillary column wall-coated with OV-101

(JW, Inc. ) was used and programmed at 4°C/min from 35° to 260°C, then he~$ -

isothermal for about 2 hours, with a flow rate of’ 4 ml/~in of helium”.

The GC.OfS analyses of the hexane and benzene fractions yer= carried

out on a Finnigan Model 4000 Quadruple Mass Spectrometer interfaced
.

e.

. . . . ----- .: .-. . . . . . . . . . . . . . . . . . . ------  —- .-... — .--— . . ..-. —------ .- ._.
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directly with a Finnigan Model 9610 Gas Chromatography. The GC was equipped .“

with a 30m x 0.25 mm glass capillary column wall-coated with OY-101 (JW,

Inc.). Theinass spectrometric  data was acquired and processed using a ~“””-

Finnigan Incos Model 2300 data systemwith 3.1 software. . . . . .

The methanol fraction was combusted in a Parr bomb with30 atmospheres ~

oxygen pressure and the produced sulfate was precipitated with barium .“ “ ._

chloride and converted to sulfur dioxide by the method of Bailey and Smith ,

(? 972). A minimu~ of 0.1 rng of sulfur was necessary for the isotope pre- -

:paration technique. Therefore,. 2C)mg of sample had to be used ”for a typi-

kal sulfur content of 0.5%. Though’ organic sulfur compounds are present to

a lesser extent in the hexane and benzenefractions, the methanol fraction,

for simplicity, will be termed extractable sulfurin this paper. ’,The

methanol fraction is se?d~m used for gas chrorrtatographic identification - . -
. ,.

and so is readily available from sediments a“n~lyzed in organic geochemica:l
..:s,.

-,
‘studies. Stable isotcpe ratios were determined following the method of

Kaplan et al., (1970) and are. presented in the standard “6” notation rel atlve——

to Canyon Diablotroilite (FeS) with a precision of O.IYOO -

.

~ = [ ‘sample - ‘standard
R

-1] x 1000
standard

34s/32s for sulfur.where: R = .

RESULTS AND DISCUSSION
.>

--/
;-

Table 1 lists the contents and 634S values of extractable sulfur of ~

various sediment and trap particulate samples. All sediment samples were

collected at the sediment surface except for two sections of core ”from the -

~T2b(,5-iJ Santa Barbara Basin.

—.. -
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. .
The sediment from Wlvis Bay, off the west. coast of Africa, co~sists “

predominantly of diatomaceou.s ooze. oThe bottom waters have low oxygen con- .. .. . . .
centrations”ancl aid in the preservation of this algal organic detri~~s. ““--:’-’

The. &-alkanes and ~-fatty acids of the samples exhibjt a ptwdo~irlant~y ““ “;”;

marine autochthonous origin (Simonelt  et al., 1978). No petroleum residues ‘.

were.detected.and  only trace amouk of terrigenous lipids are presenti “ ‘.’ ““ ~ . ““

The sediments from this area .represent”a  typical example ”ofa-marini”ind”’  “ “,,,
..’

member &nvlronment. Hydrogeri sulfide-existsin  the surface pore water of ‘“ ~

..ih$s reducing basin. The 634S value of the organic sulfur ~-21 0/00) is ..: . “
f .-
@@cal of neatishore reduci~g  marine sediments (Goldhaber  and Kaplan, ~ ““”

1 974). . . . . .
. .

. .
The Gulf of Alaska and eastern Bering Sea samples are from oxidizing

.
sedimentary environments and contain 1-2% organic carbon.. Hydrocarbons in .

the Gulf if Alaska sediments’tippear  to be derived approximately in equal~~ ‘:;:
. .

.,
.~ibundance from marine ‘arid terrigenous sources, while .~n F3e~i~cj Sea, a @

terrigenous source predominates. The sediments show no indication of .,
,.

petroleum input; $ulfate reduction may occur in micro-reducing environ-

ments of oxidizing sediment (~ap?an et al., ”1963) and the sulfur in the “

extractable organic matter, as denoted by.the CS3qS value of -170/00”, ap- “.

pears to be of this origin. “ . - , -“. , ;:...

Of the 40 samples analyzed fr~m the eas~ern,l%rin~ Sea and GuI? of “

Alaska areas, only one sample at stat~on 35 (EBBS 35, 56° 12.4’N; 36,8° ‘;’:

20.4’1;) shows anomalous data on hydrocarbons. The total hydrocarbon con- ‘

tents r a n g e  f r o m  2  to 2 7  pg/g in all of the stat~ons ~YPiC~~ o f  UnPO~lUt~~

Recent mari’ne  s e d i m e n t s ,  whefeas  at station 35, the total e x t r a c t a b l e

hydrocarbons were measured to be 241 pg/g dry sediment. The gas chroma-

tographic profi~e of ~-alkanes also substantiates that this station has
. 0

. ..— -- . . . .
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a

been exposed tO weathered petroleum hydrocarbons similar to sou~hern  Cali-

Vfornia Bight sediments while the other stations are not (Fig. 2). As a

c o m p a r i s o n ,  a  chromatogram  of a clean sediment ( E B B S  37] is also included. . .

The ex~ended ~riterPdn@S ~tcs~), a n a l y z e d  by GC/hlS existas two ciiastereo-

mers at position 22 in EBBS 35, also indicating petroleum input (Oastillung  “-

and Albrecht. 1976). The preponderance of the 17~(H)-hopanes  in”this

station further corroborates a petroleum source for these compounds (Dastil- ‘- -
. . .

lung &nd A?brecht,  1976; Simoneit and Kaplan, 1980). The634S valueof

this samp?e is 10~00  more positive than other samples from the Alaska ofF-
. .

$$
‘shore. Alaskan oil at Prudhoe Bay has a 634S value of about O~~o (Grizzle

et al., i979). Petroleum— .

on the eastern Bering sea

analyses of other samples

(for exact ”locations,  see

-.,-
from this source or frornan” unidmtifi_edoil seep

shelf could be the contaminantin-EB&  35. GC/bl_S

in this area such as at stations 8, 59 and 65 -

Venkatesan et al., 1980b) ,indicate that the “ = ‘
.

-Wit-erpencids consist of predominantly the 17f3(H),21@-!)-hopanes  and hop-

enes with only traces of the 17a{H),21B(H)-hopanes.  The extended hopat?es

(~Csl) are present as single C-22 diastereom&s.  The presence of17S(H)

stereomers and of the triterpenes  suggests a recent biogenic ’source for

these compounds~ originating directly from the regional biota.

Three nearshore sediment samples from the Gulf of PIexfco were selected

at sites which  were considered to have different degrees of petroleum

contamination (Shokes and Mankiewicz,  1978).

between the 63’+S value of organic sulfur and

of the polynuclear aromatic series. The low

(Big Hill } indicative of low level petroleum

A direct correla~:ion  exists

the methylated~condensed.  ratio

methylated/condensed ratio, .>.
contamination., corresponds to

a 63qS of -16 0/00 , similar to that of many other non-contaminated marine ““

environments. The 634S value becomes progressively more positive  as the -

+petroleum hydrocarbon contamination increases (Table-l’). The set of data

comparing methyl/condensed phenanthrenes  and 634S: 0.4, -1.5.7°/00 , 0.7,
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-12.7%0 and 11.6, -6.1”/00 , for the three stations illustrates this argu-

ment. Several Gulf Coast oils have 634S values (UCLA”, uripublished  data) e.
ranging from -5 to ~sYoo and could be the source of coritarnination.”  !hwever; ~---.:

Big Hill sample has a higher concentration of extractable hydrocarbons --””

“ [35 pPnt)fi compared to the two west Hackberry sa~ples” (9 and 13. ppm). ~he -” -~. , . . .
hydrocarbon contamination” in’ the “former samp?e is indicated, by th6 unresolved -

. . . . ..-.
complex mixture on the”gas chrornatograns,  w~ich  is 80% of tie ti~al hydro- . . . . . . .

. . ,.
carbons. This is’attributed’to a combination of:”finersediment  texture and

.
~.~ig”her input of ~yrolytic hydrocarbons transported-via’ atmospheric .fal\out 1. .. . . . . . . .
;an# urban runoff ratherthan  to crude oil hydrocarbons from’ sea water. ,.

This is also suppor+ed by cxm’observat~on tha~-benzopyrene, a combustion ~ - ~~ “’
. . . .

~ product, is more predominant in the Big Hill than in the West l-!ackberry”-
., ..,,

samptes (Mankiewicz, 1980). Therefore, the possible important implication
‘!... . . . .

is that the sulfur isotope ’data here may indicate that crude petroleum is ~-
,.

“snti~ the direct source of”hydrocarbons in the Big Hill sample; unlike the ““.9. .
~est Hackberry” samples, which exhibit sulfur isotopic data characte~istjc.  .-

of direct petroleum pollution.

The above result.s indicate that extractable sulfur iri marine sediments

which have not been con~arninated by pe~roleum’ hydrocarbon~  has ? 63% .“. -

value similar to ‘that of bacterially produced hydrogen sulfide, OF generally;

in-the  range of -15 to -227.0” . Altkgh only a few samples were analyzed,”. .
the sediments chosen in uncontaminated areas represented botk~xidi~~”ng and

r e d u c i n g  c o n d i t i o n s  and seem to show little di f ferences in 63%S values.

The e x t r a c t a b l e  s u l f u r  in petroleum-contaminated sedirnen~s  h a s  63%S “  “ .

values intermedi~te  between that of the uncontaminated s+diment (-15 to’”

-22y00 ) and values of sulfur in petroleum-rich source areas. In areas off

the western coast of Alaska and in the Gulf of Mexico, the 63%S value of “

athe sulfur in the petroleum contaminant is more positive than the ~cterially-
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produced sulfur. Prbtein-bound  sulfur in marine organisms have-been

34S values around +20YQ0 {Kaplan et al., 1963}. How-reported to have 6 .

ever, under the experimental conditions employed here, only lipid-related
. . . _.

sul-hr is extracted into the hexane fraction which is used in the column .“

“ chromatography and subsequent sulfur isotopic analysis. Any protein-bound ‘ .

sulfur if at all extracted by the initial toluene:methanol  soxhlet extract-

ion would be hydrolyzed and. remain in the aqueous phase in the saponifi-

cation step. Therefore, the relatively positive 63’% values wou~d
-.

indicite  only petroleum input in these areas. . .
/ Sediment samples from the s&thern California Bight have 634S-value<,..

*
in the methanol extracted sulfur between -6.8 and +13i5°/0~ [Tab~& ?). ~~e

“ most positive value (F13.5”/00 ) is for Coal Oil ‘Point sediment, about 500

meters from the seep. Trap particulate from the Santa Monica Basin and the

San Pedro Basin have 634S values more positive than those” for the under-
.. ~,-.

lying sediment; +7.3, compared to:+0.3%o and +3.0, compared to -6.8°’00 ,
Y.
respectively. Although isotonically light s~lfur.( pyrite} existed in these

trap particulate (Crisp et al;, 1979), the’ humic acid fraction contained

no measurable sulfur.’” Humic acids in marine sediment commonly contain

about 1% bacterial sulfur (Nissenbaum and Kaplan,”1972)  and it could be
. . .

argued that extractable organic sulfur in the trap particulate is not of

bacterial origin. The more negative values. observed in the sediments are

probably due to the incorporation of bacterial sulfur. For the San Pedro

Basin, ”the hydrocarbon distribution pattern indicates a mixed petrolem

input from natural seeps as well as from heavy anti-n-opogenic a-c-tivities .

such as shipping, sewage outfalls and industrial effluents (Venkatesan  et’.

@_. , 1980a); but the sources for the Santa Monica Basin are either sedi-

mented tar that had been washed off the local beaches ~r anthropogenic

inputs. The 63% value for the Santa i!onica Basin sediment trap particulate

. . . ..—. . . . . . . . . -, -. - --=-=
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samp?e (+7.3 ”/00 ) is similar to that for the nearby Redondo seep, which

.*could be a dominant source of petroleum input. intothis area. The tri- “ ““ “

terpanes in the’ Reclondo  seep consist predominantly of t.he17&(H),21B(H) ““ ‘:--”

bopane series Wkaining th@ two major analogs C281-IS2.’  The mass spectrum  ~ ‘-
.

of the’ C28 trt~erpane has be& correlated with that of 17u(H) ~18@) ,?l~(H)-” -‘ ~~. -

28,30 bisnorhopane. This” compound is abundant in the’Monte~&y S~a]e and in- ‘j -:”
. .

offshore seeps (Coal” Oil Point) at Santa Barbara, and is”bither  absent or ; “ -

present in only trace amounts in most’oth& crude oils’ (Seifert  et at., ; -.

~1978)- and has therefore been .&ggested to be ~ potentially cbar~~~eris~ic””  . . .
. ’

rno~ecular marker for petroleum from the southern California area (Simoneit - -

.,. . .
and Kapian, 197’~). “-The presence of bisnorho~ane  in the trap particulate,.
and the sediments thus indicatesthat seeps-in the”southern  California Outer, ~

Continental Shelf may”be the source of petroleum contarninatioi in the”San.ta -

. .
?ton{ca and San Pedro iwea.’ However, the 634< values could be a potential’ ‘: -

. . .. .
~ndicator in differentiating bWfeen seeps, especially in the trap parti- ““ o

culates. The abilityto distinguish the source seep by 63*S will been- ..” ,

hanced by the absence of anthropogenic input which dil’utes  the petroleum ‘. .

contribution from the seeps {Crisp”et a]., 1979}. : . -

&~[,,.LJ
& ,.

Listed in Table Z are the”ranges of &34S values for south~rn Califo-

rnia seeps and beach tars. Different chemically-separated fracttons ~~

(3 .e., total, methanol fraction, and asphaltenes] have relatively the same . .

63% composition for the Coal Oil Point samples. The&e&anol fraction has

generally the same sulfur concentration as the total crude oil, but the

asphaltene fraction is significantly enriched in sulfur. Of the 47 recent’.>.
beach tars listed in Table 2;only two have 634S values sig~~ficantly “

different from the seep sources. Six ancient tars scraped from archae6’logical

specimens from both the offshore islands and coastal sites are also listed
e
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e
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in Table 2 . The San”Nicolas and Catalina Island samples appear to come

from Coal Oil point, substantiating the transport system suggested by

Hartman (1978). The coastal material appears to be derived ~rom another ‘“-”””

seep (possibly an onshore seep). “ .-

The sulfur content and 634S value of some typical oils imported into” ~ ~

L o s  A n g e l e s  Harbor from various  coun~pies  have been de@rmined  (UCLA, .“ “ - . .

unpublished  d a t a ) . d34S of. tt-tese oils range from -0:2 tb +10.5700. On?y. .
oils from Venezuela, Indonesia and Algeria have 634S values greater than

s-0700 . In “summary, it is interesting to note

~ from Santa Monica Basin have ~34S values more

but the Venezuela crude oil imported into LOS

contribution from the Redondo seepage maybe

thatthe trapparticulates

p o s i t i v e  (+7.3%0 ) than all
. .

Angeles Hatibor. ”Although ~ “

important, anthropogenic

contamination has been demonstrated to be predominant in the samples.

s tudied. A mixture of sulfu~ from this source-and sulfur {+15%0 ) from’” ‘:’

‘~oal Oil Point could therefore lead to the intermediate isotope ratio -

measured in the trap particulate. . -

CONCLUS1ONS

1. The sulfur isotope ratio of extractable organic sulfur in marine

sediment appears to be altered by the contribution of petrogenic material.

Sulfur compounds are concentrated in the refractory (polar

fraction of oils and exhibit  little isotopic fractionation

and weathering. The isotopic ratio of petrogenic sulfur is

.,
and asphalten~)  .

during transport

often signi-
.. a.

ficantly different from that added to the sediment b,y bacterial reduction

of seawater sulfate. The difference between Coal Oil Point seepage (+15’/00)

.

. . .

.. -.:- .-, .-. . . .. —- . . --.. ——. .-,. _-. =J==_=.-,  .
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and bacterial SUlfUV  (.-ZOO/OO  ) is over 30°/~0 . Therefore, petrogenic  mate-

rial can be characterized and its presence in marine sediments measured.
. * . .

,., :---- -. . .-
2. The irtterpretatfon of su~fur”,isotopic  distribution 5s consistent wiih ~ ~~

the distributions of hydrocarbons analyzed in the sediments anti aid in . . “ .-; “.

‘ d e l i n e a t i n g  the sources of pollution. ” Sediments known to be ’clean by ‘ ~
.. ”,..  ,.”

“organic geochemical measurements show 634S values < - 160/oo. “’,, .“. . . ‘: :’
. .

Extractab~  e sulfur ii petrol eum-contaminated sedimen~s  has, been found to ~~ ;

have 634S values intermedia~e”  be~wee~-those of uncontaminated sediment and “ . -
?s
$he value of the sulfur in the crude oil source. , : “ ~~~ ~~~,--,.- ,.,.

,. . . . -. . . .
3. Sediment traps may” co~lectrnaterial  t~at do not contain abacterial’ ““ :

contribution”to  extractable organic- siilfurand  hence measured ~34S”values  .“

should be similar to those of the source(s) of,,deposition; ~ ; ‘.+.. ;l:,,

-..\
., ...
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FIGURE CAPTIONS

Inclex map of southern California Bight. The locations of
the !?edoncfo  and Coal Oil point seeps are shohm along with
the sites of tar and sediment collections.

S e e p x . ’

S e d i m e n t .0

Trap @

Beach Tar Locations “a
Ancient Tar *

Representative gas chromatograms of hexane fractions of
lipids from sediments in eastern Bering Sea (EBBS),

Alaska and San Pedro Basin (Southern California Bight).
Numbers 15-33 refer to carbon-chain length of~-alkanes;
Pr: pristane;  UCM: unresolved complex mixture; 1.S.: In-

ternal standard (Hexamethylbenzerie).
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iMLE I: Content and &34S of Sulfur in the Extractable Organic Matter. .

from Recent Sediments and Sediment Traps

Location Sulfur (%) ti~bs (O/..) Comments. - .

~a~yjs Bay 1 .::.
Core 38 0.8 . -21.2 ‘ Reducing sedi”ment, no petroleum

E$ox Core 2 O*!5 ““” -21.1 ,contamination  “- “ ““ “’;.. ..’
Gulf”of Alaska2  : “ . . . -. ,.... .- . .

- GASS composite 0.4 ‘“ ““ - 1 7 . 3  .“. Oxidizing sidiment, no petroleum
contamination . . -., . . . . .

E&tern Bering Sea3 ““. ; “--” ‘: “ ~ “.”,. “’ “:::--
. . . .

. EBBS - composite . Oxidizing sediment, no petroleum0,2 ~ ‘“-17.9’
Y“ . . contamination

EBBS,- 35 ~~~ 0.5 “ -“7.1 ‘“ . Petroleum contaminati&
. . “

Gulf ofllexico4 . . . . . .
B i g  Hill‘.. .-

.
. . . . . . -.-, .-.

.,

i~est Hackberry I .._

I#es* I+ackberry Ix “. :--
,“ “Southern California Bi@~5

Coal=.Oil  Point 1 . 6

S a n t a-”  B a r b a r a  Basin

(0-131 cm) 1.1’”.

(131-400 cm) ~ ..”
(Surface) . “: ---

)

San Pedro Basin 0 . 7

San Pec!k_o Basin .1.1

Offshore Huntington Bch. --
Santa ~ruz Basin --

Sediment TrapsG

Santa ?lonica Basi~\ --

San Pedro Basin --

,, . . .

.1“--15.7 :. (Inireasjfig’  . “

-12.7 .“
.

petroleum “-” ‘.
-6.1 ., contaunination)  .

Petroleum contamination ;:;::
. .

+13.5 500 meters from seep -

““*
. . . .

+ 5.6 .
1

Composite sections of core ~
+ 2.1 with the break (131 cm) rev c

presenting 1000 years .
+ 2“.3 ELM station 804 . .

- 2 . 5 ELM Station 823
- 6.8 ~ B!.}! Station S23 “ .“
+ 2.2 BLH Station 828 “.”-

-3.3 BLPl Station N 2

+ 7.3 BLM Station 829
+ 3.(I BLM Station 823

.,=

“ For station locations, see references: 1 Simoneit et al., 1978; ~ Kaplan et al., 1977;
s Venkatesan et al. 1980b; q Shokes and !!ank~}i~z, 1978; Figure 1, this pa~er;
G Crisp-et al., 197$.
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TABLE 2: Surrmary of sulfur cont.ent and isotope ratio f& seep and
beach tars collected in the Southern California Borderland .

-. _.. .

Location NO. of Sulfur 34
References and .

Sarnpl es Content (%] (+OO; Comments

Natural Seeps
Coal Oil Point

Total

Me.t.hanol  Eluate

Asphaltenes
.

.- Redondo Seep

As~haltenes
blanhattan Seep

Asphaltenes

Recent Beach Tars (Asphaltenes)
Jalama to Venice Beach

9
Topanga Canyon
Venice.-Beach
Torra~ce Beach

~ncient Tars (Total Sample)
San Nicolas. Island
Catalina Island, west side

Little Harbor 1

Paradise Cove

Point Mugu (Simomo)

Ventura Co. (Soule Park)

* Anomalous Results

..-.,
. . .

5 “ 4 . 6 - 5 . 2  ~+14.1-+15.1’” Sweeney & Kaplan
(1978}

3 “ 4 . 4 - 4 - 5  ~12.2-+14.0,

13 7.5-8.3 +13.7-+15.0 Hartman (1978)
. .. . .

4 , 4.5-6.7 + 7.9-+12.3, Hartman [1978] ~
. . .

1 5 . 0- +7.7 Hartman (1978)

9 +13.2--+14.7 Sweeney & K&plan
0978). ~,

2 . . . +13;0-+14.8 liartman (l”97@
20 *(+1 .9) +6.8-+15.9 Hartm% (1978]
16 *(+4.9) +9.7 -+16.4 Hartman (1 978]

3.6 - +15.7 Age unknown
2.4 - +14.4 %2,000 years old

(Kaufman, Pers. Corn<
3.9 +12.9

2.2 +10.8
0.3 + 7;2 =1 ,000 years old.

(Kaufman, Pers. Corn,
1.2 + 6.5

. . . . . . ----

-.
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STABLE ISOTOPE COMPOSITION OF DISSOLVED SULFATE AND
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ABSTRACT

Sweeney, R. E. and KaphtrI, I. R., 1980. Stable isotope composition of dissolved sulfate
and hydrogen sulfide in the Black Sea. Mar. Chem., 9: 145-152

The stable kotope ratio  of sulfur (w S/32 S) in dissolved sulfate and hydrogen sulfide
was measured for 20 water samples from two deep hydrocaats from the south-central
Black Sea. The isotope ratio  of total reduced sulfur was also measured for surface
sediment collected below each hydrocast.  The range in the 6 w S measurements for sulfate
was +18.20 to +20.17% and for hydrogen Sulfide -38.71 to –4.85s&. The distribution
pattern for 8 ‘S h both sulfate and sulfide appears to be the result of in situ sulfate
reduction.

INTRODUCTION

The Black Sea is a large marine basin in which permanent anoxic
conditions have persisted in the deep water layer for the last 2000 years.
The present oxic-anoxic  boundary exists between 125 and 250 m below the
surface. Sulfate reduction is considered the dominant microbiological
process below this boundary. Measurements of the distribution of dissolved
constituents in the Black Sea water column are summarized or referred to in
Caspers (1957), Skopintsev (1962), Skopintsev et al. (1967) and Brewer and
Spencer (1974). The chemical gradients developed with depth are, in general,
considered similar throughout the basin. Only two major studies are known
to have been made of stable isotope distributions in the Black Sea water
column. Vinogradov  et al. (1962) measured the 34 S/32 S isotope distribution
for dissolved sulfate and hydrogen sulfide, and Deuser (1970) measured the
13 C/ 12 C isotope distribution for dissolved carbon dioxide. The former study
consisted of 12 measurements of sulfate {from two h ydrocasts)  and 19
measurements of sulfide (from four hydrocasts).

In the present investigation 20 water samples were collected from two

*Publication No. 1681, Inatitut e of Geophysics and PIanetary Physics, University of
-,

California at Los Angeles, Los Angeles, CA 90024 (U.S.A.).

a
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adjacent hydrocast  stations in the south-central Black Sea (Woods HoIe
“Chain” Cruise 120/1, April, 19’75). The concentration and isotopic
composition were measured for dissolved sulfate and hydrogen sulfide to
determine whether stable isotope gradients exist with depth and, if so, how
the isotope distribution correlates with concentrations,

EXPERIMENTAL

Dissolved hydrogen sulfide was precipitated as CdS by the addition of
10 nd of 5$% cadmium acetate solution to each 1-1 water sample, immediately
after collection. Upon return to tine laboratory, 800–900 ml of precipitate-
lkee water was decanted. The CdS suspension was acidified and the hydrogen
sultlde produced was flushed into a 59% AgN03 solution, forming Ag2 S
which was analyzed gravimetncalIy.  The dry silver sulfide was reacted with
cuprous oxide at 850°C to form S02 for isotope analysis (Sweeney, 19’72).
Three 10-ml aliquots were taken from the “decanted” water for sulfate
analysis; the sulfur content was determined gravimetrically  after precipi-
tation as 13aS04. The barium sulfate was directly decomposed at high
temperature, forming S02 for 8M S analysis (Baily and Smith, 1972).

The hydrogen sulfide samples were measured relative to sample 1135
(taken at 1400 m), and subsequently transformed to the Canyon Diablo
Meteorite “6” scale. The sulfate samples were measured relative to sea water
sulfate and, likewise, corrected to the meteorite standard scale. Reduced
sulfur species were oxidized to sulfate by aqua-regia treatment. The sulfate
was then precipitated as BaS04 and prepared for mass spectrometer analysis
as above.

RESULTS

S a m p l e  site locations for this study
Vinogradov et al. (1962) are shown in

(“ ● 4 740
475/  ● ’

1135x x 1/36

(1135 and 1136) and for the study by
Fig.1.  Results of measurements on

\

Fig. 1. Locations of stations 1135 and 1136 in the Black Sea (crosses). Also included are
stations (dots) from Vinogradov et al. (1962).

“>.
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water and sediment samples are shown in Tables I and H, respectively.
Triplicate measurements of sulfate concentration were made for each
sample. The average rsmge for the replicates was 0.15 null. An increase in
sulfate  concentration from 16.2 null at 100 m to 18 W at 1000 m
corresponds directly to the increase in chlotinity shown by Skopintsev  et al.
(1967) and KremIing (1974), for equivalent depths. A direct non-linear
correlation between 634 S and sulfate concentration is shown in Fig.2. The

,, . 6 M S values for deep water sulfate are approximately 1.5–2 ~ more positive
than that in the surface water.

+21-

+20 -

I
+17~

16 /7 M 19
Cone. SO; (mmot  /l)

Fig. 2. Correlation between ~* S and concentration of suifate in Black Sea water column.
Experimental point-s are for station 1135 (dots) and station 1136 (crosses).

The concentration of hydrogen sulfide at each depth corresponds to
previous measurements reported in the literature (Brewer and Spencer,
1974). The 6 ‘S values of the 14 samples measured were within 2,2TK of each
other. Isotope depth profiles are given in Fig.3, and are compared with the
measurements of Vinogradov et al. (1962), the 534S values measured in the
present study being significantly more negative than values from those studies.
A decrease in 834S of dissolved sulfide occurs between the surface and 750 m
for both hydrocasts.  This is in accord with the measurements of Vinogradov
et al. (1962). However, a corresponding increase in 834 S near the sediment
surface is not apparent in the hydrocasts  1135 and 1136. The 6 w S of total
sulfur in the sediment is 11—14 ~m more positive than hydrogen sulfide in
the hydrocasts.
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TABLE I

Measurements of the concentrations and isotopic composition of sulfide and sulfate in
Black Sea water column*

Station llepth Sulfide Sulfate .

(m)
(WW P%(ym) (rnM) a~s(~)

1135 125
J.

16.17 +18.25
145 16.40 +18.47
190 15 ‘38.71 16.71 +18.61
235 25 -39.15 17.03 +18.79
260 40 -39.51
500 126 ‘40.62 17.61 +19.27
750 186 -40.59 17.63 +19.69

1000 290 -40.12 17.94 +19.81
1400 296 ‘40.62 18.03 +20.03
2050 349 -40.29 17.97 +19.76

1136 100 16.36 +18.20
165 17.07 +18.35
180 6 17.38 +18.83
200 9 17.86 +18.72
300 12 ‘38.71 17.’72 +18.91
500 115 -39.89 17.92 +18.82
750 148 -40.85 18.08 +19.20

1000 242 -39.33 18.08 +20.17
1800 353 ‘39.12 17.89 +20,17
2000 256 ‘39.62 17.97 +19.97 @/

—

*California coastal seawater 28.8 mM, +19.7dVm.
. .

TABLE H

The 6* S values of dissolved hydrogen suMide in the water column and reduced mineral
sulfur in the related surface sediment

Station Hz S hydrocast Reduced sulfur A(6W SH2S  –  SWS ,~dfi~~~)c
a%(~y sediment

a% s (jym’ )@

1135 ‘38.7 to ‘40.6 -27.4 -11,3 to -13.2
1136 -38.7 to ‘40.9 –27.0 -11.7 to -13.3
4751+ -30.9 to ‘35.2 -19.3 ‘11.6 to ‘15.9
4740? -23.7 to ‘31.3 -32.7 +9.0 to +1.4
4745+ –30.7 to -35.4 -33.0 +2.3 to -2.4
4754? –31.4 to ‘36.1 -26.3 –4.8ito  -0.8

“ The range of 8 M S of dissolved hydrogen sulfide in hydrocasts from several stations.
b 8 g S of total reduced sulfur in the surface sediment below each hydrocast.
c The isotopic difference, A, between dissolved hydrogen sulfide in the deep water and

reduced sulfur in the sediment.

~After Vinogradov  et al. (1962).
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Fig.3. Distribution of 6 M S for dissolved sulfide in the Black Sea. Measurements at
stations 1135 and 1136 are from this study, others are from Vinogradov  et al. (1962).

DISCUSSION

Cline  and Kaplan (1975) and Kroopnick and Craig (1976) were able to
substantiate in situ denitrification and oxygen consumption in the ocean by
the use of chemical and stable isotope data. For both studies the zone of
reaction was located within the water column and did not directly intersect
the sediment surface. The depletion depth interval and the in situ removal
were exemplified by lesser intermediate concentrations than predicted for
mixing between the extreme water masses. A different situation exists for
dissolved sdfate in the Black Sea. The sediment itself is the likely zone of
most active sulfate reduction and therefore will contain the lowest relative
concentration of sulfate. Here, the distinction between a mixing curve and
a mixing—reaction curve is more cliff icult  to distinguish.

Although dissolved sulfate and chloride both increase with depth in the
Black Sea (Table I; Skopintsev,  1957), the SOq /C1 ratio continuously
decreases below 1000 m (Skopintsev, 1957; Kremling, 1974). It is therefore
apparent that dissolved sulfate is not a conservative component in the deep
water and has been removed relative to dissolved chloride. This depletion
could occur as a resuIt  of in situ reduction to hydrogen sulfide in the water
column or as a consequence of diffusive mixing with relatively low-sulfate
“bottom” water, produced by sulfate reduction in the sediment.

Figure 2 shows that the positive correlation between 634 S and the concen-
tration of sulfate is apparently not near-linear, as would be produced by
conservative mixing between “bottom” water and “surface” water. Figure 4
shows the correlation between concentration of total sulfur (sulfate plus
hydrogen sulfide) and the mean 6M S of each sample. The correlation is
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Fig.4. Correlation between 6M S (mean for each sample) and total dissolved sulfur (sulfate
+ hydrogen sulfide). Experimental points are for station 1135  (dots) and station 1136
(crosses).

consistent with a mixing relation, where total sulfur is a consemative
component.

Since the isotopic distribution of total dissolved sulfur is controlled by
mixing, then the more positive 6 w S values for deep water column sulfate
must be due to enrichment by in situ sulfate reduction. From Fig.4, it could
be estimated that the 6% S for sulfate in the deep water would initially be” -
about +19. OK, compared to the measured value (after sulfate reduction) of
z+19.8$&. This 334S value (+19.0  ~) for saline water entering the Black Sea
is less than the average 6 w S value of ‘+20 ~~ for modern sea water.
Vinogradov et al. (1962) state that the deep water in the Black Sea should be
isotonically lighter than sea water due to previous mixing with stream waters
impoverished in *S.

Dissolved hydrogen sulfide in the surface 750–1000 m of the Black Sea
water column has slightly more positive 834 S values than hydrogen s@ide
at greater depth. This could be due to a kinetic isotope fractionation during
the oxidation of hydrogen sulfide migrating from depth, as suggested by
Vinogradov et al. (1962), or due to different kinetic isotope effects in sulfate
reduction near the top and bottom of the water column. Jannasch et al.
(1974) have observed that sulfate-reducing bacteria are abundant below the
“intermediate Oz —Hz S layer” which is generally between 125 and 300 m
(Skopintsev, 1962), thus supporting our interpretation that sulfide is
generated within the water column. Isotopic fractionation resulting from
biogenic sulfate reduction may conceivably control the 834 S of dissolved
sulfide throughout the water column ad in the sediment (Kaplan and
Rittenberg, 1964).

Goklhaber  and Kaplan (1974) have shown that 6M S of reduced sulfur in

.
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marine sediments is an indicator of the rate of sulfate reduction which may
be controlled by the availability of easily degradable organic matter. A
relatively higher rate of sulfate reduction near the “intermediate 02— H2 S
layer” would produce hydrogen sulfide with a more positive 834 S than
hydrogen sulfide produced in deeper water. The large range in 8 W S values
measured both vertically and horizontally in the Black Sea demonstrates that
the fractionation factor for sulfate reduction is not uniform. Vinogradov et
al. (1962) have noted that the more positive 63 S values in hydrogen sulfide
correlate with areas of more rapid sulfate reduction. In Table 11 the 634 S of
reduced sulfur in the sediment is shown to be quite different from the 834 S
for hydrogen sulfide in hydrocasts  1135 and 1136. This difference (11–
14%0 ) is too large to be explained by isotopic enrichment of the pore water
sulfate. For comparison, the 634 S values of two of the four hydrocasts listed
in Vinogradov et al. (1962) are also more negative than the reduced sulfur in
the underlying sediment. The more positive 634 S values of reduced sulfur in
the sediment are consistent with a more rapid rate of sulfate reduction
occurring in the sediment than the water column. The 6W S values of
hydrogen sulfide in the water cohunn approach the most negative values
measured for sulfur in the marine environment (Goldhaber and Kaplan,
1974).

CONCLUSICINS

Continuous concentration and isotope gradients exist for dissolved sulfate
in the Black Sea water column. The gradients are due to convective mixing
of marine and fresh water and isotope fractionation during in situ sulfate
reduction. Although the dissohwd sulfide constitutes ‘2Y0 at most of the
total dissolved sulfur in the water column, its 6 w S value is such as to
significantly alter the mean 534 S of the total sulfur. Variation in the 634 S
values of dissolved hydrogen sulfide in the water column may be controlled
by the rate of sulfate reduction.
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ABSTRACT

Sweeney, R. E. and Kaplan, I. R., 1980. Diagenetic sulfate reduction in marine sediments.
Mar. Chem., 9: 165–174.

The importance of interstitial pore water as a vehicle for transport of dissolved ions
between sediment at depth and the overlying ocean reservoir maybe overestimated. The
major cause of this overestimation is the assumption that the rate of ionic diffusion
through the sediment is of a similar magnitude to the rate of reaction occurring within
the sediment column. Examples are given to indicate that the above assumption may
not be correct, at least for diagenetic sulfate reduction. Closed-system modeling,
although approximate, is shown to be consistent, both qualitatively and isotonically,
with measured changes that are observed for several sedimentary environments.

