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Abstract-Alkaline CuO oxidation of ubiquitous biochemicals such as proteins, polysaccharides, and 
lipids, yields specific products, including fatty acids, diacids, and carboxylated phenols. Oxidation of a 
variety of marine organisms, including macrophytes, phytoplankton, zooplankton, and bacteria, yields these 
CuO products in characteristic patterns that can often differentiate these biological sources. Sediments from 
Skan Bay (Unalaska Island, Alaska) display organic carbon and total nitrogen profiles which are consistent 
with three kinetically distinct pools of organic matter. The CuO fingerprints of these sediments distinguish 
these three pools at the molecular level, indicating a highly labile, fatty acid-rich surface organic layer of 
likely bacterial origin, intermediately reactive kelp debris and a background of phytoplankton remains that 
predominates at depth. The CuO method, which has been previously applied only to characterize cutin and 
lignin constituents of vascular land plants, also provides information on other types of abundant bio- 
chemicals, including those indicative of marine sources. 

I. INTRODUCTION 

In spite of its perceived importance (Bemer, 1989; Hedges, 
1992), there is little consensus among the scientific commu- 
nity regarding the factors that control the decomposition and 
preservation of organic matter in natural environments (Hen- 
richs, 1992 and references therein; Calvert and Pedersen, 
1992; Lee, 1992; Mayer, 1994; Keil et al., 1994). One of the 
reasons for this lack of agreement is the fact that organic mat- 
ter is a complex mixture of organic compounds of different 
chemical structures, multiple sources, and varied reactivities 
(Westrich and Bemer, 1984). Hence, the factors that control 
the degradation of one organic matter type need not be the 
same as those which affect organic matter of different com- 
position. Because of its broad compositional heterogeneity, a 
comprehensive characterization of organic matter is needed 
to better understand its role in global biogeochemical cycles 
and to use it effectively as an environmental indicator. In ma- 
rine sediments, this task is especially challenging because 
only a small fraction of the original organic material deposited 
is ultimately preserved (Emerson and Hedges, 1988), often 
in the form of highly altered remains within a variety of min- 
eral matrices. 

One way organic geochemists have tackled the complex 
nature of sedimentary organic matter is through the use of 
“biomarker” compounds which are specific to an organic 
matter source or a biogeochemical process. The utilization of 
biomarkers as geochemical indicators has led to great ad- 
vances in the understanding of sources and fates of organic 
matter in the ocean (e.g., Brassell and Eglinton, 1986; Wake- 
ham and Lee, 1989, 1993). The biomarker approach, how- 
ever, has limitations because most of the analytical techniques 
developed are compound-specific and have focused mostly on 
readily extractable constituents, such as lipids, which often 
account for a small fraction of the total sedimentary organic 
matter. Even in those instances where ubiquitous constituents 
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such as amino acids and neutral carbohydrates are quantified, 
they together account for less than SO% of the organic matter 
in a typical marine sediment (Klok et al., 1983, 1984; Cowie 
et al., 1992). Hence, there is a need for quantitative tech- 
niques that can broadly characterize organic materials at the 
molecular level within whole marine sediments. 

One promising technique for broad-based organic matter 
characterization is oxidative degradation with CuO under al- 
kaline conditions (Hedges and Ertel, 1982). Originally a& 
plied to characterize lignin in plant tissues, CuO oxidation at 
elevated temperatures ( 155- 170°C) was first developed by 
wood chemists as an alternate to nitrobenzene oxidation 
(Pearl and Dickey, 1952; Sarkanen and Ludwig, 1971). Be- 
cause of its broad hydrolytic ability, CuO oxidation can break 
a wide variety of the ether and carbon bonds present in the 
lignin macromolecule, releasing small phenolic products ame- 
nable to gas chromatography (Chang and Allan, 1971; Goiii 
and Hedges, 1992; Gofii et al., 1993). This nonspecific tech- 
nique can be extended to other polymer types. For example, 
CuO oxidation efficiently hydrolyzes cutin polyesters into in- 
dividual hydroxylated fatty acids that can be easily quantified 
along with lignin phenols by gas chromatography (Goti and 
Hedges, 1990a). The apparent lack of major matrix-related 
effects on the yields of lignin (Hamilton and Hedges, 1988; 
M. A. GoAi and J. 1. Hatcher, unpubl. data) and cutin (Go5 
and Hedges, 1990a) reaction products makes CuO oxidation 
an attractive method for the analyses of these uniquely ter- 
restrial biopolymers in plant tissues, humic extracts, and sed- 
imentary mixtures (e.g., Gofii and Hedges, 199Ob,c, 1992; 
Moran et al., 1991; Hedges et al., 1988; Gough et al., 1993). 

In this paper, we present new data that extend the practical 
analytical window of the CuO oxidation technique to include 
other biopolymers, such as proteins, polysaccharides, lipids, 
and nonlignin aromatic compounds, which are abundant in 
marine environments. We also evaluate the ability of these 
biochemically specific CuO reaction products to distinguish 
individual marine biological sources such as phytoplankton, 
macroalgae, and bacteria. Tinally, we investigate the distri- 
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bution of these CuO reaction products in coastal sediments 

(Skan Bay, Alaska), compare them to bulk elemental and 
isotopic data, and make preliminary conclusions regarding the 
sources and Iabilities of various marine organic matter classes 

in this environment. 

2. EXPERIMENTAL METHODS 

2.1. Description of Skan Bay 

Skan Bay is a pristine inlet on the northwest side of Unalaska 
Island in the Aleutian Chain. The physical characteristics of Skan 
Bay have been described in detail by Alperin ( 1988) and Alperin et 
al. ( 1992). Briefly, the study site is located in the Southwest arm of 
Skan Bay (Fig. 1) at a depth of 65 m. This inlet is connected with 
the Bering Sea by a broad, shallow sill (IO m), which reduces hori- 
zontal advection and is covered with marine macrophytes, mostly 
brown algae of the order Laminariales (i.e., kelps). During the sum- 
mer, a stratified upper water column, coupled with restricted circu- 
lation and a large organic matter input, drive the oxygen content of 
the bottomwater to very low levels (<I mL 0,/L), which approach 
anoxia at the sediment/water interface. Winter storms break up the 
stratification, mixing the bottomwaters and renewing their oxygen 
content. 

Sediments at the Skan Bay site are black and fully anoxic with 
distinct layers observable by X-ray diffraction and no signs of bio- 
turbation. The top 3 cm are characterized by a strong HZS odor and 
high porosities (>0.9) indicative of a floe layer. Relatively constant 
sedimentation rates of -I cm/y are evident from “@Pb and ‘~‘CS 
profiles, suggesting steady-state deposition ( Alperin, 1988). Pore- 
water sulfate concentrations decrease with depth from 25 mmol/L at 
the surface to near zero values at 40 cm (Alperin, 1988). Methane 
becomes measurable in sediment porewaters at about 20 cm and 
reaches concentrations of I2 mmol/L at 60 cm ( Alperin, 1988). Or- 
ganic carbon contents reported by Alperin et al. ( 1992) are relatively 
high in the top 2 cm of sediment (-9 wt%), decreasing to 4% at 5 
cm and 2% at 60 cm. Measured 6 13C values of the total sedimentary 
OC range from - I9 to -20%0, suggesting phytoplankton (-21.5%,0) 

6C 

and kelp ( - 16.4%0) as the major organic matter sources ( Alperin et 
al., 1992). 

2.2. Sample Collection and Preparation 

2.2.1. Skan Bay sediments 

The sediments analyzed in this study were collected by Dr. Alan 
Devol on September 1986 in collaboration with Alperin and cowork- 
ers. Most sediments were retrieved by a 20 X 20 cm box core attached 
to a benthic lander (Devol, 1987). After retrieval, the core was sliced 
and subsampled at O-0.5, 0.5-I .O, I .O- I .5, I .5-2.0, 2-3, 3-4,4- 
5, 6-7, 9-10, 13-14, and 17-18 cm intervals. Deeper horizons, 
20-25 and 25-30 cm, were from a separate gravity core taken at the 
same site. All sediments were stored frozen in preweighted polyeth- 
ylene centrifuge tubes, freeze-dried, and ground to pass a 42-mesh 
sieve prior to analysis. The salt contents of all dried sediment were 
calculated based in water content and bottomwater salinity (30.8%0) 
and then subtracted to obtain salt-free concentrations and yields. 

2.2.2. Marine organic matter sources 

Three species of benthic brown algae, Alariajstulosa, Laminaria 
longipes, and Thalasiophyllum sp.. were collected on August 1985 
from the Bering Sea side of Shemya Island in the Aleutian Chain by 
Dr. C. A. Simenstad (University of Washington, Fisheries) and co- 
workers (Duggins et al., 1989). Additional marine benthic macro- 
phytes were collected on June 1988 by SCUBA divers (M. S. Gross- 
man, D. Shreffler, and M. A. Goiii) at Eagle Point in the Western 
side of San Juan lsland (Washington State). Several species of brown 
(Nereocystis luetkeana, Fucus gardneri, Costaria coslata, Desma- 
restia viridis, Sargassum muricum) , green ( Ulva fenesrrata, Codium 
fragile), and red algae ( Opunriella califomica, Odonthalia$occosa) 
were identified by Dr. T. Nelson of Friday Harbor Laboratories (Uni- 
versity of Washington). Although these plants were not collected 
from the Aleutian Islands, and therefore likely have different 613C 
signatures (Duggins et al., 1989). their chemical composition should 
not be regionally variable. Because their distributional range includes 
the Bering Sea (Scagel et al., 1986) these algae could be significant 
sources of organic matter to coastal embayments such as Skan Bay. 
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FIG. I. Chart of Skan Bay and environs. 
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Pure cultures of two phytoplankton species, one diatom (Skelero- 
nema cosrarum) and a green microalga (Dunaliella euchlora) were 

.grown at 18°C in aerated sterile media and sampled at cell concen- 
trations of about 60 cells/ml. Individual species of zooplankton, in- 
cluding CalamuspaciJcus (adult female copepods), Sag&a elegans, 
and amphipods of the genus Cyphocaris, were picked under the mi- 
croscope from several net tows taken in Shilshole Bay and Dabob 
Bay (Puget Sound, Washington State) and identified with the aid of 
Dr. K. Daly (University of Washington, Oceanography). Addition- 
ally, one gram-positive bacterium, Bacillus subtilis, and three gram- 
negative bacteria, Azotobacter vine/and;;, Pseudomonasjuorescens, 
and Escherichia coli, were obtained as dried whole cells from Sigma 
Scientific. A sample from a mat of almost pure Beggiaroa was ob- 
tained from surface sediments off the California (34’1354’N; 
120”03.51 ‘W) coast (USA) at a depth of 590 m, freeze-dried, and 
stored at room temperature until analysis. 

2.3. Analytical 

The elemental and CuO oxidation analytical procedures used in 
this study have been explained in detail previously (Hedges and Ertel, 
1982; GoAi and Hedges, 1992). Briefly, samples were reacted under 
alkaline conditions with CuO at 155°C for 3 h. The aqueous solutions 
were acidified to pH 1 with concentrated HCI and extracted with ethyl 
ether. After the ether was evaporated, the reaction products were 
dissolved in pyridine and derivatized with BSTPA (Regis Chem. Co.) 
to form trimethylsilyl (TMS) derivatives and analyzed with a 5710 
Hewlett-Packard gas chromatograph fitted with a flame ionization 
detector. The yields of all individual compounds were calculated us- 
ing ethylvanillin (internal standard) response factors. Elemental 
compositions were determined with a Carlo Erba 1106 CHN ana- 
lyzer. All sedimentary samples were analyzed without acidification, 
based on the low CaCO, contents of these sediments (Alperin, 1988). 
Ash corrections were applied to all tissues analyzed. Analytical re- 
producibilities for these procedures were 22% for organic carbon 
and total nitrogen analyses, -10% for ash determination and ?5- 
15% for CuO reaction product yields (Coin, 1992). Stable carbon 
isotopic compositions for a selected set of sediments and tissue sam- 
ples were measured with an average precision of ?0.2%0 by the 
Coastal Science Laboratories at Austin, Texas and are reported rel- 
ative to the PeeDee Belemnite standard. 

3. RESULTS AND DISCUSSION 

3.1. Structures and Precursors of Additional CuO 
Reaction Products 

Over forty novel non-lignin and non-cutin CuO reaction 
products were obtained from the oxidation of Skan Bay 
sediments (Fig. 2a) and marine organisms (e.g., Fig. 2b) _ 
These additional CuO reaction products include normal 
fatty and dicarboxylic acids, as well as other types of car- 
boxylic acids and aromatic products (Table 1) . The chem- 
ical structures of these compounds have been either cor- 
roborated by coinjection with available standards or deter- 
mined from mass spectral analysis of TMS derivatives. 
Mass spectra obtained from these products and additional 
information on their structure elucidation have been pre- 
sented elsewhere (Goiii, 1992). 

The biochemical precursors of the various CuO product 
classes were investigated by analyzing several biopolymers 
and individual compounds. For example, upon CuO oxi- 
dation, triglycerides such as tristearin yield normal fatty 
acids (in this instance stearic acid, n-C1 8FA) (Table 2). 
Since CuO oxidation of unsaturated fatty acids such as 
oleic acid (M. A. Gotii, unpubl. data) does not alter or 
efficiently cleave carbon double bonds, it is likely that the 
majority of the n-fatty acid products in Table 1 are repre- 
sentative of structurally identical precursors. On the other 

hand, shorter-chain n-fatty acids ( Cs-C12) obtained from 
CuO oxidation (Table 1) have not been generally reported 
as important lipid constituents (Wakeham and Lee, 1989; 
1993), and may have aliphatic sources besides normal es- 
ter-bound fatty acids. 

Several proteins (all obtained from Sigma Scientific), in- 
cluding bovine serum albumin, cellulase (endo-1,4&glucan- 
ase), casein (from bovine milk), and rubisco (D-ribulose- 
1,5-diphosphate carboxylase from spinach), were subjected 
to the CuO procedure. All proteins give a suite of character- 
istic CuO reaction products (Table 2) that are derived from 
specific amino acid precursors including tyrosine, phenylala- 
nine, proline, glutamic acid, aspartic acid, and threonine (Ta- 
ble 3). Several other amino acids, including leucine, methi- 
onine, histidine, and alanine, fail to yield appreciable amounts 
( > 1 mg/ IO g sample) of recoverable CuO reaction products. 

Uranic acid polysaccharides such as pectin and alginic acid 
give large yields of 2-butene-I ,Cdioic acid (C4:IDA), hy- 
droxybutane- 1,4-dioic acid (OHC4DA), and the character- 
istic, as yet unidentified, compound 43 (Table 2). This com- 
pound has been tentatively identified as a trihydroxyfuran, but 
further analyses, such as tandem and chemical ionization mass 
spectrometry will be necessary to definitely assign its struc- 
ture. In contrast, neutral polysaccharides such as cellulose and 
chitin produce relatively low yields of butane-l ,Cdioic acid 
(C4DA; Table 2). 

Given the multiple sources of C4DA, C4:1DA, and 
OHC4DA (Table 2), these CuO reaction products cannot be 
used as unambiguous biochemical indicators. Hence, ammo 
acids such as glutamic acid, aspartic acid, and threonine, can- 
not be distinguished from polysaccharides such as cellulose, 
chitin, pectin, and alginic acid. On the other hand, these last 
two acidic polysaccharides can be recognized from the yields 
of compound 43. Exhaustive analyses of phenolic precursors 
(such as lignin, ellagic acid, phloroglucinol, pyrogallol, and 
galhc acid) have revealed no sources of 2-carboxypyrrole 
(Cp), a-hydroxyphenylacetic acid ( OHBd), and p-hydroxy- 
phenylglyoxyhc acid (Pg) other than proline, phenylalanine, 
and tyrosine, respectively. Therefore, these three major CuO 
oxidation products (Table 3) may be used as indicators of 
those amino acids, and of proteinaceous material, in geochem- 
ical samples. 