INTRODUCTION

The oxidation of particulate organic matter by bacterial sulfate reduction,
is one of the dominant diagenetic reactions that occurs in recent marine
sediments. Kaplan et al. (1963) show that, in general, the amount of sulfur
added to the sediment through transport as mineral or organic debris is not
significant. Therefore, the amount of reduced sulfur present in the sediment
can be used to determine the extent of in situ reaction. The relatively large
amount of reduced sulfur (iron sulfide and elemental sulfur) measured in
surface samples has led to the conclusion (Kaplan et al., 1963; Hartman and
Nielson, 1969) ‘that rapid sulfate reduction occurs in the few centimeters of
the sediment nearest the surface. The corresponding depletion of dissolved
sulfate in this zone is almost completely eliminated by the advective mixing
of the water column. With increasing depth in the sediment, the water
becomes more stagnant and perturbation is essentially limited to that due to
burrowing organisms and compaction.

The amount of reduced sulfur contributed to the sediment by sulfate
reduction during burial is limited by the amount of sulfate in the trapped
pore water, plus the amount that diffuses into the sediment from seawater
due to a decreasing sulfate concentration gradient with  depth. Sweeney

* Publication No. 1629: Institute of Geophysics and Planetary Physics, University of
California, Los Angeles, CA 90024, U.S.A.
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(1972) attempted to quantitatively relate the decrease in dissolved sulfate in
the pore water during burial to the amount of reduced sulfur added to the
solid sediment. For this, it was necessary to separate the sulfur compounds
formed at the surface (syngenetic)  from those formed at depth in the sedi-
ment ( diagenetic). It was showri that the amount of syngenetic  suhl.w
formed in the sediment was related to the amount of organic carbon
deposited (Berner,  1970), and that the latter may vary with time. From the
analyses of several sediment cores (including data from the literature) it was
concluded that the diagenetic addition of sulfir was sufficiently masked by
the heterogeneous distribution of syngenetic sulfur to dkdlow  its
quantitative estimation by mass-balance calculations, this concept being
summarized by Goldhaber  and Kaplan (1974). It was suggested, however,
that because the isotopic composition of diagenetic sulfur was different
from syngenetic sulfur (Kaplan et al., 1963), isotopic mass-balance calcul-
ations may be used to determine the contribution of diagenetic sulfur in
given sediment sections.

The amount and isotopic composition of diagenetic  sulfur have been cal-
culated by Sweeney (1972) from the amount of dissolved sulfate remaining
in the pore water using a closed-system model.  This model assumes that the
original concentration and isotopic composition of dissolved sulfate in the
pore water is similar to that in the overlying seawater and that excess sulfate
added by ionic diffusion is-negligible. The calculated results for core profiles
from Catalina Basin, Cariaco  Trench sndfkm  Pedro Martir Basin (Gulf of
California) and sites 26 and 2’7 (cores from Deep Sea Drilling Project)
corresponded sufficiently to the measured data that it was concluded that
the addition of stifur by ionic &ffusion  to the sediment during burial was
small with respect to the amount reduced.

Continuing along the same Iine, GoMhaber  (1974) made “core-profile”
measurements of the sediment from five Gulf of California basins. For
Pescadero  Basin (core 50(3), it was observed that the reduced sulfur content
consistently increased and the organic caxbon content decreased with depth
in the sediment. It was concluded that both were the consequence of &a-
genetic sulfate reduction. Calculations determined that the amount of sulfur
added to the sediment was over five times that calculated by the closed-
system model. It seemed reasonable to suggest that this excess sulfur must
have been brought into the system by ionic diffusion of dissolved sulfate.
The effective ionic diffusion coefficient of dissolved sulfate necessary to
explain the excess sulfur in core 50G should also produce a 2—3 times excess
sulfur  in the sediment from San Pedro Martir  Basin. This excess was not
observed by Sweeney (1972).

This is the second. of a two-part discussion (see GoMhaber  and Kaplan,
1980), contrasting the closed-system interpretation of pore-water chemistry
with the diffusion-dominated open system. Sulfur  isotope data are presented
to demonstrate that a closed-system model can also be used to explain the
distribution of sulfur in marine sediments. Sample locations and experi-
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mental methods are given in Sweeney (1972) and Goldhaber  and Kaplan
(1980).

RESULTS

Sediment con taining syngenetic  sulfur

With burial and isolation of the interstitial water, the residual sulfate be-
comes relatively enriched in 34S at depth due to the preferential reduction
of 32S during production of sulfide (Kaplan et al., 1963). Therefore, as
reduction of sulfate continues after burial, the 6%3 of the sulfate remaining
increases, following a Rayleigh distillation curve (Sweeney, 1972). How-
ever, an increase in 634S of sulfide formed by in situ reduction is generally
not reflected in the pyrite-sulfur fraction of the sediment. This is due to the
fact that the amount of pyrite formed at the surface is large relative to the
amount of sulfur added after burial. In the Santa Barbara Basin (Kaplan
et al., 1963) and the Catalina Basin, the 634S of the pyrite fraction becomes
more negative with depth (Sweeney, 1972). This trend cannot be produced
by isotope fractionation occurring during burial. It appears that the 634S
values of syngenetic pyrite vary unpredictably with depth in the sediment
column. That is, the average fractionation during reduction of sulfate was
not constant with respect to time. By contrast, the 6 ‘S of reduced sulfur in
the sediment from the San Pedro Martir Basin (Gulf of California) increases
continuously with depth (Table I). This increase in 6 ‘S could either be
due to continued sulfate reduction during burial from a depleting sulfate
reservoir, or may reflect the 634S of reduced sulfur mineralized in that layer
when it was at the sediment surface.

To derive an estimate of the 6%S of the reduced sulfur incorporated near
the sediment surface, the amount and 634S of sulfide added during burial is
subtracted horn the values measured in the sediment. This is accomplished
using the following equations

i5A = (aoc~ –alcl - a2c*)/(co -c, -C2) (1)

SA =
[0.0032P/(1.024 (100 -P))]  [CO - Cl - C,] (2)

ii~ = (SM ~M  - 
SA 6A )/(sM  – SA ) (3)

where: CO = concentration sulfate in seawater (mmol  1-1 ); Cl = concen-
tration of sulfate in pore water (mmol  1-1 ); Cz = concentration of hydrogen
sulfide in pore water (mmol  1-1 ); S~ = amount of reduced sulfide added to
sediment during burial (Y.); S~ ‘ amount of reduced sulfur measured in
sediment (%); P = water content of sediment (9%); d~ = 834S value calculated
for syngenetically  formed reduced sulfur (96); 8 ~; 8 ~ ; 6 z ; 6A and 8M cor-
respond to the isotopic values of the species described above; 1.024 k the aver-
age density of pore water and 0.0032 k the conversion factor of sulfur from
molarity to mass.
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TABLE I

San Pedro Martir Basin, Gulf of C&ifornia:  (a) concentration and634S of pore-water

‘ k4
sulfate and hydrogen sulfide’ b) content and 834S  of reduced sulfur measured in the
sediment and the calculated 8 S for the syngenetically-formed reduced sulfur. A
water contenti  of 50% was used in the calculations

(a) Pore water
Depth Sulfate Hydrogen sulfide
(cm)

Concentration 8% (0/00) Concentration 834s (“/00)
(mmol 1-1) (Inmol  1-1 ) :

4 – 1 4 23.1 +28.2 0.4 - 9
15–25 19.9 +31.1 0.6 -11.7
86–95 3.9 +47.2 3.3 +17.3

118–128 2,9 +24.6 2.6 $23.2
1 9 0 - 2 0 0 0.6 +19.3 0.7 +25.3
344–354 0.6 +18.6 0.3 +23.7
501–511 1.2 0.0 —

(b) Sediment
D e p t h Measured Diagenetic  addition Calculated
(cm) syngenetic S

Sulfur (%) 634S (0/ 0 0)  Sul fur  (%) 834s  (0/””).
834s  (“/00 )

4—14 0.620 -20.6 0,017 -14 –20.7
1 5 - 2 5 0.837 -21.9 0.026 ‘ 6 ‘22.4
86-95 0.632 -15.1 0.067 +16 –18.8

118–128 0.286 -  8 . 2 0.073 +19 -17.5
1 9 0 - 2 0 0 0.564 –16.1 0.086 +20 –22.6
344–354 0.269 - 9 . 1 0.087 +20 - 2 3 . 0
501–511 0.323 - 6 . 0 0.086 i= 20* -15.4

*Estimate.

Using CO = 28.9 mmol 1-1 and 60 = +20 , the calculated 834S values of
the syngenetically  mineralized sulfur (Table  I) fall in a more narrow range
(–15.4 to -23.0°/00 ) than that measured for the sediment (-6.0 to -21.9°/00 ).
This calculated range of 834S values of the pyrite formed at the sediment
surface is consistent with values obtained from other near-shore marine
basins (Goldhaber  and Kaplan, 1974). It may be concluded, therefore, that

. .

the measured increase in 834S of reduced sulfur with depth in San Pedro
Martir  Basin results from sulfate reduction during burial of sulfur under
closed-system conditions.

Calculations for cores from the Carmen (core 38G) and Pescadero  (core
50G) Basins in the Gulf of California are shown in Table II. In general, the
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TABLE II

‘

Content and 6% of reduced sulfur in cores 38G and 50G and calculated ~ ‘S for
syngenetic pyrite. Acid volatile and pyrite sulfur are summed (data are from Goldhaber,
1974, except the ~ ‘S values in parentheses)

C o r e  D e p t h Total sedi- Calculated Core Depth Total sedi- Calculated
no. (cm) ment suIfur syngenetic no. (cm) ment sulfur syngenetic

dry  wt .  f3”S  s u l f u r drywt. 8%s sulfur
(%) (O/!O ) 6WS (0/ 0 0 ) (%) (0/,0 ) 6“S (0/,, )

50G 1 6 - 2 0 0.30 ‘23.6  ‘24.0 38G 43 -46 .5  0 .39 - 1 8 . 2  - 1 8 . 0
2 0 - 3 0 0.22 ‘23.2  ‘24.3 5 0 - 5 5 0 . 2 8  (-2 1 . 5 )  ‘ 2 2 . 0
3 0 - 4 0 0.31 ‘23.2  ‘24.3 65-–70 0.41 –17.3 -18.0
5 0 - 6 0 0.39 ‘22.7  ‘24.2 90--100 0.38 ( -14.2)  ‘23.0
7 0 - 8 0 0.54 ‘24.0  ‘25.9 110–120 0 .33 - 1 0 . 9  - 2 2 . 0
9 0 - 1 0 0  0 . 4 8 ’22.0  ‘24.2 165–170 0 .53 (-7.5)  -21.0

1 0 0 - 1 1 0  0 . 7 1 -17.0  -19.0
1 2 0 - 1 3 0  0 . 6 4 –16.1  -18.5
1 3 0 - 1 4 0  0 . 7 3 ‘15.6  ‘17.6
1 4 0 - 1 5 0  0 . 6 6 ‘14.6  –16.7
170--180 0.67 -13.8 - 1 7 . 7
190–200 0 .70 ‘13.6  ‘17.2

isotope change with depth can be accounted for by closed-system diagenetic
sulfate reduction. It should be noted, however, that because of the non-
constancy of the isotopic ratio of pyrite formed at the sediment surface,
the above calculations are not equally applicable to all sediments.

tleriiment  deficient in syngenetic  sulfur

Sediment samples have been obtained from two cores taken on Leg 4
of the Deep Sea Drilling Project in the SW. Atlantic Ocean (Presley and
Kaplan, 1970). The sample sites 26 and 27 are located east of the continental
slope of Venezuela.

The concentrations and 334S values for pore-water sulfate are shown in
Table III, along with the calculated values for the sulfate reduced during
burial at each depth. Table III also lists the measured contents and 6 %3
values calculated for diagenetic addition using eqs. 1 and 2. The calculated
and measured quantities of sulfur axe within 0.006% of eachother and the
634S values are separated by only 2 0/,, or less.

The most probable causes of error in the calculation of534S for reduced
sulfur in the sediment are the measurements of the concentration of pore-
water sulfate and the assumed concentration of sulfate in seawater. In
Table 111, the range in the calculated 634S values are shown, assuming the
measured value of pore-water sulfate concentration to be accurate to within
iI rnrnol 1-1. Only the measurement of 634S for sample 26/100 (+2.0  0/00  )

falls outside of the corresponding calculated range (–1.2 to +1.3 O/.O ).
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TABLE III

List of the contents and ~ ‘S values of sulfur (measured and calculated) for sediment
cores, sites 26.and 27, Deep  Sea Drilling project (Presley and  Kaplan, 1970)

(a) pore water
Site/ Measured sulfate Calculated sulfate reduced Water
depih content (%)
(m) Cone. (mmol 1-1) 6%3 (0/00) Cone. (mmoi 1-1) 8% (,0/00)

26/100 13.3 +43.4 15.6 +0.0 32
478 5.3 +43.0 23.6 +14.g 26
27/237 12.1 ? +40. 9 16.8 + 4.9 31
249 11.7 “. +’44.7 17.2 + 3.1 28

(b) Sediment
Site/ Measured reduced sulfur Calculated diagenetic addition Rangea

depth
(m) Sulfur (%) 8“S (“/0 0) Sulfur (%) a ‘s (O/., )

2 6 / 1 0 0  0 . 0 2 0 +2.() 0.023 +0.0 ‘1.2–1.3
478 0.025 +13.4 0.026 +14.8 +13e4-i=~5.0
27/237 0.015 +3.8 0.023 +4. 9 +3.5--+  5.8
249 0.015 +3. 7 0.021 +3.1 +1.9-+ 4.1

aPrecision  of calculation i values for the concentration of sulfate in pore water equals
+1 rnmol  1-1 from the measured value.

Mass balance of sulfur isotopes in size fractions of sediment

The first iron sulfide phase formed from soiution  is not pyrite, but meta-
stable iron sulfide (amorphous mackinawite,  FeSO. ~, or greigite, Fe3 S4 ).
Since the crystal structures of these phases are different from pyrite, over-
growth of pre-existing pyrite grains may not occur during early diagenesis
(Sweeney and Kaplan, 1973).  DiageneticaHy-formed  iron sulfides may
initially be concentrated in the finest size fraction of the sediment.

Sweeney (1972) has shown that only minor differences (l–2 0/,, ) exist
for the 8 ‘S values of pyrite in the various size fractions of surface sediment
or sediment sections from cores where sulfate depletion does not occur.
Where sulfate reduction haa occurred during burial, the< 44P fraction of the
sediment has a consistently more positive 834S value. If the more positive
634S va3ues for sulfide in the < 44& fraction are due to diagenetic addition
of isotonically heavy sulfur, then the 834S value of the syngenetic c ompon-
ent can be calculated as previously. Table IV-lists the calculated 834S values
for pyrite formed at the sediment surface (< 44P) for a set of samples taken
from a core in the Santa Catalina Basin. Before correction, the mean differ-
ence between the < 44P fraction and the average > 44#  fraction is +6.4 ‘1OO.
After correction, the difference is only -0.7 0/,,.
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TABLE IV

Santa Catalina Basin: the 63S values of pyrite sulfur in the fiie and coarse size fractions
of the sediment. Also shown is the calculated 6 w S of the sulfur in the fine size fraction
of the sediment after the effect of diagenetic sulfate reduction is eliminated (data from
Sweeney, 1972)

Depth 6 ‘S of pyrite sulfur in sediment (0/00 )
(cm)

Average Measured Calculated sediment surface
> 44/l < 44/l < 44P

160-167 -44.5 ‘35.6 -45.1
248–256 -42.5 -35.4 -41.9
314–322 -42.1 –38. 5 ‘42.6
356–361 -40.9 ‘35.6 -43.3
415–423 -42.5 ‘35.2 -43.3

Similar measurements were made for a sediment sample from the Cariaco
Trench (JOIDES, Leg 15, EIole 147 b), where, at the sediment depth analyzed,
no sulfate remained in the interstitial water (Sayles et al., 1973). The mea-
sured 634S values of pyrite from different size fractions (104, 104—74,
74–44 and < 44P) of samples 2-6 (54-64) are shown in Table V. The 6%S  value

TABLE V

6 ‘S of pyrite in different size fractions of Cariaco  Trench sediment samples  2-6 (54–64),
and  the calculated ~ ‘S value of surface-formed pyrite in <44# fraction

104 p 104–74 p 74–44 p <44P measured <441.i calculated
(surface)

s(%) #’?3(”/oo  ) s(O/”” ) a“s(”/oo  ) s(~) 834s(”/ 00 )s(%) 8%S(”/00  ) a“(O/oo  )

0.34 - 3 0 . 0 0.43 -30.0 0.17 ‘31.2 0.78 ‘26.9 ‘32.7

of the < 44LJ fraction is over 30/0 o more positive than the others. Calculations
of the initial 834 S value of this fraction, assuming complete reduction of
sulfate from the interstitial water and 5070 water content in the sediment,
yields a ~ 34S value of -32.70/,,,  which is more consistent with the834S values
(-30.0°/00 and -31.20/.. ) for the larger size fractions.

DISCUSSION

. Sulfate migration by ionic diffusion during burial does not seem to bean
important factor in controlling the isotopic or chemical mass balance of
sulfur species in sediment from JOIDES sites 26 and 27, where both sedi-
mentation and rate of sulfate reduction during burial are relatively slow.



172

Marine basins located on the continental shelf, where the rate of sediment- \
ation  is greater, have a large amount of syngenetic  pyrite present in the
sediment. Direct sulfur measurements cannot be used to detmmine  the dia-
genetic sulfatemlfide  mass balance. A method was employed here to cal-
culate the isotopic composition of the syngenetically-formed  iron sulfide by
correcting for the change in the 34 S/32S ratio due to closed-system diagenetic
sulfate reduction. The calculated 634S values of initially-formed sulfur in
these organic-rich sediments appear to be internally consistent. It can be
argued that excess sulfur addition to the sediment by sulfate diffusion is
quantitatively small, and does not produce a large discrepancy between the
measured and calculated results.

Theoretical calculations can be made concerning the flux of sulfate into
the sediment. However, it is necessary to know the rate of reduction during
burial and the effective ion diffusion coefficient. Sholkovitz  (1973) has
compared the sedimentation rate in the Santa Barbara Basin (0.4 cm y-l )
and vertical water displacement by compaction with suggested ionic diffusion
coefficients. Based on concentration gradients of Mg2  + and dissolved silica,
he concludes that the rate of deposition is sufficiently rapid that the sedi-
ment is closed with respect to sulfate addition. Other calculations, (Berner,
1964; .Jorgensen,  1979; Goldhaber  and Kaplan, 1980), suggest that ionic I
diffusion into sediments is of relatively’ great importance. Although the
extent of sulfate diffusion cannot be precisely estimated by the methods
employed here, its @fluence  on the isotopic ratio of the pyrite formed in
the sediment is apparently not large (probably within the range *20/,,). ,0

The corresponding decrease in organic carbon and increase in reduced
sulfur content with depth in Pescadero Basin sediment (core 50G) has been “
used by Goldhaber  and Kaplan (1980) to estimate the effective ion-
diffusion coefficient of dissolved sulfate in marine sediments, assuming
constant sedimentation conditions. If non-steady-state incorporation of
reduced sulfur and organic carbon occurs during deposition, the derived
values would be in error. For example, Fig. 1 is a plot of (a) reduced sulfur
and (b) organic carbon content versus depth for core 50G and core 7G
(from the adjacent Farallon  Basin). The depth scale for core 7G is twice that
of core 50G to more closely represent equivalent time rec orals (the sedi-
mentation rate in the former is about 100 cm/1000 y and the latter,
45 cm/1000 y; van Andel,  1964). In core 7G, sulfate depletion does not
occur above 3 meters’ depth. Corresponding changes ti both sulfur and
organic carbon are observed for both cores. The chronological coincidence
of these changes is suggestive of a sedimentation control, evidenced by an
increase of reduced sulfur in the absence of sulfate depletion from the sedi-

.

ment core 7G.
It is believed that non-steady-state deposition of organic carbon is largely

controlled by changing climatic conditions in recent geologic history.
Stevenson and Cheng (1972) have shown that, for the Argentine Basin, the
distribution of organic carbon and nitrogen in the sediment fluctuates with
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Fig.1.  Plot of (a) the organic carbon and (b) the sulfur contents vs. depth in sediment
for core 50G (Pescadero Basin; points indicated by ● ) and core 7G (Farallon Basin;
points indicated by A).

depth and corresponds to glacial and interglacial stages. Diagenetic
reactions in shallow reducing basins me probably not a major control on
organic carbon distribution in marine sediment:. The degree to which dia-
genetic sulfur is added to marine sediments is determined by the degree of
sulfate depletion in the pore water.

There is no conflict with theoretical diffusion arguments which incor-
porate small effective ionic diffusion coefficients for sediments. Goldhaber
and Kaplan (1980) have shown that the importance of diffusion is greatest
in “rapidly-accumulating, near-shore, organic-rich environments”. However,
in these environments, the relative impotiance  of syngenetically-produced
sulfide also seems to mask the effect of diagenetic  addition. We believe these
arguments create a dilemma for determining the precise mechanism for the
addition of excess sulfur in an unlithified sediment column.
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ABSTRACT

Domestic and industrial sewage is discharged at a depth of 60 m near Whites  Point on
the San Pedro Shelf, Southern Call~ornia borderland. A density-stratljied
thermoeline,  above the outfall at a depth of 20 to 30 m, is thought to prevent most
efluent  particles from reaching shallower depths and recreational facilities. in this
inves~igation,  measurement of the natural abundance of nitrogen isotopes (1  5 IV/141V)
is used to determine the level of sewage contribution to$occulent  suspended material
persisting al water depths oj’7,  13 and.?O  m. Organic nitrogen at 20 m depth was shown
to be predominantly of sewage origin and at 7 m, predominantly of marine origin.
Organic nitrogen at 13 m depth and within 3 km of the owja!lp~es ispredominantiy
sewage in origin.

S~able isotope composition ofsulphur  (32 S/34S) in the$occulent  ma~erial indica~es
that the efluen  t particles contain metabolic su[phur,  incorporated from dissolved
seawater, as well as bacterially produced mineral sulphide.

INTRODUCTION

Submarine discharge of sewage and waste water is conducted by the Los Angeles
County Sanitation District (LACSD)  at Whites Point, on the shelf near San Pedro,
California. The effluent is dispersed in a general northwesterly direction by the
prevalent bottom current. However, the thermocline  is often disrupted and sewage is
turbulently transported to the surface. The contents of volatile solids (SCCWRP,
1973), organic carbon (Myers, 1974) and nitrogen (Sweeney et al., 1980) have been

* Contribution No. 1895 of the Institute of Geophysics and Planetary Physics, University of California at
Los Angeles.
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used to trace sewage dispersal below the thermocline.  This is possible because
sewage particndates  are high in organic matter (-60%) relative to the normal
marine detritus (-2 %). Quantitative estimates of the amount of sewage contributed
to the sediment have varied, due to the difficulty in determining the amount of
sewage organic matter biologically degraded during sedimentation (Hendricks &
Young, 197’4; Morel el ai., 1975; Sweeney el al., 1980). Stable isotope ratio -

measurements of carbon (Myers, 1974) and nitrogen (Sweeney er al., 1980) have
been shown to be sensitive indicators of the amount of sewage-derived organic
matter incorporated into bottom sediments.

The LACSD has recently been concerned by the presence of flocculent material on
the shallow rocky points of the area. This material, if sewage in origin,  could have a
detrimental etiect on the growth of brown algae or filter-feeding benthic fauna.
Sixteen samples of flocculent materiaI have been collected across the shelf for
15N/1 4N measurement. Analyses of the contents of calcium carbonate, organic
carbon, nitrogen and sulphur  and

34S/32S ratio were made for comparison. The
flocculent material was collected immediately above the ocean bottom by Scuba -

divers from LACSD using ‘slurp guns’. Data presented (Sweeney e[ al., 1980) for
surface sediment at 30, 60, 160 and 300 m depths are incIuded  for reference.

EXPERIMENTAL

Organic carbon and calcium carbonate were analysed  by LECO combustion.
Nitrogen, as ammonia, was released by closed tube combustion of organic matter
with sulphuric  acid followed b y distillation into acid solution (Bremner & Edwards,
1965). The quantity of nitrogen was subsequently determined volumetrically after
reaction with sodium hypobromide  by vacuum line techniques (Cline & Kaplan,
1975). Sulphur  compounds were oxidised to sulphate by Parr bomb combustion
(Tecfinical  Manual  No. 130, Anon., 1964) and the quantity measured gravimetri-
cally after precipitation as barium sulphate. Gaseous S02 was obtained for isotope
analysis by high temperature direct combustion of barium sulphate  (Bailey&Smith,
1972). The precision of the quantitative measurements was 0“005  % and 0.01 % for
nitrogen and sulphur, respectively.

Sulphur  and nitrogen ratios were determined usingaNuclide6“-600 RMS mass
spectrometer. The ratios are presented in the normally accepted’8  notation relative
to Caiion Diablo meteoritic sulphur  and atmospheric nitrogen standards with
precision of 0“ 1 %0 and 0’2%., respectively.

d
[

R – R,,andardsample
=

R 1
– 1 x 1000

standard

where R = 34s/32s  for S.ulphur and  15N/14N  for nitrogen.
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TABLE 1
LOCATION, DEPTH AND COLLECTION DATE OF FLOCCULENT MATE3UAL

Sample Location Depth (m) Dale

F1
F2
F3
F4
F5
F6
F7
F8
F9
F1O
F11
F12
F13
F14
F15
F16
F17
F18

Pales Verdes Pt
Long Pt
Bunker Pt
Pales Verdes Pt
Royal Palms Pt
Bunker Pt
Long Point
Abalone Cove
Royal Palms Pt
Bunker Pt
Pales Verdes Pt
Abalone Cove
Pipe
Royal Palms Pt
Pales Verdes Pt
Long Point
Catalina Harbour
Catalina Harbour

7
13
20
20
20
13
20

7
13

7
7

3:
7

13
7

20
13

6{4}76
6/16/76
6/14/76
6/17/76
6/1 6/76
6/16{76
10/8/76
10/8/76
6/17/76

9/1/76
1 {26/76
9/1/76

11/1/76
11/1/76
11/1/76
10/8/76
6/9/76
6/9/76

TABLE 2
CONTENT OF CacO,,  ORGANIC CARBON, NITROGSN  AND SULPHUR;  61 ‘N, 63% AND C/N RAYTO FOR

FLOCCULENT MATSRIAL

Sample CaCO, Organic Nitrogen Sulphur b15N ~34s C/N
(%) carbon (%) (%) (%J (%J (w)

(%)

FI 48 1.86 0.24 0.19 +7.4 +11’3 78
F2 33 2.50 0.29 0.29
F3

+ 6-4 + 10”0 8.6
19 2-78 0.25 025 + 4.6 -2.2 11.2

F4 33 3.78 0.36 0.34 +5.6
F5 23

+ 3-3 10.4
3.22 030 0.31 + 4.6 –3.1 10.9

F6 21 2.35 0.20 0-17
F7

+ 5.8 +0.2
28

11.1
162 0.17 0.23 +5.3 + 3.8

24
9.3

240 0.27 0.37
!;

+ 6.6 + 4.9 9. I
22 373 0.35 0.50 + 5.2 -11

F1O
11.0

44 1.42 0.20 0.29 + 6.6 +5.2 7.1
Fll 46 3.58 0.42 0.33 + 7.0
F12

+ 10.7 8.6
37 1.70 0.20 0.37 +6.7

F13
+2.3 8.5

5.22 0.41 0.68 +3.0
F14 $$

-12.9 12.7
0.79 0.15 0.36 +7.3 + 7.4 5.3

F15 3.15 0.42 0.23 + 6.6
;

+ 10.6 7.4
F16 1.52 0.18 0.22 + 7.4 +5.1 8.2
F17 47 1.47 0.26 0.10 + 8.2
F18

+8.8 5.7
41 1.56 0.19 — + 7.6 8.2

Effluent 3* 31$5t 2.36~ 1 m? + ~.5.f –—o.lt 13.3t

● Myers (1974).
f Sweeney et af. (1980).
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RESULTS AND DISCUSSION

The collection sites, depths and dates of collection for flocculent material are given
in Table 1. The measurements of calcium carbonate, organic carbon, nitrogen and
sulphur contents are listed in Table 2, along with t$l ‘N, 634S and C/N weight ratio.
The locations of the flocculent sampling sites and the LACS?? sediment sampling
grid are shown in Fig. 1. Samples F-17 and F-18 were taken at control stations in
Catalina Harbour and are not shown. These samples are considered to represent the
normal marine detritus of the area.

Figure 2 shows a schematic distribution of (A) 61 ‘N (%.) and(B) nitrogen content
(%) for sediment and flocculent material on the San Pedro Shelf. Shown enclosed
are Iocatlons where & 5N E +6%0 and N( ~0) > 0“200. These values are chosen
to indicate the presence of sewage-derived organic matter based on a mixing
relationship between sewage-derived nitrogen (ii 1 ‘N - 2.5%.; N - 2x) and marine
nitrogen (61 5N x 10%.; N - OS 1 %). Of the 44 sampling sites occupied, 29
sediments analysed  can be considered sewagedominated by criterion (A) and 21 by
criterion (B). Twenty of the sites enclosed in Fig. 2 are common for both parameters.
For the flocculent material analysed,  7 of the 16 collected samples can be identified
as sewage-dominated by criterion (A) and ten by criterion (B). All the flocculent
material with & 5N values falling in the sewage-dominated range overlie sediment
with similar 61 ‘N values. Five of the sites with high nitrogen contents. are not
adjacent to the other sites shown enclosed in Fig. 2. The consistency in the spatial
distribution of Jl 5N of sediment and flocculent material enforces the supposition
that a leak of sewage particles to the shallow water environment occurs.

,. Table 3 gives a list of the calculated quantities of marine and sewage nitrogen for
each flocculent sample measured. The basis of the calculation is that the 61 ‘N value
of the sample is determined by the proportion of sewage ( + 2“ 5%.) and marine
nitrogen ( + 10%.) present. For calculation, the 61 ‘N of the marine component was
considered to be + 10xo, as it is the maximum value measured in the sediment. The
d’5N values of the nitrogen in the Catalina control stations are -i- 7.6 and + 8.2%.. If
fs5NM = + IOXO is used, then the marine nitrogen fractions (Fm) calculated for the
control stations are 0.68 and 0.76, suggesting that Catalina Harbour  is either slightly
polluted or had some other terrigenous input at the time of collection. Seven of the
sixteen flocculent samples from the San Pedro Shelf have calculated sewage
contributions of greater than 50 z of the organic nitrogen (F~ z 0.50, Table 3).

The C/N. ratio of marine organic matter and sewage efluent
Figures 3(A) and (B) are plots of i?l ‘N versus the calcium carbonate and

carbon/nitrogen. weight ratio, respectively. A linear distribution of data points exists
for both plots. The least-square best-fit lines are:

CaCOq(z)  = 7.4 d15N – 13.3,  r = –0.92

C/N = 16.9 – 1.3 d15N,  r = –0.91
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Transect /Water depth ( metres  )
o

1 (Polos  Verdes Ptl

2
3 (l&g  Pt)
4 (Abalone Cove)

5 (Bunker Pt )
6
7

8 [Royol  Polms Pt )

9
10

1 (Pales Verdes Pt )
z

3 (Long Pt )
4 (Abalone Cove)

5 (Bunker P! )
6

7

8 (Royal Polms P! )

9
to-

[Al
S15 N (%.)

Surface 5 cm Sedtment II Flocculent material

+7.0

+7. 4

t6.6
+6.6
+6.7

+7. 3

3.187 0 . 1 2 0 0.105 0, 125

Fig. 2. schematic distribution of # ‘N values~/&J  and nitrogen content ( %) in sediment and flocculent
material on the San Pedro shelf. Enclosed values represent material containing recognizable sewage

input.

At each extremity of the distributions are the Catalina control stations and the
sewage effluent. By extrapolation the calcium carbonate content and the C/N ratio
of the marine debris are calculated to be 61 % and 5, respectively.

Since proteins, the main nitrogen compounds of living organisms, have a C/N
ratio of about 3, animals which are rich in protein show low C/N ratios (Mtiller,
1977). The average C/N ratio of phytoplankton  is considered to be 5“9, of
zooplankton, 6“3 and of benthic animals and bacteria 4 to 5 (Bordovskiy,  1965).
Particulate organic matter above the thermocline  in the open ocean aiso has C/N
ratios in this range (Helm-Hansen, 1969; Gordon, 1971). Deeper in the ocean, the
C/N ratio of the particulate organic matter increases to 10 or greater (Muller, 1977).
It is now generally accepted that the change of the C/N ratio with depth in the ocean
is caused by proteins being utilised more readily than carbohydrates during
degradation of organic matter (Gordon, 1971]. Thus, C/N ratio of organic matter in
marine sediment is between 8 and 12 (Trask,  1932; Rittenberg el al., 1955;
Bordovskiy, 1965). The C/N ratio for the 44 surface sediment samples across the San
Pedro Shelf was found to be in the range 116 to 29”7 (Sweeney et cL, 1980).



TABLE 3
CALCULATED MARINE AND EFFLUENT CONTRIBUTIONS OF NITROGEN TO FLOCCULENT MATERIAL AT EACH

STATION USING 615 NMW,C EQUAL TO •1- IOYW

Sample 6’5N~\m) fm” %N.b %N,c

+ 7.4 0.65 0.16 0.08
;; + 6.4 0.52 0.15 0.14
F3 +4.6 0.28 007 0.18
F4 +5.6 0.41 0.15 0.21
F5 +4.6 0.28 0.08 0-21
F6 +5”8 044 0.09 0-12
F7 + 5.3 0.37 0.07 0.11
F8 +6”6 0.54 0.14 0.13
F9 + 5.2 0.41 0.14 0-21
F1O +6.6 0.55 0.11 0.09
Fll + 7.0 0.60 025 0.17
F12 + 6“7 0.56 0.11 0.09
F13 +3”0 0.07 003 0-38
F14 +7.3 0+4 0.10 005
F15 + 6.6 0.55 0.23 0.19
F16 + 7.4 0.65 0.12 0.06
F17 +8.2 0.76 0.20 0.06
F18 + 7.6 0.68 0.13 0.06

m F = fraction nitrogen from marine source (6’ ‘N - 2.5)/(10 - 2“5).* ~~N~ = rn~ne component (‘. - ~.~.

c %N - ZN. = eiiluent  component ( %N - zN~.

60~

o~
+2 +9

.$3i5N (%J
Fig. 3. Plot of # ‘N(~&J versus calcium carbonate content (%) and CiN weight ratio for flocculent

material. . San Pedro  Shelf samples. @I Catrdina Harbour control station. H Sewage efiluent.
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The low C/N ratio extrapolated for the marine organic matter present in the
flocculent samples is indicative of high protein content. The C/N ratio extrapolated
for the sewage component of the flocculent material (Fig. 3(B)) is similar to that of
the discharged effluent, or about 13. The protein content of the eflluent  is apparently
low and even after 30x degradation has occurred during sedimentation (Myers,
1974), the C/N ratio is little  altered. This indicates that the C/N ratio of effluent is
alone not a useful parameter for estimating bacteria] degradation of sewage after
discharge into the ocean.

Significance of suiphur isotope composition of$occuient materiai
Figure 4 is a plot of J1 ‘N versus 634S for the ff occulent  samples. A direct positive

correlation exists. Values for the Catalina control station lie at one extreme of the
distribution shown in Fig. 3, whereas sewage effluent falls outside the mixing
relationship. Also piotted  in Fig. 4 are the values  of N 5N and C534S  for surface
sediment from stations along transect 7. At stations 7B and %2, near the discharge
pipe, the 615N value of surface sediment shows high sewage contamination. The
value of 634S for these samples is about - 10%0 and is considered to represent
addition of equaI amounts of sewage sulphur  (O%.) and biogenic  sulphur  ( - 20%.)
produced by sulphate-reducing bacteria metabolizing sewage material deposited in
the sediment (Sweeney et al., 1980). The sulphur  in sediments less contaminated by
sewage, i.e. 7A and 7D, becomes progressively more enriched in the marine bacterial
component, as indicated by the arrow in Fig. 4.

*% f
1

/@
+8 - /

/
4.9

+7 -
/ 8

/
*/

● #’
+6 - /

/“ #
/

+5 -

+4 -

+3 - / 0

+2 .
-20 -lo 0 +10

.334s (%0)

Fig. 4. Plot of & 5N(jjO)  for flocculent material near the discharge pipes. @ San Pedro shelf flocculent
rnateriaL @Catalina HarbourcontroI  station. H Sewage effluent. A Sediment samples along transect 7.