Other reaction products routinely obtained from CuO oxi- 
dation of geochemical samples are C6-Cl0 dicarboxylic fatty 
acids (Table 1) . Some of these compounds, especially C, and 
Cl0 diacids, have been obtained from the oxidation of cuticles 
from higher vascular plants (Got% and Hedges, 199Oa,b). In 
addition, dicarboxylic acids of carbon number ranging from 
Cq to C15 have been obtained from the CuO oxidation of ali- 
phatic-rich kerogens (Hedges, 1975) and kerogen precursors 
(M. A. Got%, unpubl. data) and may be representative of 
sources characterized by extended aliphatic structural units 
(e.g., Hatcher et al., 1983; Nip et al., 1986). 

Non-amino acid derived aromatic products, such as m-hy- 
droxybenzoic acid (m-Bd) and 3,Sdihydroxybenzoic acid 
(3,5-Bd) have been obtained from vascular plant tissues 
(M. A. Goiii, unpubl. data), soils (Prahl et al., 1994), and 
marine tissues (Table 1; see following discussion). The likely 
precursors of these phenolic products are tannins and other 
flavonoids with hydroxy groups present in alternate positions 
within the aromatic ring. The alternate hydroxy groups are 
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FIG. 2. Total ion gas chromatographs of the CuO reaction products from (a) surface (O-O.5 cm) Skan Bay sediments 
and (b) blade from the brown algae, Aloriafistulosu. 

significant because ortho and para diphenols fail to yield prod- 
ucts under the CuO reaction conditions, forming instead qui- 
nones which are subsequently lost (Sarkanen and Ludwig, 
197 1) . “Tannin-like” compounds have been invoked as rel- 
atively important constituents of vascular plants (Sjiistriim, 
1981), terrestrially derived humic substances (Ertel and 
Hedges, 1985), and benthic marine macroalgae (Glombitza, 
1977; Ragan and Craigie, 1978). 

Several CuO reaction products in Table 1 are unknowns 
for which detailed structural assignments have not been 
confirmed. Included in this category are compounds which 
have been preliminarily identified as branched (br-) fatty 
acids, including those preliminarily designated as iso (i-) 
and anteiso (a-) isomers. The carbon-chain lengths, Cr3- 
C,,, for all these substituted fatty acid reaction products 
are consistent with bacterial sources determined by tradi- 
tional techniques of lipid analyses (Goossens et al., 1986 
and references therein). 

3.2. Characterization of Marine Organic Matter Sources 

3.2.1. Bulk compositions 

Elemental compositions of the analyzed marine organisms 
are presented in Table 4. Included are twelve species of ben- 
thic macrophytes (eight brown, two green, and two red mac- 
roalgae), two species of phytoplankton, three zooplankton, 
one gram-positive bacterium, and three gram-negative bac- 
teria. Atomic carbon nitrogen ratios, [C/N] a, range from 12 
to 24 among the brown algae, 8 to 12 for the green and red 
algae, and average 7,5, and 4 for phytoplankton, zooplankton, 
and bacteria, respectively. 

Stable carbon isotopic compositions for brown algae 
range from -14.4%0 to -22.6X0, while one green and one 
red alga yielded values of -17.6%0 and -33.1%0, respec- 
tively (Table 4). Noticeably, the brown alga from the Aleu- 
tian Chain (Alaska), Alaria fistulosa, has 6 13C of - 16.3%0, 
well within the range measured for brown algae from San 
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Table I. CuO reaction products from “marine” sources. 

GC Chemical Biochem. Major Ions of 
# Name Symbol Precursors Sources Mass Spectrum 

n-Fatty Acids 
3 Octanoic Acid 
14 Decanoic Acid 
22 Dodecanoic Acid 
33 Tetradecanoic Acid 
39 Hexadecenoic Acid 
40 Hexadecanoic Acid 
44 Octadecenoic Acid 
45 Octadecanoic Acid 

Diacids 
5 Butane- 1,4-dioic Acid 

6 2-Butene- 1 +dioic Acid 
IO Pentane- 1,5-dioic Acid 
16 Hexane- 1 ,6-dioic Acid 
18 Heptane- 1,7-dioic Acid 
23 Octane- 1 ,bdioic Acid 
28 Nonane- 1,9-dioic Acid 
35 Decane- 1 ,l 0-dioic Acid 

Other Carhosylic Acids 
7 2-Carboxypyrrole 
9 Hydroxybutane- I ,Cdioic Acid 
25 1 I-Hydroxyundecanoic Acid 

Aromatic Products 
1 Benxoic Acid 
4 Phenylacetic Acid 
8 pHydroxybenzaldehyde 
11 Phenylglyoxylic Acid 
13 pHydroxyacetophenone 
15 a-Hydroxyphenylacetic Acid 
17 m-Hydroxyberuoic Acid 
19 p-Hydroxybenxoic Acid 
20 p-Hydroxyphenylacetic Acid 
30 pHydroxyphenylglyoxylic Acid 
31 3,5-Dihydroxybenzoic Acid 

unknowns 
2 ? 
12 Trihydroxybutenoic Acid 
21 ? 
24 ? 
26 iso-Tridecanoic Acid 
27 anteiso-Tridecanoic Acid 
29 branched-Tetradecanoic Acid 
32 ? 
34 ? 
36 iso-Pentadecanoic Acid 
37 anteiso-Pentadecanoic Acid 
38 branched-Hexadecanoic Acid 
41 iso-Heptadecanoic Acid 
42 anteiso-Heptodecanoic Acid 

n-C8FA 
n-C 1 OFA 
n-C12FA 
n-C 14FA 
n-C16:IFA 
n-C 16FA 
n-C18:lFA 
n-C 18FA 

C4DA 

C4: 1 DA 
CSDA 
C6DA 
C7DA 
C8DA 
C9DA 
CIODA 

CP 
OHC4DA 
r&l IFA 

Bd 
Bed 
PI 

Bg 
Pn 
OHBd 
m-Bd 
Pd 
Ped 

Pg 
3.5-Bd 

16 
TriC4: 1 
21 
24 
i-C13FA 
a-C13FA 
br-C14FA 
32 
34 
I-CISFA 
a-ClSFA 
br-Cl6FA 
i-C17FA 
a-C17FA 

Palmitic Acid 
Oleic Acid 
Steak Acid 

fJ.u,Leu,His,Thr, 
CEL,XYL,CHI,PEC,ALG 

&?>~zJzAK 
ALG,PEC,XYL 

k!K2 
J&,PEC,ALG 

Phe,Ttp 
Phe 

Trr 
Phe 

EYE 

Trr 
‘Or 
Trr 

? 

? 

? 

? 

LP? 
LP? 
LP? 
LP? 
LP? 
LP 
LP 
LP 

PR,LP? 
PS 
PR,PS 
PS,LP? 
LP? 
LP? 
LP? 
LP 
LP? 

PR 
PR,PS 
LP 

PR,PH 
PR 
PR,PH? 
PR 
PH 

PR, 
PH 
PR,PH 
PR 
PR 
PH 

PR 
PRPS? 
? 
? 
LP 
LP 
LP 
? 
? 
LP 
LP 
LP 
LP 
LP 

(216)JQLl29,117 
(244),22e,l29,117 
(272),W,129,117 
(300),&129,117 
(326),W,l29,117 
(328)&&129,117 
(354)=,129,117 
(356)&_L,129,117 

(262),247&Q 

(260),&&147 
(276),261 m 
(290),275J$Z 

W’W89W 
(318)JQ3.147 
(332),~,147 
(346)=,147 

255&Q,l66 
(350),335,306,233m 
(346)=,147 

194~,135,105 
(208),193,164.U 
194J.z9,151 
(222),207,177,105J3 
208m.147 

(268),253,12e 
282,161.223,193 
282=,223,193 
296,281,252,23 
310,295a 
JZQ,3SS,311,281 

183,168,&I 
320,3.&247,147 
(?),273,245,217 
(?),255,143,129 
(286)~,129,117 
(286),2Zl,129,117 
(300),2&129,117 
(?),345&4&147 
(?),345,303=,147 
(314)J@,l29,117 
(314)~,129,117 
(328),?&129,117 
(342)&?,2,129,117 
(342)=,129,117 

43 “Trihydroxfiran” Uron JI!E!z&fz PS (?),!&,337,309,280 

Captions: Names of tentatively identified products are in italics. chemical precursors include TST, tristearin, Glu, 
glumtnic acid; Leu, leuciue; His, b&dine; Thr, tbreonine; Asp, aspartic acid; Pro, proliue; phe, pbenylalanine; 
Tyr, tyrosine; CEL, cellulose; XYL, xylatt; PEC, pectin; ALG, alginic acid; CHI, cbitin. Underlined 
biochemical types indicate major quantitative precursors presently recognixed. Biochemical sources include LP, 
lipid: PR, protein, PS, polyaaccbarides; PH, phenols. Ions from mass spectra in parenthesis indicate molecular 
ions (TMS derivative) not often observed; underlined ions represent base peaks. GC# reflects elution order as 
seen in Figs. 2a and 2b. 
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Table 2. 010 reaction product yields (mg/lOO mg OC) from selected biopolymers. 