TRACING FLOCCULENT SEWAGE TRANSPORT ON SAN PEDRO SHELF 223

The marine end-member sulphur,  in the flocculent material, extrapolated from
Fig. 4, has a d34S value of > 10%.. This value is different from the bacterial marine
sulphide component for the sediments. Sulphide produced from bacterial reduction
of seawater sulphate  is not the source of the sulphur  for this end-member, but rather
seawater sulphate assimilation is the process involved in protein synthesis—a
process accompanied by little isotopic fractionation. Seawater st,tlphate  has a d34S
of about + 19.5%0 and measurements of 634S for various marine organisms are very
close to this value (Kaplan e~ ai., 1963). The sulphur content of the marine
component can be calculated by a similar method employed for determining the
nitrogen contents shown in Table 3. The average S/N ratio for the marine
component is about 1. The high amounts of nitrogen and sulphur  in marine organic
matter and the very positive d34S values of the sulphur  demonstrate the
proteinaceous  nature of this material.

The extrapolated d34S value of the effluent sulphur  end-member in the flocculent
material is about 10%0 more negative than the particulate sulphur  discharged
( - O%.) onto the shelf. Four of the samples have 634S values which are negative
(–1”1; –2”2; –3”1; – 12“9%.). These samples ‘must contain bacterially-produced
mineral sulphide.  This sulphide  could have been incorporated during the sample
collection, by including some bottom sediment material, or cottid  have been
produced by bacterial sulphate  reduction during storage. However, if neither of the
above contaminations occurred, then the 634S value of the effluent sulphur  end-
member indicates that the particulate effluent material must have been exposed to a
reducing marine environment before collection. Sedimentation of the particulate
near the discharge pipe (see 7B; 7C in Fig. 4), followed by resuspension and
transportation above the thermocline,  would fulfill this requirement. This matter
needs further study before it is resolved.

SUMMARY

Sewage particles discharged at 60 m depth, below a stratitied thermocline  on the San
Pedro Shelf, may eventually be transported to shallower depths. The amount of
sewage nitrogen present in flocculent material collected at various depths and
localities is both a function of depth and of distance from the outfall pipes. For
about two-fifths of the flocculent samples collected, the nitrogen was predominantly
from a sewage source. The C/N ratio of the effluent is about 13 and that for marine
debris, about 5. Therefore, for equivalent locations, the sewage contribution for
organic carbon will be about three times greater than for nitrogen.

The marine component of the flocculent material has an apparent high protein
content. The C/N ratio is similar to those of living organisms and surface water
particulate organic matter in the open ocean. The S/N ratio of particulate marine
organic matter is about 1 and the d34S value of the sulphur,  - + 15%..
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The presence of some bacterially-produced sulphur in the sewage component of
the flocculent material is indicated by the negative values of. t534S  for some of the
samples. One possible interpretation is that the sewage particles are first deposited in
the sediments near the discharge pipe and subsequently resuspended before
transport above the thermocline.
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ABSTRACT

A degradation-mixing mode{ has been developed to aid in the interpretation of
geochemical  processes occurring in sewage-contaminated marine sediment near San
Pedro, Cal~ornia.  The nitrogen isotope ratio ( 1s N/’ 4N)  is shown to bean effective

tracer of sewage discharge on the San Pedro She~. Isotopicjractionation  of 15 N/ 14N
during release of amino compounds or ammonia (as a consequence of bacterial
degradation of organic detritus) appears to be negligible. The ni~rogen isolope razio,
therefore, may be considered a conservative componem  for tracing the source of
organic matter deposited in marine sediment.

Uranium enrichment from seawater is shown not to occur in the highly reducing
sewage-contaminated sediments. The conteni  of uranium in the efluent part iczdates
(18ppm)  is large compared with the content in the uncontaminated sediment (3 to
5ppm).  This allows the content of uranium to also be used as a ~ooi for tracing the
deposition of sewage particles in marine sediment. Uranium and nitrogen are shown
to be incorporated in the organic fraction of sewage ej%ent and are released during
bacterial degradation of the organic matter. Cadmium and sulphur are shown not to
be mobilised during sewage deposition and degradation. The stable isotope ratio of
sulphur (34S {32S) is used to demons  tra~e that sulphur enrichment occurs in the
sediment by in situ reduction of seawater  sulphate. The data summarised by Morel
et al. (1975) are presented and discussed in accordance with the above model.

*Contribution No. 1628 of the 1 nstitute of Geophysics and Planetary Physics, Universit  y of California at
Los Angeles.
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INTRODUCTION

Submarine discharge of sewage and wastewater is conducted by the Los Angeles
County Sanitation District near Whites Point, on the shelf near San Pedro,
California. This sewage outfall has been held responsible for the general
deterioration of the scenic Pales Verdes coast because of the daily discharge of
three-hundred-and-fifty (350) million gallons of primary treated effluent per day
(SCCWRP, 1973). The outfall is located at a depth of 60m and below a density
stratified thermocline and the effluent is dispersed in a general northwest direction
by the prevalent bottom current. However, the thermocline  is often disrupted and
the sewage boiis  to the surface.

The area has been studied to determine the dispersion of particulate sewage
material and its effect on the marine environment (SCCWRP, 1973). Investigations
of trace element mobilisation (Galloway, 1972; Hendricks &Young, 1974) and the
fate of sewage organic matter (Myers, 1974) have also been conducted in the area. A
grid of collection stations has been established by the Los Angeles County
Sanitation District to monitor sewage dispersal across the shelf. Station locations
and the distribution of organic carbon in the sediment are shown in Fig. 1.

The first objective of this study was to test whether the measurement of nitrogen
isotope ratios (15N/14N) can be used to determine the presence of effluent organic
matter in the shelf sediment. The isotopic ratio of nitrogen in the sediments depends
on the relative contribution of el-lluent  and normal marine nitrogen. The isotope
ratio of the effluent material can be measured direct] y on materiaI  collected from the
digestor. The isotopic ratio of nitrogen in normal marine debris, composed of
organic matter either synthesised in the euphotic  zone of the ocean or brought in by
river runoff, can be measured in relatively uncontaminated sediment more distant
from the discharge site. It has already been shown that #5N of nitrogen in marine
sediments can be used to trace terrestrial] y formed nitrogen in the marine
environment (Sweeney et al., 1978; Peters et al., 1978).

The second objective of this study is to construct a model which can be used to
determine the mobilisation of elements as a consequence of sedimentation and
bacterial decay. Conflicting conclusions have been reached concerning the fate of
trace elements in sewage discharged into the marine environment. Hendricks &
Young (1974) interpreted the relatively Iow metal  concentrations in the sediments
adjacent to outfall pipes to indicate that trace elements are ‘mobilised’ during the
deposition of sewage material. Morel et ai. (1975) suggest that Zn, Hg, Cu, Cd and
Pb are present in the sewage as very insoluble sulphides and are not mobilised in the
vicinity of the outfall. Both interpretations were reached using the same sediment
trace element data ~easured  by Galloway (1972).

The different interpretations for thegeocbemical  processes controlling the trace
element distribution in sewage-contaminated sediments stem from the fact that the
degree of dilution of sewage particuIates  by normal marine sediment, impoverished
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in trace elements, is dficu]t to determine. Myers (I 974) shows that the maximum
organic content in shelf sediment adjacent to the outfall (13%) is less than half that
of the particulate etlluent  (34%). If little sewage material is decomposed prior to
settling on the sediment surface, then the sewage particles in the sediment must be
diluted by marine detritus containing low organic carbon. This situation, as
discussed by Morel  et a). (1975), would explain the distribution of most trace
elements in the sediment. Hendricks & Young (-1974) calculated that the sediment
depositing near the outfail  is almost completely sewage derived. To obtain the low
(13 %) organic carbon content measured in the sediment, they suggest that over 50 %
of the organic matter in the sewage must have been decomposed prior to burial.

In this study, the measured correlations between organic carbon, sulphur,
nitrogen and uranium for the San Pedro Shelf sediment are used to construct a
model which demonstrates the relationship between these elements as a function of
bacterial degradation of sewage and the addition of marine debris. This model is
used to explain the distribution of metals in the San Pedro Shelf sediment measured
by Galloway (1972) and the Cd-organic matter correlation shown by Mitchell 8L .
Schafer (1975)  to exist in the nearby Santa Monica Bay sediment (produced by
eflluent  discharge from the Hyperion Sewage Treatment Plant).

METHODS

Surface sediment samples” were collected by a Sbipek  grab sampler from the
collection stations shown in Fig. 1. All sediment samples were freeze-dried and
sieved at 264p before analysis. Uranium was analysed  by counting delayed neutrons
using the UCLA nuclear reactor (Kalil,  1976). Organic carbon and stdphur contents
were determined by separate combustion in a LECO induction furnace and
subsequent analysis of the produced gas. The amount of carbon dioxide found by
combustion was measured by absorption in KOH. The amount of sulphur dioxide
formed was measured by titration with K103 in a starch–KI  solution. Total nitrogen
extraction was accomplished by digestion with sulphuric  acid at 400 ‘C in evacuated,
sealed tubes. After heating, the tubes were opened and the ammonium was distilled
into acid by the addition of sodium hydroxide following the method of Bremner  &
Edwards (1965). The concentrated ammonium sulphate solution was then reacted
with sodium hypobromide  in a vacuum line  to reIease  nitrogen which was measured
volumetrically y by the method described by Cline & Kaplan (1975).

The isotope ratios were determined on a Nuclide 6“-600 Dual-Collector Mass
Spectrometer relative to a standard gas. The results are presented in the commonly
used’ 8 notation with air-nitrogen and Caiion Diablo meteorite sulphur  used as
standards.

The precision of the isotope ratio measurements of nitrogen is ~0.2%0 and of
carbon and sulphur, + 0“ 1 %.. The precision for the quantitative measurements of
nitrogen is f 0-002%; organic carbon, A 0“01 % and uranium, t 0“01 ppm.
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RESULm

Nitrogen isotope distribution
An equation relating the content and isotopic composition of nitrogen for the

mixing of effluent material into marine sediment can be developed by combining
eqns (1) and (2):

N*= XNX+ (~ –X)NY (1)

d,N~  = 6XXNX + Jy(l – X)NY (2)

arriving at:

NT =

where: NXdX = content and

NXN,(C?X  – (?,)
N=(JX – 6T) + IVY(C5T  – (?,)

(3)

isotopic ratio of nitrogen in refractory effluent;
NY6Y = content and isotopic ratio of nitrogen in normal marine sediment
and N~b~ = content and isotopic ratio of nitrogen measured in the sediment.

TABLE 1
CGNTSNT  OF ORGANIC CAR330N, NITROGEN, SULP3iUR AND URANIUM IN EF3%UENT  PARTICULATE FROM THE
WH3TSS  POINT DIGESTOR. j 15 N AND J34S  FOR NITROGEN AND SULPHUR IN THE PART3CULATES  AND FOR THE

DISSOLVED AMMONIA-NITROGSN  AND HYDROGEN SULPH3D%SULPH3JR  IN THE SEDIMSNT  FORE WATER AT
STATION ?C

Efluem  partiadaies

Organic carbon Nitrogen Sulphur Uranium &15N 33.4s

(%) ( % ) ( % ) (ppm) (%0) (%)

30.8 2.33 1-0 18.6 +3.0 -0.1
31.7 238 1.3 —
31.8

+ 2.0 -0.2
2.37 12 — + 2.4 0.0

31.7 2.36 1.3 — +2.5 +0.1

Pore waler, Station 7C

Depth 615N 63’s
(cm) (%0) (%0)

o-5 +2.6 -20.2
5-1o +3.1 —

10-15 +3.0 —

Tables 1 and 2 list the contents and isotopic ratio of nitrogen in the sewage
effluent and in surface sediment samples, respectively. The mean iil 5N value of
effluent nitrogen is +2.5%0 and the most positive J 15N value measured in the
sediment is + 10“6jj0.  The content of nitrogen in the effluent is 2“36 x and the
minimum content in the sediment, 0“062 7.. F@ure 2 is a plot of d 15N versus the
nitrogen content for the surface samples listed in Table 2. The curve shown is
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TABLE 2
CONTENIS OF ORGANIC CARBON, NITROOEN,  URANIUM AND ($1  ‘N FOR SURFACE SAMPLES COLLECTED ACRCXSS

THE SAN PEDRO SHSLF. SAMPLES COLLECTED IN 1972

Surface
sample %Corg. %N U (ppm) 615N  C&J

OA1
OB1
O(X
ODI
lAI
lB1
lC1
lD1

2cl
2DI
3A1
3BI
3C1
3D1
4Ai
4A2
4B1

4C1
4D2
4D3

. . 4D4
5A I
5B 1
5C1
5D 1
6A1
6$1
6C1
6C2
6C3
6C4
6DI
7A]
7B1
7C1
ml
8A1
8BI
8CI
8C2
8C3
8C4
8D1

2.64
2.43
1.58
1.01
1.97
1.66
4@4
0.90
1.79
3.03
5“44
1.29
1.67
2+56
5.62
1.52
1.71
1.84
5.67
7.34
1.71
219
2.50
1.81
7.57
7.89
2.71
328
7.89
8.53
9.89
8.21
7.80
2.11
2.85
8.70
8-76
2.08
1.38
7.81
8.84

H!
9.93
2.66

0.167
0.187
0.106
0.055
0.148
0,062
0.315

—
0.137
0.231
0$350
0.063
0.138
0.221
0.422
0.058
0.143
0.133
0.421
0.479

—

—
0.107
0.457
0.564

0;82
0.512
0.637

—
—

0.:02
0223
0621
0.659
0,141
0091
0.595

—
—
—
—

0.202

—
—
—

(3;4)
(3.63)
(4.20)
(1.67)
(3.71)
(3.11)
(6.63)
(p#

3.17
$64

3.79
3.79
4.29
3.65
446
4.32
6.06
3.17
5.24
7.28
5.91
—
—
—

4.92
3.82
6.35
645
3.52

(3.91)
(585)

—
8.27
—
—

6.28

+5.3
+ 10-6
+ 9.3
+9.9
+ 9“7
+ 5.8
—
—

+ 7.7
+4.6
+4.2
+ 6“6
+ 8.5
+5”5
+ 5.2
+ 6.4
+5”3
—

i-40
+2.5
—
—
—

+ 8.9
+ 2.0
+1.8
—

+5.1
+ 3.6
+1.8
—
—
—

+ 5.6
+5.7
+ 3.3
+ 2 2
+ 7.7
+ 8.4
+2.5
—
—
—
—

+ 3.4
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Fig. 2. Comparison between per cent organic carbon-~i 3C and per cent nitrogen-bl 5N for similar
surface samples on the San Pedro Sheff. The carbon data are after Myers (1974) and the nitrogen data

were measured at UCLA.

TABLE 3
CONTENTS OF ORGANIC CARBON, NITRGGSN, URANIUM AND& 5N FOR SEDIMENT SECTIONS OF CORSS  TAKEN AT

STATIONS & AND 7C. CORE 6C WAS COLLECTED IN 1972 AND CORE 7C IN 1975

Core/Depth %Co,g. %N U @pm) &’N(~)
(cm)

6C o-2
24
‘4-6
6-8
8-10

11
7C o-1

;:;
4-5
5-6
7-8
8-9

10-11
11-12
15-16
16-17
17-18
18-19
19-20

9.69
9.42

10.5
9.34
6.87
5.63
8.79
9.92

11.4
12.2
13-1
13.8
11.0

—

8-05
6.83
2.16
187
2.47

—

—

—
0.635
0.756
0-699

—
—

0.757
0.747
0.500
0.324
0.138
0.128

—

701
7.82
7%4
763
8.67
7.50
7.07
751
8%7
6.55
8.71

12.2
23.5
783
7.87
9.29
5.55
4.54
3.79
4.08

—

—

—
+3.?
+3.8
+2.4
—
—

—
+3.1
+25
+4.6
+ 4.0
+8.4
-t 7.2
—
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. .

determined from solving eqn (3) using NX = 2-36 %, JX = +2.5~0 (mean values of
measurements of effluent nitrogen), NY = 0.075% and dY = + 10%0 (values chosen
to approximate the least sewage contaminated sediment). Shown also in Fig. 2 is a
piot of C$l 3C versus the organic carbon content for surface samples cokcted  on the
San Pedro Shelf (data from Myers, 1974). A curve of the form that would relate ti’3C
and carbon content for sewage ellluent.-enriched  sediment is also shown.

The distribution of data points for both nitrogen and carbon appears to coincide
with the mixing curves derived from eqn (3). The range in 61 ‘N is 9%0 compared with
2%0 for ii13C. The al ‘N values for sediment most contaminated with sewage effluent

Fig. 3.
samples:

1,0 -

g
m
o. .
.=
z
*%* ,

0.5-

.

o~
2.0 3.0 4.0 5.0 &o 7.0 0.0 9.0 Iao

815N (%.)

Comparison between two mixing curves and the nitrogen data shown in Table
● . Core 7C: 0.

End-members Curve (1) Curz.e  (2)

1. Surface

~ Nitrogen sewage 1.8 1.8
J~5N sewage + 2.5yW + 2.5%0
~ Nitrogen marine 0.075 0025
6P5N  marine + 10%0 + 10%
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(i.e. > 0“5 % nitrogen) range from + 1.8 to + 3“6%0  and are comparable with the
61 ‘N values for the effluent ( + 2-O to + 3“0%.) and for the pore water ammonia in the
sediment ( +2.6 to + 3“ 1 %.). This agreement indicates that little nitrogen isotope
alteration has occurred during sedimentation and bacterial degradation. Myers
(1974) noted a 1%0 decrease in the dl 3C for the effluent material incorporated into
the San Pedro Shelf sediment.

Table 3 lists the nitrogen content and 61 ‘N values for sampIes measured at
various depths in cores taken at stations 6C and 7C. Figure 3 is a plot of al 5N versus
nitrogen content for all sediment samples analysed. Curve(1) represents the mixing
relationship for the previously mentioned end-members except that ZVx has been
changed to l”8 ~0, which represents the content of nitrogen in the refractory sewage,
assuming that 25% of the initial con~ent (2.4 ~0 N) is lost during deposition (Myers,
1974). There is no significant difference between the curve in Fig. 2 and curve(1) in
Fig. 3. This is because the term NY(6T – dY) in eqn (3) is generally small compared
with the term NX(dX – 6~). Therefore, changes in NX are mainly offset by its
presence in both the numerator and the denominator. Curve(2) of Fig. 3 represents
the mixing relationship using the same end-member values as cume (1) except
NY = 0“025 z. Changing NY significantly alters the value of the numerator but it
only has a significant effect on the denominator when & differs greatly from 6Y.

Due to the hyperbolic form of the mixing curve, the most sensitive end-members
for altering the shape of the curve are dX and NY. Non-constancy in both the 61 ‘N
value of discharge eflluent  and the nitrogen content of normal marine debris are
considered to be the main determinants for the scatter of data points for the dl ‘N
versus nitrogen content plots.

Bacterial degradation and mixing of effluent par~icles
Tables 2, 3 and 4 list the measured values of organic carbon, nitrogen, uranium

and sulphur  for the sediment samples analysed.  Figure 4 shows the plot of nitrogen
versus uranium content. The positive correlation suggests that the uranium and
nitrogen are both enriched by sewage discharge in the sediment. In order to describe
the process by which uranium is enriched in the sediment, a simplified quantitative
model was developed to demonstrate the combined effects of degradation and
mixing of the etTluent  particles with normal marine debris.

The basic assumption for the model is that a component behaves as if it is either
completely associated with the organic fraction or is completely in the inorganic
fraction of the effluent. An element is considered to be associated with the organic
fraction if it is solubilised  (or lost) in direct proportion to the amount of organic
matter destroyed during bacterial degradation. If an element is contained in a
refractory mineral then that element will not be lost during organic degradation. An
element concentrated in the organic fraction which reprecipitates  after release from
the organic host will behave as an inorganic constituent.
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TABLE 4
CONTENT AND J34S OF SULPHUR ON SAN PEDRO SHELF AND THE CALCULATED SFFLUSNT  (SE)  COMPONENT OF

TOTAL SULPHUR  CONTENT

Surface s{%) 63’s(%) s{ %)E*
sampk

OD1 0.12 -5.6 008
ml 024 -0.8 0.22
5Dl 0.80 -12.9 0-28
6D1 044 -13.9 030
ml 0.48 -15.8 010
8D1 0.77 – 16-7 0.13
9DI 034 -14.2 0.10

roD; 064 -16.1 0,13
0.14 -4.7 0,11

2C1 070 -6.3 0.39
5CI 1.30 -12.3 0.50
7CI 1.27 -10.6 0.60
9CI 0.78 -10.9 0-35

10C1 0.39 -10.9 0~i8
7AI 046 – 13.4 0.15
7B1 1.10 -10.6 0.52

Core 7C/Depth  (cm)
4-5 1.30 -5.6 0.94
8-9 1.23 -5.9 0,87

15-16 1.16 -79 0.70
17-18 0-18 -15.7 0.04
18-19 0.20 -16.3 0.04
19-20 0.22 -17.0 0.04

*f$(%)E=a%)
[

as% - d%,
c$34sE - W%B 1

where: J34S~ = isotop ratio biogeriic suiplmr = - 20~. 634SE  = isotope ratio effluent sulphur =
-o”l~.

The concentration of a component, X, in the inorganic fraction is initially:
. .
‘Eo

XI=
1 -  2C0 (4)

where: XI = fraction of component X in inorganic fraction; X~O = fraction of
component X in total etlluent  and CO = fraction of organic carbon in total effluent
(which is a8sumed  to be approximately half the organic matter content).

Following a loss of organic matter, the content of component Xcan be expressed
by eqn (5):

XE1 =
“(1 - 2C1)  x
(1 – 2CO)

(5)

where subscripts O and 1 represent component X, initially and after loss of organic
matter.
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Fig. 4. Comparison between the uranium and nitrogen content in surface sediment samples. Tie lines
connect data points for uranium measurements on ditTerent grab samples from the same station. The
envelope of data points indicates a positive correlation between uranium and nitrogen. .: Measurements

made on same grab sample. 0: Measurements made on different gab samples; same station.

Figure 5 illustrates the effects of mixing and degradation of organic carbon, both
with and without loss of associated elements. The original particulate effluent is
described by CO, X~O and the marine constituent by Cm, X,W. The line connecting Co,
TO with C., X~ is the mixing curve (G) and assumes no reactions or degradation but
only dilution of the sewage with marine debris.

Where there is degradation of organic matter and the associated component
remains within the residue, the component is enriched relative to its initial
concentration. This is represented by curve A which plots the increase of the content
of a component as a function of the amount of organic matter destroyed during
degradation (developed from eqn (5)). Mixing curves B and C correspond to the
projected distribution in the sediment of an inorganic component of sewage where ‘
the refractory or residual fraction of the organic matter, rf (content residual
carbon/content effluent carbon), is 0-5 and 0.75, respectively.

When efiluent  organic matter is solubilised  with loss of the associated component
in the same ratio to carbon lost, the decrease will follow curve F. Curves D and E
represent the mixing curves for rf = 0“75 and 0.50, respectively, between the
remaining component content in the effluent and its content in the normal marine
sediment.

The above model can be applied to the results obtained by Mitchell & Schafer
(1975) in their study of the cadmium distribution in Santa Monica Bay sediment,
near the Hyperion discharge pipes. During a seven-month period in 1974, these
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Fig. 5. Normalised content of component 1’ in relation to or
Pcabn’c’dterdegadation  andmixing wi~  normal marine sediment-~.;  C.. F = Degr atron curve for orgaruc  component.

A = Degradation cuivefor inorganic compawnt. G = Mixing curve forunreacted  ernuent.  E, D = Mixing
curves for organic component after 50% and 25% of organic matter is Iostby degradation, respectively.
l?, C = Mking curves for inorganic component after 50x and 25 z of organic matter is lost by

degradation, respectively.
. .

authors collected numerous samples in the area of sewage discharge. Particulate
matter in the lower water cohnrm was collected by sediment traps situated at various
distances from the discharge pipes. Samples of surface sediment were collected at
each location. Effluent particulate were collected from the digestor and trap and
sediment samples were collected from a non-polluted control station in Catalina
Canyon. Figure 6 is a reconstruction of their plot of the content of cadmium versus
labile organic matter for all samples. They showed empirically that the weight per
cent of total organic matter equals twice that of the organic carbon content. The
distribution of data points for the trap samples lie intermediate between the data
points for the effluent particulate and the control station at Catalina Canyon. This
distribution is compatible with the mixing curve(G) in Fig. 5 and indicates that little
bacterial degradation has occurred in the sediment traps before collection. The
distribution of data points for the sediment samples conforms to a line which lies to
the right of the values of the effluent particulate. This distribution pattern is
bounded by mixing curves(B) and (C)in Fig. 5 and indicates that cadmium behaves
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Fig. 6. Distribution of Cd and labile organic matter (2 x organic carbon) for Hyperion outfall area.
Sediment trap data correspond to a simple mixing curve between etlluent and normal marine detritus.

Bottom sediment data correspond to a degradation-mixing curve.

as an inorganic constituent in Hyperion effluent. Note that certain sediment samples
contain more cadmium than the effluent material.

Assuming that the distribution of data points from trap sediments correspond to
mixing curve G in Fig. 5 and the distribution for the bottom sediment samples
corresponds to mixing of an inorganic component after bacterial degradation, rf
can be calculated for the effluent material M this area. Using eqn (5) and the content
of decomposable organic matter equal to twice the carbon content (Mitchell &
Schafer, 1975), the curve relating the enrichment of cadmium in the particulate to
the content of remaining organic matter can be determined. The intersection of this
curve with the least-squares line for content of organic matter versus cadmium
content for the bottom sediment samples will denote the remaining fraction of
refractory organic sewage particulate. From Fig. 6 the ratio of the content of
refractory organic matter to the original organic matter (r,) k about 0.75.

Figure  7 shows the correlation between nitrogen and organic carbon from the
samples measured in this study from the Whites Point area. The degradation curve
for nitrogen in the organic fraction k indktinguishable  from the mixing curve
beeause the C/N of the efiiuent k about the same as the normal marine component.
Figure 8 shows the correlation between organic carbon and uranium. As for
nitrogen, the distribution of data points corresponds to a mixing curve for an
organic component. If the effluent discharged at Whites Point undergoes bacterial
degradation before incorporation into the sediment, some nitrogen and uranium
must be solubilised  and lost along with organic carbon.
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Fig. 9. Distribution of organic carbon and total reduced sulphur(o)  and the calculated effluent sulphur
(.) for sediment samples from the San Pedro Shetf.  The line relating orgrmic  carbon and sulphur  in the
organic fraction is shown. The least-squares tit line for the organic carbon~illuent  sulphur  data yields a

value of r, = 0.6.

It is known that in sizu sulphur  enrichment occurs in sewage-contaminated marine
sediments due to the mineralisation of sulphide  formed by bacterial sulphate
reduction (Kalil, 1974). The measured sulphur in the sediment is therefore a
combination of a detri tal component added from sewage discharge and an
authigenic  component derived from seawater by bacterial activity. These two
sources of sulphur,  however, are isotonically different (Table 1). The 634S value of
particulate sewage sulphur is 0.1 %0 and the 634S value of the authigenically  formed
mineral sulphide in marine sediments is about – 20~0 (Kaplan et ai., 1963) which is
the same as measured for dissolved hydrogen sulphide in the pore water. Assuming
that the sulphur  in the sediment is a combination of the above end-members, the
detrital  contribution from the sewage can be calculated for each sample. These
values are listed in Table 4. Figure 9 shows a plot of organic carbon versus both total
sulphur and t he calculated effluent sulphur in the sediment. The least-squares fit line
for the plot of organic carbon versus effluent sulphur  yields  an r, value of 0.6, or
similar to the value calculated for Hyperion discharged sewage in the Santa Monica
Bay (Fig. 6).

DISCUSSION

For a component to be successfully used for determining the mixing relationship
between two sources it must be conservative. Domestic organic effluent is not a
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conservative component in the marine environment, due to bacterial oxidation of
organic carbon and the release of ammonia in both the water column (Richards,
1965) and in the sediment (Kaplan er al., 1963). However, if a refractory fraction of
the organic matter remains unreactecl,  then this residue may be used as a
conservative component if it can be shown to have recognizable properties. Myers
(1974) used organic carbon and & 3C to differentiate between sewage effluent and
normal marine carbon for the San Pedro Shelf sediments. The present study, based
on nitrogen distribution and isotopic ratio (Peters et al., 1978) indicates that
nitrogen isotope measurements of bulk organic matter are superior to carbon
isotope measurements for defining the relative contribution of each source (see Fig.
2). The isotopic difference between the end-members is observed to be 9%0 for
nitrogen, compared with 2%0 for carbon. The c1 1 ‘N of the whole effluent is shown to
be the same as the refractory fraction deposited and thus & ‘N can be considered a
conservative component. This is not the case for carbon, as Myers (1974) notes a 1 %0
shift in the 613C of sewage effluent deposited in marine sediments.

A model is presented which treats individual components as belonging either to
the organic fraction or the inorganic fraction of sewage material. When applied to
nitrogen, this model demonstrated that nitrogen exists entirely in the organic
fraction and that losses, in nitrogen and organic carbon occur at a constant C/N
ratio. Uranium also behaves as a component belonging to the organic fraction. It
appears that all the uranium, above the normal marine background (-3 ppm)
comes from sew,age partictdates.  Although there is abundant H2S (4m@ in the
surface sediments, there is no evidence that this is responsible for tlxing any
signdicant  amounts of uranium from seawater (by reducing U + 6 to insoluble U ‘4).

. . Cadmium (Hyperion  outfall area) and detrital  sulphur(Whites  Point outfall area)
both appear to be inor$anic  components which are not lost  together with organic
carbon (Figs 6 and 9) and correIate with a residual organic fraction of 0“75 and 0.6,
respectively. The amount of residual fraction determined in this study is in
agreement with the experimental determinations of Myers (1974). A comparison
between the organic carbon content of sediment traps and bottom sediment shown
in Fig. 6 demonstrates conclusively that degradation of sewage organic matter does
occur in the sediment. This is further substantiated by the large amount of
authigenic sulphur  (reflected in the isotope ratios) formed within the Pales Verdes
Sheif  sediment (Table  4). It therefore appears that the model presented by Morel et
al. (1975), which suggests dilution of organic effluent particulate rather than
decomposition, cannot be correct.

The relative concentrations of trace elements in sewage and outfall sediments are
shown in Table 5 (Table 3 from Morel el al., 1975). It is apparent from these data
that Ag, Cr, Cu and Co have the same relative concentrations, normalised to Zn, in
both the sewage and in the sediment, whereas Cd and Pb are enriched by about a
factor of two in the sediment relative to the sewage. It has been shown (Fig. 6) that
Cd behaves simply as an inorganic component in sediments surrounding the
Hyperion  outfall area and is not appreciably mobilised during organic
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TABLE 5
THE PER CENT CONCENTRATION OF VARIOUS TRACE ELEMSNTS RSLAITVE  TO ZINC (AFIER  MOREL et d., ] 975)

Sewage Top 4 cm of sediment
Mela[ Total Particulate B-21 B-20

(SCC WRP, 1973) (Galloway, 1972)

Zn 100 I 00 100 100
Ag 0.83 0.78 0.89 0.93
Cr 36 41 41 41
Cu 23 27 28 29

10 14 19 20
:: 1.2 1.6 2.7 3.1
co 041 0.20 0-22 0.32

decomposition. Therefore, by contrast, the most probable reason why Zn, Ag, Cr,
Cu and Co are not enriched like Cd is that they are mobilised with the labile organic
material and lost in the same proportion as organic carbon. If this interpretation is
correct, these elements, by analogy with U and N, are bound to organic compounds
in the sewage and are partially released in a soluble form during initial metabolic or
oxidative  decay of organic matter.

CONCLUSIONS

In the San Predo Shelf area of Southern California, the nitrogen isotope ratio
( 15N/’4N) of organic matter in the particulate sewage effluent (+ 2“5%.) is

significantly different from the organic matter in uncontaminated sediment of the
same area ( + 10%.). The isotopic ratio of nitrogen does not change during partial
degradation of the organic matter in the marine environment. Therefore, the
distribution of C21  ‘N values in the sediment beneath the sewage plume conforms to a
simple mixing relationship from two point sources.

The fraction of organic matter in the particulate effluent that is refractory to
bacterial de~adation  during deposition is about 0.6 to 0“75. The residual sewage
debris is further diluted by normal marine elastic sediment. The ratio of the rates of
sedimentation (normal marine solids/sewage particles), is approximately unity near
the outfall and increases with distance from that point.

About 30 to 40% of the discharged nitrogen and uranium in the particulate is
also lost during sedimentation. Zn, Ag, Cr, Cu and Co may also behave in this
manner, whereas cadmium is retained entirely in the sediment and sulphur  is further
enriched by in situ reduction of seawater sulphate.
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NOTE ADDED IN PROOF

The trace element data listed in Table 5 were taken from results published during
1972–73. More recently, Schafer (1978) lists the discharge rates of the trace elements ..
in the year 1977tohavebeen:Zn  = 100; Ag = 95; Cr = 45; CU = 30; Pb = 23and
Cd = 3. The Zn-Ag-Cr-Cu  values are comparable to those for 1972–73; however,
the relative discharge rates for Pb and Cd are twice the 1972–73 values. This 1977 list
of relative trace element distribution is equivalent to the distribution measured in
the sediment by Galloway (1 972) (see Table 5).

From the discussion in the text, and Fig. 6, it was concluded that Cd is not
appreciable y lost from particuiates  during sedimentation and degradation. The
enrichment of Cd in the sediment, due to its inorganic behaviour, was contrasted
with the other trace elements listed in Table 5. Using the 1977 data, it now appears
that Cd and Pb are not enriched in the sediment relative to the other trace eiements.
For this reason, based on the new data, all the trace metais  studied would be
influenced in part by binding to degradable organic materia!. These new facts do not
alter the validity of the models presented in the paper.
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Extractable Organic Matter in Urban Stormwater Runoff. 1. Transport Dynamics
and Mass Emission Ratest

Robert P. Eganhouse* and Isaac R. Kaplan

Department of Earth and Space Sciences, Institute of Geophysics and Planetary Physics, University of California,
Los Angeles, California 90024

E Los Angeles River waters were collected during the prog-
ress of a storm event in 1978 and analyzed for solvent-ex-
tractable organic substances. The extracts from both fiitered
and unfiltered samples were fractionated into five compound
groups of differing polarity. No statistical relations were found
between gross storm parameters and the organics  carried by
the runoff waters; however, the various fractions showed high
intercorreIations. The majority of the extractable are asso-
ciated with particulate matter; their partitioning between
particulate and dissolved phases is controlled primarily by
volubility. Maas emission rate estimates indicate that the Los
Angeles River contributes nearly 1% of the annual world pe-
troleum hydrocarbon input to the ocean via urban runoff.

Introduction
Present-day estimates for the input of petroleum residues

to the ocean via surface runoff are on the order of 1.9 X 106
metric tons yrl (1). Calculations of this sort are fraught with
serious drawbacks stemming primarily from a lack of reliable
data. Clearly, it is impractical to routinely monitor urban
runoff and nonurban river discharges on a regional or even
local scale. However, the accuracy of our estimates could be
greatly improved if we were able to delineate the transport
dynamics involved. Furthermore, when considering surface
runoff, one shouId  make a distinction between the chronic
discharge typical of continuously flowing rivers and the epi-
sodic behavior of seasonal rivers and streams.

In the present study, the Los Angeles River, a seasonally
active urban drainage system, was selected for two reasons.
First, it is the single most important river in southern Cali-
fornia, accounting for N28?h of the total yearly flow (2). Sec-
ond, it drsina a large portion of the highly urbanized Los
Angelee basin, se well as surrounding undeveloped areas.
Thue, both anthropogenic and natural terrigenoua materials
are likely to be significant constituents of any transported
orz.anic matter. The river emDties into a coastal environment
pr;sently receiving input of ~rganic  materials from a multi-
tude of sources (3). Therefore, detailed molecular and isotopic
(4) characterization of river-borne organics  may aid the ulti-
mate differentiation of these sources to coastal marine aedi-
menta.