GC# Symbol BSA CSE CAS RUB CEL XYL PEC ALG CHI TST 

%OC 

it! 
Bed 
C4DA 
C4:IDA 

z 
OHC4DA 
CSDA 

:;Bd 
m-Bd 
Pd 
Ped 

I,$-Bd 

46.2 24.2 48.1 39.1 
14.1 6.50 14.1 12.1 
0.90 0.45 0.52 0.71 
1.12 0.53 0.75 0.70 
0.69 0.51 0.46 0.44 
1.05 0.85 0.43 0.78 
2.47 1.05 1.58 1.27 
0.13 0.07 
0.12 0.10 0.21 

0.18 
0.28 

0.16 
0.03 0.05 0.06 
0.07 0.02 0.03 

0.26 0.07 0.22 0.22 

0.61 0.52 0.55 0.50 
0.24 0.21 0.20 0.23 
2.34 0.94 2.07 1.52 

40.0 39.5 
0.5 0.7 

0.04 0.09 
0.01 0.29 

0.01 0.05 
0.03 

36.4 
1.5 

36.0 44.9 
1.5 

0.07 
7.05 

0.13 
0.03 

i.11 

0.18 
5.08 

0.33 
0.05 

i.56 

0.15 
0.04 

0.02 
0.01 

76.8 

45 n-C18FA - - - - 9.68 

Captions: %OC, weight percent organic carbon; %N, weight percent total nitrogen; GC #‘s and 
compound symbols are according lo Table 1; BSA, bovine serum albumin; CSE, cellulase; 
CAS, casein;.RUB; rubisco; CEL, cellulose; XYL, xylan; PEC, pectin; ALG, alginic acid; 
TST, tristearm; -, not present in detectable yields. 

Juan Island (Washington State). Given the large ranges ob- 

served in brown algae collected in the same area, it appears 
that factors besides phylogeny (i.e., location in the water 
column, growth conditions) might be equally important in 
determining the 6°C signature. The highly negative 613C 
value of the red alga is also significant since it is noticeably 
“lighter” than the typical terrestrial plant range -25 to 
-27%0 (Degens, 1969). These and previous results (e.g., 
Stephenson et al., 1984) indicate that the large 6’“C vari- 
ability in marine macrophytes compromises its use as a kelp 
indicator in marine ecosystems. 

3.2.2. CuO reaction product yields 

Broad differences in average CuO reaction product yields, 
which are generally consistent with compositions for individ- 
ual organisms (data for each species presented in Gofii, 
1992)) distinguish the various sources analyzed (Table 5). In 
general, n-fatty acid products are most predominant among 
phytoplankton and gram-negative bacteria with total yields 
> 1 mg/lOO mg OC. Gram-negative bacteria give elevated 
average yields of n-C12FA, which clearly distinguish them 

from phytoplankton and all the other measured sources. Rel- 
atively high dicarboxylic acid yields (-3 mg/ 100 mg OC) 
are obtained from all organism types, especially from brown 
algae and phytoplankton. The individual distributions of these 
CuO reaction products, however, vary widely among the var- 
ious types of organisms. For example, while C4:IDA is 
clearly the predominant reaction product from kelps ( -2 mg/ 
100 mg OC), the two phytoplankton give average Cb-CIO 
diacid yields (0.3-0.5 mg/lOO mg OC; Table 5), which are 
notably higher than any of those obtained from other organism 
types analyzed. Compound 43 is one of the major constituents 
of brown algae, while both gram-positive and negative bac- 
teria characteristically yield branched fatty acids. 

The total yields of aromatic CuO reaction products are con- 
sistently high (l-3 mg/lOO mg OC) for all categories of 
organisms. The major difference in the distribution of indi- 
vidual aromatic products is the elevated yield of m-Bd and 
3,5-Bd from brown macroalgae (0.2 mg/ 100 mg OC) relative 
to the rest of the sources (co.1 mg/ 100 mg OC). Notably, 
none of the benthic algae analyzed yielded measurable 
amounts of phloroglucinol ( 1,3,5_trihydroxybenzene), which 
has been found to be an important phenolic component of 

Table 3. CuO Reaction product yields (mp/p. sample) from selected amino acids. 

GC# Symbol Tyr Thr Phe Asp Pro Trp Glu PROT 

1 Bd 12.9 - - 5.40 - 2.63 
4 Bed 12.5 - 3.20 
5 C4DA 1 1.64 1.14 0.79 i.19 0.87 i.21 2.08 
6 C4:IDA - 0.60 - 119 - - - 3.00 
7 CP 
8 PI 5;.9 : : : 

41.8 - - 6.63 
_. _ 0.37 

9 OHC4DA - 2.63 0.19 - - 0.72 
11 Bg 

: 1 
;,80 : _ _ _ 0.27 

15 OHBd 6.98 - - - - 0.82 
19 Pd 15.4 _ _ _ _ - - 2.17 
20 Ped 0.87 
30 Pg 34.1 : : : : : - 7.26 

Captions: Tyr, tyrosine; Thr, threonine; Phe, phenylalanine; Asp, aspartic acid; 
Pro, proline, Trp, tryptophan; Glu, glutamic acid; PROT, average of the 
four analyzed proteins (bovine serum albumin, cellulase, casein and 
rubisco). All GC numbers and compound symbols are as in Table 1. 
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Name Code %Ash %OC %N {CflVla 833C 

Brown Macroalgae 
Nereocyslis Iuetkeana 
Fucus gardneri 
Costaria costala 
Desmarestia viridis 
Sargassum mulicum 
Alaria fistulosa (bd) 
Alaria$stulosa (sty 
Thalasiophyllum sp. 
Luminaria longipes 
Class Average 

Green Macroalgae 
Ulva feneslrala 
Codium fragile 
Class Average 

Red Macroalgae 
ODuntiella californica 
Odonthalia floccosa 
Class Average 

Phytoplankton 
Skeleionema costatum 
Dunaliella euchlora 
Class Average 

Zooplankton 
Calanus pacificus ( t ) 
Cyphocaris sp. 
Sag&a elegans 
Class Average 

Gram Positive Bacteria 
Bacillus subtilis 

Gram Neeative Bacteria 
Pseudom&nas fluorescens 
Arorobacier vinelandii 
Escherichia coli 
Class Average 

Bgg 
BC3(-) 

32.4 
45.3 
47.5 

9.11 
13.0 
14.3 ._ _ 

:: 
4 
4 

nd. 
nd. 
nd. 

BC(-) - 41.7 12.1 no. 

ii: 

El 
BIO 
Bllb 
Blls 
Bl2~ 
B13 
BA 

:i 
GA 

RI 

K 

PHI 

E2 

201 
202 
203 
zo 

BC(+ 

27 34.9 
20 43.5 
38 40.2 
16 42.8 
24 40.7 
18 37.8 

:: 
35.1 
36.9 

I5 38.5 
23 39.0 

:: 
39.1 
43.5 

43 41.0 

23 39.9 
24 31.5 
24 38.7 

25.9 
44.6 
35.3 

48 36.1 
34 41.8 
41 35.3 
41 40.2 

45.6 

3.46 
2.19 
3.94 
3.84 
2.19 
2.49 
1.75 
3.04 
2.92 
2.84 

12 
23 
12 

:: 
18 
24 

;: 
17 

-18.4 
-18.6 
-22.6 
n.d. 
-14.4 
-16.3 
n.d. 
nd. 
n.d. 
-20.0 

5.42 8 
3.34 I5 
4.51 12 

n.d. 
-17.6 

4.73 10 
4.71 9 
4.12 10 

-33.1 
nd. 

4.60 
7.07 
5.84 

: 
7 

n.d. 
nd. 
n.d. 

8.64 5 nd. 
9.39 6 n.d. 

10.4 4 n.d. 
9.46 5 n.d. 

9.20 6 nd. 

Captions: Both weight %OC and %N are calculated on ash free dry weight 
basis; [C/Nla, atomic carbon nitrogen ratio. 6t3C (%o) values were 
determined with respect to the PDB standard. All organisms were 
analyzed whole except A.fishdosa, for which the blade (b) and the stipe (s) 
were analyzed separately. (7) Only adult C. pucificus females and stage V 
copepodites were analyzed 

these types of plants (Glombitza, 1977; Ragan and Craigie, 
1978). CuO oxidation of the phloroglucinol standard (Sigma 
Scientific) recovers over 50% of the intact compound. Hence, 
the absence of phloroglucinol in the CuO reaction product 
suites from the analyzed benthic macrophytes suggest that 
other, perhaps more condensed (Glombitza, 1977)) phenolic 
compounds are more important constituents. Noticeably, none 
of the tested organisms yielded lignin- nor cutin-derived prod- 
ucts. 

3.2.3. CuO fingerprints 

The compositional information from CuO analyses can be 
graphically summarized by plotting the carbon-normalized 
yields of the individual reaction products relative to the largest 
component. Such graph provides a CuO “fingerprint” of the 
organic matter present in the analyzed samples. The average 
CuO fingerprints derived from the various analyzed biological 
sources (Table 5) are illustrated in Fig. 3. Although the vari- 

ability among CuO reaction product yields from organisms of 
the same group (Got%, 1992) is not evident in these average 
fingerprints, this variation is generally less than the differ- 
ences among the various categories of organisms. Not sur- 
prisingly, bacteria are the major exception. Each of the 
four species of bacteria yields different fatty acid patterns that 
constitute unique CuO signatures. Nevertheless, average fin- 
gerprints are calculated for the one gram-positive and three 
gram-negative bacteria to illustrate their unusual composi- 
tions. 

On average, brown algae present a CuO fingerprint (Fig. 
3a) that is dominated by amino acid-derived products, such 
as Pg. Also pronounced is compound 43 from acidic polysac- 
charides, which contributes to the high C4: I DA abundance 
(see biopolymer yields in Table 3). Brown algae are also 
characterized by a high yield of n-C14FA and the phenolic 
products m-Bd and 3,5-Bd. In contrast, green macroalgae 
yield an average fingerprint (Fig. 3b), in which amino acid- 
derived products clearly predominate. The relative yields of 
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Table 5. CuO reaction product yields (mg/lOO mg OC) from various types of 
marine 

GC# Svmbol BA GA RA PH zo BC(+) BC(-) 

n-Fatty Acids 
3 n-C8FA 0.022 0.009 0.038 
14 n-CIOFA - 

:: n-CIZFA n-C14FA 0.074 0.304 0.052 0.005 0.030 0.059 

:I n-C16:lFA n-C16FA 0.094 0.111 0.066 0.106 0.028 0.091 
44 n-C18:IFA 0.050 0.032 0.073 
45 n-C18FA 0.057 0.102 0.059 
Total 0.71kO.2 0.37ti.02 0.38M.l 

Dicarboxvlic Acids 

2 
CiDA 0.306 
C4:lDA 1.78 

;: 
CSDA 0.118 
C6DA 0.159 

18 C7DA 0.055 

;: C8DA C9DA 0.045 0.086 
35 ClODA 0.033 

Total 2.6S.9 
Otber Carboxylic Acids 
7 Co 0.038 

;5 
OilC4DA 0.303 
o-Cl 1FA 0.04 

Total 0.38Sxl 
Aromatic Products 

: 2d 8 PI 

:: 2 
15 OHBd 
17 m-Bd 
19 Pd 
:8 Ped 

Pg 
31 3,58d 
Total 

unknowns 
2 ? 

:: TriC4:l 7 
24 i 

i-Cl3 
a-Cl3 
b&l4 

7 i 
I-Cl5 
a-Cl5 
br-Cl6 
i-Cl7 
a-Cl7 

0.277 0.345 0.335 
0.218 0.365 0.293 
0.016 0.017 0.013 
0.091 0.083 0.068 
0.032 0.037 0.031 
0.075 0.063 0.068 
0.136 0.058 0.089 
0.150 0.166 0.221 
0.063 0.088 0.058 
0.640 0.403 0.585 
0.230 0.016 0.054 

1.9M.4 1.6kO.5 1.8kO.6 

0.097 0.199 0.225 
0.127 0.075 0.085 

43 UrOn - . 

0.408 
0.222 
0.084 
0.060 
0.058 
0.029 _ . 0.562 0.013 0.096 - 0.007 0.030 

TOtC3l 0.79ztO.2 0.3kO.l 0.4kO.2 0.6fo.04 0.5kO.01 1.4 2.6f1.3 

0.448 0.285 
0.598 0.34 
0.101 0.094 
0.121 0.036 
0.133 0.012 
0.080 0.004 
0.187 0.070 
0.046 0.010 
1.7kO.l 0.85So.5 

0.070 0.120 
0.113 0.161 
0.023 0.013 

0.21kO.03 0.3OkO.l 

0.032 0.038 

0.004 
0.806 0.234 
0.378 0.184 
0.418 0.107 
0.034 0.045 
0.181 0.017 
1.9M.6 0.63M.2 

0.502 0.557 
0.690 0.729 
0.289 0.247 
0.398 0.158 
0.265 0.064 
0.242 0.064 
0.558 0.090 
0.137 0.063 

3.1M.2 2.OkO.4 

0.120 0.167 
0.151 0.094 
0.036 0.027 

0.31M.O 0.29fo.l 

0.602 0.457 
0.602 0.515 
0.038 0.112 
0.172 0.093 
0.026 0.036 
0.137 0.084 
0.041 0.026 
0.315 0.421 
0.145 0.129 
0.781 0.698 
0.031 0.004 

2.9k0.0 2.6kOo.6 

0.447 0.419 
0.143 0.087 

a.006 
0.026 
0.084 
0.170 
0.081 
0.025 

0.39 

0.080 
0.414 
0.125 
0.132 
0.436 
0.213 
0.008 
1.4kO.3 

0.613 0.534 
0.219 0.453 
0.026 0.069 
0.071 0.133 

0.015 0.008 

0.94 1.2M. 1 

0.183 
0.062 

0.25 

0.147 
0.101 
0.022 

0.27M.l 

0.137 
0.192 
0.010 
0.035 
0.018 
0.035 
0.007 
0.123 
0.046 
0.205 

0.81 

0.158 
0.223 
0.008 
0.041 
0.074 
0.082 
0.011 
0.259 
0.091 
0.537 
0.024 

1.5~.3 

0.021 

0.262 
0.109 
0.150 

0.466 
0.013 
0.178 
0.321 

0.006 
0.804 
0.671 
0.005 
0.006 

0.088 
0.005 

Captions: All yields are averages; standard deviation is given for the totala of each CnO product 
category. Compound and organism symbols are according to Tables 1 and 4. 

amino acid products are close to what is expected from an 
average protein, apparently because there is little acidic poly- 
saccharide (based on the low yield of compound 43 ) to in- 
crease C4:IDA yields. The other interesting feature of the 
green macroalgae suite is the relative large yields of C7DA 
and C9DA. n-Cl 6FA, and n-Cl 8FA. The other major group 
of marine macrophytes, the red algae, give an average finger- 
print (Fig. 3c) similar to the green macroalgae. The major 
difference is the enhanced importance of tyrosine, as indicated 
by the large yield of Pg, and the somewhat increased relative 
yield of compound 43 (Fig. 3~). 