In undertaking this project, we had three objectives in mind:
(1) to study the transport of extractable organics  in relation
to dynamic features of the storm itself, (2) to investigate those
factors controlling the distribution of organic molecular types
between particulate and diaaolved phases, and (3) to formulate
mass-emission estimates for various organic compound types,
including petroleum hydrocarbons, issuing into southern
California’s coastal waters via surface runoff. Details of the

*

molecular (5) and elementsJ/isotopic  (6) characteristics of
these stormwaters will be presented subsequently.

f Publication No. 2045, Institute of Geophysics and Planetary
Physics, University of California, LOS Angeles, CA 90024.

Study Area
The modern-day Los Angeles River largely comprises

man-made channels stretching from the San Gabriel Moun-
tains to San Pedro Harbor (Figure 1). Under storm conditions,
the flow is regulated by a number of reservoirs within the
drainage basin. Mountainous, hilly, ~d coastal plain topo-
graphies characterize the more than 2100-km2  basin, and a
major part of metropolitan Los Angeles is drained by the
system. Because of the high coverage of city surfaces by im-
permeable materials, infiltration is low, and storms can gen-
erate large runoff flows (7).

The rain pattern for the storm studied here (Figure 1) in-
dicates that very little precipitation occurred in the mountain
areas where the population density is low. Instead, the highly
induatriafizad  east central and hmbor  (south central) sections
of the city experienced the greatest rainfall accumulation.
Although small  by comparison with other storms that oc-
curred during 1978-1979, this storm event was the second of
the rainy season. Consequently, flushing of organic residues
that accumulate during the dry seaeon may have been par-
ticularly effective.

E x p e r i m e n t a l  S e c t i o n

Sampling. On November 21, 1978, 11 duplicate samples
of runoff were coflected  at various times during a storm near
the mouth of the Los Angeles River (Figure 1). Water samples
were obtained from the middle of the channel by submerging
a vaned 4-L steel collection device just below the stormwater
surface. Upon retrieval, the sampler was thoroughly shaken
to induce homogenization, and equal volumes were poured
alternately into two glass containers. This procedure was re-
peated until exactly 3 L had been added to each bottle. After
returning to the laboratory, we added 200 ML of hexane to one
of the two bottles collected at each sampling time. This was
done to prevent evaporative losses and to initiate extraction.
A 1OO-35O-ML subsample  was removed from each of the other
(second) bottles for total suspended solids (TSS)  determi-
nation (8), and then 2 L more were filtered through solvent-
cleaned, precombusted  glass-fiber filters ( Whatman GF/A).
The filtrates were transferred to clean glass containers and
preserved with 200 mL of hexane.  Thus, filtered (2 L) and
unfiltered (3 L) samples corresponding to each of 11 sampling
intervals were obtained. The contents of the bottles were
spiked with HgC12 to terminate biological activity and stored
at 100 C until extractions could be performed. The remaining
sample (-900-650 mL) was also poisoned with HgC12  and
allowed to sit for 48 h, after which the supernatant was re-
moved and the settled solids were stored frozen for elemental
and isotopic analysis.

Analyses. Liquid/liquid extractions were performed suc-
cessively on ail samples with the 200-mL hexane preservative
followed by three portions of CHC13 (3oO mL/3 L samples).
The combined extract for each sample was concentrated to
a small volume by rotary evaporation under reduced pressure
at 30–35 ‘C, and the concentrate was dried with anhydrous
Na2S01. The extract was then passed over activated copper
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Figure 1. Map of the Los Angeles River drainage basin showing rainfall
accumulation contours and runoff sampling station for the storm of
November 21.1978.

to remove elemental sulfur, reduced to a known volume, and
analyzed gravimetrically on a Mettler ME22 electrobalamce
for total extractable organics  (TEO).  A portion of each extract
was removed for methylation of extractable fatty acids by a
modification of the BF~MeOH  technique (9). We were con-
cerned that solvent-soluble triglycerides and nonmethyl  esters

of fatty acids might not be quantitatively transesterified by
this procedure (10). Therefore, we compared the above
method with a saponification/esterification procedure (11 )
using three of the samples. The fatty acid methyl ester
(FAME)  yields and molecular distributions were identical
within experimental error for the two techniques.

Separation of the total extracts into five fractions was
achieved by thin-layer chromatography using plates coated
with 0.25 mm of silica gel G and developed in CH2C 12. All
plates were precleaned by running once in MeOH and twice

in CH2C12 and removing the top 1 cm of silica gel after each
elution.  Five fractions were isolated: (1) total hydrocarbons
(THC),  I?f = 0.77; (2) fatty acids (methyl esters) (FA), Rf =
0.63; (3) ketones (KET),  Rf L= 0.50; (4) polars  (PLR), 0.48>
R~ > 0.02; (5) nonelutable polar compounds (NEP), Rf = O.
The PLR fraction contains hydroxy F.AMEs, dicarboxylic
acids, and a variety of polyfunctional  moieties in addition to
fatty alcohols and sterols  (5). Total hydrocarbon, FA, KET,
and PLR bends were eluted from the silica gel and analyzed
for their content gravimetrically  the NEP fraction was esti-
mated by mass balance. Three THC samples were further
separated by thin-layer chromatography into aliphatic  and
aromatic fractions by pentane elution on silica gel G JI-
phatics, Rf = 0.95; aromatics, Rf = 0.92. Only gravimetric
results are presented here; gas-chromatographic  and gaa-
chromatographic/maes-spectrometric identification of the
fractions will appear elsewhere (5).

Results
The general flow characteristics and suspended solids dis-

tribution for the storm are presented in Figure 2. Streamflow
data were determined by water stage recording stations lo-
cated near the sample collection site (Figure 1). Figure 2 also
contains cumulative rainfall data for station 415 on this
day.

500, (Wcu

i

L
\ CIJJ . ~

IsinW
M

‘& ’&O’2CW’2A’2’-D
TIME

Figure 2. Flow, suspended solids, and rainfall variations during?& storm
of November 21.1978.

The apparent lag between rainfall and streamflow  is related
to the discharge characteristics of the entire river system
whose drainage basin is more than 65 km long in linear
northlsouth  distance. As indicated in Figure 2,” stormwaters
were sampled from the beginning of the storm until just after
peak flow had occurred. During this time, suspended solids
levels generally increased.

The data for total extractable organics  and the five fractions
are summarized in Table I. Unfiltered samples showed a high
variability for all measured parameters, In contrast, relatively
constant levels were found for THC, FA, and KET fractions

e
in filtered samples. Values for the “particulate? concentra-
tions of various fractions were computed by subtracting data
for filtered samples from that of the corresponding unfiltered
samples. Mean values for the calculated “particulate” con-
centration of THC and ita “dissolved” (i.e., fiitered) coun-
terpart were 10.5 + 6.4 and 0.39 & 0.05 mg/L,  respectively.
MacKenzie and Hunter (12) found values in a Philadelphia
storm sewer to be 2.7–5.1 mg/L (particulate) and 0.16-0.34
mg/L  (dissolved); Ziircher  et al. (13) noted similar levels in
motorway runoff in Shvitzerland.

Figure 3 illustrates the data plotted against time for both
filtered and unilltered  samples. Several features are readily
apparent. First, in the unfiltered samples, all parameters show
an increase in value at 1100 hours similar to the behavior of
suspended solids (cf. Figure 2). Secondly, there is a marked
increase from 1300 to 1500 hours. This change seems to cor-
respond to the behavior of the flow during the same time.
Statistical analysis, however, failed to yield a strong correla-
tion between flow or suspended solids and any of the organic
parameters (Table II). The apparent similarities in the con-
centration trends for TEO and the various subfractions are
borne out by the high correlation coefficients obtained by
linear regression analysis (Table II). Thirdly, comparison of
the temporal variations for filtered and untltered  samples of
the same fraction indicates that only in the case of TEO and
the PLR fraction is there a degree of resemblance (r = 0.87
and r = 0.80, respectively). The filtered THC data show an
extremely smzdl variation (coefficient of variation = lz.4yo)
considering the wide fluctuations evidenced in the unfNtered
Samules. o

Ii agreement with the findings of others (12-15),  most of -

the extractable and, in particular, the hydrocarbons are as-
sociated with the filterable particulate matter (Table HI). In
the case of the hydrocarbons, the percentage in the “dissolved”
phase reIative  to the total burden is consistently below 15%
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Table 1. Summary of Gravimetric Data for Total Extractable Organics and Subfractions Recovered from Storm
Runoff Samples a

e szmpllng iotal extractable total nonelutable
time, organlcs hydracsrbons fatty acids ketones polars

h u
polar compds  b

F u F u F u F u F u F

1000 2.55 1.55 0.99 0.420 0.194 0.064 0.133 0.066 0.967 0.154 0.266

1100 14.2 2.52 6.22 0.378 1.12 0.124 0.560 0.062 2.10 0.564 4.20

1200 6.25 1.85 2.54 0.360 0.449 0.095 0.163 0.045 0.958 0.469 2.14

1300 9.13 2.27 3.96 0.410 0.912 0.102 0.375 0.059 1.43 0.528 2.45

1400 18.1 2.00 10.5 0.490 1.41 0.109 0.700 0.068 2.22 0.930 3.27

1450 26.0 4.20 19.0 0.366 1.96 0.211 1.12 0.053 4.42 0.978 C

1500 30.8 4.22 18.2 0.388 4.27 0.137 1.49 0.143 4.69 1.56 2.15

1550 33.3 4.80 19.5 0.405 2.75 0.091 1.67 0.136 5.40 1.45 3.98

1600 25.7 3.53 10.4 0.357 2.37 0.127 1.58 0.042 4.43 1.15 6.92

1700 17.7 3.02 9.21 0.432 1.15 0.129 0.678 0.042 3.80 0.618 2.86

1800 27.7 2.64 15.9 0.302 1.72 0.093 0.858 0.049 5.61 0.893 3.61

a All data in mg/L.  U = Unfiltered ssmple.  F = Filterad  sample. b Nonelutsble  polar compounds = TEL – {THC + FA + KET + PLR]. ‘ NEP <0.

0.846
1.39
0.880
1.17
0.400
2.59
2.00
2.72
1.85
i.ao
1.30

36( I 1 ! I 1 I 1 I

I Unfiltered . I
“b ....”  i.,.. .,,,, : i

— -  Total  wtrractabh orgarih  (TEo)  ‘?.
2a - ~ Total  hydrocarbons (THCI ,.’ ..

--- Fatty  acids  (FA) ,:”
,:.’

—  Ket01168(KET)
2 4 -

.:’ ““.TEO  j’
+  war-  (PLR)

. . . ...
. . .
. . . ..

20 -
u
~
~ ,.f”

o 16 -
o=

z>
e3E12 -,Q -
=m
0$
*.

;~
.=24 -~003 :
=

~

i-
!Ooo 1100 1200 13C0  M O O 15C0  ffioo 17C0  Iaoo

TIME

Figure 3. Changes in concentrations of organics  during progress of the
storm of November 21, 1978.

except for the first, low-flow, ssmpiing  period. This low-flow
response is seen for other parameters as weU and probably
reflects the reduced suspended solids levels maintained by the
stormwaters under these hydraulic conditions.

To examine the partitioning of various organic fractions

8
between particulate and dissolved phases, we calculated the
average composition in each phase. These results are shown
in Figure 4. The hydrocarbons clearly dominate the compo-
sition of the psrticulates followed by (in order of importance)
PLR > NEP > FA > KET. Considering their hydrophobic
nature, the hydrocarbons are in remarkable, although rela-

Table il. Correlation Coefficients from Linear
Regression of Gross Storm Parameters, Total
Extractable Organics, and Organic Subfractions
(Unfiltered Samples)

flow TSS TEo THc FA K=

Flow 1 0.69 0.64 0.55 0.46 0.57

TSS 1 0.48 0.43 0.17 0.23
TEo 1 0.96 0.84 0.93

THc 1 0.79 0.84

FA 1 0.69
KET 1

PI-R

PLR

0.79
0.66
0.95
0.91
0.76
0.85
1

—
Table Ill. Percentage of Organic Components Passing
through Whatman  GF/A Filter

ssmpllng
time TEO mc FA KET

1000

1100
1200
1300
1400

1450

1500
1550

1600
1700
1800

60.8 42.4 33.0 49.8

17.8 6.1 11.1 11.0

29.6 14.2 21.2 27.6

24.9 10.4 11.2 15.7
11.1 4.7 7.7 9.7

16.1 1.9 10.8 4.7

13.7 2.1 3.2 9.6
14.4 2.1 6.5 8.1
13.8 3.4 5.4 2.6
17.1 4.7 11.2 6.2
9.5 1.9 5.4 5.7

PLR

15.9
26.9
49.0

36.9
41.9

22.1

33.2
26.9
26.0
16.3
15.9

tively decreased, abundance in the dissolved phase. Not sur-
prisingly, the polar NEP fraction predominates in this phase.
We also examined three TI-IC fractions for partitioning of
sliphatic and aromatic hydrocarbons. On the average, the
aliphatic/aromatic  ratio for the particulate was 11.5, whereas
for the dissolved phase a mean ratio of 2.9 was obtained. This
type of fractionation has been observed before (16-18) and
is due to the greater polarity of aromatic hydrocarbons.

Having monitored the storm over the completi flow range,
it seemed appropriate to make mass-emission calculations.
Storm mass emissions were determined by applying measured
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PARTICULATE ‘DISSOLVED’

% Total Extmctable  Organics
Fractitm.. ----- Particulate ‘Dissalved’

Total hydrocarbcas  (THc) 59a t 11.1 15,126.5
Fatty  acids(FA) 10.0 i2.7 4.2fl.O

Ketones (KET) 47 t 1.3 2.5tl.O
potors (PLR) 14.2:3.9 29.5s8.2

Nm-WItaale  POW COmPOUnds(NEP) 11.3 48.?

Figure 4. Distributions of organic subfractions in particulate and dis-
solved phases of stormwater  samples.

concentrations to the estimated discharge volumes according
to the formula

mass emission = ~ Ci  I, ‘i+’  F(t) dt
~= 1

where i = sample time interval, n = total number of samples,
Ci = analytical concentration of parameters at time of sam-
pling (mg/L),  F(t)= stormflow  (L/rein), and t = time (rein).
The computed values for water, total suspended solids, and
extractable organics  (Table IV) apply only to that portion of
the storm sampled. Annual mass emission rates were deter-
mined for the Los Angeles River by strict extrapolation of flow
-data  from previous years (7).

The average concentration of aromatics is nearly the same
as that found by MacKenzie and Hunter (13); however, the
Los Angeles River appears to carry 3-4 times as much ali-
phatic hydrocarbons per unit volume. The projected annual
mass emission rate of petroleum hydrocarbons for this
drainage system amounts to 0.9% of the world estimate for
urban runoff (1). Even though this figure appears to be high
on a global basis, the river still oniy drains 2070 of Los Angeles
county.

We were also interested in estimating the intensity of pe-
troleum residue production/erosion in the Los Angeles River
drainage basin and comparing it with other cities in the world.
On the basis of population density maps derived from the 1970
U.S. census, we determined the population residing within the
drainage basin and computed the annual per capita mass
emission of hydrocarbons via urban runoff. The value so ob-
tained was 875 g yr-l. Unfortunately, no similar urban data
could be found in the literature. Therefore, we made calcu-
lations based on current world and city population data. The
global population is -4.321 X 109 and that of the world’s 60
Iugest cities  is 0.296 x IOg. &suing that the estimated value
for worldwide emission of hydrocarbons via urban runoff of
0.3 X 106 metric tons Y@ (1) can be attributed to this urban
population, we find a per capita emission rate of 1014 g yrl
person-l. Notwithatandmg  the many assumptions that go into
these computed values, the Los Angeles River and world
urban runoff values are in reasonable a~eement.  One can also
calculate worldwide per capita emission rates for (nonurban)
river runoff. According to the NAS study (1), 1.6 X 106 metric
tons Y# of hydrocarbons enter the ocean via rivers. Using a
nonurban world population of 4.025 X 109, we arrive at a per
capita emission rate of 398 g Y@ person–l for rivers. From

Table IV. Estimates for Storm Mass Emissions,
Average Concentrations, and Annual Maaa Emission
Rates for Constituents in Los Angeles River Storm
Runoff

water

total suspended
solids

total extractable
organics

total hydrocarbons

aliphatics

aromatics

fatty acids

ketones

polar campds

nonelutable  polar
compds

mass
emission,

metric tonsksarrn

2.6 X 106
1858

63

34.1
30.0

4.1

5
3

12

17

av
cOnCfl, a

m@L

715

24.2

13.1
11.5

1.6
1.9
1.1
4.5

6.6

proiected  L.A.
River discharge, b

metric !Ons/yr

2.1 x 108
1.5 x 105

5010

2712
2401

311

393
228
932

1366

a Calculated by dividing constituent masa emission by tafal volume of dis-
charged water. b Estimated an the basis of average total flow far years
1960-1975 (7).

these results we can conclude that (1) the first approximation
estimate of the NAS study for emissions via urban runoff is
supported by the present data, and (2) urban runoff contrib-
utes over 2.5 times as much petroleum to the oceans as non-
urban rivers when compared on a per capita basis. This
identifies the urban locale aa a site of intense hydrocarbon
usage and consequent deposition and erosion.

Finally, because the hydrocarbons are mainly derived from
residual petroleum products on highways and pavement (5,
12, 13), we calculated the annual mass emission rate relative
to the total, as well as the developed portion, of the drainage
basin surface area. Land-use data and aerial photography were
used to estimate the fraction of land covered by impermeable
surfaces. When normalized to the total basin surface area, the
annual mass emission rate of hydrocarbons was 1.28 metric
tons km-2 yrx;  however, for the paved surface, it was 2.94
metric tons km-2 yrl.

Discussion

Relation  of Storm and Organic Parameters.  A primmy
objective of this study was to examine the relation between
dynamic features of a storm and the extractable organics  in
the stormwaters.  There is no “a priori” reason to assume that
such simple relations exist. And yet, our present ability to
estimate large-scale hydrocarbon emissions to the environ-
ment depends entirely on assumptions of this type. Attempts
by others (15) to correlate storm and hydrocarbon parameters
have been unsuccessful because of the inherent complexity
of the storm event. For example, the timing of the storm, the
nature and availability of the organic source material, and the
intensity and duration of the rainfall all influence the trans-
port behavior of stormwaters.

As shown in Table II, the measured organic parameters,
with the exception of the PLR fraction, did not correlate with
storm flow. This is not surprising as it is unlikely that either
the supply of extractable organic compounds or the efficiency
of their removal by scouring is uniform throughout the storm.
The lack of correlation between suspended solids levels and
extractable organic content in stormwaters indicates that,
while the majority of the extractable are carried on particu-
late, their abundance is not directly related to the level of
suspended solids,
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It is well known that hydrophobic organics favor association
with Darticulate  matter (19). There is, however. some con-
troversy as to the nature of this association. Some researchers
(20) believe that adsorption onto clay minerals is an important
mechanism for removal of hydrocarbons from solution (and
their ultimate deposition in sediments). But there is some
question as to the role played by solvent-insoluble organic
matter in hydrocarbon sorption. Meyers and Quinn (20) found
that humic  materials actually interfered with the uptake of
hydrocarbons in sediments. In contrast, Pierce et al. (19)
found that removal of humic  substances reduced the ab-
sorption capacity of sediments for DDT. Button (1976) was
unable to detect anv untake of dodecane from saturated so-
lutions by either srnec~ite or estuarine sediment (21), indi-
cating that concentrations at or below saturation are insuffi-
cient to promote removal by adsorption. In studying the ad-
sorption of anthracene, Herbes (22) observed the capacity of
yeast cells to be an order of magnitude greater than that of clay
minerals. Even more recently (23) there is evidence that the
sorption capacity of a sediment is directly related to ita organic
content. In systems more representative of stormwaters, that
is, turbulent hydrocarbon-rich aqueous mixtures, Ziircher  et
al. (13) found that agglomeration, not adsorption, dominates
the particle-hydrocarbon association. We attempted to
evaluate our data in light of the foregoing information.

To test the hypothesis that organic content controls sorp-
tion capacity, we measured the amount of organic carbon in
the particulate following extraction. Linear regression of total
extractable organics  vs. solvent-insoluble carbon yielded a
correlation coefilcient  of 0.83. If the correlation is not spurious,
these data seem to indicate that solvent-insoluble ormmics
may participate in the sorption and stormwater trans~ort of
extractable organics.

A more satisfying result might have been achieved by sizing
the particulate prior to analysis. Recent work by Thompson
and Eglinton  (24) indicates that the distribution of organic
compounds among different sediment particle size ranges
results in compositional and concentrational fractionation.
Certainly, more detailed sedimentological  and geochemical
work is needed if the transport dynamics are to be fully elu-
cidated.

The high correlations found among the various organic
isolates offers some added hope for global input estimates
based solely on TEO measurements (1). Data from Ziircher
et al. (13) yielded a correlation between CCLI extractable and
total hydrocarbons (r = 0.98, m = 0.70). We obtained similar
results (r = 0.96, m = 0.63), indicating that, in the case of
urban runoff, total hydrocarbons may represent a near-con-
stant and sizeable fraction of the total extractable. This
implies a homogeneous source and/or efficient randomization
by stormwater mixing.

We also found greater concentrations of total hydrocarbons
and, in particular, aliphatic hydrocarbons, than others have
found in urban runoff (12, 13). This maybe attributed to the
highly efficient removal of hydrocarbons during this storm.
Because it was only the second to occur following the 1978 dry
season, appreciable quantities of petroleum products were
probably available on the pavement for scouring. In this
context, the data for Switzerland and Philadelphia pertain
more accurately to locations receiving year-round precipita-
tion. Alternatively, the differences may represent real geo-
graphic variations in petroleum product type and usage.

Partitioning of Organic Compounds, Most of the ex-
tractable are associated with filterable particulate matter.

a
The question is this: What determines organic composition
in the dissolved phase? As referred to here, the dissoIved phase
includes all materials passing through a Whatman GFIA
glass-fiber filter. Because the median retention size of this
filter is -0.9 gm (25), a fraction of the colloidal particles

smaller than this diameter are found in the filtrate. In terms
of mass, these colioids probably represent only a small portion
of the total dispersed (particulate) phase (26). However, it is
well to remember that the “dissolved” phase includes some
colloidal material.

The partitioning of organic compounds between particulate
and “dissolved” phases depends on a variety of factors. These
include the following molecular volubility, composition of the
particulate organic phase, tendency to form stable colloids,
and position of the system relative to equilibrium. The present
results (Figure 4) illustrate the importance of volubility to
partitioning. Among solvent-extractable organics,  hydrocar-
bons and the NEP represent end members on the sale of
molecular polarity. Thus, the dramatic difference in their
phase distributions is not unexpected. Similarly, the FA, KET,
and PLR fractions also show enrichments in the dissolved
phase relative to total hydrocarbons.

The remarkable constancv  of the content and composition
(5) of total dissolved hydr~carbons  suggests that the same
degree of saturation may have been attained. Because equi-
librium is not assured, it is difficult to assess the influence that
particulate organic composition has on partitioning. Never-
theless, we attempted to correlate the percentage of each or-
ganic subfraction in the particulate phase with that found in
the dissolved phase. No correlations were found. This indi-
cates that particulate organic composition has had little or no
obvious influence on the composition of the dissolved
phase.

Mass-Emission Calculations. Because of the timing of
this storm, the mass-emission estimates (Table IV) probably
represent upper-limit values for storm conditions. However,
roughly 30’% of the annual total flow for the Los Angeles River
occurs during dry, not stormy, weather (2). Values for oil and
grease concentrations (2) at these times are higher than doring
storm conditions. Presumably this trend would apply to hy-
drocarbons as well. As a result, the present estimates are
probably somewhat low overall on an annual basis. Extrapo-
lating these figures to the entire southern California drainage
system, one obtains a figure of 9.69 X 103 metric tons of THC
yr.-l This value is most likely an overestimate because much
of southern California’s surface runoff is not from urban en-
vironments. Ultimately, these figures must be compared with
the other major source of anthropogenic and natural terri-
genous  hydrocarbons (i.e., wastewaters). Aside from their
possible compositional differences, wastewater and runoff-
derived organics  are delivered to the ocean in quite different
ways. Wastewater discharge is continuous, whereas chronic
runoff during dry weather is superimposed by intermittent,
if not dramatic, storm flows.

Conclusions
Although the dynamics of stormwater runoff is poorly un-

derstood, especially in relation to its carrying capacity of or-
ganic materials, some conclusions can, nevertheless, be drawn
from the present data.

(1) Whereas the majority of the extractable organics  in
stormwaters are carried by suspended solids, the abundance
of these organics  is not directly correlated with levels of sus-
pended solids. Instead, transported soIvent-soluble  organics
appear to be more closely related to the stormwater content
of residual, that is, solvent-insoluble carbon compounds.

(2) The amount and the composition of dissolved organic
extractable are controlled primarily by the solubilities  of the
compound types themselves, not by their abundance in the
particulate phase.

(3) Per capita mass emission rates of petroleum hydro-
carbons calculated for the Los Angeles River are in reasonable
accord with corresponding worldwide values for urban runoff.
Despite their relatively smaller drainage areas, cities con-
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tribute significantly greater quantities of these materials to
the ocean on a per capita basis than do nonurban rivers. This
probably reflects the higher usage and surface deposition of
petroleum in the urban locaIe.
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o Extractable Organic Matter in Urban Stormwater  Runoff. 2. Molecular
Characterization~

Robert P. Eganhouse,  ” Bernd  R. T. Simoneit, and Isaac R. Kaplan

Department of Earth and Space Sciences and Institute of Geophysics and Planetary Physics, University of California,
Los Angeles, California 90024

■ A comprehensive molecular characterization of solvent-
extractable and bound organic constituents of Los Angeles
stormwater runoff has been conducted. The four classes of
compounds inspected were hydrocarbons, fatty acids, ketones,
and polar compounds. On the basis of molecular distributions
and abundances, the extractable constituents appear to be
largely anthropogenic. This is attributed to the dominance of
petroleum residues on street surfaces and to their removal
during the storm. The bound fraction comprises mainly mi-
crobial and higher plant debris derived from the original
structural matrices of the source material or present in asso-
ciation with humic/fulvic  acids and mineral phases.

Introduction

Urban storm drainage is one means by which natural ter-
rigenous and anthropogenic organic matter is transported
from land to the ocean. Whereas some efforts have been made
to characterize stormwater-borne hydrocarbons ( 1–3), no
details have yet been reported for other molecular species
which may constitute up to 40% of the solvent-extractable
organics  (4). The identification and quantitative assessment

t Publication No. 2062, Institute of Geophysics and Planetary
Physics, University of California, Los Angeles, CA 90024.

of runoff-transported organic matter in nearshore marine
sediments has not been possible owing to a lack of data.
Consequently, it is unclear whether a threat is posed to local
marine life by these inputs. Although the ability to completely
control pollution caused by urban runoff is out of reach, a
comparison of its chemical properties with controllable inputs
such as municipal/industrial waste disposal and chemical
dumping is not only important but attainable. This study,
performed in Southern California, attempts to provide new
information toward this end.

A comprehensive analysis was undertaken on solvent-ex-
tractable and bound organic compounds isolated from waters
of the Los Angeles River during a storm sequence in the fall
of 1978. Our objectives were to characterize the major com-
ponents, examine specific molecular distributional features,
assess the approximate anthropogenic contribution to the
overall input, and search for marker compounds to be used
in source identification.

Experimental Section
Samples of Los Angeles River storm runoff were collected

at 11 intervals during a storm event on November 21, 1978 (4).
Before extraction, the samples were spiked with two recovery
standards: triisopropylbenzene (TIB)  and n-nonadecanoic
acid (NDA).  Three basic sample types were prepared: (1)



unfiltered samples, extracted directly without physical or
chemical pretreatment, (2) filtered samples, i.e., runoff sam-
ples filtered through Whatman GF/A glass-fiber filters after
which the filtrates were extracted, and (3) particulate, iso-
lated by gravitational settling. Details of the sampling, the
extraction, and the chromatographic  separation of organic
compounds into various classes are described in the preceding
report (4).

Briefly, the CHCls-extractable organics  from filtered and
unfiltered samples were separated into four fractions for
molecular analysis: (1) total hydrocarbons (THC),  (2) fatty
acids (FA), (3) ketones (KET),  and (4) polar  compounds
(PLR).  The particulate were extracted exhaustively with
CHC13 to remove extractable organics and then saponified (5)
to isolate the bound constituents. After methylation of the
fatty acids with BF3–MeOH,  the bound organics  were sepa-
rated into four fractions as previously described (4). Bound
fractions are heretiter identified by the prefix “B” before the
fraction acronym. For example, BTHC refers to bound total
hydrocmbons,  whereas ETHC refers to (solvent) extractable
total hydrocarbons.

All fractions were examined by high-resolution glass cap-
illary gas chromatography using Carlo Erba FTV 2150 and
2350 instruments equipped with split injectors of ‘@e Grob
design (6) and flame ionization detectors. CaPillary  columns
(I5 m) wall-coated with either OV-101 or SE-54 (0.25-mm id.)

were used for diagnostic and quantitative purposes, while a
30-m SE-54 column of the same specifications was used for
gas-chromatographic/mass-spectrometric  analysis. Total
hydrocarbon, FA, and KET fractions were analyzed by
splitless  injection (6), temperature programming the column
40-260 iso ‘C at 4 OC/min.  The PLR fraction was silylated  by e

using BSA (N,  O-bis (trimethylsilyl)  acetamide) before injec-
tion (7). Analyses of the PLR fraction were performed in two
ways: (1) direct injection of the sample in excess BSA at 150
‘C with temperature programming to 260i~0 ‘C at 4 OC/min
and (2) transfer to 9:1 hexane/ethyl acetate under dry Nz
followed by injection at 90 “C with temperature programming
as before. The former method was used for examination of the
sterols,  and the latter for intermediate moIecular  weight
species.

Tentative compound identifications are based on gas-
chromatographic  retention times andlor by analyses on a
Finnigan Model 4000 quadruple mass spectrometer inter-
faced with a Finnigan Model 9610 gas chromatography. Spec-
trometric data were processed with a Finnigan  INCOS Model
2300 data system.

Quantitative results for THC and FA fractions were
achieved by comparing samples with external standards.
These standards contained compounds distributed over the
molecular-weight range of interest and were run the same day
as the samples. Repetitive extractions showed that the isoia-

Table L General Characteristics of Totai Hydrocarbon Fractions in Storm Runoff Sampies
sampilng  ilme

1000
1100
1200

1 3 0 0

1400

1450

1500
1550
1600
1700

1800

1000
1100
1200
1300
1400
1450
1500
1550
1600
1700
1800

1000
1200
1450
1500

1700

II@ a mg/L

2.0
6.2

5.1
4.0

10
19

18
20
10
9.2

16

0.42
0.38
0.36
0.41
0.50
0.37
0.39
0.40
0.36
0.43
0.30

0.08
0.06
0.26
0.28

0.68

~n-alkanes,  pg/L UCM, b ma~ha max n-alkane

68

110

200
110

220

620

360
360

220
210
240

18
12
20
10
9.2

23
12
6.4
5.3
4.0
2.3

0.29
0.03
9.9
2.7
8.4

Unfiltered Samples
1750[2800 C17
2750/  1700 CZ9

1750/2800 C17
280011750 C,*

2600/ 1900 Czg
2650/ 1550 Cls

2600 %
2800 C17

2550 C17
2550 C29
2700 Czg

Filtered Samples
180012850

275017750
1750/2750
2800/1750
2800
23001 i650
2600
2800
2550
2500
2600

2250
f

2300

2350

2600

C,B
C23
C,*
C,.g
C23
C,8

c,~

G8

G7

G7

C23

Particulate e

C23

C23
C23

CZ.3

C.Z9

mean OEP C (~n-aikanea  > n-C24)/THC  d

1.0
1.7
1.4
1.2

1.4

1.3
1.2
1.2
1.2
1.4

1.4

1.0
1.0
1.0
0.9
1.0
1.2
1.0
1.0
1.1
1.1
1.0

0.1
0.7
0.3
0.5

0.9

0.5

0.5
0.5

0.6
0.7
0.7

1.5

1.3
0.8.
0.5
0.7
1.0
0.8
0.3
0.5
0.4
0.4

1.4 0.1
1.0 <0.1
1.,2 1.6
1.3 0.4
1.4 1.2

Pr/n-Cq7

1.6
1.3
1.4
1.4

1.3

1.2

0.8
0.7
0.7
0.8
0.6

1.7
1.2
1.0
1.7
1.3
1.0
0.8
0.8
0.6
0.7
0.6

1.8
0.8
0.5
0.4
0.9

Prf Ph

2.1
2.6

2.2
e

2.2
1.7

3.9
1.5
1.5
1.4
1.6
1.4

2.1
1.8
1.6
2.0
1.7
2.7
1.6
1.4
1.5
1.5
1.2

1.2
1.2
1.8
1.3

1.3
e

a Total hydrocarbons. measured aravimetricaliv.  b Maxima of the unresolved comDlex  maxima !3iven in Kovats indexes  if bimodaL  numerator refers to index
of the dominant mode. ‘ Mean OEP is average of all running OEP  values (8). d Values are given as percentages. “ “Bound” hydrocarbons in psrficulates  (BTHC).
r No data obtained bacause  of insufficient samples,
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tion scheme used here was effective in removing 95+?o of the
extractable organic material. Because we were interested
primarily in qualitative features, no attempt was made to
correct values for either extraction or recovery efficiencies,
the latter of which were found to be 96% for NDA and 68% for
TIB.

Results

Hydrocarbons. Table I summarizes general characteristics
of the hydrocarbons in unfiltered and fiitered samples and for
bound hydrocarbons in particulate. All samples exhibited
a broad envelope of unresolved components ranging ap-
proximately from rz-Cls to n ‘C31j+.  Resolved components
surmounting this envelope constituted, on the average, less
than IWO of the total integrated area. The hydrocarbon dis-
tributions are characteristically of two types (Figure 1). Un-
filtered and filtered samples collected up to, and including,
1450 hours (Figure 1A) had bimodally  distributed, unresolved
complex mixtures (UCM) with maxima occurring at n-C17_lg
and n ‘C~~~& After 1450 hours, a unimodal  UCM with a

G

Gi

A

14pt)tra
~

fi~jd,J. . . . . . . . . .
c

14x#Jrs

maximum in the range of n-C23.2s was observed (Figure lB).
Bound hydrocarbons, examined at several sampling times
(e.g., Figure lC) had highly symmetrical, unimodal  UCM’S
with maxima at n ‘C22.26.

When normal alkane  distributions of unfiltered samples are
plotted against time during progress of the storm, several
features emerge (Figure 2). First, the levels of the total normal
hydrocarbons (Zn  -alkanes)  are highly variable and corre-
spond roughly to fluctuations in the total hydrocarbon burden
(cf. Table 1). These variations do not show strong correlations
with gross storm parameters such as flow or suspended solids
(4). Second. the normal alkanes in the range of n-Cl&M
maximize at n-C 1 ~- IS and demonstrate a smooth distribution
as evidenced by values of odd-even predominance, OEP (8),
near unity. Finally, excluding samples taken at 1000 and 1200
hours, n -alkanes  greater than n -Czi show strong odd-even
predominance (OEP > 1) and maximize at n-C2g. The dis-
tribution of normaf  hydrocarbons in filtered samples is similar
to that in unfiltered samples; however, the mean OEP values
are consistently lower (Table I). Also, with the exception of

~.— .-- . . . . . . . . . . . . ---------------------  ---------  -------------------  ---------------  ---------

‘s. . . . ---- . . -----  -------  . . ----- . . . . . . . . . . ------------ . . . . . . . --------

+

ao’ ad lod lio” * 160” lsOO 200” 220’ 240” I
260” isothermal

Figure 1. Gas chromatograms of total hydrocarbon fractions in storm runoff (A) 1450 hours (unfiltered sample~ (B) 1550 hours (unfiltered sample)
(C) 1450 hours (particulate). Peak identities are listed in Table 11,
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CAR80N  NO.