Both phytoplankton species (diatom and green microalga) 
give similar CuO reaction product yields, which differ mostly 
in the relative lipid product abundances. For example, 
whereas Skeletonema yields n-C 14FA and n-C 16: 1 PA as the 
major fatty acids; Dunaliella gives prominently n-Cl6FA 
(Gofii, 1992). Overall, however, the average phytoplankton 
and zooplankton fingerprints (Fig. 3d,e) most closely resem- 

ble the CuO signature derived from green macroalgae. The 
predominance of amino acid products and the large relative 
yields of compounds derived from fatty acids, especially in 
the case of phytoplankton, are the major features of these 
organisms. Dicarboxylic acids, especially C9DA and C7DA, 
are also important components of the phytoplankton finger- 
print (Fig. 3d). The almost complete absence of m-Bd and 
3,5-Bd in zooplankton, phytoplankton, and green macroalgae 
clearly differentiate them from brown algae. 

In spite of the large interspecies variability, there are com- 
positional trends that clearly distinguish gram-positive and 
gram-negative bacteria from each other and set them apart 
from other types of organisms. The fingerprint of the gram- 
positive bacterium, B. subtilis (Fig. 3f), is uniquely domi- 
nated by compounds preliminarily identified as iso- and an- 
teiso- Crr, Cr5, and C17 fatty acids and branched Cr, and Cl6 
fatty acid. Conventional lipid analyses show that these types 
of substituted fatty acids are typical of procaryotes and are 
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Brown Macroalgae 
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0 

CuO Reaction Products 
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Red Macroalgae 
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CuO Reaction products 

Phytoplankton 

CuO Reaction Products 

0 n-Fatty Acids m Diacids a Other Acids I Aromatics a “unknowns” 

63 Zooplankton 

1.0 

CuO Reaction F’mducts 

I_\ Gram Neative Bacteria 
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CuO Reaction Products 

0.0 
Escherichia coli 
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Ftci. 3. Average CuO fingerprints from several organism types, including: (a) brown macroalgae; (b) green macroalgae; (c) 
red macmalgae; (d) phytoplankton; (e) zooplankton; (f) gram-positive bacteria (E. subrilis); (g) gram-negative bacteria, and 
(h) E. cd. All the CuO reaction product numbers are according to Table 1. The ca&on-normalized yield (mg/lCCl mg OC) 
of the predominant product (Y,) for each type of organism is listed in the upper right corner of each graph. 
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especially abundant in gram-positive bacteria with thick cell 
walls (Lechevalier and Lechevalier, 1988). The CuO finger- 
print of B. subtilis also has an uncommon predominance of 
C4DA among all the amino acid-derived products, suggesting 
perhaps a unique protein composition or unusual additional 
biochemical precursor. 

In contrast, the average CuO signature of gram-negative 

bacteria lacks large yields of branched fatty acids. In these 
organisms, normal saturated and unsaturated fatty acids such 
as, n-C12FA, n-C14FA, n-C16FA, n-C16:lFA, and n- 
Cl 8: 1 FA, are major CuO products. Additionally, several un- 
determined products (compounds 24,32,34) are also equally 
important, especially in A. vinelundii and P. jluorescens, but 
not in E. coli (data not shown; see Goiii, 1992). The finger- 

print of gram-negative bacteria also is composed of amino 
acid-derived products as well as small amounts of iso-C,, (i- 
C17FA) and anteiso-C,, (a-C17FA) fatty acids. The predom- 
inance of n-fatty acids clearly distinguishes this group of 
organisms and is consistent with previous lipid analyses of 
gram-negative bacteria (Jones and F’rahl, 1985; Goossens et 
al., 1986; McCaffrey et al., 1989). Overall, the characteristic 
CuO reaction product compositions obtained from the various 
organism types highlight the potential of this technique as a 
tool to differentiate the sources of organic matter in complex 
sedimentary mixtures. 

3.3. Bulk Characterization of Skan Bay Sediments 

3.3.1. Elemental and isotopic compositions 

Table 6 summarizes the downcore trends in the bulk char- 
acteristics of organic matter in Skan Bay sediments. Weight 
percentages of organic carbon (%OC) and total nitrogen 
(%N) are very high in the O-O.5 cm interval, approaching 
values of 11 and 1.4%, respectively (Table 6). Organic car- 
bon and nitrogen contents, however, markedly decrease 
downcore to less than 5 and 0.7%, respectively, at 2-3 cm. 
A more gradual decrease in %OC and %N follows with ap- 
proximate values of 2.5 and 0.48, respectively, at the deepest 
(25-30 cm) horizon. 

In spite of these marked declines, the atomic carbon to ni- 
trogen ratio, [C/N]a, is rather constant at values of 8-9 
throughout the core, with no clear downward trend (Table 6). 
There is a tight linear relationship (r* = 0.99) between %N 
and %OC, with a very small positive inorganic nitrogen back- 
ground associated with the mineral phase. The slope of the 
%N vs. %OC fit line is 8.1 and indicates that the organic 
matter remaining in the sediments and disappearing downcore 
both have similar [C/N] a ratios near 9. Further evidence for 
homogeneity is the absence of any downward trend in the 
measured 5 13C of the sedimentary organic matter, which 
ranges from -20.4 to -21.0%0 (Table 6). 

While the organic carbon and total nitrogen values agree 
quite well with the data reported by Alperin ( 1988), the car- 
bon isotopic values determined for this core are slightly more 
depleted in the top 10 cm than the -19.5%0 values given by 
Alperin ( 1988). Natural variability in composition of organic 
matter at the sediment/water interface is a likely explanation. 
Given the values for organisms measured here (Table 4) and 
by Alperin ( 1988), a [C/N] a ratio of 9 and an isotopic com- 
position of -20.7%0, suggest that the major organic carbon 

Table 6. Elemental and isotopic compositions of 
s 

Depth 
Interval $ 
(cm) 

%OC %N [C/N]a S13C 

o-o.5 0.996 10.9 1.35 9.4 -20.6 
0.5-1 0.990 6.42 0.832 9.0 -20.8 
l-1.5 0.984 4.68 0.623 8.8 -21.0 
1 .s-2 0.979 4.54 0.609 8.7 n.d 
2-3 0.971 4.86 0.614 9.2 -20.9 
3-4 0.962 4.85 0.665 8.5 n.d 
4-s 0.953 4.31 0.533 9.4 -20.7 
6-7 0.938 4.31 0.550 9.1 n.d 

9-10 0.920 3.55 0.466 8.9 -20.7 
13-14 0.903 2.91 0.422 8.0 n.d 
17-18 0.891 2.80 0.356 9.2 -20.5 
20-2s 0.881 2.73 0.34s 9.2 n.d 
25-30 0.874 2.45 0.367 7.8 -20.4 

Captions. @, porosity determined as a function of 
depth from Alperin (1988). All other symbols 
are as in Table 4. 

source throughout the core is phytoplankton-derived material. 
Marine macrophytes, therefore, appear not to be as important 
an organic matter source in this core as was indicated in pre- 
vious studies ( Alperin, 1988; Alperin et al., 1992). 

3.3.2. Diagenetic modeling 

The lack of bioturbation, apparently constant sedimenta- 
tion, and limited sources of organic matter in Skan Bay sed- 
iments make possible the application of a simple, first-order 
organic degradation model. Assuming constant sedimentation 
rate and porosity, the diagenetic equation (Bemer, 1980) can 
be simply solved to represent the sediment-normalized con- 
centration of organic carbon (wt% = mg OC/lOO mg sedi- 
ment) with depth as: 

G(Z) = Goe-tz’w (I) 

Boundary Condition: wt% OCR at O-O.5 cm = 8.4%, 

Where G(z) is the sediment-normalized concentration of 
reactive organic carbon (OCR) at any depth z; Go is the 
concentration of OCR at the sediment-water interface; k is 

the first-order degradation rate constant ( y -’ ) for OCR, and 
w is the average sedimentation rate (cm/y). OCR is cal- 
culated by subtracting the background %OC at 25-30 cm 
( OCr, = 2.45%) from total OC (TOC) concentrations at all 

other depths. The natural log of the G(z)/G, ratios was 
plotted against average depth, and k/w was estimated from 
the slope of the linear relationship displayed by the data. 
TOC was then calculated by adding OCB to the OCR con- 
tents obtained. The model results (Model 1 in Fig. 4) 
greatly overestimate the amount of TOC in all but the up- 
permost sediments, suggesting the organic matter profile in 
these sediments cannot be described as a simple first-order 
degradation. 