Figure 2. Distribution for normal  hydrocarbons in unfiltered samples
of storm runoff during the course of the storm along with running odd-
even predominance values for the sample taken at 1450 hours.

the sample taken at 1000 hours, filtered samples contain re-
duced amounts of high molecular weight n-alkanes (relative
to total n-alkaney  cf. Figure 3).

Bound hydrocarbons represent only a small fraction (<87.)
of the total hydrocarbon burden (Table  1). Normal alkane
distributions for the BTHIC are bi- or trimodal with maxima
at n-C17-ls; n-C23,  and n-C2%31  (Figure 3), and, in three of
the five samples examined, the dominant mode is centered at
n -C23. OEP values for bound n-alkanes  are not significantly
different from those of the extractable hydrocarbons (Table
I). Bound hydrocarbons in the range of n-Cl%21  were relatively
depleted in comparison with their extractable-hydrocarbon
counterparts (Figures lC and 3), but the >n-C24 hydrocarbons
showed an enrichment.

Besides the normal alkanes.  an assortment of branched.
unsaturated, and cyclic compounds were identified (Figure
1A–C, Table II). Among the branched species, a homologous
series of isoprenoids, C1A21 (excluding C17), were prominent.
Also, with the exception of the C15 homologue, C13-lg  isoal-
kanes were tentatively identified. Olefins were found in minor
abundancs however, a number of polynuclear  aromatic hy-
drocarbons were identified in both ETHC and BTHC frac-
tions, including several homologous series. Among these were
naphthalene plus C1.-5  homologies, biphenyl  plus CM, and
phenanthrene/anthracene plus Cl_2 homologies. Fluoran-
thene, pyrene, cbrysene,  xanthene, and benzopyrene were also
tentatively identified. No attemQt was made to refine the
separatio~ of aromatic compoumd~; therefore, the present list
is undoubtedly incomplete. As noted previously (4) aromatic
compounds were enriched in filtered samples relative to un-
filtered samples. Benzotbiophene and dibenzothiophene (plus
alkylated homologies), found abundantly in Philadelphia
storm waters (2), were detected only at trace levels here.

A series of alkyl  cyclohexanes  with side chains ranging in
length from Cs to C15 (ETHC)  “and from Cll to CIS (BTHC)
were identified as major components. Other cyclic compounds
included multiple homologous series of steranes, diterpanes,
and triterpanes. The steranes found in all samples were
complex; however, no sterenes were detected. Among the

prominent constituents were the CzT_zg  5a-steranes with lesser
amounts of methyl steranes (C2=30). Extended tricyclic di-
terpanes (C2@2g) were also verified, where homologies from
C 20 to C24 have the inferred structure I (Figure 4), and those
from CZG to C29 exist as diasteromeric pairs due to a methyl
branch in the side chain.

Triterpanes were dominated by the 17a(H) -hopane  serie~
neither triterpenes nor the 17/3(H) compounds were found.
The 17a(H) series consists of 17a(H) -trisnorhopane (II, R =
H), 17a(H) -norhopane  (II, R = C2H5), 17cx(H)-hopane  (II, R
= C3H7), and an extended hopane series present as resolvable
diastereomeric pairs in near 1:1 abundance, (22R, 22S) ranging
from C31 to C35 (III). A C2s triterpane identified as 17a(H),-
18cdH),21~(H)-28,30-bisnorhopane  was also found (IV).

Fatty Acids. In general, the extractable normal fatty acids
were bimodally  distributed with maxima at 18:0 and 240 or
26:0 (Table III). Strong even-odd carbon-number predomi-
nance was observed in all cases. Palmitic acid (16:0) was the
dominant species; however, the order of importance among
the other major components (181,  180, and 16:1) was highly
variable. Branched fatty acids including iso-14:0–17:0, an-
teiso-150, -17:0,-190, and one isoprenoid, 4,8,12 -trimethyl-
tridecanoic acid, were detected in EFA fractions. Dehydroa-
bietic acid (V) was found only in minor amounts. Various
phthalates  and adipates observed in all samples were present
only in small quantities in procedural blanks. No triterpe-
noidal  acids were detected.

On the basis of gravimetric data, the bound fatty acids
constituted from 23 to 50T0 of the total acids. This amount is
similar to that found by Barrington et al. (9) and Cranwell
(10), who studied both marine and freshwater sediments, but
is lower than that observed for Mississippi River waters (11).
The general distribution features of bound and extractable
fatty acids are similar to each other. NO systematic differences
in 16:1/16.0 or 181/18:0 ratios are apparent, but measurable
differences include the 16:0/180  ratio (Table III), which is
invmiably  higher for bound fatty acids, the ratio of even to odd
carbon n-alkanoic  acids, which is lower for the BFA fraction,
and the percent of singly branched (i.e., iso and anteiso)  acids
which is 4-8 times higher in the bound fraction than for the
corresponding extractable acids (cf. Table IV). The only iso-
prenoid identified in ‘BFA fractions was 5,9,13 -trimethylte-
tradecanoic acid. Diterpenoidal  and triterpenoidal acids were
not detected.

Ketones. The ketone fractions were composed of relatively
simple mixtures of compounds. In EKET fractions, a bimodal
series of n-alkan-2-ones  ranging from C12 to C27, maximizing
at C17 and C25 and having a mean OEP of 1.3, was found only
in trace amounts. The predominant compound was the iso-
prenoid 6,10,14 -trimethylpentadecan-2 -one; two isomers of
phytenic acid ~-lactoqes  were also found in abundance
(structure VI).

A number of ketoaromatics  including diphenyhnethanone,
fluorenone,  anthracenone, phenanthrenone, anthracenedione,
phenanthrenedione (plus a C 1 homologue),  and xanthenone
were tentatively identified. Two ketosteroids were also found
in minor amounts: cholesta-3,5-diene-7  -one and a C2H 5 ho-
mologue (structure VII, strong peak at m/z 174).

The BKET fractions also contained a bimodal  n-alkan-
2-one series extending from Clo to C29 with a mean OEP value
of 4.9, and maxima at C17 and C25. Again, the dominant ketone
was the Cls isoprenoid; however, only trace amounts of as yet
unidentified ketoaromatics were detected, and these did not
elute in the same regions as aromatics found in EKET frac-
tions. In addition, the ~-lactone isomers of phytenic  acid,
found abundantly in the EKET fractions, were completely
absent. Ketosteroids in the BKET fraction included a series
of C2,7-29 hornologues  of cholesta-3,5-dien-7 -one structure and
CZS,2,9  triene  homologue  compounds (VII). Finally, a series of
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Flaure 3. Normal alkane distribution olots  for selected unfiltered, filtered, and particulate (bound) samples of storm runoff (a) 1000, (b) 1200,
(C j 1450, (d) 1500, and (e) 1700 hours. Concentrations are normalized to that of most abundant n-alkane.

methoxy steroids (CZT.Z9,  structure VIII)  coeluted  with the
ketone band. These were identified by comparison with mass
spectra of Idler et al. (12). The parent compound was 3-
methoxycholesta-5  -ene; lesser amounts of Cl- and Cz-sub -
stituted 3-methoxycholesta-5,22  -diene  homologies were also
found. In the case of both keto-  and methoxysteroids, the
order of predominance was cag  > C2,7 > C2S (steroid skeleton
only).

Polar Compounds. The polar fraction representa a rather
complex assemblage of molecular types. Gas chromatograms
of the derivatized EPLR and BPLR fractions (1450 hours)
show that the majority of the polar compounds are incorpo-
rated in a broad UCM extending from <C14 to C28+ (rz-alka-
nols). In the EPLR fraction, the n -alkanol  series is bimodal
with maxima at C16 and CZiS (Table V). Very minor amounts
of a- and @-hydroxy acids were found, and a,w-dicarboxylic
acids, ~-hydroxy  acids, and triterpenoidal alcohols were not
detected. Conspicuous by their absence also were phytol  and
dihydrophytol.  Authentic standards were used to verify that
these isoprenoidal  alcohols could be resolved from rz-octade-
canol  and were not coeluting.  Sterols  identified in E P L R
fractions included cholesterol, campesterol,  stigmasterol,  and
&sitosterol; stanols included coprostanol  (structure 1X),
epicoprostanol  (structure X), and cholestanol  (structure
XI).

The BPLR fractions represent from 7 to 259. of the total
recoverable polar compounds based on gravimetric  results.
Greater numbers of resolvable components in this fraction
were identified chromatographically  (Figure 5), including
several homologous series such as the rz-alkanola,  a- and
$-hydroxy  acids, w-hydroxy acids, a,u-dicarboxylic  acids, and
sterols  (Table V). The n-alkanols  are bimodally  distributed
with maxima at C Uj and C2s. The a- and ~-hydroxy  acids are
distributed somewhat irregukwly,  Because a and /3 isomers
coelute,  separate distributions cannot be accurately deter-
mined. However, mass-spectral differences (13) allow one to
estimate the respective amounts of these isomers in any given
peak (Table II). In the present case, the a isomer predomi-
nates for compounds >C~O. In contrast, branched species,
tentatively identified aa iso and anteiso C1.S and C 17 com-
pounds, are principally in the form of the P isomer; the re-
maining members of the series have various isomeric com-
positions. The major constituents are CUA CM, “iso-Cls”,  CIG,
Cls, and C24.

The u-hydroxy  acids detected in BPLR samples are C20_ZG
even-carbon homologies. Except for C20, which was present
in small amounts, their relative abundances are roughly
equivalent (Table V).

The cx,co-dic=boxylic acids were found in the range of Cg-aIj;
however, in some samples the C9.19  compounds were com-
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Table IL Selected Compounds identified in Los Angeies River Stormwaters”
peak no.

2
3
8
9

12
17
24

il
18
20
23
28
30
31
32
33
34
35

36

37

1
3
4
5
7
8
9

10
11
12
13
14
15
16
19
20
22
24
26
27
29
30
32
33
35
36
38
40
45

compd peak no. compd

Hydrocarbons (Figure 1)
branched

2-methyldodecane  (isoC13) 1
2,6, 10-trimethylundecane  (isopr-C14) 4
2-methyltridecane (is~C1.J 5
2,6, 10-trimethyldodecane  (isopr-C15) 6
2,6, 10-trimethyltridecane  (isoPr-CIG) 7
2,6, 10-trimethylpentadecane (isopr-C1jJ 10
2,6,10, 14-tetramethylheptadecane  (isopr-C21) 13

cyclics 14

rr-octylcyclohexane (C14) 15

n-decylcyclohexane  (CltJ 16

n-undecylcyclohexane  (Cll) 19

n-dodecylcyclohexane  (Cla) 21

n-tetradecylcyclohexane  (Czo) 22

mpentadecylcyclohexane  (Czl) 25

CP3H42 extended diterpane (structure 1, R = C6H13) 26

C24H44  extended diterpane (structure i, R = C7H15) 27

CzsHgtj  extended diterpane (structure 1, R = C8H17) 29

C26H48  extended diterpane (structure 1, R = C9HPO)
C2sH52 extended diterpane (structure 1, R =

C11HZ3)
170!(H),21  @(H)-30-norhopane  (structure Ii, R =

C2H5)
17a!(H),21 ~(H)-hopane  (structure 11, R = C3H7)

Polar Compounds b (Figure 4)
hydroxy acids

a/@-hydroxydecanoic  acid (n-GIO)c 1

cf/&hydroxyundecanoic  acid (n-C l,) 6

&hydroxydodecenoic  acid (CIZ,I) 1 7
d~-hydroxydodecanoic acid (rr-CIJ 21
~-hydroxytridecanoic acid (n-C13) 23

cd~-hydroxytetradecanoic  acid (n-Cl.J 25
~-hydroxypentadecanoic  acid (“is~C15”) 31
ct/@hydroxypentadecanoic  acid (c’akC15”) 34
a!/@-hydroxypentadecanoic  acid (n-CIS) 37

@-hydroxyhexadecanoic  acid (“is~C16”)’ 42
cd~-hydroxyhexadecanoic acid (I?-C16) 44
~-hydroxyheptadecanoic  acid (’ciso-C17”)c

~-hydroxyheptadecanoic  acid (“ai-C17”)c 2
cd@-hydroxyheptadecanoic  acid (n-C,,) 18
cd@ydroxyoctadecanoic  acid (n-CIS)

W~-hydroxynonadecanoic  acid {mC1g) 39

cW~-hydroxyeicosanoic  acid (n-C20) 41

a-hydroxyheneicosanoic  acid (n-Czl)  d 43

c+hydroxyeicosanoic acid (I?-C20) 46

a-hydroxydocosanoic  acid (n-C22)  d

w-hydroxyheneicosanoic acid (r+C21)
a-hydroxytricosanoic  acid (fI-C23)
u-hydroxydocosanoic acid (rW22)
a-hydroxytetracosanoic  acid (JY-CZ4)  d

co-hydroxytricosanoic  acid (ft-C23)
a-hydroxypentacosanoic  acid (rr-C25)
ti-hydroxytetracosanoic  acid (r7-C24)
a-hydroxyhexacosanoic  acid (#_hCpG)  d

@hydroxyhexacosanoic  acid (I_r_czs)

aromatics
naphthalene
I-methyinaphthaiene
2-methylnaphtha Iene

triisopropylbenzene (internal standard)
biphenyl

C 2 naphthalenes
Cl biphenyls
C 3 naphthalenes

C 2 biphenyls
C4 naphthaienes
C 5 naphthalenes

C 3 biphenyls

phenanthrene or anthracene
CI phenanthrene/anthracenes

C 2 phenanthrene/anthracenes
pyrene

fluoranthene

cx,adicarboxylic  acids
oq+nonanedioic  acid (n-CQ)  e

q~-undecanedioic  acid (rr-C1l)e
qti-hexadecanedioic  acid (*CIG)
cx,w-octadecanedioic  acid (rPCl  S)
cx,(d-nonadecanedioic  acid (rr-CIJ

a,~-eicosanedioic  acid (rr-C20)

a,~docosanedioic  acid (n-C22)
a,cd-tricosanedioic acid (-C23)
a,c+tetracosanedioic  acid (I%C2J

a,cu-pentacosanedioic acid (rr-C25)

oqd-hexacosanedioic  acid (/?+s)

starols  and others
diethyi phthalate
1,2,3-propanetrioic acid, 2-(acetyloxy)-,

tributylester

5&cholestan-3&oi  (coprostanoi,  structure IX)

cholesta-5-ene-3&ol  (cholesterol)

24-methylcholesta-5-ene-3&ol  (campesterol)

24-ethylcholesta-5-ene-3~-ol  (@-sitosterol)

“ Ma@r  components and significant constituents are listed; identifications based on mass-spectral interpretation. b Normal and branched hydroxy  acids li6te@

“ is~” snd “al-” identifications based upon relative retention times and mass-spectral data. C Small amount of a-hydroxy  acid isomer present. d Small amount
of $%ydroxy  acid isomer present. e Trace amount coeluting  with another pesk.
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to the ancient character of these hydrocarbons (17). An in-
dication of the influence of locally produced/consumed pe-
troleum was found in the molecule 17a(H),18cY(H),21  f5’(H)-
28,30 -bisnorhopane, identified as a major terpenoid constit-
uent of the Monterey shale off Santa Barbara, CA, and in
California crude oils (18). More recently, it has been found in
marine sediments and sediment-trap particulate collected
in San Pedro Basin, located offshore from the mouth of the
Los Angeles River (19, 20).

Biogenic hydrocarbons, in minor amounts, were evidenced
by the high molecular weight rz-alkanes  (>rz-C2J with OEP
values >1.0. These are presumably derived from bigher plant
epicuticular  waxes (21) and in no case exceed 1.6V0 of the total
hydrocarbons (Table I). However, because bacteria have been
known to disdav little or no carbon reference in metaboli-

.PiT+’ tally synthesized rz-alkanes  (22, 23):  we cannot exclude the
possibility that minor amounts of bacterial hydrocarbons

RSH,CH3,C2H3 R . H,CH3,C2H5

~.cholesm-3,5-d,  e.-7-one ~. 3-methoxw  ChOlesta-  5-ens
ser,es sems

..= ..--=M “

IXCOvOstanOl XEptccwos?md

“o&*O

XLCholestanol

Figure 4. Structures of organic compounds identified in storm
runoff.

pletely  absent, whereas in others they constituted 99+’% of the
total a,u-diacids  (Table V). Compounds greater than Cls
showed strong even-odd predominance and maximized at C22.
Unsaturated species were not observed.

Bound sterols  included cholesterol, campesterol,  and /3-si-
tosterol  in the. order of predominance C29 > C27 > C2S. Cho-
lestanol  was the only stanol  observed. As in the case of EPLR
fractions, phytol, dihydrophytol, and triterpenoidal alcohols
were not detected.

Discussion

Hydrocarbons. Hydrocarbons constitute roughly 60’%. of
the total solvent-extractable organics  in Los Angeles River
stormwaters (4). The vast majority of these hydrocarbons
(-94%) are associated with particulate matter and are pri-
marily derived from petroleum residues. Moleculm  evidence
presented here in support of this latter assertion includes the
foflowing ( 1 ) a broad envelope of unresolved species extending
from Sn-C13 to n-CsIj+ and comprising >80% of the total
hydrocarbons (14 ),(2 ) a homologous series of normal alkanes
(n-C13.24)  with OEP - 1.0 (14), (3) abundant branched
homologies including isoprenoids, iso- and anteisoalkanes,
(15, 16), (4) multiple homologous series of alicyclic  and poly-
cyclic compounds such as the alkyl  cyclohexanes, steranes,
diterpanes, and triterpanes, and (5) a variety of parent pol-
ynuclear  aromatic compounds in association with alkyl-sub-
stituted homologue  assemblages.

In addition, the absence of 17~(H)-hopane  isomers and the
distribution of the 17a(H) -hopane  series >C30  (i.e., 22R and
22S diastereomeric pairs occur in near 1:1 abundance) point

‘might als-o be present in stormwater runoff. On the basis of
the aforementioned assemblage of characteristics, we conclude
that petroleum, not recent biogenic, hydrocarbons predomi-
nate.

A storm event not only removes but effectively homogenizes
a diverse set of organic source materials (4). Distributions
observed in the laboratory, then, must represent a composite
of multiple inputs. Among the probable sources of hydrocar-
bons in the Los Angeles River baain are (1) vehicular exhaust
particles, (2) lubricating oils, (3) atmospheric fallout (rain and
dry, e.g., forest fires, combustion of fossil fuels, and eolian
transport of bioorganics), (4) fuel oils, (5) spillage of crude and
refined petroleum products during production, processing,
or transportation, (6) leached/eroded pavement, (7) natural
biogenic sources on land, (8) erosion of organic-bearing sedi-
mentary rocks, and (9) others.

The difficulty in defining the composite arises from both
the complexity of this input array and the possibility of
postdepositional alterations (24, 25).

On the basis of GC, IR, and lead data, Ziircher  et al. (I)
suggested that automobile exhaust particulate were the
primary contributors to hydrocarbon burdens in Swiss mo-
torway runoff. These particulate contain hydrocarbons dis-
tributed essentially as a UCM from n - C22 to t-t -C34+ and
maximizing at n-C2g (26). We found a similar pattern in our
samples, particularly during the later stages of the storm;
however, n-alkanes, not generated to any great extent in
combustion experiments (26), are quite abundant in storm-
water samples. Dewaxed lubricating oils and transmission
fluids consist essentially of high molecular weight UCMS with
no detectable normal alkanes  (27). Thus, the high molecular
weight mode of the UCM which dominated the hydrocarbons
in samples collected during later stages of the storm may have
its origin in any combination of these materials.

The abundance of normal and isoalkanes  and the relatively
low UCM suggest that extensive biodegradation has not oc-
curred, as it is generally agreed that microbial utilization of
petroleum proceeds approximately in the folfowing sequence
normals, branched, cyclics, and aromatics (14, 24). Normal
and perhaps branched alkanes  should have been greatly re-
duced or eliminated if intense microbial breakdown had taken
place, leaving a strongly pronounced UCM. This type of dis-
tribution is common in petroleum-contaminated river and
marine sediments (28–30) and biodegraded crude oils (31).
The data also suggest that a minimum of physical weathering
has occurred. Evaporative losses may be prevented by asso-
ciation of liquid hydrocarbons with particulate matter (32)
or microencapsulation  on/in pavement surfaces (e.g., solution
of crankcase drippings into asphalt).

Attention should be drawn to a consistent change in the
hydrocarbons that occurred during the storm. Samples col-
lected up to and including 1450 hours exhibited bimodal
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Tabie ill. Total Extractable Fatty Acids in Unfiltered Samples and Bound Fatty Acids in Particulate of Storm
Runoff a

1000 1200 1450

compd

10:0
11:0

120
13:0
14:0
15:0
16:0

17:0
18:0

19:0
20:0

21:0
22:0
23:0
2&o
25:0
26:0
27:0
2ao
29:0
3ao
16:1
18:1

17:lb

19:lb
i-13:o

ai-13:o
i-140
i-150

ai-l SO
i-16:0
i-17:0

ai-17:0

16:0/18:0

EFA

0.6

<0.1

6.6

<0.1

4.6

0.4
16
0.5

16

0.7
0.6

0.1
0.6
0.2
0.6
0.1
0.2

<0.1
0.1

2.5
6.1

<0.1

0.2
0.2

0.2
0.3
1.0

BFA

0.5
0.1
1.7
0.7

11

0.3
2.4

<0.1
0.2
0.1

0.4
0.1
0.6

0.4

0.3

0.1
0.2
0.8

<0,1
<0.1

0.2
0.6
0.5

0.2
0.1
0.1
4.6

EFA

1.0

0.1

3.4
0.5
7.8

4.5
19

1.0

96
1.3
1,4

0.4
1.6
0.3
1,6

0.3
1.2

0.2
0.4

240
160

1.5

0.2
0.6
0.8

0.5
1.7
2.6
1.6
0.4
0.7
0,2

BFA

0.6
0.1
1.9

0.9
1.3
0.5

2.6
0.1

0.3
0.1
0.5
0.1
0.6
0.1

0.3
0.1
0.2

2.7
2.4

.0.1
<0.1
<0.1
<0.1

0.2
1.1
1.0
0.1
0.2
0.2
0.5

EFA BFA

0.5

0.2
3.4
0.6
3.7

6.2
360

7.5
180

2.6
10

1.6
7.1

1.6
6.2
1.4
3.4
0.5
1.5
0.3
0.8

121
183

1.4

0.8

0 . 6
2.2
2.2
1.6

0.3
0.8
2.0

“ Concentrations in pg/L.  D Either cyclopropane  or monounsaturated species.

Table IV. Percent Singiy Branched and Unsaturated
Acids and Even-to-Odd Ratios for Normai Fatty Acids
in Extractable and Bound Fractions of Storm Runoff a

‘~ branched O/. unsaturated even/odd ratio b

time EFA BFA EFA BFA EFA BFA

1000 1.6 8.4 15 5 22 14

1200 1.2 9.5 56 18 35 10
1450 0.8 5.6 38 43 27 14

1500 1.2 5.0 29 36 24 18
1700 1.2 8.3 53 20 15 13

~ Based on gas-chrornatographic  analyses; EFA are for unfiltered samples.
b Even/odd ratio = (~even carbon FAs)/(~odd  carbon FAs).

UCMS and pristane/rz-C17  ratios greater than unity (Table I).
After 1450 hours, the UCMS were monomodal,  and the pris-
tane/n-C17  ratios were less than 1.0. From the pristane/phy-
tane and phytane/n-C17  ratios, it is clear that pristane de-
creases with time (as opposed to n-C17 increasing) and is re-
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0.9
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1.4
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6.7
4.1

0.8
4.3
0.9
6.0

1.4
5.9
0.9
2.8
0.4
1.9

180

120
2.2

1.0
0.8

0.5
3.6

14
13

1.0

2.4
4.0

56

EFA

6.9
1.2
5.5

10
630

22
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4.6

14
1.9
9.0

2.4
8.6
1.6
4.1

0.8
1.6

0.5
0.8

130
350

3.3

3.5
0.7
0.9

0.6
6.8
5.0
3:2
0.9
2.1
1.5

❑ FA

2.8

0.9
30

2.0

51
13

390
10

97
1.4

7.0
1.3
9.3

2.0
9.2
1.6
4.2
0.6
3.3

200
200

1.3

1.2
0.7
4.2

19
19

1.1

3.4

6.2
4.0

EFA

0.4

0.1
2.0
1.2

5.5
2.0

130
4.0

71

1.9
7.2
1.5

8.9
2.1

10
1.7
7.6
1.0
4.3
0.7
2.6

250
45

6.6

1.4

0.4
1.4
1.4

0.4
1.2

2.0
1.8

1700

BFA e

25
0.1

16
1.8

40
12

310
10
66

3.0
13
2.8

22

5.8
24
3.5

12

2.7
11

70
80

4.3

5.5
1.6 0
0.9
6.0

23
21

1.4

5.4
8.1
4.7

lated to the low molecular weight hump found in samples
collected during the early phase of the storm. Furthermore,
the n-alkane  distribution plota (Figures 2 and 3) indicate that,
in later stages of the storm, the lower molecukm  weight allranes
(<n-C zo) decrease in relative abundance. Vapor-pressure and
volubility data demonstrate that branched/cyclic compounds
are more susceptible to loss by evaporation and water washing
than normal alksnee of the same carbon number (33). In ad-
dition, vapor pressure and volubility both decline with in-
creasing molecular weight. Thus, samples collected after 1450
hours, probably represent partially weathered, older residues,
whereas earlier samples were more recently deposited and,
thus, are relatively unweathered.

Other subtle, but significant, physiochemical effects were
observed during the storm. For exampIe,  the lower mean
OEPS for rz-alkanes  of filtered samples are probably due to
the attenuation of plant wax hydrocarbons (which contribute e
most to the odd-even predominance) because of their low
solubilities.  The selective partitioning of aromatics in fiitered
samples (4) is a due to their greater molecular solubilities  (33,
34).



Table V. Relative Abundances of Homologous Compound Series in Solvent-Extractable and Bound Separates of
PLR Fractions (1450 hours) a

carbon no. b

9

11

12
13
14
15
16
17
18
19
20
21
22

23
24
25
26

27
28
30

32

n-alkanols

extr bound

6.6 7.8
5.0 2.6

21.1 36.7
3.0 2.0
7.5 21.0
2.2
8.7 7,0
0.2 0.9
5.7 4.5
0.1 0.7
6.6 4.6
1.0 0.4

10.2 5.0

0.2

9.0 5.9

7.8 1.8
4.9

a/&hydrosy acids

extr bound

1.6
tr 24.6

0.6
17.3 14.8

2.0
59.4 11.2
23.3 1.1

9.6
1.2
1.2
1.0
5.9
4.7

15.5
2.4
2.2

w-hydrosy  acids a,w-dlcarbosyllc  acids

estr bound estr bound

3.1

32.6

31.0

33.3

c
tr

99.3

0.19
0.04
0.10
0.02
0.18
0.02
0.08
0.02
0.04

a Abundances ( Ya ) determin~ by integration of totsl  ion current for peaks obtained in GC/MS enalysiq  values relative to total current of all species. b Carbon

number of csrbon  skeleton (prior to esterification  or trimethylsilylation).  c Unknown (minor) amount due to coelution  with other compound(s).
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Figure 5. Gaa chromatograms  of derivatized  extractable (unfiltered sample) and bound (particulate) polar compounde in stormwater  runoff ( 1450
hours). Normal alkanols are designated on the figure: other peaks are identified in Table II.

The bound hydrocarbons represent only a small fraction
(<8%) of the total recoverable hydrocarbons, an observation

e
made previously for marine and river sediments (9, 28). The
homologous series of normal, branched, and cyclic compounds
and higher molecular weight n-alkanes suggest a mixed
petrogenic/photogenic origin. However, the similarity of the
n-alkane  distribution plots (with a maximum at C23) to those

found by Cranwell  (10 ) in lake sediments and Johnson and
Calder  (35) in a salt marsh environment may also indicate
contributions from a microbial component. In studies of hy-
drocarbons in humic  and fulvic acids, Schnitzer (36) and Khan
and Schnitzer (37) have alluded to this possibility. Recent
studies (38 ) have shown that degradation of microbial cellular
components is reduced in soils by completing with humic
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acid-type phenolic  polymers. Thus, stabllzation of microbial
residues may involve lipid incorporation into soil humus. The
highly symmetrical UCMS centered roughly at n-C23  and the
shift in rt-alkane  distributions to higher molecular weight
(relative to ETHC distributions) could also reflect a size dis-
crimination in the entrapment, retention, or microbial ca-
tabolism of hydrocarbons in the humic/fuIvic  cage structure
(24, 37).

Fatty Acids. Fatty acids found in urban stormwaters are
almost entirely biogenic. Petroleum, which is the dominant
source of hydrocarbons in stormwaters, contains only minor
amounts of long-chain carboxylic  acids (39). It is, thus, an
unlikely source of the fatty acids in runoff. The dominance of
160,180,181, and 161 compounds in EFA fractions suggesta
that hydrolyzed and glyceride-bound acids from cell walls of
indigenous biota  me the dominant source of acids in the range
< 2OO (20). Wax esters and free acids derived from higher
plants are largely responsible for normal components above
20:0 (21 ). When summed, these high molecular weight acids
constitute only a small fraction of the total fatty acids. The
odd-carbon and iso and anteiso acids probably reflect a mi-
crobial component (40, 41), whereas dehydroabietic acid,
found only in very small quantities in these samples, is a mo-
lecular marker of coniferous resins (42). This latter compound
has also been preserved in sediment cores of southern Cali-
fornia continental shelf basins (19). Introduction of dehy-
droabietic acid to the ocean via the Los Angeles River was
probably mitigated, in this instance, by the rainfall pattern
which was concentrated in nonforested, urban areaa (4).

The bound fatty acids were a signitlcant  portion of the total
recoverable (i.e., extractable plus bound) acids (%5-SOVO).

These compounds released by alkali hydrolysis can be lodged
in several environments: (1) esterified in plant cutin (43, 44)
and microbial cellular walls (45), (2) by linkage through ester
and amide bonds to the surface and/or interior of humicffuivic
substances (9), and (3) physically entrapped in or adsorbed
by, clayminerals and humic/fulvic  substances (37, 46). In the ‘
present study, the enhanced occurrence of 16:0, iso, and an-
teiso acids and odd carbon number acids is suggestive of a
large bacterial component (4o, 47); however, it is impossible
to say whether they are released from primary or secondary
(38) sources. Higher plant wax residues (>20:0)  are still
present in BFA fractions, but in relatively small quantities;
these are probably bound or adsorbed to humic/fulvic  acids
and clay minerals.

Ketones. The ketone fraction was only a minor constituent
(4.3%) of the total solvent-extractable organics in stormwaters,
and the bound ketones comprise from 12 to 24~0 of the total
recoverable ketones. The only homologous series observed,
the rz-alkan-2-ones,  are generally believed to be of terrestrial
origin (48). They can be generated by /3 oxidation of fatty acids
(followed by decarboxylation)  or by direct oxidation of hy-
drocarbons (49). The patterns we observed do not match the
rz-alkane  distributions. This is “not surprising as these hy-
drocarbons have a variable distribution pattern and are
dominated by petroleum, which, unlike plant wax residues,
is not deposited primarily in soils. Furthermore, the petroleum
hydrocarbons clearly have not undergone drastic biodeg-
radation or weathering. The secondary maximum for the n-
alkan-2-ones  at C25 may originate from plant wax. The high
relative abundance of these compounds in BKET fractions
probably reflects the fact that humic/fulvic  acids and n-
alkan-2-ones  me cogenetic, that is, contemporaneous products
of soil chemistry.

Aromatic ketones in EKET fractions are almost certainly
anthropogenic, although their exact source is unknown.
Similar compounds were found by Benoit et al. (50) in Ottawa
tap water; their origin was attributed to oxidation of polynu-
clear aromatic hydrocarbon precumors. This possibility seems>

unlikely in this instance because of the absence of alkyl-sub-
stituted homologue  assemblages. Aromatic ketones were not
found in BKET fractions probably because they do not orig-
inate in the natural soil environments where humic/fulvic
materials form.

The isoprenoid ~-lactones (51 ) and Cls isoprenoid ketone
e

(52, 53) were the only major known phytol  degradation
products found in runoff waters (excluding isoprenoid hy-
drocarbons). Phytol,  dihydrophytol,  and the isoprenoid acids
(phytanic,  pristanic, and phytenic) were not detected. The
occurrence of the CM isoprenoid in both EKET and BKET
indicates that it probably is formed by microbial oxidation in
soils where it may or may not become entrapped in humus.
This compound has been found in marine sediments from
Tanner Basin, CA (53), and in older sediments (54); however,
ita formation in subaerial environments has, until this time,
not been reported. These findings indicate (1) that in situ
diagenetic production of 6,10,14 -trimethylpentadecan-2-one
from chlorophyll under mild oxidative conditions as suggested
by Ikan et al. (55) must include terrestrial as well as marine
environments and (2) that phytol and dihydrophytol, if pro-
duced, are very rapidly transformed and/or removed.

The ketosteroid residues (cholesta-3,5-dien-7 -one series)
found in EKET and BKET fractions probably originate from
autoxidation of sterol precursors (56). The pattern that we
observed fita the sterol distribution in the PLR fraction, and,
although we took every precaution to avoid oxidation of the
isolated organics,  we cannot rule out the possibility of tech-
nique-induced reactions. Whether they are artifacts or natural
autooxidation products, it is surprising to find only these
compounds among the many possible products known.

Methoxy steroids have, to our knowledge, not been reported
in the literature os naturally occurring. In addition, microbial
transformations leading from sterols to the methyl ethers are
unknown (57). Thus, we suspect that these compounds may
have been artificially produced. Confiiation of this hy- C

pothesis  awaits further investigation.
Polar Compounds. At least two possibilities exist for the

origin of the UCM, which dominates in PLR fractions (Figure
5). Petroleum contains polar heteroatomic materials com-
monly termed N-S–O compounds. Because of their polarity,
these compounds elute much more slowly by our chromato-
graphic technique than do true hydrocarbons. Hence, the
UCM in polar fractione may simply be a procedural artifact
consisting of the N-S-O fraction from urban petroleum
residues. In the presence of oxygen, the natural decay pro-
cesses result in oxidation and stepwise breakdown of organic
molecules. Thus, the UCM fraction may also represent a
highly complex mixture of natural and anthropogenic inter-
mediate oxidation products.

Straight-chain alkanols are among the most prominent of
the resolvable components in the EPLR fraction. These
compounds exist as both free and esterified (to fatty acids)
constituents of plant waxes, generally in the range of Cj&34
showing even-odd predominance, and maximizing at-cze or
Czs (21, 58). In rare instances they have been found as wax
esters in microorganisms, but only compounds of carbon chain
length less than C20 are known (59). We believe that the ex-
tractable high molecular weight n -alkanols in stormwaters  are
probably derived from higher plant waxes os free alcohols and
ester~ however, the origin of the lower series (<C24) which
maximizes at Cle may have multiple, and as yet undetermined,
origins. The n-alkanol  distributions in bound fractions were
quite similar to those found in EPLR isolates. The higher
molecular weight species which maximize at Czs represent *
plant residues, perhaps suberin  (43), although their exact site
of attachment in stormwater particulate is a matter of con-
jecture. The primary alcohols are generally absent from
humic/fulvic  acids (36) and are not: known to exist in the
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polyester matrix of cutin.  Furthermore, they have not been
reported as bound constituents of microbial membranes.
Thus, we suspect that they maybe transported as plant det-
ritus or by clay minerals. The bimodal  character of the dis-
tribution suggesta a dual source, whereas the similarity of
EPLR and BPLR patterns indicates a common derivation.
In the presence of other indicators of chlorophyll degradation
(e.g., CM isoprenoid ketone and isoprenoid y-lactones) the
absence of phytol  and dihydrophytol in EPLR fractions
suggests that these are short-lived unstable compounds on
land. Their absence in BPLR fractions signifies that chloro-
phyll breakdown with cleavage and transformation of the
phytol  side chain is extremely rapid.

The a- and /3-hydroxy  acids probably have diverse origins.
Unlike their a-hydroxy analogues,  normal and bianched
@-hydroxy  acids less than Cls have been found in marine
bacteria (60) and as microbial cell wall constituents (59). Their
presence in” cutin and humic/fulvic  materials, however, has
not been reported. In studies of lake sediments, Eglinton et.
al. (13) observed a suite of these acids ranging from Clo to C24,
and on the basis of similarities between fatty acid and a- and
b’-hydroxy  acid distributions they suggested a microbidly
mediated pathway between these groups (i.e., oxidation of
fatty acids). Our data suggest that compounds in the lower
molecular weight range (< C20), which are found in both EPLR
and BPLR fractions, are derived from bacterial lipids and/or
microbial cell walls. The origin and the binding site of the
higher molecular weight hydroxy acids are unknown. If mi-
crobial oxidation of fatty acids from higher plants  is the cause,
oxidation of the a carbon appears to be favored; however, in
this case, it is puzzling that these acids (>C20) are apparently
bound and not present as free acids or esters.

The w-hydroxy  acids, sometimes considered precursors for
the production of the a,c+dicarboxylic  acids (13, 48), can exist
in cutin primarily as the Clfj or Cls  species (43, 44) where they
are usually found in association with 10,16 -dihydroxyhexa-
decanoic acid and other polyhydroxy  and epoxide acids. In
suberin, the corky  layer of many plants, they are distributed
in the range of C1~X, but they have also been reported as ester
polymers (four to six molecules) in epicuticukr waxes (58).
In these waxes, only homologies less than C20 in carbon chain
length are found. Humic/fulvic  sources of the u-hydroxy  acids
are unknown, but they can be generated by diterminal oxi-
dation of rz-alkanes  (61 ). The distribution that we observed
in the BPLR fractions from storm runoff indicates that these
compounds are probably derived from the polyester matrix
of suberin.

The cx,u-dicarboxylic  acids have been found in recent ma-
rine and lacustrine (60, 62) as well as older lake (13, 48) and
ancient sediments (63). The diacids may be present in cutin
in the range of CIS-7.O (44), in certain waxes (ClS_26  (64)), and
in suberin  (C IS_22  (43)), but generally they occur only as small
molecules (primarily C4) in humic/fuJvic  acids (36). Microbial
oxidation of w-hydroxy acids or terminal carbons of fatty acids
(65) has, in some cases, been used to explain the diacid dis-
tributions although diterminal oxidation of n-alkanes is also
considered a possibility (61). These compounds are not normal
constituents of microbial cells; however, they have been found
(66) as oxidation products of the insoluble cell debris of algae
and bacteria (C61s).

We observed a distribution sometimes dominated by C*6
with lesser  amounts of higher homologies ranging up to CZG,
but unsaturated species were not detected. In view of the re-
ported low abundances of CZ,U-C  16 diacid in the polyester
structure of cutin, we favor suberin or bacterial cell debris as
the source of the C1&20  compounds. The distribution for
compounds >Clg  resembles that found in a 5000-year-old
lacustrine sediment by Eglinton et al. (13). They attributed
the origin of diacids  to u oxidation of u-hydroxy  acids on the

basis of similarities in compound distributions. Postdeposi-
tional  oxidation of the u-hydroxy  acids is not indicated here
because the distributions of these two groups are dissimilar
(Table V). It seems more likely that the high molecuku  weight
diacids in runoff arise through the activity of soil microbial
factors on plant detritus such as higher plant wax esters.

Finally, sterols  such as cholesterol, campesterol, stigmaat-
erol, and /3-sitosterol  found in the EPLR and BPLR fractions
are derived from higher plants (7), whereas coprostanol  and
epicoprostanol  represent markers of mammalian fecal activity
(67, 68). The absence of sterenes in the THC fractions indi-
cates that these sterols  have probably undergone little bio-
degradation.

Conclusions

Stormwaters  carry complex materials of diverse origins;
however, the two major sources of extractable organic sub-
stances transported to the ocean via stormwaters are an-
thropogenic  and natural biogenic. The solvent-extractable
organics  are dominated by petroleum hydrocarbons (60~0),
whereas bound constituents are mostly biogenic. Fraction-
ation of the extractable and bound components with subse-
quent molecular characterization has allowed us to speculate
on the origins, alterations, and possible modes of introduction
of various compound types in the Los Angeles River. Table
VI summarizes these findings.

More than anything else, this study has pointed out the
serious need for more detailed information regarding the
distribution of compound classes in the natural (terrestrial)
environment. In this context, the future use of molecuku
tracers in the marine environment will depend greatly on the
ability to certify their origins.

Table VI. Summary of Molecular Markers Found in
Storm Runoff Tabulated According to Their Presumed
Sources

anlhropogan[c receni  blogenic

petroleum microbial
1. r?-alkanes, rr-C1&24 1. ri-alkanes (?)

2. branched hydrocarbons 2. aikanoic acids
a. iso, anteiso a. iso, anteiso series
b. isoprenoids b. cyclopropane  acids (?)

3. cyclic compounds 3. ~-hydroxy  acids
a. cyclohexane  series a. normal acids < C20
b. steranes b. iso, anteiso acids
c. diterpanes
d. triterpanes

4. a,~-dicarboxylic  acids (?)

4. aromatic hydrocarbons higher plants
5. unresolved complex mixture 1. c-alkanes > C-C24

synthetics 2. rr-alkanoic  acids> 20:0

1. phthalates,  adipates 3. dehydroabietic  acid

2. aromatic ketones (?) 4. c-alkan-2-ones  > C2.5 (?)
5. chlorophyll derivatives

a. C 1.S isoprenoid ketone
b. isoprenoid T-lactones

6. a,r.odicarboxylic acids (?)
7, @-hydroxy  acids
8. n-alkanols  > C24
9. phytosterols

higher animals
1. fecal sterols

a. coprostanol
b. epicoprostanol
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9 Low *5N/*4N in hydrothermal

vent animals: ecological implications

Greg H. Rau
lnsdtute of Geophysics and Planetary Physics,
University of California, Los Angeles, California 90024

f.ow-trophic-level  animal biomass from the Galapagos and
21 ‘N hydrothermal vents was found to have “N/ “N ratios
which are lower than those previously reported for organic
nitrogen 14, ammonium1”z”5, and nitratel’2”7-s  in deep Pacific
Ocean water. These nitrogen isotope ratios of vent animals are,
however, near those of deep-oceanic N 2 (refs 1, 2, 7, 9) a n d

resemble those of marine biota associated with Nz fixation2”’0.
These observations suggest that organic nitrogen of nutritional
importance to vent animals is initially synthesized within the
vent environment and this synthesis may be preceded by Nz
fixation.

It has been argued’’-” that local bacterial chemo-autotrophy
is the primary source of biomass and energy for the dense
invertebrate communities found at Pacific Ocean hydrothermal
vents. Part of the evidence for vent primary production is the
difference between the ‘3 C/’2C of vent animals and the “C/’2C
of animals in the overlying pelagic environment’3’9.  [t was
reasoned that measurement of vent animal ‘sN/’4N  would
provide further clues as to the base and the structure of these
vent food webs.

A variety of animal tissues from hydrothermal vents were

Q
analysed including: trophosome and vestimentum  from Riffia
puchypdk  Jones (a vestimentiferan worm), mantle tissue from
Calyptogerra  magnifica  Boss and Turner (vesicomyid  clams),
and crab muscle from By?hograea  rhermydron  Williams
(brachyuran  crabs). These animals had been originally taken
from either the Gakipagos  or the 21° N hydrothermal vent sites
through the submersible Alvin, as indicated in Fig. 1. These
tissues were dried at 60 ‘C and ground, and the nitrogen present
in 5-10-mg  replicate subsamples of these tissues was completely
converted to Nz using methods described by Stump and
Frazer20. The “N/ “N relative to air ( Fig. 1 legend) of these Nz
gas samples was determined by David Winter using a varian
MAT 250 ratio mass spectrometer.

Figure 1 shows vent animal d’5N ranges from+ 1.8 to +9.8”L,
with the values generally increasing as a function of the animal’s
assumed trophic level. This animal 6 ‘5N increase with trophic
status corroborates observationsz”’”’o’z’-zs that food
chain/heterotrophic  processes tend to increase 15N relative
abundance in the resultant animal biomass. Consequently, if
vent animals were utilizing sedimentary organic nitrogen that
had been produced and biologically processed on its journey
through the more than 2 km of water overlying the vents, one
would expect the 8 ‘5N of vent animals: first, to exceed the 8 ‘5N
of plankton encountered in the surface layers of the Pacific
Ocean, commonly 5-10”A  (refs  1, 2, 5, 10, 26), and second, to
equal, if not exceed, the 8 ‘5N of deep-ocean sedimentary
organic nitrogen, 5-1 3“4 (refs 1-6). The relatively low 8 ‘SN of
assumed primary producer-consumer tissues from the vents,
1.84 .9”4& (Fig. 1), however, suggests that the organic nitrogen
present in these tissues has undergone relatively little biological
cycling and is, therefore, of local, rather than pelagic-sedimen-
tary origin.

Additional y, the striking similarity between the 6 ‘5N of
low-trophic  level vent animal tissues and the 6‘ ‘N of marine
organisms associated with Nz fixation (Fig. 1 ) suggests that the
production of the organic nitrogen found in vent animals is
preceded by Nz fixation. Both the concentration and the low
8 ‘5N of dissolved Nz are relatively constant throughout the
ocean’’”g, and little nitrogen isotopic fractionation is known to
occur during fixation of Nz and subsequent organic nitrogen
synthesis2’10’27-3’. The yet-to-be measured 8 ‘SPJ of the NI-fj  and
the NO; present32 in the vicinity of the vents may, however,
prove these ions as likely as N~ to be precursors to vent animal
nitrogen. Large nitrogen isotope fractionation incurred during
nitrate or ammonium assimilation and biomass production by
some microbes and by some autotrophs in certain condi-
tionS2.28.31.33-35 may also be factors causing vent organisms to be
relatively depleted in 15N.

Whatever the synthesis pathways and their inorganic starting
compounds, the existing isotopic evidence indicates that the
organic nitrogen as well as the organic carbon”]g found in vent
animal biomass are largely produced by non-pelagic and non-
photosynthetic processes.

This research was made possible through the generosity of
Mr Bud Smithey and Drs Robert Hessler,  George Somero,
Horst  Felbeck, James Childress and Ian Kaplan. Support was
provided in part by a joint US Bureau of Land Manage-
ment/Department of Energy contract No. EY-76-3-03-O034
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Fig, 1 The 8*5N of various Pacific
Ocean nitrogen pools where:

5’SN = {[( ’5 N/’’N),amp,e  -
(“N/’ 4N)air]-  1} X 10304

The vent sites, Galipagos  (0.8° N,
86.1° W) and 21” N (20,9° N,
109.1° W), are located at ocean
depths of 2.5 and 2.6 km, respec-
tively. The assumed trophic levels

and transfers (diagonal arrows) of

hydrothermal vent animals/tissues

are based on knowledge of related

species, and on observations by
Drs R. R. Hessler,  G. N. Somero,
H. Felbeck and J. J. Childress.  The
trophosome of the vestimerrtiferan
worm is at least partly, if not
large} y(b~~mposed  of autotrophic
tissues Replicate analyses of a
single individual’s tissue are

connected by a horizontal line.
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Hydrothermal Vent Clam and Tube Worm *3C/12C:

Further Evidence of Nonphotosynthetic  Food Sources

Abstract. The stable carbon  isotope ratios in clam ntarsde  tissues taken from bo~h
Gahipagos  and 21°Af  hydrothermal vent sifes were similar to the unuslially low ratios
of carbon-i3  to carbon-12 previously reported for a Galsipagos  hydrothermal verrf
mussel. In marked contrast to these bivalves, vestimentiferan  worm tissues from a
Gakipagos  ven(  had isotope ra[ios  that were higher than those of open ocean biota.
These observations suggest thai  more than one nonpelagic  and nonphofosyntlretic
carbon fixation pathway is of nutritional importance to vent animals, and that
at least one of these  pathways is common to two geographically separated vent
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sites.

After dense animal communities were
discovered near Pacific Ocean hydro-
thermal vents (1), on-site microbial che-
mosynthesis was implicated as the pri-
mary source of reduced carbon for these
organisms. The locally large standing
crop and apparent rapid growth (2) of
some of these animals require a food
base that is much more abundant than is
normally available to deep-sea benthos.
These circumstances, however, do not
preclude the possibility that the relative-
ly sparse food resource sedimenting
from the ocean’s euphotic  zone is being
physically concentrated or entrained by
advective currents near the vents (3).
Still, high rates of microbial carbon fixa-
tion can occur in vent waters (4), and this
chemosynthetic  primary production
could conceivably be an important
source of energy and biomass for higher

trophic  levels. Support for the concept

that vent animals do not rely on import-

ed ,  photosynthet ica l ly  der ived  food

sources was found in the striking dissimi-
Iarit y between the ‘3 C/’2C of a vent myti-
lid mussel and the ‘3 C/’2C of nonvent
marine organisms (5). F~rther isotopic
evidence for vent food web autochthony
is p[esented  in this report.

Portions of mantle tissue from whole,
frozen vesicomyid clams, Calyprogena

,

magnijca  Boss and .Turner,  coIlected by
the Alvin submarine from the Rose Gar-
den site (Galapagos Rift) and from the
21°N site (East Pacific Rise), were ob-
tained from Dr. George Somero, Scripps
Institution of Oceanography. Also re-
moved were samples of frozen vestimen-

tum and trophosome  of a vestimentiferan

worm, Riftia  pachyptila  Jones, originally
collected from Rose Garden. All of the
above samples were dried for several
days at 60”C and then ground or pulver-
ized. A 50-mg portion of the dried,
ground vestimentum  was submerged in 8
percent HC1 and the solution was then
gently heated to dryness. Subsamples  (5
to 10 mg) of all of the above tissues were
then combusted and the resultarit  C02

was purified, collected, and isotonically
analyzed by previously described meth-
ods (6). The 13 C/i2C of each sample is
reported as 313C,  the relative per mil
difference between the l~C/t2C  of the
sample-tid the 13 C/12C of the PDB car-
bonate standard (7).

The S13C of clam mantle tissues from
both Gakipagos and 21”N v~nts are quite
similar to the previously reported &’3C of
a Galapagos vent mussel (Table I). This
earlier study (5) pointed out that such
313C values are lower than those of ani-
mals sampled from other - marine envi-

SCIENCE. VOL. 213. 17 JULY [981

I 0.
Il.

12.
13.

i33 ( 1979).
M. L. Jones, personal communication.
Rhodanese  (E.C. 2.8. 1.1) was tested according
to A. J. Smith and J. Lascelles  [J. Gen. h4icro-
biol. 42. 357(1966)1, and APS-reductase  (aden@
s i n e  phosphosrrlfate-reductrc.se:  E.C. 1.8._W.2)
waz tested according to H. 1D. Peck, Jr., T. E.
Deacarr, and J. T. D=vidson [Bioc/rirn. Bioplrys.
Acts %, 429 (1%5)]. The ATP-sulf@=m (EC.
2.7.7.4) was Ies[ed in a condrruous photometric
test in which the ATP formed was used to
Dhosohorvlate  ducose and the atucosc  &ohos-
phme  fotied &as oxidized wi(h NADP- and
ducose 6-trhosohate  dehvdrogenase.  The test
~ixture co.ntairicd:  !riethanola-mine-HCl buffer,
0.1 moldliter.  OH  7.3: maenesium  acetate. 2.5
mmoleititer  gl~cose,  25 m-molellitec NADP+.
0.5 mmolwlitefi  sodium pyrophosphate. 25
mmole/liten  adenosine  5’-phosphosulfate  (ob-
fained from Sigma Chemical), 0.5 mmoleAiter,
ApjA [P’, F-di(adenosine-5’)  -pentaphosphatc.
an inhibitor of aden ylate  Icinase]  [G. E. Lienhard
and I. I. Sccemski. J. Eio{. Clwvrr. 248. 1121
(]973)], 0.25 mmolelliter  hexokin=.e.  5 unitiml:
glucose-6-phosphate dehydrogenase  2.5 unitiml
in a final volume of 2 rrd. The test could be
started with pyrophosphate. APS, or extract. [n
addition, controls were made by dividing the
continuous test into two steps. the first one
being at the level of glucose-6-phosphate. which
was tested subsequently in the neutralized per-
chloric  acid extract accordimr to G. Lam? and
G. Michat.  in Me fhoden der ekymatische;  An-
afyse, H. U. Bergmeyer, Ed. (Vcrlag.  Chemie,
Welnhcim.  1974). vol. 2. P. 1283.

14. Specimens were” frozen irnmediatei  y sfter  recov-
c~:  wo~ 1. m Mwch  1979 at - 15°C and stored
at – 15”C: worm 2, in December 1979 at -78°C
and stored at - 81TC.
Homogenization was in triethanolamine-HCl
buffer. 0.1 molcl’liter.  PH 7.3, I: 4 (weight to

Is.

volume). Trophosome  was homogenized gently
in a glass-Teflon Potter Elvehjem homogcrnzer
with large gap:  muscle tissue in a glass-glass
homogenizer wifh conical rough contact area.
The supcmatant  of a homogenate centrifuged
for 10 minutes at 27COOg was used ss extract.
Grinding trophosome tissue extensively with a
motordriven homogenizer (like the one used for
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ronmcnts. Pressure or depth effects ap-
Pdrcnt]y  CanllOt  Cxphin the ‘JC-dcplctcd
condition of these vent animals because
the 5[3C of bathypclagic  organisms and
detritus, taken from depths comparable
m the vents, are usually similar to the

Table 1, The replicate SUC valttcs of vcsicomyid  clam and vcstimentifcrarr worm [imscs t:lken
from the hydrothermal vent sites intJicated.  For crimpa}iwn,  the 6’IC  ranges of  prcviotssly
mdyzcd  m:wine orgmistns  are uiso listed,

—... _— ..—

Animal H ydrolhcrrnal WC, pm mii
vent site [tO.2  pcr roil)

.———  —0
Clam (mantle)~~JC Of the organic male;al  existing near” ~,am ~mantle) 21”N (EsIst Pacific Rise) -32.6, -32.7

Rose Garden (Gakifmgos) -32.0, -32.1
Mussei  (foot and mantie)* Clambake 1 (Gaifipagos) -32.7 to - 33 .6
Vestimentiferan worm Rose Garden (Gakipagos)

Veslimcntum  (muscle) -10.8, -[0.8, -11.0
Ves[imentum  (acid treated) -io.9,  -il.o
Trophosorne -10.9, -il. ]

the  ocean surface (8). Metabolic isotope
fractionation effects, which would signif-
icantly lower a clam’s or mussel’s 5[3C
below that of its food source, are unlike-
ly in view of controlled invertebrate ex-
perimentation (9, 10) and analyses of
naturally occurring bivalve specimens
(5, 10, l]). It is therefore concluded that
the consisterrtly low 5i3C of vent bi-
valves results from the utilization of food

Non vent data
Nonvent marine organisms Temperate and tropical waters -8 to -25

*Data from (~). tData from (5, 8, 10, II, 14, 1?)

the large isotopic dissimilarity betweenanimals, plants, or detritus (8) that 13 C-
enriched materiai produced by C4 pho-
toautotrophs  is an important food source
for pelagic organisms and, stibsequently,

sources whose derivation {and hence.
stable carbon isotope ratio) is unlike that
of the organic material found in the over-
lying ocean.

As to the nature of this isotopicrdly

vestimentiferan worm and bivalve tis-
sues suggests that at least two different,
locally produced food sources are being
utilized by vent organisms. Use of au-
tochthonous sources of food is also
borne out by recent measurements of
!SN (23) and 14C (zz) natural abundances

in vent animals.
GREG H. llAU

Irrstitute  of Geophysics and Planetary
Physics, University of California,
Los Angeles 90024

deep-sea benthos. Therefore, possessing
an internal autotrophic capability (19, 20)
and evidently lacking a way of ingesting

different food source, chemoautotrophic
bacteria are present in vent waters (4, 12)
and seem likely food items for filter
feeding animals. A limited number of
analyses suggest that some chemoauto-
trophic bacteria preferentially fix 12C02
to a greater extent than do photoauto-
trophs, thus producing biomass whose
&]3C can be lower than that of available

particulate food sources (21), vestimenti-
feran worms found at the Gahlpagos  and
other vent sites apparently rely on organ-
ic carbon produced (i) within their bodies
and (ii) by pathways that fractionate car-
bon isotopes in a way different from
those pathways supplying hydrothermal

inorganic ‘carbon by 30 per mil or more
(13, 14). It is therefore possible to ex-

Iteferences and Noteavent bivalves.
The presence in R. pachyptila of car- 1. J. B. Corliss  and R. D. Ballard, Narl. Geogr.

1S2. 441 (1977); P. Lomdale,  Nature (London)
281. .531 (1979): RISE Proiect  Groum F. N. o
Spiess t-f .2/..  Science 20

2. K. K. Tureki&  J. K.

plain the approximate 28 per mil differ-
ence between bivalve S13C  and the 813C
of vent water 2C02, = -4 per mii (15),
as entirely due to carbon isotope frac-

bon isotope abundances resembling
those of C4 plants—in spite” of the appar-
ent lack of a crucial CA enzyme in the

)7, 1~21 (1980):
Cochran,  Y .  Nozaki,—.

N~rrJre  (London) 209.-3~5  ( 1979).
3. P. Lonsdale, Deep-Sea Res.  24.857 (1977): J. T.

Enright, W. A. Newmar
McGowan, Nature (London) 2S9, 219 (1981).

4 .  H .  W .  Jannasch a n d  C .  O .  Wirsen. BioSt’ierrce
29.592 (1979): D. M. Kari. C. O. Wirsen.  H. W.
Iannasch.  .Science  2117. 134S  ( 19XO). I

worm’s autotrophic  trophosome (20)-
n. R. R. Hessler.  J. A.

tionation incurred during chemosynthe-
sis of organic matter and preservation of
the resultant isotope abundances in high-

presents an anomaiy also recently found
in the marine seagrass Thalassia  testu-
dinum.  In this C3 plant, S13C values also . . . . ..- . . . . . . . ------  ., ----  . ----- .

5. G: _H. Gau and J. I. Hedges, Science  203.648 fer trophic level biomass. Microbial fixa-
tion of carbon sources other than C02

(16),  as well as carbon fixation driven by

near -11 per mil are explained by Bene-
dict er al. (22) as arising from a COZ
limitation that occurs within the plant

( 1979).
6. Combustion and C02 isolation methods: R. K.

Stump and J. W. Frazer,  Nucl.  Sci. ilbstr.  2S,
746 [ 1973). Isotope analysis was done by D.
Winter, UCLA, using a Varian  MAT’ 250 ratio
mass spectrometer.

7. ti13cs {[( 13U’Z),tim@J(j3CIlZC~mnm1  - i] x 10s
per roil. PDB refers to b{
dee Formation, South Carolina [H. Craig. Geo-
chirrr. Cosmochirrz. AcM  12. 133 ( 1957)i.

8. P. M. Williams and L. 1. Gordon. Deep-.Sea
Res. 17, 19( 1970); B. J. Eadieand L. M. Jeffrey,
Mar.  CJrenr:  1.200 I 1973).

9. M. J. DeNiro t
chim.  AcIa  42, 495 (

Ithe oxidation of elements or compounds
other than the most obvious one, hy-

forcing the carboxylation  of ribulose  bis-
phosphate to be less isotopically  selec-
tive in the use of ‘3C02 or 12C02.  Conse-
quently, unlike other C~ autotrophs, rel-

elemriite”~~om  Ihe  Pee- 1drogen sulfide, may also merit con-
sideration. At present, the carbon i so- 1tope abundances produced by chemoau-
totrophs  are in almost all cases un-

atively little isotopic fractionation is ex-
hibited between the inorganic carbon
available to this plant, -10 per roil, and
the bulk organic carbon the plant pro-
duces, – 11 per miL A limited internal
supply of C02 relative to internal de-
mand by carbon-fixing processes may

and S. Epstein. Geochim.  Cosrno- 1known.
That more than one”type of autotrophy

exists at the vents is indicated by the
relatively high 313C of R. pachypiila  tis-
sue (Table 1). By comparison with acidi-
fied worm tissues (Table 1), these elevat-
ed 8i3C values cannot be the result of

(1978): J. A. Teeri and D. A. 1
SchoelIer~  Oeco{ogia  39.197 (1979). ;

D . E. B. Hames and C. L. Montague. Ecology  60. !10
48 ( 1979).

11. M. L. Keith, G. M. Anderson. R. Eichler.  :

Geochirrr.  Cosmochim  Ac!a 28. 1757 ( 1964): P.
L.  Parker,  ibid. .  p. 1155; B.  N. Smi th  imd S.
Enstein.  Plan{ Phvsia(.  4 6 . 7 3 8  f 1970):  H .  Erlen-then also explain the unexpectedly high

8J3C values observed in i?. pachyptila.
In any case, the unusual stable carbon

isotope abundances found in Gakipagos
and 21”N hydrothermal vent animals in-

k&er,  Narur\t,is;ensclr~if/en 63.338 ( 1976); E.
B. Haines, Esrt!urine  Coastal Mar. Sri. 4. (x)9
( 1 9 7 6 ) :  T .  McConnaughey  a n d  C .  P .  &fcRoy.
Mar. Bid. 53, 263 ( 1979): A. V. Boteilo.  E. F.
Mandelli.  S, Macko,  P .  L .  P a r k e r ,  Geoc/rirn.  ~
Cosmochirn.  Ac?a  4d 5$7 ( IqRtl)

12. J. B. Corliss er af..

lJC+ch  c~bonate  contamination. A1-
though littoral animal t3]3C vah.res less
negative than -15 per mil are not un-
common {10, II, /7), such values are
interpreted as resulting from the utiliza-
tion of near-shore C4 plant material as a

.. -----  .--, .
Science 203. 1073 ( 1979):

Galipagos  B i o l o g y ’  Expedi~!on P a r t i c i p a n t s .#
f3ccmr//s  22.2 [ 1979).dicate that their primary sources of or-

ganic carbon are unlike those commonly 113.

4.

5.

E. T. Degens. R. R. L. GuiIlard.  W. M. Sacket!.
J. A. Hellebust. Deep-Sect Res.  15.1 ( 19&S): G.
Fuchs. R. Thauer.  H. Ziegler. W. S[icier. Arch.
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Verlag.  New York. 1%9}. pp. 304-329.
H. Craig. J. A. Welhdn,  K. Kim. R. Poreda.  J.
E. Lupton, Eos 61.992 11980).

used by marine animals. On-site carbon
fixation, at the Expense of chemical rath-
er than light energy, is apparently the
ultimate source of this isotonically dis-

food source. The C4 plants produce bio-
mass whose S ‘3C values typically range
from –6 to -15 per mil (18). It is not

1

I

1

evident from 813C  values of open-ocean tinctive animal biomass- Furthermore,
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Prokaryotic  Cells in the Hydrothermal Vent Tube Worm

Rijlia pachyptila  Jones: Possible Chemoautotrophic  Symbionts

Abstract. The existence of a symbiotic association between vestimentiJeran tube
worms from deep-sea hydrothermal vents and chenroaatotrophic stdfhr-oxidizitsg
prokaryotes,  based on histological and enzymatic evidence, is s~~ggested.

A major recent biological discovery is
that of the dense benthic animal popula-
tions  clustered tightly around the newly
explored deep sea hydrothermal vents at
the Galapagos Rift and East Pacific Rise
ocean spreading centers (f, 2). The pri-
mary or sole base of the food chain in
these communities appears to be the
chemoautotrophic  production of bacteri-

@ biomass with hydrogen sulfide emitted
from the vents as the geothermic source
o f  e n e r g y  ( 3 ) .

The most conspicuous animal of these
vent communities is the large red-
plumed vestimentiferan tube worm, R~-
ria pachyptila  Jones (4), of the phylum
Pogonophora (5). Observations from the
submersible Alvin indicate that the tubes
of Riftia are attached to rocks situated
directly in the t70w of sulfide-rich seawa-
ter from the vent (HzS, up to 160 ILM)
(2). Rijtia is superficially similar but
much larger (up to 1.5 m in length and a
diameter of 38 mm) than other related
benthic pogonophorans  (4). The most
striking feature of this phylum is the lack
of mouth and gut. Riftia’s large size is
astonishing because speculation on the
mode of nutrition of the Pogonophora
has centered on the uptake of dissolved
organic material via the epidermis (6).
However, uptake rates of dissolved ami-
no acids at ambient concentrations by
the pogonophoran  Siboglinuns  jiordicum
were shown to be insufficient to account
for the animal’s metabolic requirements
(7). Thus, the mechanism of nutrition of

m
,is group remains unclear.
Specimens of Riftia  were collected at a

number of geothermal vents in the Gala-
pagos Rift and East Pacific Rise. The
body of the animal consists of four re-

gions (Fig. 1A). The cavity of the trunk,
the third and most extensive region (at
least 50 percent of the total length irt
postjuvenile specimens), is occupied by
the gonads and the trophosome.  The
latter, of irregular and variable develop-
ment along its length, is compact, of
many lobules, and is well-supplied with
vascular elements. Prior to this study the
function of the trophosome  in vestimen-
tiferans was unknown. In Lamellibra-
ckia  laytnesi  it was suggested to serve as
a source of nutrition for developing
sperm or as a detoxifying organ (8, 9). In
21 of 31 specimens of Rij7ia examined,
crystals of elemental sulfur up to 100 km
in size were found within the trophoso-
mai tissue (10). This observation sug-
gested a capacity for using the chemoau-
totrophic oxidation of sulfide as an inter-
nal source of nutrition. We report here a
number .of subsequent observations
demonstrating the presence of prokary-
otic ceils within the trophosomal  tissue
of Riftia pachyprila Jones.

In stained paraffin sections the tropho-
somal  tissue is granular (Fig. 1A) (/0.
The granules are usually aggregated in
lobelike accumulations. There are few
nuclei present, and the majority of these
are associated with blood vessels and the
squamouslike covering of the lobular
surfaces. Juveniles as small as 1.44 mm
long and 0.33 mm in diameter have a
trophosome identical in appearance to
that of post-juveniles (Fig. 1A). A troph-
osomal  tissue homogenate stained with
4’ ,6-diamidino-2-pheny lindole (a specific
and sensitive DNA stain) and examined
w i t h  epi-fluorescence  mic roscopy  (12)

revealed that the morphologically dis-
tinct granules (3 to 5 +m in diameter)
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uniformly produ;cd  a brilliant bltse fluo-
rescence. This is interpreted as their
being either prokaryotic  cells or eukary-
otic orgnnelles (such as mitochondna).
Direct counts of this trophosome  homog-
enate indicated that there were 3.7 x 109

cells measuring 3.0 pm or more per gram
of [issue  (wet weight) (13).

The trophosomal  tissue available for
examination by electron microscopy was
collected at the Rose Garden geothermal
vent (14) and had been fixed in 5 percent
Formalin (in seawater) as a general pre-
servative: Consequently, the fixation for
transmission electron microscopy is not
of the highest quality but is sufficient to
resolve important structural features.
Scanning electron microscopy revealed
that the characteristic lobes of the
trophosomal  tissue consist of denseIy
packed spherical bodies (Fig. 1 B).
Transmission electron microscopy
(TEM) of the same tissue (15) indicated
that these bodies are prokaryotic  ceils
varying in size between 3 and 5 Km
(mean = 4.20 Y 0.64 &m; n = 16) and
having a cell wall resembling that of
gram-negative bacteria (Fig. IC).  To
date we have been unable to determine if
the prokaryotic  cells are located within,
or outside the trophosomal  cells.

The presence of lipopolysaccharide
(LPS), a compound characteristic of the
outer cell wall of gram-negative bacteria,
was confirmed in frozen trophosomal
tissue by the Limulus  amoebocyte lysate
test (16). The result of the assay was
strongly positive (0.8 pg of LPS per
miIIigram  of wet tissue) indicating the
presence of a large population of gram-
negative prokaryotic cells far in excess
of what could be attributed to bacterial
contamination of the frozen sample.

Felbeck (In found in the trophosomal
tissue high activities of enzymes used in
generating adenosine  triphosphate (ATP)
from the oxidation of reduced sulfur
compounds, that is, thiosulfate sulfur-
transferase (rhodanese), A P S  reduc-
tase, and ATP sulfurylase.  In addition,
high activities of RuBP carboxylase and
ribulose 5-phosphate kinase  (enzymes of
the Calvin-Benson cycle of COZ fixation)
have been measured in the trophosome
in activities comparable to those of spin-
ach leaves (17). The prokaryotic  cells
make up a major portion of the tropho-
some in Riftia. This suggests strongiy
that they are responsible for these enzy-
matic activities and are symbiotic che-
moautotrophic  bacteria that are-capable
of generating ATP by way “of sulfide
oxidation and reducing C02 to organic
matter. Preliminary studies by Rau (18)
on ‘3 C/’2C ra[ios in Rif?ia lend <uppofl to
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ABSTRACT

The concentration and distribution pattern of polycyclic aromatic hydro-

carbons (PAH) in two sediment cores from the California Bight area (San Nicolas

and Tanner Basins), in two cores from pristine areas (Alaska and Walvis Bay) and

in a core from Hula Peat Basin were determined by gas chromatographic-mass

“spectrometric  analysis. Considerable amounts of PAH were found in the Califor-

nia Bight cores and the surface samples contain a higher concentration relative

to deeper samples. The PAH concentration in the Walvis Bay core is very low, as

was expected; however, a core from Alaska was surprisingly enriched in PAH. No

trend was observed in the PAH concentration of these cores as a function of

depth of burial. High amounts of PAH were found in the peat sample which dif-

9
fers from the other samples mainly in its low perylene content. The appearance

of PAH at depths corresponding to negligible human activity indicates that they

could be natural derivatives and not anthropogenic products, although high con-

centration in the San Nicolas surface sample is probably due to anthropogenic

input. Preferential enrichment in the parent PAH relative to the alkylated

species suggests combustion products rather than petroleum, as the source of the

PAH in the cores studied. However, the input mechanism to the ocean could be

from an atmospheric as well as stream soil erosion source.



-2*

INTRODUCTION

Most polycyclic aromatic hydrocarbon (PAH) assemblages of recent sediments

in the world are characterized by a higher abundance of-the parent ~ompounds

relative to theiti corresponding alkylated homologs, and by a relatively constant

ratio of phenanthrene, fluoranthene, pyrene, the C~8H12 and the. C20H12 species

(e.g., the ratio of fl uorantherte  to pyrene is approximate y 1.0; LaFl amme and

Hites, 1978). This similarity in PAH distribution pattern and their increase in

abundance with proximity to urban centers point to anthropogenic activities as

the”major source of these compounds. in Recent .sedirnents  (LaFlamme  and Hites,

1978; Wakeham et al., 1980a)~

A ccmplex  mixture of PAH in recent sediments may also be attributed to pet-

roleum contamination (Giger and Blumer, 1974; Lake et al., 1979; kJakeham, 1977;——

Youngblood and Blumer, 1975). In this case, the mixture will be deficient’in a. .

the parent, rather than in their corresponding alkylated homologs, and the alkyl

homologs with three and four carbon atoms will be themost predominant (Speers

and Whitehead, 1969).

Retene and perylene are also abundant among the PAH compounds in Recent

sediments. These compounds are natural products; however, the mode of genera-

tion of perylene is still debatable (Arizenshtat,  1973; Orr and Grady, 1967;

Simoneit, 1977; Prahl and Carpenter, 1979; Wakeham et al., 1979; 1980b).——

The substantial increase in PAH concentration in the very Recent sediments

relative to older ones could be attributed to anthropogenic  combustion (Hites

etal., 1977; Mtiller

presence of the same

corresponding to the

etal., 1977; Prahl and Carpenter, 1979). However, the

PAH assemblage, although in minor quantities, at a depth

time interval in which human activity was still undeveloped,
o
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0 indicates that PAH with similar pattern as that of anthropogenic  combustion,

would also be derived from a natural source. Youngblood  and Blumer (1 975)

suggest that PAH is produced through natural forest fires and are later dis-

persed by air currents to the sediments.

The carcinogenic nature and persistence of PAH in sediments have consi-

derable environmental impact. Whether they are natural products which have al-

ways been incorporated into the sediment or have an anthropogenic  origin, their

contribution to the sediments is of great importance.