Because porosity decreases steadily downward in these 
sediments, a second model, developed by Murray et al. 
( 1978), which incorporates changing porosity in the equation 
was also tested. We used the porosity relationship derived by 
Alperin (1988) to calculate the TOC profiles given a first- 
order degradation rate. This model actually results in a poorer 
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FIG. 4. Measured and modeled organic carbon contents of Skan 
Bay sediments. The two models used to fit the data are described in 
the text. Model 1 is based on Eqn. 1 and represents constant degra- 
dation rate and first order kinetics. The three carbon pools derived 
from the second multi-G model (see text) include: GCe,, reactive or- 
ganic carbon with a deeper distribution; GCs, surticial reactive or- 
ganic carbon, and OC., background unreactive organic carbon. The 
calculated diagenetic reaction constants for the first two carbon types 
are listed in the graph. 

fit to the data (results not shown), with differences between 
data and predicted values reaching a maximum right under- 
neath the sediment-water interface. 

It is clear from these two exercises that it is not possible to 
model organic carbon (and total nitrogen) concentrations in 
this Skan Bay sediment core with a single first-order degra- 
dation model and fit both the near-surface and deeper distri- 
bution profiles. One possibility is that there are two pools of 
reactive organic matter in the core, one with a steep gradient 
near the surface that disappears quickly downcore ( OCs ) , and 
another pool which decreases more slowly (OCn) throughout 
the core (i.e., OCR = OCs + OCn). As a first-order approx- 
imation, we assumed that no OCs is present below 4 cm and 
modeled the concentrations of OCR below this horizon with 
Eqn. 1. We extrapolated this expression to the sediment-water 
interface to estimate how much OCn is present in the upper 
4 cm of the core. These values were then subtracted from the 
data to estimate the levels of OCa in these horizons which 
were similarly modeled. Such multicomponent approaches 
have been previously applied to model organic carbon content 
in marine sediments (e.g., Westrich and Bemer, 1984). 

The results of this third modeling effort reproduce the mea- 
sured values reasonably well (Fig. 4) and indicate that organic 
matter in surficial sediments from Skan Bay includes at least 
three reactivity classes. The degradation rate constant of OCu 

(0.12 y -’ ; Fig. 4) corresponds to a calculated half-life (In 2/ 
k) of about six years, a value similar to that obtained for total 
sugars and total amino acids in anoxic sediments from Saan- 
ich Inlet (Cowie et al., 1992) and consistent with previous 
field experiments for rapidly depositing sediments (Emerson 
and Hedges, 1988). In contrast, the calculated degradation 
rate constant of OCs (3.5 y -’ ; Fig. 4) indicates a much shorter 
apparent half-life near 0.2 years, which is similar to that ob- 
served for fresh plankton and the more reactive TOC fraction 
of Long Island sound sediments (Westrich and Bemer, 1984). 

In the top O-O.5 cm sedimentary horizon, OCB, OCn, and 
OCs account for 20, 30, and 50% of the TOC, respectively. 
The predicted TOC content ( OCr, + OCn + OC,), for the 
material at the sediment surface (z = 0 cm) is 17.5%, which 
is notably higher than the average organic carbon concentra- 
tion measured within the O-O.5 cm interval ( - 11%). This 
discrepancy is due to the very steep gradient displayed by 
OCs. According to the model, OCs disappears below 1 cm. 
By the 4-5 cm interval, TOC is composed of an equal mixture 
of OCa and OCn, with OCa becoming dominant below this 
depth. 

Interestingly, the organic materials in all three assigned 
reactivity classes appear to have similar elemental and iso- 
topic compositions, since extensive in situ diagenesis does not 
lead to appreciable downcore variations in [C/N]a and 6r3C 
(Table 6). Modeling the nitrogen data (not shown) gives es- 
sentially identical results. Without any other detailed charac- 
terization of these three pools, however, it is difficult to es- 
tablish whether these kinetically resolved fractions are com- 
positionally distinct. With this question in mind, we will now 
discuss changes at the molecular level of the organic matter 
in Skan Bay as reflected by CuO oxidation. 

3.4. Characterization of Sedimentary Organic Matter by 
CuO Oxidation 

3.4.1. CuO reaction product yields 

The carbon-normalized CuO reaction products obtained 
from eight selected sedimentary horizons (O-0.5, OS- 1, l- 
l.5,2-3,4-5,9-10, 17-18, and 25-30 cm) from the Skan 
Bay core are presented in Table 7. Of the various CuO reac- 
tion product classes, n-fatty acids show the greatest downcore 
decrease in total carbon-normalized yields, dropping from -3 
mg/ 100 mg OC at the top of the core to 0.4 mg/ 100 mg OC 
at the bottom. Most of this decrease is caused by the sharp 
decline of n-ClOFA, n-C12FA, and n-C14FA. Carbon-nor- 
malized yields of n-C16FA, n-C18:lFA, and n-C18FA vary 
little with depth. Similarly, both aromatic and dicarboxylic 
acid products, which are major components of the CuO re- 
action product suites from all depths, decrease only slightly 
downcore (Table 7). None of the sediments yielded meas- 
urable amounts of cutin and lignin-derived CuO reaction 
products, confirming results from previous studies which in- 
dicated the absence of significant amounts of terrigenous or- 
ganic matter in Skan Bay (e.g., Alperin, 1988 and references 
therein). 

Mass-normalized “absolute” yields of n-ClOFA, n- 
ClZFA, and n-C14FA drop by almost an order of magnitude 
in&e top 3 cm of Skan Bay sediments, from 8-10 mg/ 10 g 
salt-free dry weight of sediment (SFDW) to < 1 mg/lO g 
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Table from Skan Bay sediments. 

Averge Depth (cm) 

GC# Symbol 0.2s 0.75 1.25 2.5 4.5 9.5 17.5 27.5 

n-Fatty Acids 
3 WC8FA 
14 n-ClOFA 

:: n-Cl2FA n-C14FA 
39 n-Cl6:lFA 
40 n-C16FA 
44 n-Cl8:lFA 
4s n-Cl8FA 
Total 

Dicarboxylic Acids 
5 C4DA 
6 C4:lDA 
10 CSDA 
16 C6DA 
18 C7DA 

0.077 
0.72 1 
0.936 
0.673 
0.156 
0.088 
0.030 
0.006 
2.69 

0.450 
0.672 
0.211 
0.130 
0.061 

:: :E 0.048 0.060 
35 ClODA 0.036 
Total 1.67 

Other Carborylic Products 
7 &4DA 0.108 

;S o-CllFA 0.171 0.120 
Total 0.399 

Aromatic Products 
1 Bd 0.367 

Bed 
: Pl 
11 Bg 
13 Pn 
15 OHBd 
17 m-Bd 
19 Pd 
20 Ped 
30 Pg 

ztal 
3,58d 

Unknowns 
2 ? 
12 TriC4:l 

7 
:: i 

26 ;-Cl3 
27 a-Cl3 
29 br-Cl4 

:: 7 i 
36 i-Cl5 
37 a-Cl5 
38 br-Cl6 

:: 
i-Cl7 
a-Cl7 

43 Uron 

0.300 
0.046 
0.118 
0.048 
0.086 
0.084 
0.197 
0.097 
0.556 
O.lS9 
2.06 

0.355 
0.255 
0.039 
0.112 
0.043 
0.103 
0.108 
0.20s 
0.088 
0.693 
0.136 
2.14 

0.350 0.291 
0.271 0.205 
0.051 0.045 
0.117 0.084 
0.045 0.046 
0.091 0.073 
0.109 0.106 
0.182 0.179 
0.094 0.085 
0.656 o.sOO 
0.151 0.137 
2.12 1.75 

0.332 0.208 
0.094 0.107 

0.043 0.037 
0.600 0.074 
0.528 0.144 
0.522 0.256 
0.098 0.086 
0.103 0.069 
0.022 0.017 
0.016 0.016 
1.93 0.699 

0.300 0.312 
0.563 0.705 
0.154 0.181 
0.099 0.107 
0.049 0.056 
0.045 0.058 
0.064 0.077 
0.034 0.037 
1.31 lS3 

0.084 0.04s 
0.099 0.103 
0.136 0.123 
0.319 0.271 

0.278 0.319 
0.199 0.243 
0.036 0.019 
0.088 0.106 
0.067 0.045 
0.075 0.107 
0.095 0.115 
0.181 0.204 
0.087 0.099 
0.590 0.616 
0.141 0.177 
1.84 2.05 