The

close to

ignition

purpose of this work is to examine the distribution of PAH in basins

human centers, in pristine areas, and in peat basins in which self-

could occur. Changes in the concentration of PAH in the different

environments with depth were determined. Such information should be helpful

in deciding whether the source of PAH in specific basins is mainly anthropogenic

*
or natural. :.

‘The California Bight samples were chosen as representative of polluted

environments; petroleum residues derived from natural seepage and/or shale ero-

sion have been found in the deeper sediments in this area (Simoneit  and Kaplan,

1980) . The Alaska and Malvis Bay samples represent pristine areas. One peat

sample was obtained from a core at Hula (Israel).

SAMPLES AND ANALYTICAL TECHNIQUES

Gravity cores of sediment from the San Nicolas  and Tanner Basins, and box

cores from Walvis Bay and Alaska were frozen immediately after collection and

kept frozen until analysis. The Hula swamp core was kept refrigerated. Sample

locations are given in Table 1.
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The defrosted sediments

chloride several times until

were extracted on a shaker table with methylene
e

the  ext ract  became pa le  in color. After methyla-

tion with BF3-M@OH and rmovincj The sulfur on copper column, the he.xane dissolved

fraction was chromatographed  on a Sephadex LH 20 column and eluted with methanol.

The aromatic fractions was collected and further purified by chromatography on .

an alumina-silica gel column

131umer (1974).

The GC/MSanalyses were

with methylene chloride according to Giger and

carried out on a Finnigan Model 4000 quadruple

mass spectrometer directly interfaced with a Finnigan  Model 9610 gas chromato-
. . .
graph equipped with a 30m x (1.25mm SE 54 glass capillary column. The mass

spectrometric data acquired was processed using a Finnigan INCOS Model 2300

data system. The concentrations of the compounds were calculated by integrating

peak area of mass fragmentograms, and the data are represented by the peak in-

tensity units per gram dry sediment.

RESULTS

Concentrations of PAH in two cores from the California

basin closer to the coast {San Nicolas Basin) and the other

{Thnner  Basin) are given in Table 2.

.,.

Bight, one from a

in the offshore

In both basins, alkylated and parentPAH  were found. Although in the

Tanner Basin, the PAH concentration is much lower, the species of the PAH and

the pattern of their distribution are generally similar to those of the San

Nicolas  Basin.

It appears that in most samples analyzed in these two basins, the parent

PAH are more prominent than their corresponding alkylated compounds except for

methyl phenanthrenes (m/z 192) which are more abundant than phenanthrene (m/z 178, e
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6 Fig. 1). Naphthalenes and alkylnaphthalenes  were detected in all the samples;

however, in the analytical procedures, an uncontrollable loss of these compounds

occurs and their quantitative consideration is meaningless. The interrelations

among the various parent PAH compounds are similar in principle. Phenanthrene

is the most prominent compound of the 178

cene is always present. Concentration of

fluoranthene. Of the 252 mass compounds,

mass compounds, although some anthra-

pyrene is always higher than that of

perylene, benzo(e)pyrene and benzo-

fluoranthene are present in all sections of the cores with perylene as the

most, and benzo(e)pyrene, as the least abundant (Fig. 1). It is interesting to
.,

note that the carcinogenic compound, benzo(a)pyrene, was not found in any of

the analyzed samples, except in one station (Tanner Basin, 50-55 cm depth) and .

only in traces. Minor quantities of benzo(a)anthracene are present in all the

California Bight samples.

‘0 No change with depth was observed in the concentration and mode

bution of the PAH in the Tanner Basin core (Fig. 2). All compounds,

of dis.tri-

alkylated

and parent, including perylene, follow the same distribution pattern. Unfor-

tunately, because of experimental losses, the type and the amount of PAH in the

upper 5 cm of the core could not be established. PA!+ compounds in the San

Nicolas core show changes in their concentration with depth (Fig. 2). The sur-

face sample is the richest, the 10-15 cm depth samples are the most depleted,

and the deepest samples from the 35-55 cm depth are again somewhat enriched in

the alkylated,  as well as the parent PAli. In general, all species except

phenanthrene show the same depth profile. A

tent was observed in the surface sample.

The PAH distributions in

Bay in West Africa, were also

two cores from

studied (Table

notable enrichment in pyrene con-

pristine areas, Alaska and Walvis

2). In the Walvis Bay samples,
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the PAH concentration is very low as expected; however, it is surprisingly high
*

in the Alaska core samples. The principal PAH compounds of the California Bight

samples were also found to be predominant in both of these two areas. The Alaska

samples differ from the California Bight samples in having a very high content “

of perylene (ten times .higherj, and also higher amounts  of the alkylated homo-

logs of fluoranthene

carbons. Almost all

mass 252 compounds.

and pyrene, relative to their corresponding parent hydro-

of”the PAH (i 80-90%) in the Alaskan core. is due to the

There is no definite trend in the PAH distribution pattern in the Alaska

~~re as a function of depth (Fig. 2). However, two important observations must

be emphasized: first, there is a depletion, rather than an increase, in most

PAH components in the surface sample compiired  to the deepest.sample. Secondly,

the perylene distribution pattern down the core is different from that of tie
\

other PAH compounds.

In the 14alvis Bay samples, whether surface or su@.urface,

is very small and does not show any change in depth” (Fig. 2).

centrations are low, the interrelation among the alkylated  and

. :

PAH concentration

Although the con-

the corresponding

parent compounds, as well as among parent hydrocarbons themselves, is different

from those of the California Bight and of the Alaska cores. A higher ratio of

fluoranthene to pyrene (in some samples ~ 3..0) is observed compared to other

areas (Table 3). Relatively higher concentrations of anthracene  was observed,

which was found only in trace amounts in the Califoria Bight and is absent in

the

and

Alaskan samples.

PAH concentration in the peat sample from the Hula Basin is relatively high

as in most of the other samples, the concentration of the parent PAH is

generally higher than their corresponding alkylated  compounds. However, perylene

is relatively low and the fluoranthene to pyrene ratio is two to three times
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a higher than that found in the California and Alaska samples (Table 3), but

similar to the global a v e r a g e  (LaFlamme  and Hites, 1 9 7 8 ) .

DISCUSSION

The surface sample from the San Nicolas Basin in the California Bight, in

which anthropogenic input has been demonstrated (Venkatesan et al., 1980a),

contains PAH with proportions of non-alkylated PAH not far from the cited global

average except that the ratio of fluoranthene  to pyrene is less than 1.0 (Table

3).

The content of PAH in the surface sample of the San Nicolas Basin is signi-

ficantly higher than found at lower depths. Because the organic carbon content

along the entire core is similar, the increase in the PAH concentration in the

o surface sample does not appear to be caused by changes in the nature of the
“. .

sediment, but rather is a result of addition of PAH. The increase is also

reflected in some change in the ratios between the major non-alkylated  com-

ponents. The relatively larger PAH concentration in the surface sample of San

Nicolas Basin might be attributed to an anthropogenic  combustion as found in

cores from Buzzards Bay (Hites et al., 1977), Constance Lake (Mi.iller et al.,——

1977) and Dabob Bay (Prahl and Carpenter, 1979). We believe that this distri-

bution is not due to biotrubation, because previous studies by Bruland et al.——

(1 979) on San Nicolas Basin show animal reworking down to only 14

surface.

Simoneit and Kaplan (1980) found triterpenoids in California

which indicate paleoseepage  in the Recent sediments. however, no

cm from the

Bight samples,

evidence was

found, either in the San Nicolas Basin core samples or in the Tanner Basin
@ samples, for petroleum-derived PAH.
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TheAlaskan sample which represents a pristine area [Venkatesan et al.,

1980) also contains a ’relatively high PAH content. Perylene in this sample con-

tains about 901J of the non-a?kylated compounds (Table 3) and in this respect is

remarkably different from all the other areas ‘studied here, and also from that

of the global values of LaFlamme and Hites (1978)$ yet, the concentrations of

the species which are most abundant in Recent sediments (for example, phen-

anthrene, fluoranthene, pyrene, etc.), are of the same order in Alaska and in

San Nicolas Basin (Table 2). Similar PAH distribution in various other loca-

ti ons in Alaska have been reported by Venkatesan et al. ( 1980b}. Differences— .
. .
‘among the various samples are mainly reflected by the abundance of the alkylated

homologs, the fluoranthene/pyrene ratio and the perylene concentration. Our

results for the Alaska area, taken together with those of LaFlamme  and Hites

(1978) and of Venkatesan et al. (1980b) imply that the PAH is not uniformly— .

distributed in the Alaskan area and that the presumably pristine areas do not. 0
necessarily lack PAH.

Unlike samples from Alaska, the Walvis Bay samples contain a small content

of PAH in accord with the results from LaFlamme and Hites (1978). These marine

basins, whether rich (Alaska) or depleted (Walvis Bay, Tanner Basin) in PAH,

exhibit no significant trend in the PAH concentration with depth; this indicates

that the PAH in these basins were derived from a constant natural source. The

predominance of the non-alkylated  homologs points to natural combustion.

The interpretation of a natural source for the Alaskan samples is supported

by the following consideration. The rate of sedimentation in the area from which

the core was taken is between 18-33 cm/1000years (Nelson and Creager, 1977).

Even if the slowest sedimentation rate figure (18 cm/1000 years) is taken into

account, the sample from a depth of 90 cm

years ago. At. that time, the area should

would have been deposited about 5000

have been free of industrial activity. e
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*
That the source of PAH in

clear. An age of about 20,000

correlation to equivalent peat

the Hula Basin sample is natural, is also quite

years is estimated for this sample based upon

strata reported by Cogwill (1965). Since human

activity at this time is questionable and as there was no industrialization

during that period, the source of PAH must be exclusively natural.

The possibility of selective enrichment of non-alkylated  PAH in the sedi-

ments due to microbial degradation of the alkylated compounds is discussed by

Teal etal. (1978). They concluded that biochemical degradation of petroleum.—

PAH to a pyrolytic distribution pattern is unlikely. Thus, it seems that the

“presence of PAH is not the result of petroleum contamination (Speers and White-

head, 1969; Coleman et al., 1973), either natural or anthropogenic.

In all the marine cores, perylene, which is considered a biogenic deriva-

tive, was not only present, but was frequently the predominant compound. High

o
perylene concentration is particularly notable in the Alaskan sample, which was

collected from nearshore Norton Sound, where terrestrial input is considerable.

It contains ten times more perylene  than each of the other compounds, and ten

times more perylene than in all the other basins studied. There are fluctua-

tions in the perylene depth profile in this Alaskan core, but it is not clear

whether there is a significant increase in its concentration as a function of

depth. Fluctuations in the quantity of precursor input may be a

depth profile (Wakeham  et al., 1980b). Since perylene was found

abundant in nearshore than in offshore sediments in Norton Sound

reason for this

relatively more

(and in other

locations in the Bering Sea [Venkatesan et al., 1980b]), a terrigenous precursor

can be reasonably assumed for perylene  in this area.

In the Walvis Bay core samples, perylene concentrations are relatively

low and no significant changes in its concentration with depth was noticed.

*
These results are totally incompatible with those ifliakeham et al. (1979) who— .
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found in the ilalvis Bay

an increase in perylene

area, a rather high concentration of’ perylene, claim

concentration with depth and suggest. that it is formed

by diagenesis  of diatomaceous ooze.

The presence of perylene  in the Hula swamp sample again indicates a

,
t e r r e s t r i a l  o r i g i n . However, its absence in peat from Chatham Island (New

Zealand, unpublished data) indicates that it does not necessarily form in

every terrestrial environment, and that peat may” be a source of peryleme

precursor only. Perylene generation is still debatable; it is considered

a natural, non-combustion-derived PAH formed within the sediments (Orr and>-

Grady, 1967; Aizenshtat, 1973; Wakeham et al., 1980b) or, naturally-derived,

but incorporated into the sediment

Carpenter, 1979).

Another biogenic PAII, retene,

as a pre-formed hydrocarbon (Prahl and

present in all the marine cores except

that of Malvis. Bay, is absent in the peat samples. Retene might be generated o
from resinous plants (Simoneit,  1977; Windsor and Hites, 1979) and thus may

indicate a terrestrial biogenic input to the marine sediments. The lack of

retene in the Hula peat might indicate the lack of resinous plants. The

predominance of marsh vegetation, pollen and the pa,ucity of arboreal pollens

in the Hula pollen in the Hula Basin has been noted (Horowitz, 1973).

CONCLUSIONS

In all the cores analyzed, non-alkylated  PAH are more abundant than their

corresponding alkylated  homolocjs. The PAH species which are predominant in

most Recent sediments of the world (LaFlamme and Hites, 1978) are also the

most abundant in these cores. Differences in PAH concentration are apparent
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9 in different geographic locations. In samples from Norton Sound, Alaska,

which is considered to be a pristine area , a relatively high amount of PAH

and particularly perylene, was identified. No trend was observed in the PAH

depth profiles.

The PAH distribution pattern of the

studied, points to a combustion source.

period in which human activity was still

surface sediments

Their presence at

in all the areas

depth

undeveloped, suggests a

rather than anthropogenic  combustion as the main source of these

in the time

natural,

compounds.

Biosynthesis of many of these compounds cannot be yet ruled out..,
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compound name

tmphtlmlene
mc thyl nnphthalcne
dlmethyl  “
~r, !, ,,

tluorene
phetmnthrene
tmthracene
tetrnmethyl ,paphthalcrms
methyl  phemanthrene
dlmcthyl  phennnthrene
tluoranthene
pyrene
methyl fluoranthenc and pyrene
benzo- ghl -fluoranthene
chryscne
benzo-ri-anthraccne
methyl ch~sene
benzofluoranthene
bcnzo-e-pyrene
perylene
dlmethyl  benzo phenanthrene
methvl  ftuoranlhene,  we & P@ene
rctene

Tnble 2 - PA}{ found tn the San Ntcolas, Tanner, Alaska  and Wnlvla Bay cores In arbttm  ry peak Intenstty mrlts/  gram dry sedinm nt

San NIcolfIs Basin
.- .—— _—— — — — — . — .  .  ..— - —  . .  — - -

m. w. o - 5 5-1o 10-15 1s -20 35-40 50-55
cm cm cm cm cm cm-— .-. — ——. - . .

128
142
160
170
166
178
178
184
192
206
202
202
216
226
228
228
~42
252
252
252
256
266
234

+
+
+
+
+

34557
tr

this table
51308
41397
35134

108719
54072
10494
41152

+
335s6
30346
11595
85997
22463

+
tr

+
+
+

this table
+

G029
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this table
13773
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22863
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40088
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tr
20146
21431
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7
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?

+
+
+
+
+

10792
tr
+

18802
14721
9060

17669
20513
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8205
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12G61
‘f382
3424
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7928
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+
+
+
+
+

14325

tr
21938
16060
8S63
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18390
4726
9612

?
?

7514
4063
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6783

?
tr

+
+
+
+

this table
35920

ir
41120
31120
17340
23840
38160

6540
16460

?
1G180

9400
6560

37020
15480

ir
thiw table

+
+

+
+
t r

36638

tr

45796
34601
17980
3 0 0 6 0
36743
9217

21612
t r
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6629

51903
13912

t r
t r

Tanner Bnsin
——-. .

5-1o 10-15 35-40 50- 5:,
cm cm cm c m

-

tr
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588

35663
7279
6923
11332
8846
2183
8944
tr
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8085
3989

26925
7178

10994
1350

i r
3299
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t r
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4465
2315
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4085
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2489
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t r
7477
1994
1793

G38

+
+
4.

+
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9344

t r
14023
11752

7191
11486
13846
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3332
9746
9835
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11G84
2056

7

1338

nd
3541
4208
2499
3599
5029
1295
3702

?
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2344
1688
2993
1812
Ij 67
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I

m
I
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Compound
name

naphtha [ene
methyl no phtha Icne
dlmethyl  nzphthalene
trlmcthyl  nsphthalene
rluorcne
phemmthrene
anthracene
tetrn methyI  napntna  lene
melhyl  phemmthrene
dlmethyl phenonthrene
Iluoranthene
pyrena
methyl tluoranthene and
pyrene
bonzo-gtd-fluotw  sthene
c~rysene
bcnzo-a-onthracene
methylchrysene
benzo tluoranthene
benzo-e-pyrene
perylene
dlmcthyl  benzo
phmmnthrenc
methyl fluoronthene,
p y r e n e  & pe rylene
retenc

m, w.

129
142
1 M
170
106
17’8
I 7a
184
192
206
202
202

216
226
228
228
242
252
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252

25G

2G6
234

Table 2: (Continued)
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-0-; ‘“ ‘ 10-15 15-20 20-29
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+ +
+ +
+ +
+ +
+ +

5G23S 91283

.+ tr
high, may contain sulfur
66546 75398
11777 10G64
24960 25811

40634 45721
1000 649

48252 42934
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28811 27555
21541 19326
960890 1017756

67637 47502

\ 37084 37064
15791 ?

+
+.
+
+
+

37124

this table

80183
12393
29891

58516

this  table
54191
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35500
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tr - trace

+ . detected, nor determined

+
4
+
+
+
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1434G
39847

69305
IIOG

66372
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629113
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?
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90
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+
+
+
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+
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+
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S a m p l e Phenanthrene

%

S& Nicolas B a s i n
O-5cm

— 5- 10. cm
1 0 - 1 5  c m
1 5 - 2 0  c m

35 -4.0 cm
50 - 55 cm

Tanner Basin
5-10cm

1 0 - 1 5  c m
3 5 - 4 0  c m

o 5 0 - 5 5  c m

b

--.,

Alaska
O - 2 c m

1 0 - 1 5  c m
1 5 - 2 0  c m
20 -25 cm
_ 90 cm

Walvis Bay
4 cm

44 cm

Hula
35 cm

Global
abunclance*

*

10
4

15
14
25
20

7
15
14
7

4.8
7.5
3
3.7
6.7

20

13

12

-17-

TABLE 3. Concentration of Ilon-al kyl ated PAH

Fluoranthene
%

10
.15-. -
13

8
12
10

10
10
11
14

1 . 0
0.9
0.9
1.7
1 . 1

11
21

28

16

Pyrene
%

30
-19- -
25
26
16
17

15
. -  16_.

12
1.0
11
12

16 13
19 i4

-17 11
20 20

2*1 4 . 1
2 .1 3 . 5
2 .1 3 . 7
4 . 7 7.6
2.6 5.1

4 18
22 7

25 11

15 23

%$312
o

35
46
35
42
36
41

54
42
47
39

88 .0
87 ,8
90 .3
82 .3
84.5

67
30

24

35

Fluoranthene
Pyrene

0.33
0.79”- “’
0.52
0.31
0.75
0.59

.

0 .63
0.53
0.65

0 . 7 0

0.48
0.43
0.43
0.36 -

0.39

2.75
0.95

1.14

1.0

—-

*from La Flamme and Hites (1978)
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Figure 1: Representative distribution of PAH calculated from mass
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A8STRACT

Suspended particulate matter from Los Angeles River stormwaters was iscY-

lated and separated into three organic fractions: CliCl~  e x t r a c t a b l e ,  humic

acids  a n d  i n s o l u b l e  o r g a n i c  m a t t e r . E l e m e n t a l  (C,H,N) a n d  i s o t o p i c  (6~3C, ~D,

d15N) a n a l y s e s  w e r e  p e r f o r m e d  o n  t h e  p a r t i c u l a t e  a n d  o r g a n i c  f r a c t i o n s  t o

de te rmine  the i r  na tu ra l  va r iab i l i t y  and  po ten t ia l  s o u r c e s  f o r  t h e s e  m a t e r i a l s .

The c o m p o s i t i o n  o f  t h e .  r e c o v e r e d  o r g a n i c  m a t t e r  v a r i e d  c o n t i n u o u s l y  t h r o u g h o u t

the storm. However, for a given fraction, the variations of measured parameters

were small compared with differences between fractions, The CHCl~ extractable

. . material  appears to be largely petrogeni’c, in agreement wi”th molecular infor-

mat ion .  Humic acids, found only in  smal l  abundance,  are  most  l ike ly  der ived

from soil and freshwater

but consistent, isotopic

d15N = 12.8 y.0} and its

t i re  wear  debr is ,  foss i l

algal d e b r i s . The insoluble organic matter has unique, o

c h a r a c t ’ e r i ’ s t i e s . ( 6 ~ 3’C = -26.4°/00 , 6D = -69.4°/00 ,

origin is,  as yet,  unknown. Possible sources include:

fuel combust ion par t ic les ,  forest  f i re  ash,  partially-

degraded lignin, relict k e r o g e n ,  t e r r e s t r i a l  llproto-kerogenll and plastic r e s i-

dues. Limitations on the use of elemental and stable isotope data in the source

differentiation of organic matter in coastal sed

c o n t e x t  o f  t h e  f o r e g o i n g  d a t a .

.

ments are discussed in the

.
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INTRODUCTION

Stable isotope ra t ios  (613C, 615N) h a v e  f r e q u e n t l y  b e e n  u s e d  t o  d i f f e r e n t i a t e

marine and terrestrial ”sources  of organic matter in estuarine and coastal sediments

(Sweeney and Kaplan, 1980, Tan and Strain, 1979; Peters et al., 1978). Their use

is based upon observations that: 1 )  ter rest r ia l  and mar ine  plants exhib i t  d is -

tinct isotope ratio distributions (Sweeney et al., 1978; Craig, 1953) and 2) iso-.—

tope ratios of sedimentary organic matter change systematically across estuarine

traverses where mixing of these source materials would presumably occur (Shultz

and Calder, 1976; Hunt, 1968; Sackett and Thompson, 1963). Unfortunately, a

number of variables relating to photosynthetic fixation and plant metabolism, as

well as the subsequent breakdown of biosynthetic compounds,tend  to reduce the

discrimination value of isotopic measurements (Estep and Hoering, 1980; Eadie

o and Jeffrey, 1973; Smith and Epstein, 1971; Degens et al . ,  1968). As a result ,

there has been an increasing tendency for use of multiple s o u r c e  i n d i c a t o r s

in environmental studies (Sweeney et al., 1980; Stuermer et al., }978; Hedges—— ——

and Parker, 1976).

Certain end products of photosynthe~is  which survive biodegradation (e.g.,

lignin, refractory algal debris, humic acids) may display source-specific

elemental compositions. These variations form the basis for using elemental

ratios and abundances to distinguish between marine and terrestrially-derived

organic matter (Plockington and Leonard, 1979; Plockington, 1976; Tissot et al.,——

1974). Again, there are large natural variations within and between organisms

!n each environment which tend to make quantitative assessments in sediments

d i f f i c u l t .
-.

These geochemical  tools have been applied almost exclusively to studies of

9 original  source  materials and sedimentary  deposi ts . Very  l i t t le  in format ion

.
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.

presently exists on the isotopic/elemental composition of suspended matter in
m

r ivet-s and vir tual  Iy none on their distribution among var ious organic  phases.

The present study involves the measurement of elemental and isotopic abundances

of several organic fractions isolated from suspended particulate matter in

Los Angeles River stormwaters. These particulate represent well--homogenized

terrest r ia l  eros ion products  which were  col lected just  prior to their

injection into the marine environment. Previous moiecular studies of

stormwaters have shown that natural terrestrial  organics transported in the

river are superimposed by a complex array of anthropogenic components derived

from the intense human activities  in the basin (Eganhouse et al., 198?). Our

specific objectives were to:

1] def ine  the  l imi ts  of  natura l  e lementa l  and isotopic  var ia t ions
of runoff-borne particulate organic matter during the course
of a storm event,

2 )  establ ish  e lementa l / isotopic  d is t r ibut ions between var ious
fractions of suspended organic matter and attempt to identify

o

their possible sources, and

3) develop baseline information for a major southern California
drainage system to be used in future coastal sediment  model ling
e f f o r t s .

This research is part of a larger study gf the  sources  of  ter rest r ia l  organic

matter and its fate in. the marine environment:

Study Area

.The  Los Angeles River, a predominantly man-made system of channels termi-.  . .

nating at San Pedro Harbor, drains a 2100 km2 basin. Both rugged mountainous

areas and a large portion of highly-urbanized Los Angeles are contained within

the basin. Unlike many previously-studied (Gearing et al., 1977; Shultz and

Calder, 1976; Hunt, 1968],  this river system if highly s e a s o n a l .  D u r i n g  m o s t

of the year (May to December) there is very l i tt le precipitation, and dry

we”ather  f low (comprising w ’30% of the yearly total) is made up by controlled
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r e s e r v o i r  r e l e a s e s , discrete industrial and treatment plant waste discharges and

e agricultural/domestic water runoff (LACFCD 1976).  Under storm conditions, which

occur sporadically during the remainder of the year, highly variable flows are

regulated by a number of reservoirs within the basin. Due to the low rain

infi l tration in paved areas, peak f lows can be large.

EXPERIMENTAL

Sampling and Extraction

Eleven sequential samples of stormwater runoff were collected at a location

4 km upstream from the mouth of the Los Angeles River channel. This is just

above the highest high tide zone. Water samples were obtained over the full

range of flow conditions during the secon”d storm event of the 1978-1979 ra iny

season. Details of the sampling methodology and dynamic properties of the storm

are given elsewhere (Eganhouse and Kaplan, 1981).

After poisoning the water samples with HgC12 and removing homogenized

aliquots for molecular analysis, the suspended particulate were concentrated by

gravitational settling for 48 h o u r s . The supernatant  was then decanted, and the

solids were stored frozen until organic group separations could be performed.

The frozen particulate samples were Iyophi lized and extracted exhaustively

with CHC13 at ambient temperatures using a mechanical shaker table. Extraction

efficiency was monitored by the.UV  fluorescence of aromatic hydrocarbons in the

e x t r a c t s  (Eganhouse et.  al . 1981) and assured by extracting 2-3 times after cessa-——

tion of fluorescence. The combined extracts for each sample were concentrated by

rotary evaporation (~ 200 mm Hg, < 35”C), and total CHC13-extractable  organic

contents (TEO) were quantified gravimetrically using a Mettler ME 22 microbalance.

Af ter  esterification of ext ractab le  ac ids , esters and glycerides in TEO extracts,

f ive  subfract ions were  separated by  th in- layer  chromatography:  1) THC (total

hydrocarbons) 2) FA (fatty acids, methyl esters),  3) KET (ketones), 4) PLR
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( p o l a r  c o m p o u n d s ) ,  5) NEP (non-elutable polar  compounds).  For detai ls  see

Eganhouse  and Kaplan (1981).

Humic/fulvic acids were extracted from the TEO-free residues using 0.2 N

NaCIH  under a nitrogen atmosphere according to the procedure of Stuermer  et al.——

( 1 9 7 8 ) .  After p r e c i p i t a t i o n  o f  t h e  humic a c i d s  ( H A )  at pH = 2, the  fulvic acid-

bearing supernatant  was discarded. The content of fulvic acids appeared to be

minor compared with that of the humic acids. The HA precipitate was then washed

with  doubly-d is t i l led  water , Iyophil ized, weighed and stored in a vacuum-

dkssicator.

Silicate minerals were

treatment regimen (Stuermer

removed from the solid residue using an HC1/HF

etal.$ 1978) in order to concentrate the insoluble

organic  mat ter  (IOM). After acid treatment,  this fraction was washed, dried,

weighed and stored in the same manner as the humic acids. Ash contents, not

measured forthe HA “fractions due to extremely low yields, were determined on

10M fractions by weight difference upon combustion at 900”C.

‘
Elemental and Isotopic Analyses

Elemental and isotopic analyses of non-volati le organic fract’

9

o n s  ( i . e . ,

p a r t i c u l a t e , HA and IOM) were performed in virtually the same manner as des-

. ( 1 9 7 8 ) .  In the ~ase of theTEO f r a c t i o n s  a n d  t h e  f i v ecribed b y  Stuermer  et al

TEO subfractions, special care was taken to prevent evaporative losses during

preparation of the combustion vessels. Approximately 1 mg (solvent-free) sam-

ples were weighed into pre-combusted boats and then placed in dry quartz com-

bustion tubes. After cooling the tubes with l iquid nitrogen

samples were sealed under vacuum. HA and IOM fractions were

2 24 hours to insure complete removal of absorbed water.

b r i e f l y ,  t h e

evacuated for

All samples

generated during

.

were combusted at 900”C in the presence of CUO and Ago. Water

combustion was reduced to hydrogen gas in a uranium furnace
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(800”c) to permit separation from N2 and C02 by vacuum line techniques (Kaplan

9 et al., 1970). Elemental abundances were determined manometrically, while iso-——

tope ratios, presented here in the standard “6!’ notation, were measured with a

Varian MAT 250 isotope ratio mass spectrometer. isotope standards for C,

N were Chicago Pee Dee Belemnite,  atmospheric nitrogen and “standard mean

water” (SMOW), r e s p e c t i v e l y .

H and

ocean

Because we were especially interested in examining the variability of our

samples, a preliminary study was done to measure the precision of  e lemental /

isotopic analyses for both volati le and non-volati le sample types. The results,

presented in Table 1, are for replicate samples of carbonate-free sediment homo-

genates from Tanner Basin and CHC13- extractab?e organics of the same. For com-

parison, previous data by others for different sediment samples from Tanner

Basin are provided. Discrepancies between the elemental results from the pre-

sent study and those from the l i terature are due to different extraction method-

9
ologies and variation in the samples which were collected at different t imes and

locat ions.  The isotopic  r e s u l t s  a r e  i n  e x c e l l e n t  a g r e e m e n t .  T h e  g r e a t e s t  v a r i a -

bil i ty occurred for %N in CHC13-extractables.  Al l  o ther  measurements ,  wi th  one

exception, showed coefficients of variation < 7%. The hydrogen content of

sediments may be more variable due to the problem of sample homogeneity since

hydrogen is not only bound to organic matter but also occurs as interlayer water

in clays.

RESULTS

General Features.

Table 2 l ists data for the levels of suspended solids, %C, %N, N /C atomic

ratios and 6~3C for  carbonate- f ree  s tormwater  par t icu la te . There are no cor-

relations among these parameters. However, a noticeable increase in clay

o
mineral content of the particulate occurred from 1550-1800 hours. This

coincided with a decline in C, N and H abundances of both particulate and.
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organic fractions (HA, 10M--Table 3) during th is  time. X-ray d i f f r a c t i o n  a n a l y -

sis of five of the samples revealed that the mineralogy was dominated by quartz, a

muscovite, chlorite and feldspar with smaller amounts of hematite and calcite.

Because of the low masses involved, there is some error associated with

gravimetric measurements of TEO, HA and IOM yields. Nevertheless, these data

(Figure 1) indicate that the HA fraction was in low abundance ~hroughout  the

storm; TEO and IOM fractions together comprised 81-94% of the total recovered

organic matter. Furthermore, the TEO fraction predominates until the very

latest stages of the storm. The apparent similarity of the HA and TEO trends

was confirmed by l inear regression analysis (r  = 0.83).

E l e m e n t a l  C o m p o s i t i o n  o f  O r g a n i c  F r a c t i o n s

A summary of C, N and H abundances and atomic ratios for TEO, HA arid IOM

fract ions is  g iven In Table 3. The most striking feature of these data is the

uniformity of the values. Variations for all  parameters are at or near the

level of experimental error (cf., T a b l e

ment  of nitrogen in TEO isolates are due

gas evolved. Much less variable are the

degree of molecular” homogeniety.

). The large var ia t ions in  the  measure- e

to the extremely small quantit ies of

elemental ratios, suggest ing a  h i g h

The hydrogen content in the TEO fraction is very high due to the dominance

of hydrocarbons (m 60%, Eganhouse and Kaplan, 1981), whereas the mean H/C ratio

of 1.9 indicates that these solvent-extractable organics are largely aliphatic.

Such findings are

Eganhouse  e t  a l . ,——

The C, N and

l i tera ture  va lues

basis .  S ince ash

consistent with previous results (Eganhouse and Kaplan, 1981;

1981).

H contents of the HA fraction are diff icult to compare

because data of this type are normally presented on m

with

ash- f ree

contents of humic acids are normally < 10%, the tabulated ab-
.

undances are probably fairly accurate. The H/C ratios are similar to those some-

times found for soil  humic acids (Nissenbaum  and Kaplan, 1972;  Brown et al., 1972; o
——

,-
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*
Stevenson and Gob, 1971; Rashid  and King, 1970; Schnitzer and Skinner, 1969).

However ,  lacustrine (Ishiwatari 1970; Otsuki  and Hanya, 1967) and marine

humic acids (Hue and I)urand, 1973; Nissenbaum and Kaplan, 1972; Brown et al.,.—

1972; Rashid and King, 1970)  are known to have broad ranges which overlap

t e r r e s t r i a l  v a l u e s . The N/C values obtained for stormwater HA are higher

than most data accumulated for terrestrial , Iacustrine ( a l g a l )  o r  m a r i n e  -

environments with the exception of work done by Stuermer et al.; (1978).——

They found that  p lot t ing  data  for  humic ac ids  f rom mar ine  and ter rest r ia l

environments on an N/C versus H/C grid not only gave a good correlation (r =

0.77), but also there appeared to be a group separation between algally-

and terrestrial ly-derived HAs. When plotted on such a diagram the present

data falls in line with points of Stuermer et al. (1978) and intermediate——

b e t w e e n  algal and ter rest r ia l  groups (F ig .  2a) .  However? the data fall out-

*
side the bulk of those reported by others for a variety of environments.

The carbon, hydrogen and nitrogen abundances in the IOM fraction are

reasonably uniform and fal l  within an acceptable range for terrestrial  “proto-

kerogens”, but in general, values of %N and %1-1 are lower than normal for

recent algal sources (Stuermer et al., 1978). The low H/C ratios indicate—— .

a highly-aromatized structure, perhaps similar to that of “humic kerogens”

(Dow, 1977) or kerogen which has undergone a moderate degree of thermal

a l t e r a t i o n  “(Tissot et al. ,  1974). Simoneit and Mazurek (1980) recently re-——

p o r t e d  r e s i d u a l  o r g a n i c  c a r b o n  f r a c t i o n s  o f  m a r i n e  a e r o s o l s  w i t h  tl/C ra t ios

in the same range. The N/C ratios are somewhat lower than is commonly found

for recent “proto-kerogens”  (Stuermer et al., 1978) and higher than most——

ancient kerogens (Mclver, 1967). Similar N/C values have, however, been found

for TEO-free vehicle aerosols collected in tunnels (Pierson 1978). When

e plotted on an N/C versus H/C diagrem (Fig. 2b) the data for stormwater ]OM
.

,

,.
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fractions fall in line with those Stuerrner et al. (1978) obtained, but due to

the low hydrogen and nitrogen contents they are on the extreme “terrestrial” end e
of  the  d is t r ibut ion.

S t u e r m e r  et al. (1978) found that when elemental ratios for “proto-kero--——

gens”  (H/C, N/C) were plotted against those of humic acids from the same sam-

ples, a good correlation was obtained. On this evidence, they inferred a common

source or genesis for these organic fractions. The data obtained here do not

conform to the correlations found by Stuermer  et al.  (1978). Assuming their

in terpreta t ion  is  correct ,  th is  ind icates  that  stormwater HA and IOM f r a c t i o n s

are  g e n e t i c a l l y  u n r e l a t e d .

Finally, the variation in elemental abundance between stormwater organic

fractions are noteworthy. For example , there  is a two-fold difference in H/C

values between TEO and IOM fractions and a twenty-fold variation in N/C between

HA and TEO’ fractions. A graphical presentation of the average elemental dis-

tribution among these fractions (Fig. 3) i l lustrates these points. Carbon is @

c l e a r l y  lodged  in the TEO and 10M f ract ions (TEO + IOM ~ 94%) w i t h  t h e  T H C

s u b f r a c t i o n  d o m i n a t i n g  the o r g a n i c  s o l v e n t - e x t r a c t a b l e  m a t e r i a l . The same is

true for hydrogen which is enriched in the more aliphatic, less condensed

phases. Nitrogen, however, is in very lo; abundance in the TEO fraction. Owing

to the high relative concentrations of the IOM in  s tormwater  par t icu la te  and

the nitrogen. content of the HAs; roughly 95% of the nitrogen is bound in these

latter two f ract ions where  i t  is  essent ia l ly  unavai lab le  for  u t i l i za t ion by

microorganisms.

Stable  I s o t o p i c  C o m p o s i t i o n s  o f  O r g a n i c  F r a c t i o n s

Measured va lues  of  6~3C,  615N and dD for organic isolates are given in

Table 4. 6~5N values for TEO samples were not measured because of

y i e l d s  o f  n i t r o g e n  g a s  d u r i n g  c o m b u s t i o n .  ‘

nsufficient



-1o-

The 613C values of TEO f ract ions are remarkably uniform and near  the level

m o f  e x p e r i m e n t a l  e r r o r  ( c f . ,  Table 1 ) . Table 5 lists 613C a n d  %C for the five

TEO subfractions, calculated composite TEO values based upon elemental and

isotopic mass balances and the

m e a s u r e d  values of %C and 6~3C

losses and fractionation were

corresponding measured TEO data. Calculated and

are in good agreement, ver i fy ing that  s igni f icant

probably not produced by the chromatographic

technique. The small differences are more likely to be due to errors in the mass

recoveries than the isotopic measurements. A d d i t i o n a l l y , it is o b v i o u s  t h a t  t h e

value o f  613CTE0 is dependent upon the isotopic composition of the hydrocarbons

because this is where the majority of the carbon is found (Fig. 3).  The 613C

values obtained for the THC fractions (-26.8 to -26.3°/00 ) are typical of pet-

roleum, but depleted in 12
C re la t ive  to  ter rest r ia l  p lant  l ip ids  (Gr izz le  e t—

Q. , 1979; Fuex, 1977; Hoering, 1974). Molecular analysis indicates that these

hydrocarbons have a  petrogenic origin (Eganhouse et al., 1981). By c o m p a r i s o n ,

9 the other TEO subfractions are depleted in 12C relative to the hydrocarbons and

terrestrial plant lipids (Smith and Epstein, 1970; Park and Epstein, 1961).

This suggests different origins for THC and the other l ipid fractions. Egan-

house e t  al (198’——

as an unresolved

compounds frcm pi

) hypothesized that the PLR constituents, which occur largely

complex mixture in gas cbromatograms,  might have included N-S-O

troleum. The 613CpLR values (-23.7 to -25.6~00 ) obtained here

l*C by roughly 1.3Y00are depleted in relative to the hydrocarbons (-26.3 to

-26.8 ‘/oo ). Such a depletion is consistent with data for petroleum fractions

(Stahl,  1978) but is not unequivocal evidence for a petrogenic origin for the

P1.R i s o l a t e s .

6D values for the TEO fractions (Table 4) are also uniform. The data fal l

within the range found for seven petroleums by Hawing (1974) and are generally

a
enriched in deuterium relative to higher plant l ipid fractions (Estep and

tioering, 1980; Hoering, 1974)..



T h e  humlc acids in these stormwaters exhib i t  very  smal l  d13C v a r i a t i o n s .

The data seem to f i t  marginally with values found for some terrestrial  envfron- 0

ments (Stuermer et al., 1978); however, they are depleted in 12C relative——

t o  mast soil humic a c i d s  (Goh e t  a l . ,  1977; Wakeham  a n d  C a r p e n t e r ,  1976; Nissen-

b a u m ,  1974; Nissenbaum and Kaplan, 197Z; Brown et al., 1972; Degens, 1969). On——

the other hand, they are enriched in 12C compared with many marine humic acids

(Cr isp  e t  a l . , 1979; Stuermer  e t  al., 1978;.—

and Harvey  1974;  Nissenbaum,  1974; Hoering,

6~SN values for the humic ac ids  were  h ighly

Ishiwatari et a?., 1 9 7 7 ;  S t u e r m e r

1973; Nissenbaum and Kaplan, 1972).

variable and on the average appear

to be intermediate between reported terrestrial and marine values (Crisp et al——-~

1979; Stuermer et al., 1978; Sweeney et al., 1978). The stormwater HA data for——

~~sc and”~lsN  are consistent with those obtained by’ Peters et al. (1978). They

found a l inear correlation between 6~5N and d13C for organic matter from river

and coastal sediments in which the slope paralleled that of the  presumed in-

o r g a n i c  n u t r i e n t s  ( N2, COz-land; NO~, HCO~ o c e a n ) . . The authors suggested t h a t @

such a correlation reflects the mixing of marine and terrestrial  organic matter.

The data  points  for  stormwater HA fall ve ry  near  the  empi r i ca l  co r re la t ion  l ine

they obtained, most of them clustering near those of undisturbed natural rivers

and an oligotrophic lake. The 6D values of the W-l were consistently around

-100 %..

T h e  10M.fraction has uniform 613C  values very near those of the T E O  a n d  T H C

measurements. This may indicate a genetic relationship. By comparison with the

data of others (Stuermer et al., 1978; Goh et al., 1977) ,  these 10M f r a c t i o n s—— ——

are isotonica l ly  s imi lar  to  recent  ter rest r ia l  source  mater ia ls . However, they

13C relative to kerogens  isolated from” other rivers inappear to be depleted in

C a l i f o r n i a  ( p e t e r s  e t  al., 1978). The 615N are anomalously and ’consistently

heavier than reported terrestrial  kerogens and ‘“’proto-kerogens”  (S.tuermer  et—

a l . , 1978; P e t e r s  e t  a l . ,  1978). A t m o s p h e r i c  n i t r o g e n  h a s  a  dlsN value of—. ——
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O%o and refractory terrestrial  organic matter is generally thought to be near

* this  value (Sweeney et  a l . ,  1978). T h u s ,  it appears that nitrogen in the IOM.—

fraction is most l ikely derived from sources other than recent natural plant

debris and stable breakdown products. The 6D values are extremely heavy rela-

tive to the other stormwater organic fractions and completely unlike any found

ii the recent environments studied to date. These data clearly show that signi-

f icant isotopic variations occur between different fractions of organic matter

in the suspended solids of this river.

DISCUSSION

sed

The

The elemental and stable isotopic compositions of estuarine and marine

ments are usually measured with respect to the total organic matter (TOM).

present data indicate that this practice can yield misleading results be-

cause these compositions are determined principally by two vari.able” fractors: 1)

e the elemental/ isotopic characteristics of specif ic organic fractions and 2) the

composition

In the

one organic

of the TOM ,in terms of these individual fractions.

case  of  stormwater  p a r t i c u l a t e , most measured parameters for any

fraction are strikingly uniform during the storm. Thus, fraction-

specific variations do not contribute much to variations in the properties of

the TOM. However, s igni f icant  d i f ferences in  e lementa l / isotopic  character is t ics

were noted between individual fractions. Furthermore, the relative abundances

of the fractions fluctuated continuously throughout the storm. T h e r e f o r e ,  i f

meaningful comparisons are to be made between or within environments, it is

clear that isolation procedures must be used to fractionate the organic matter

before measurement. The alternative is a severe loss of information due to

mixing of complex and sometimes unrelated source materials.

Another consideration is the behavior of continentally-derived organic

e matter in the estuary. In a dynamic system such as this,  marine and terrestrial
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,

organic materials are mixed concurrent with dramatic changes in physico-=chemical

e
conditions. Ongoing microbial degradation is intensified upon contact with the

w a t e r - s e d i m e n t  i n t e r f a c e . B e c a u s e  s o l v e n t - e x t r a c t a b l e  organics e x h i b i t  m a r k e d

di f ferences in  the i r  physica l , chemical and biochemical properties (eg., vola-

t i l i ty ,  vo lubi l i ty ,  b io logica l  uptake and catabol ism,  adsorpt ion by par t icu late

mat ter ,  and e lementa l / isotopic  d is t r ibut ions) , they could experience consider-

able fractionation in the estuarine and marine environments. Thus, as a class,

they are unlikely candidates for elemental/ isotopic source differentiation

because they do not maintain their identities except on a tracemolecular basis.

The same processes of dispersion, sedimentation and biodegration ~hat  profoundly

affect the TEO fractions are virtually unimportant in the case of refractory

o r g a n i c  m a t t e r  s u c h  a s  t h e  HA and IOM f r a c t i o n s . Consequent ly ,  these components

hold  greater  promise  in  s tudies  involv ing quant i ta t ive  est imates  of  ter rest r ia l

c o n t r i b u t i o n s  t o

The results

agreed with

q. , 1981).

reservoi rs :

ext ractab le

what

The

marine sediments.

for the TEO fraction (especially the liydrocarbonsl essentially

was, found in prior detailed molecular analyses (Eganhouse et—

extractable organics are probably derived from two distinct

petroleum and recent biogenic organic matter.  Separation of the
. .

organic’ matter revealed a diversity in the distribution of carbon

and its isotopes among molecular groups.

The stormwater humic acids-appear to be of mixed terrestrial and algal

o r i g i n s . This is based upon comparison of elemental data (H/C, N/C) with that

.  (1978).of Stuermer et a l Because the samples were col lected beyond the in-

fluence of marine waters, a partial recent marine origin for these humic acids

is not  possib le . The most likely source of algal ly-derived humic material are

the numerous reservoirs which are used to help regulate flows in the drainage

channels during storm conditions. Presumably, this input could be a f fec ted  by  a ●
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flush-type action in the reservoir and storm channel sediments.

.  ( 1 9 7 8 )  c o m b i n e d  t h e  ti/C ratio and 613C values a n d  s h o w e dStuermer  et  al

that terrestrial  and marine humic acids might be differentiated into clusters.

Figure 4 plots these and other l i terature data along  with that for stormwater

humic acids. The p r e s e n t  d a t a  a p p e a r  t o  fall n e a r  t h e  a p p r o x i m a t e  b o u n d a r i e s

f o r  m a r i n e  a n d  t e r r e s t r i a l  c l u s t e r s . Because marine humic acids cannot be

present in the stormwaters, the conclusion that stormwater humic acids represent

a mixture of marine and terrestrial  contributions would clearly be erroneous.

This example illustrates the fact that considerable discretion must be exercised

in interpreting elemental and isotopic data in the absence of outside corrobora-

t ive evidence.

Perhaps the most interesting results of this study were obtained for the

i n s o l u b l e  organics. . Optical and scanning electron microscopy showed this mat-

erial to be a black, amorphous, highly-cohesive aggregate reminiscent of diesel

9 combustion particles (Vuk et al., 1976) with minor amounts of (< 5%) plant——

structural remains (Fig. 5 ) . Both elemental and isotopic data suggest that the

major  por t ion of  this ma te r i a l  bears  no re la t ion  to  the

sources (in order of suggested probabil ity) include: t

fossil fuel combustion particulate, forest fire ash, 1

p last ic  debr is . The low nitrogen and hydrogen contents

carbon-rich material; however, the carbon isotope data,

humic acids. Possible

re wear particles,

gnin, rel ict kerogen and

indicate an extremely

although similar to that

of the hydrocarbons, are ambiguous. In view of the dominance of petrogenic

constituents among extractable organics, the rainfall  pattern (which was re-

stricted to heavily-developed areas), and the low yields of presumably biogenic

humic acids, it seems highly probable that these materials have originated from

vehicular  use ( i .e . , diesel combustion and tire debris) and/or power plant

combust ion of  foss i l  fue ls .  I f  th is  is  t rue ,

o

the heavy 615N

have resul ted  f rom preferent ia l  loss  of the l ighter isotope

c

and tSD values may

during pyrolytic
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breakdown.  Un t i l  a  va r i e ty  o f  s o u r c e  m a t e r i a l s  c a n  b e  a n a l y z e d ,  t h e s e  s t a t e -

m e n t s  will r e m a i n  s p e c u l a t i v e . However, i f  re f ractory  n i t rogen in  stormwater o

p a r t i c u l a t e  pro~es  to  have a  foss i l  fuel o r i g i n , nitrogen isotope measurements

might be used to estimate the contribution of

t e r r e s t r i a l  a e r o s o l s .

Some final comments regarding the unique

be made. The observed 6~5N enrichment in IOM

anthropogenic organic nitrogen to

nature of this river system must

fractions seems in confl ict with

the idea that l ight nitrogen is generally lodged in the most refractory portion

o f  terrestrially-der

combined use of 613C

jeopardized in this

are probably related
,

ved organic matter (Peters et al., 1978)”. S i m i l a r l y ,——

a n d  615N to character ize  the  or ig in  of the IOM is  ser iously

nstance by the anomolous 6~sN r e s u l t s . These discrepancies

to the overwhelming influence of man’s activities in the

d r a i n a g e  b a s i n . Because this river contributes roughly 28% of the total surface

runoff to southern Californiats coastal waters, however$ it can scarcely be

considered a m n o r  e x c e p t  o n . ..’

.’ CONCLUSIONS

C o l l e c t i v e l y , these data indicate that interpretation of elemental and

isotopic data in terms of source differeniiiation  can be extremely diff icult  and

in the absence of independent corroborative data must be approached with the

utmost cauticm.

potential source

p?ied  in  cer ta in

Part icular ly  in urban areas,  more data are urgently needed on

materials. Existing models which have been successfully ap-

undisturbed environments and

a point-source ‘discharge of natural terrestrial’

for locations where contributions from unknown

n locations heavily-inundated by

organic matter may be invalid

and diverse sources occur. In

these cases, more detailed analysis of individual organic components is not only

desirable,  but necessary.
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Table le Precision of elemental and isotopic analyses
on Tanner Basin sediments (CO -free) and CHC13-extract,able
organicsa 3

Samp 1 e X Carbon z Hydrogen %Nitrogen N

Sediments

WC-1 3-
extractable

, .. . .

Sediments

CH~13-
extractables

13.90~0.62 1.63~0.18

74.s2+4.g2 11.S2+0.57
(62~5)C (7.54)=

-24.71+0.09 -168.9~7.7
(-2~.3)c

1.7130.10 5

1.86~0.65
(3.83)c 5

$ii

8.22~o.o 6
(7.62)s

.0

- - - - - 5

a Values from this study given.as mean + one standard devi-
ation; isotope data in units of per m~l (% ).

b Samples too small for isotopic analysis.
. . -.

c lshiwatari  et al. (1977).

c1 P e t e r s  e t  a l .  ( 1 9 7 8 ) .

r
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T a b l e  2 . S u s p e n d e d  sol ids,  % carbon, % nitrogen,  N/C rat ios and 613C  in

carbona te - f ree  par t i cu la te  f rom Los Angeles  River  stormwaters

Time Suspended % Carbon. % Nitrogen N/C 613C
Sample S o l i d s  (mg/1) (7.0)

1000
1100
1200
1300
1400
1450

1500
1550
1600
1700
1800

23.6

150

47.0

95.3

216

“ 266 “

280

32 I

362

663

1,520

358~424

15.2

18.1
14.5
13.0
14.1
14.6

15.7
13.0
10.2
3.8

3.9

12.4*4.6

1.48
0.73
0.79
0.70
1.08
0.61
0.73
0.56

0.36

0.18

0.18

.083

.035

.047

.046

.071

.036

.040

.037

.030

.041

.040

o.67t.38 .046*.016

-2s.20

-25.12

-24.35

-25 .13

-24.8o
-24.84
-24.51
-24.74
-24.93

- 2 4 . 9 2

-25 .00

-24.86? 0.26

●✎
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* 6
Table 4. Stable isotopic compositions (yOO ) of organic components in suspended stormwater particulate

TOTAL EXTRACTABLE ORGANICSa

*13CSampl ing T i m e PDB 6DSMOW
—

1000 -26.15 -111.8

1100

1200

1300

1400

1450

1500

1550

1600

1700

1800

-25.81

-26.02

-26.13

-26.05

-26.21

-25.92

-26.03

-26.09

-25.95

-26.36

-112.6

-114.7

-109.1

-116.4

-113.7

-121.7

-115.7

-112.3

-116.4

-118.8

plu -26.07f0..l5 -114,.8*3.5

HUMIC ACIDS

,61 3C J5N
PDB AIR 6DSMOW

-- -- --

-24.31 9.03 -90.8

-- -- ..-

-24.47 5.49 -104.9

-24.04 5.31 ~ -103.0

-23.50 3.74 -97.3

-23.13 ‘ 3.76 -101.6

-28.56 3.95 -102.5

-23.97 ‘ 3.94 -97.5

-24.53 4.51 -101.9

- 2 4 . 6 7 5.81 -107.2

INSOLUBLE ORGANIC MATTER

6“3$)DB J 5N
AIR 6DSMOW

--

-26.62

--

--

-26.88

.-

-26.48

-25.57

-25.74

-25.80

-27.53

--

11.70

--

--

11.71

- -

11.04

14.18

14.32 “

10.53

16.1

--

-62.4

--

--

-71.3

--

-71.4

-62.0

-64.6

-77.4

-76.6

-24.02t_0.53 5.06*1.69 -loo.7f4:9. -26.37~0.71  12.80*2.07 -69.4t6.5

a = 615N values were not obtained due to insufficient sample size.



Table 5. Carbon content and isotopic composition (in units O/O.) of lipid subfractionse

1000 hours 1450 hours 1700 h o u r s
Fraction ~1-3~ %C &13~ %C ~13~ %C

Total hydrocarbons -26.30 80.8 -26.83 85.1 -26.67 84.6

F a t t y  A c i d s .-a 71.2 -25 .02 87.7b - 2 5 . 9 4 79.0
Ketones - 2 2 . 4 8 71.5 -24.89 66.7 -24.09 “77.4

Polar Compounds -23 .69 36.6 - 2 5 . 6 4 48.o -25.51 65.8

Non-elutable polar
compounds

-25 .04 62.8 -24 .76 69.7 -25 .09 67.6

Composit~  value - - . - -25 .62 71.9 -26 .00 77.4

TEO -26.15 -- -26.21 68.1 -2!5.9!5 77.4

a = i n s u f f i c i e n t  s a m p l e

b = quest ionable value

e

*
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IN MUNICIPAL WASTEWATERS
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I.R. K a p l a n

o



-1-

ABW?ACT

kkistewater  effluents sampled from southern California’s four largest treat-

ment plants were analyzed for their extractable organic (oil and grease) con-

tents. Subsequently, five organic fractions were is~lated  for the purpose of

determining compositional and concentrational  changes

time. The mean levels of variation for major compound

the dominant class of organics being the fatty acids.

half of the total extractable substances in

ble, whereas ~ 93% were retained for sludge

phases of the effluents differed greatly in

of the wastewaters with

classes were low (12-22%},

Somewhat greater than

non-sludge effluents were filtera-

samples., Dissolved and particulate

their extractable organic composi- 0

tions. This is a consequence of partitioning during the solution process.

.,
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INTRODUCTION

Organic matter extracted from wastewaters by solvents such as chloroform,

trichlorotrifluoroethane or hexane is commonly termed oil and grease. This

mixture of compounds is known to be an exceedingly complex (1,2) and variable

component of municipal wastes (3,4). More importantly, it comprises many of

sewage’s most offensive, recalcitrant and toxic constituents (5,6). Hence, “oil

and grease” represents a major challenge to plant engineers who must be con-

cerned with the effectiveness of its removal in waste streams.

Many of the substances thought to be most biologically deleterious survive

treatment and are ultimately discharged to the environment (7,8). Usually,

rivers or the ocean serve as the primary repositories in which organics are

e

either biochemically transformed (sometimes to more or equally dangerous species),

taken up by organisms, exchanged with atmosphere or deposited in sediments.

Surprisingly, very little is known about the detailed molecular nature, input

rates and environmental fate of the vast majority of wastewater-derived orga-

nics, and only recently has this subject received serious attention (9,10).

However, it is clear from available information that more comprehensive data are

urgently needed.

In the present study, final effluents from the four largest municipal

wastewater treatment plants in southern California were anlayzed  for their

extractable organic content and composition. The plants under consideration

serve an estimated population of 9.8 million, and their effluents (which receive

mainly primary treatment) are currently being discharged to the ocean via sub-

marine outfall systems at a rate of 4 billion I/day. Our objective here is to

6
present data on the temporal variability and phase partitioning of organic
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compound groups for these effluents. The results, which are the most extensive ●
of their kind, should provide a baseline against which other wastewaters and

future changes in the wastewaters of southern California can be compared. The
,

detailed molecular characteristics of’ extractable from these effluents will be

discussed separately (11 ).

EXPERIMENTAL

Sampling

Duplicate (3R) flow-proportioned 24-hour composite samples of final efflu-

ent were collected by plant personnel at each of the four treatment “facilities

during 1979. A sampling protocol and descriptions of the effluents are given in

Table 1. The dischargers sampled were: 1) JWPCP-CLASD) (Joint Water Pollution

Control Plant--County of Los Angeles
.

of Los Angeles, 2 effluents, cf. Tab”

Districts) and 4) CSD (City of San D

tttese effluents treatrnept procedures

(4).

with

Sanitation Districts), 2) Hyperion( City

e 1), 3) OCSD (Orange County Sanitation
e

ego}. More detailed characteristics of

and plant locations can be found elsewhere

Upon collection, one of the two (3i) samples was preserved at pi-i 1 (HC1)

200 ml hexane and refrigerated (lO’C). pending return to the laboratory.

After homogenization of the other sample, two liters were filtered using pre-

combusted GF/A glass fiber filters, the filtrate being preserved and refri-

gerated as before.

etemental/  isotopic

Analytical methods

The

(13}, is

filtered

analytical

The remaining effluent was stored frozen for subsequent

analysis of the particulate matter.

scheme used here and described in greater detail elsewhere

depicted schematically in Fig. 1. Following extraction of the un-

and filtered wastewater samples with CHC~35 the combined extracts were
o



m concentrated, dehydrated, treated for sulfur removal, analyzed gravimetrically

and esterified. Exact portions of the extracts (in the range of 10-12 mg) were

then quantitatively applied to thin layers of pre-activated  silica gel and

eluted with C1-i2C12. Upon development in iodine, five bands were isolated cor-

responding to: total hydrocarbons (THC), fatty acid, methyl esters (FA), ketones

(KET), polar compounds (PLR) and non-elutabl e polar compounds (NEP). Chromato-

graphic details have previously been described (13). Among other things, the

polar fraction (PLR) contains hydroxy acids, sterols,  alcohols and phenols--a”

conunon constituents of wastewaters (10,14). The FA fraction represents a com

bination  of acid-hydrolyzable and free carboxylic acids.

The fractions were analyzed gravimetrically and, in the case of theTHC,

1

the resultant product was re-chromatographed  on silica gel G by pentane elution

to isolate aliphatic (Al) and aromatic (Ar) hydrocarbons. These subfractions

m
were also analyzed. gravimetrically. The results presented here were achieved

by triplicate weighings of solution residues at constant weight using a Mettler

ME 22 electro-microbalance. Based upon replicate weighings of 40 ug residues,

the instrumental precision is estimated at *5%.

A study was conducted on two of the effluents, JWPCP and Hyp-7 (sludge),

to estimate the extraction efficiency of this methodology. ‘The results given in

Table 2 show that removal of the non-polar, THC fraction was nearly complete

( ~ 97-99%). However, the polar NEP fraction was extracted with somewhat lower

efficiency (86-9YA), whereas other fractions gave intermediate results.

An effort was also made to quantify the recovery of extractable components

after thin-layer chromatography. Table 3 lists data indicating that in most

cases the recovery was > 90!!. This is similar to results obtained by others

using different techniques. The JldPCP samples gave consistently lower yields.
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This is probably due to volatilization of phenolic compounds dur ing rotary

evaporation and volubility losses during solvent

mena were observed for the PLR fraction of JWPCP

generally showed lower recoveries than their unf-

the higher aqueous solubilities  of more volatile

changes. Both of these pheno-

samples. Filtered samples a

ltered counterparts owing to

(pol a!) c~mponents.

so

RESULTS AND DISCUSSION

Table 4 lists gravimetric  data for the unfiltered samples of all effluents.

Some general features are readily apparent. In terms of the TEO and THC content

of treated wastewater, the order of predominance among southern California’s

dischargers is Hyp-7mi > JWPCP s CSD > OCSD > Hyp--5mi. This trend follows the

meafi annual oil and grease data obtained by treatment plant personnel (Table  1).

Only minor rearrangements of the ranking are seen for NEP and PLR fractions. In o

contrast, the order does not appear to hold forFA and KET fractions.

The results for non-hydrocarbons are difficult to compare with other publi-

shed data due to differences in the analytical strategies employed (15,16).
,

Nevertheless, the hydrocarbon concentrations reported here do fall within the

range of literature values (17, 18, 19). For this reason, we conclude that with

regard to oil and grease content, southern California’s wastewaters are probably

typical of those found in other parts of the United States.

The coefficients of variation for the TEO measurements average around 12%,

indicating that extractable organics are a fairly consistent

wastewaters. TtlC, FA, PLR and NEP fractions all showed mean

component of these

coefficients of

variation < 25%, whereas, the KET fraction was more than 37%. The higher vari-

ability in KET contents is due partly to imprecision in the chromatographic

e
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*

separation and isolation of this band, as well as the fact that the KET fraction

represents only a small component of the total extractable. Gravimetric analy-

sis of this fraction is, thus, subject to greater error. Considering collective

measurements for individual effluents, the CSD data showed that lowest mean

variation (~ 16.6%). Hyp-7mi and JMPCP effluents had higher mean variations of

m 24%; whereas intermediate values were obtained for other effluents. These re-

sults suggest that variation in the concentration of major extractable organic

constituents are relatively low, in the range of 12-22%. Furthermore, the vari-

ations appear to be similar for all the effluents examined. This is despite

notable differences in the nature of their influents  and treatment procedures

(4).

Table 5 lists gravimetric data for the filtered samples. Excluding Hyp-7mi

(sludge), all effluents contain comparable levels of “dissolved” organics. In

a
general, however, the variations observed for any individual wastewater are much

larger than for the bulk effluent. The data in Tables4

calculate the percent extractable organic matter passing

and 5 can be used to

through the filter

(Fig. 2). For non-sludge effluents, 31-49% of the TEO was found to be “dissolved”.

This is undoubtedly due to the abundance of water-soluble polar moieties such as

phenols, hydroxy acids, and salts of fatty acids in the FA and PLR fractions.

The majority of the hydrocarbons, fatty acids and keteones in non-sludge efflu-

ents are retained by the glass fiber filter; however, polar compounds repre-

sented by PLR and NEP fractions are, in most cases, distributed preferentially

in the aqueous phase. The Hyp-7mi effluent has a

“dissolved” extractable substances because of its

1) and the limited accommodation of oil and grease

rather low proportion of

high solids levels (cf., Table

by water.

These features are demonstrated graphically in Figure 3 where calculated

9
mean compositions of the total extractable organic matter in the “particulate”
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and “dissolved” phases are presented for each of the effluents. The former

values were computed as the difference between measured concentrations in unfil-

tered and filtered samples. The “dissolved” phase simply represents data for

the filtered samples. It should be recognized that col~oidal  material with

diameters < 0.x may be a significant component in these samples (20,21). The

difference in composition between “particulate” and “dissolved” phases clearly

shows the influence of compound class polarity on phase distribution. Sur-

prisingly, no fractionation were observed for the hydrocarbons, that is, the

ratio of A1/Ar fractions was nearly identical for both phases. This may be due

to presence in filtrates of substantial quantities of fine colloidal material in

the form of emulsified hydrocarbons (22). If representative of the bulk hydro-

carbon composition, these colloids  would tend to mask fractionation due to

molecular solution. Such an effect is further enhanced by the sparing solubi-

lity of hydrocarbons > C15.
.

The dominant component in the “particulate” phase of non-sludge effluents

appears to be the -fatty acids, in agreement with earlier findings (15,16). The

CSD effluent maintained the highest proportion ~W 59%), possibly reflecting the

fact that it is the only plant treating strictly domestic wastes (4). It is

welt known that anaerobic digestion of sludge. solids leads to preferential

removal of FA with respect to refractory, non-saponifiable constituents such as

hydrocarbons (23). This accounts for the high THC and relatively lower FA con-

tents of the Hyp-7mi sludge effluent. With the exception of the OCSD effluent,

KET fractions comprised < 10% of the TEO.

ting in the PLR and NEP bands were similar
,

being highly variable in a temporal sense.

The proportion of extractable elu-

in all effluents (% 9-=19%), despite
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SliMMARY

The aim of this work was to document the compositional variation and phase

partitioning of solvent-extractable organic substances in a number of wastewater

effluents. In combination with molecular analysis (14) this provides new and

revealing information on the nature of wastewater organics of possible use in

evaluating the effects of waste discharges on the environment. Among the sal-

ient findings reported in this paper are the following:

1) Temporal variations in the concentration of extractable substances in a

given effluent are smaller than variations between effluents. For the major

components, mean coefficients of variation were from 12-22%.

2) Except in the case of digested sludge, fatty acids are the dominant

compound class of sewage. Hydrocarbons, due to their biochemical stability,

9
apparently survive treatment and are relatively enriched in sludge.

3)

found in

TEO were

4)

Most of the extractable material in non-sludge effluents (51 to 69%) is

the “particulate” phase. In the case of digested sludge s 93% of the

retained by filters.

The extractable organic composition of “particulate” and “dissolved”

phases are markedly different, partitioning being governed by the aqueous ac-

commodation  of individual compound types.
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Table 1. Characteristics of Southern California Wastewater Treatment Plant Effluents Sampled during 1979.

General Characteristicsa

Municipality/ Frequency Nature
Discharger of of Total Flow Total Suspended

Agency Soljds Oil and Grease
Sampling Effluent ( 1061 /daY) (mg/1 ) (mgll )

JWPCP

Hyperion:

Hyp-5mile

Hyp-7mile

OCSD

CSD

Los Angeles County Primary +
Sanitation Dist- rnonthly Digested sludge 1390 195 39.9
ricts centrate

City of Los
Angeles, Bureau of
Sanitation

quarterly Primary +
Secondary 1336

quarterly Digested sludge
-I- Secondary 18.1

Orange County
Sanitation Dist- quarterly Primary +

Secondaryricts

City of San
Diego quarterly Primary

712

484

7 5

7060

140

143

19.0

400.

26.0

36.7

a Data taken from reference (12).



Table 2. Extraction Efficiencies for arious Organic Fractions
in JMPCP and Hyperion-7-mile  effluents x

Number % Recovered
.

Effluent of
Extractions TECl THC - F-A KET PLR NEP

JUPCP ~1.3b “
3/14/79

4

5

6

7

Hyperion
7-mile
10/15/79 ~1-6b

7

8

“9

95. ?5 99.2 99.0 96.6

1.3 0.3 0.4 1.1

1.5 0.2 0.4 0.9

1.1 0.2 0.2 0.8

0.6 0.1 40.1 0.6

95*4 96.6 92.8 95.8

2.1 1.4 3.4 2.1

1.6 1.3 2.6 1.6

0.9 0.7 1.2 0.5

89.7

3.8

3.0
.

3.0

0.5

96.1

1.7

1.4

0.8

86.5

3.5

4.2

4.5

1.3

93,8

2.9

2.3

: Percentages given relative to total mass recovered for unfiltered samples.
b Represents number of extractions employed in this study.



* Table 3. Recovery of Wastewater Organic Constituents following  ~hin
Layer Chromatographya

Number Unfiltered Unfiltered
Effluent of Samples Samples

Samp 1 es (%) (%)

JMPCP 9-11 88.0 ~7.l 83.629.6

Hyp-5mi 4 100.6 ~1.l 96.8 ~5.2

Hyp-7mi 4 95.1 11.9 95.2 ~1.O

OCSD 4 “ 95.024.5 90.8 ~3.4

CSD 4 102.0 ~308 93.722.9

a Recoveries are equivalent to:
{z Fraction weights/mg TEO applied ● 100)

and are given as means ~1 standard deviation,

.-



Table 4. Concentrations (mg/1) of Extractable Organic Constituents in
Municipal  wastewater Effluentsa

e
Total

“Fatty Ketones Polar Non-elutable
‘~~~ing Extractable ~~~~~carbons  AcidsEffluent PolarCompounds Compounds

Organics

JWCP: 1/1 5/79 59.8

2/1 5/79 75.0

3/14/79 71.2

4/4/79 “71.5

5/15/79 67.5

6/1 5/79 77.9

7/16/79 ?9.8

8/15/79 83,6

9/13/79 69.0

10/15/79 6!5.6

11/15/79b ---
“12/13/79 75.0

)(+s 72.426.8

tlyp-5mi: l/15/79 47.3

4/18/79 48.8

7116/79 43.8

10/16/79 46.2

X+s 46.512.1

Hyp-7mi: 1/15/79 1088.

4/18/79 994.

7/16/79 796.
10/15/79 717.

X+s 899 ~172

continued on next page

10.6 18.0 2.51 13.2 9.99

14.2 24.7 .1.29 20.1 11.9

14.3 26.2 3.38 8.61 5.98

16.6 21.5 2.27 12.9 9.98

13.0 23.6 4.27 12.8 11.7

15.6 26.6” 1.92 12.5

15.9 28.5 “1.89 10.1

20.9 28.3 2.13 8.82

18.2 22.7 1.92 4.51

16.1 24.8 1.25 8.10

3.1
3.9
2.8

3.1
8.77

--- --- ---- ---- -----

14.0 27.7  1 .30 6.98 12.5

15.522.8 24.8:3.2  2.19+ 10.8+ 11.2+
O*T3 4,2 274 @

5.09 22.2 “2.41 8.33 9.31

., 6.92 21.: 3.60 8.72 8.83

5.70 20.5 1.18 7.92 8.25

6.!52 18.6 3.73 8.78 8.83

6.06fl,82 17.7~2.73~ 8.44: 8.80~
5.2 1.19 0.40 0 . 4 3

397. 239. 48.2 193. 157.

374. 176. 46.1 204. 142.

297. 160. 25.2 175. 120.

297. 127. 18.1 138. 87.9



Table 4. continued

* 1
Effluent

Total‘fl~~ing E~~~Sctable  Hydrocarbons Polar Non-elutable
PolarFattY Ketones compounds

Organics Acids Compounds

OCSD : 1/15/79 40.3 5.69 12.6 3.61 7.01 8.19

4/12/79 63.2 10.9 20.3 4.28 9.17 12.5

7/16/79 47.3 6.95 18.6 3.64 7.41 9.58

10/16/79 50.1 7.75 15.8 6.30 9.48 10.7

X+s— 50.2~9.6 7.82~2.22 16.8+ 4.46+ 8.27+ 10.2+
3:4 1~27 1~24 178

CSD : 1/16/79 56.3 “. 11.8 24.8 1.18 8.78 9.41

4/17/79 58.9 8.24 31.5 2.04 9.66 9.68

7/17/79 65.3 10.4 34.3 1.33 8.15 9.76

10/16/79 69.1 18.7 33.2 1.27 9.39 10.6

xi-s 62.425.8 12.3~4.5 31 .0+ 1. 46+ 9.00+ 9.86+

*

4T2 0:40 0T67 0:51

a Analytical results shown here are for unfiltered samples only.
b Sample lost.
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Table 5. Continued

Effluent Sampling Total Total Fatty Polar Non-elutable
Extractable Ketones PolarDate Hydrocarbons Acids Compounds compounds
Organics

Hyp-7mi: 1/15/79
4/18/79
7/16/79
10/15/79

)(+-s

OCSD: 1/15/79
4/12/79
7/16/79
10/16/79

X+s

CSD: 1/16/79
4/17/79
7/17/79

10/16/79
)(+s

81.0
64.5
50.3
41.5

59.3~17.3

19.3
20.2
23.0

33.3

23.856.2

12.1
21.1
23.3
22.2

19.7:5.1

17.6
13.2
9.42
7.08

11.854.6

1.23
1.63
1.73
4.80

11,0 13.1 21.6 14.2
6.56 11.1 19.9 10.8
5.05 8.19 18.5 7.11
4*OO 6.91 13.8 7.17

6.65~3.08 9.82~2.80 18.423.3 9.82$3.39

4.71 0.33 4.79 5,89

6.51 0.42 4.56 5.35

7.09 0.71 4.38 6.51

13.5 1.67 6.31 5.42

2.35~1 .65 ‘7.95~3.80 0.78~0.61 5.01~0.88 5.7S~0.54

1.22 2.92 0.18 3.93 3.41

1.78 5.52 2.45 4,25 6.08

2.21 7.38 2.35 3.98 5.85

2.66 7*37 0.67 3.51 5,72

1.97~0.61 5.80~2.11 1.41~1 .16 3.92~0.31 5.27~1 .25

a Sample lost.
b Questionable data obtained.
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