0.184 0.118 
0.106 0.117 

0.234 0.057 
0.113 0.127 

0.352 0.296 
0.238 0.145 
0.028 O.OOS 
0.075 0.018 
0.071 0.044 
0.088 0.068 
0.096 0.075 
0.236 0.166 
0.088 0.060 
0.404 0.214 
0.189 0.097 
1.87 1.19 

0.045 0.036 
0.165 0.051 

0.023 0.019 0.029 - 0.030 0.023 0.029 0.024 0.01s 
0.030 0.026 0.035 0.036 0.032 0.033 0.036 0.026 

0.029 0.042 0.019 0.025 0.142 0.078 0.061 0.014 

0.058 
0.783 
0.858 
0.582 
0.109 
0.121 
0.030 
0.072 
2.61 

0.327 
0.631 
0.176 
0.117 
0.055 
0.048 
0.084 
0.029 
1.47 

0.092 
0.131 
0.104 
0.327 

0.051 0.046 0.044 0.030 
0.109 0.138 0.073 0.038 
0.194 0.278 0.151 0.062 
0.272 0.298 0.251 0.142 
0.086 0.091 0.060 0.036 
0.055 0.247 0.104 0.070 
0.019 0.042 0.027 0.015 
0.015 0.192 0.015 0.027 
0.801 1.33 0.725 0.420 

0.389 0.289 
0.725 0.630 
0.199 0.161 
0.121 0.094 
0.055 0.048 
0.051 0.050 
0.095 0.050 
0.041 0.030 
1.68 1.35 

0.118 0.105 
0.16 0.092 
0.135 0.110 
0.413 0.307 

0.359 0.169 
0.658 0.369 
0.178 0.091 
0.107 0.060 
0.055 0.021 
0.053 0.024 
0.049 0.038 
0.036 0.027 
1.50 0.799 

0.065 0.012 
0.105 0.056 
0.112 0.102 
0.282 0.170 

Total 0.508 0.402 0.373 0.326 0.544 0.324 0.331 0.142 

captions: Average depth refers to intervals in Table 6. All other symbols are as in Table 1. 

(Fig. 5a). Although there are further losses below 3 cm, the 
yields of these shorter chain fatty acids remain uniformly low 
throughout the rest of the core. In contrast, the major amino 
acid-derived CuO reaction products (C4DA, C4:lDA, Pg) 
only decrease 60% from -6 mg/ 10 g SFDW at O-O.5 cm to 
-2.5 mg/lO g SFDW at the l-l.5 cm interval (Fig. 5b). 
Unlike n-ClOFA, n-C12FA, and n-C14FA, there are no sig- 
nificant losses of amino acid products between I- 1.5 and 4- 
5 cm horizons. Below this depth, total yields show a steady 
decrease to values below 1 mg/lO g SFDW. Other amino 
acid, dicarboxylic acid, and aromatic products display similar 
behavior (Fig. 5c,d) which clearly distinguish them from the 
n-fatty acids. Noticeably, compound 43 decreases from 0.3 
mg/lO g SFDW at O-O.5 cm to CO.1 mg/lO g SFDW at l- 
1.5 cm, but then increases to 0.6 mg/lO g SFDW at 4-5 cm 
(Fig. 5~). Below this depth, compound 43 decreases steadily 
to values co.05 mg/lO g SFDW at the bottom of the core. 
The downcore profile of compound 43 suggest a reduced in- 
put of brown algae (its major biological source; see Table 5) 

in the top 4 cm of the core, which represent approximately 
four years of deposition. 

3.4.2. CuO$ngetprints 

Fingerprints similar to those made for the various endmem- 
bers (Fig. 3) can also be constructed from individual CuO 
reaction product yields (Table 7) to characterize sedimentary 
organic matter at different horizons. For example, the top O- 
0.5 cm interval, where most of the reactive OCs component 
is concentrated (Fig. 4), presents a CuO signature (Fig. 6a) 
that is dominated by n-CIOFA, n-C12FA, n-C14FA, and 
other products, such as Bed, C4DA, C4:IDA, Pd, and Pg. 
which are known to have both amino acid and carbohydrate 
precursors. Because the acidic polysaccharide-derived com- 
pound 43 is only a minor component, it is likely that most of 
C4:lDA in the O-O.5 cm interval is derived from proteina- 
ceous materials and not acidic polysaccharides. The finger- 
prints for 0.5- 1 and I- 1.5 cm intervals (not shown) are gen- 
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Yield (mg/lO g SFDW sed.) 

-t-r-CIOFA 
---.--- n_C]2FA 

--+-n-C14FA 

- C4DA - 
.--+--. C4:lDA - 

Yield @g/IO g SFDW sed.) 

FIG. 5. Yields of various CuO reaction products from the Skan Bay core. The graph includes profiles for (a) short- 
chain fatty acid, (b) amino acid and carbohydrate, (c) dicarboxylic acid and compound 43, and (d) phenolic products. 
All yields are corrected for salt content and have units of mg per IO g of salt-free dry weight of sediment (SFDW). The 
symbols, names, and precursors of CuO reaction products are as in Table 1. Range bars in bold represent two sample 
mean deviations and illustrate the analytical reproducibility of the measurements. 

erally similar to the one for the top horizon illustrated in 
Fig. 6a. 

In contrast, organic matter from the 4-5 cm horizon, where 
the surface OCs pool has ail but disappeared (Fig. 4), yields 
a CuO fingerprint (Fig. 6b) in which C,0-C,4 fatty acids dis- 
play diminished yields and no longer dominate the signature. 
In this horizon, protein products are the most important con- 
stituents. Other major components include CSDA, w-Cl IFA, 
C9DA, 3,5-Bd, n-C16:lFA, and n-C16FA, all of which were 
also yielded from the top horizon. The fingerprint from the 
25-30 cm horizon (Fig. 6c), which contains only unreactive 
organic matter (OCa, Fig. 4), generally resembles that from 
4-5 cm, with the main difference that C4:lDA is clearly 
greater than Pg. Both of these compounds have amino acid 
precursors, so this difference could indicate a change in the 
relative abundances of aspartic acid and tyrosine in proteins 
at the bottom of the core relative to surface horizons. Another 
possible explanation is a small contribution to the C4:lDA 
yield from acidic carbohydrates at the 25 - 30 cm horizon. The 
bottom horizon also has an enhanced yield of Bd relative to 
that obtained from 4-5 cm. 

The previous CuO fingerprints reveal distinct changes in 
organic matter downcore which are consistent with the pre- 
viously presented diagenetic model (Fig. 4). The large or- 
ganic carbon and nitrogen decreases observed in the surface 
horizons are due to the preferential disappearance of an or- 
ganic matter type that corresponds to OCs (Fig. 4) and is 
highly enriched in C10-C14 fatty acids. Below 4 cm, however, 
the organic matter displays largely comparable CuO finger- 
prints which hinder distinction of the intermediately labile 
( OCu) and resistant ( OCx) carbon pools present in these sed- 
iments (Fig. 4). 

One way to further characterize the types of organic matter 
that disappear downcore is to calculate the absolute decreases 
in yields of CuO reaction products between two horizons and 
to normalize these yields to the TOC loss. In this way, given 
a fairly constant delivery of organic matter to the sediments, 
a CuO fingerprint of the labile material that has disappeared 
between any two horizons can be created. By this calculation, 
the organic matter which is lost between the O-O.5 cm and 
1 - 1.5 cm yields a CuO fingerprint (Fig. 7a) that is strongly 
dominated by fatty acid products, especially rt-CIOFA, n- 
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la\ Skan Bay Sediments O-O.5 em 

CuO Reaction Products 

(b) Skan Bay Sediments 4-5 em 

6 
1.0 El 

Skan Bay Sediments 25-30 cm 

_g 0.8 

3 
* 
2 0.6 

‘Z 

d 
d 0.4 

0.2 

0 

CuO Reaction products 

0 n-Fatty Acids W Diacids m Other Acids 

I Aromatics I “Unknowns” 

FIG. 6. CuO fingerprints from three Skan Bay sediment core ho- 
rizons: (a) O-O.5 cm; (b) 4-5 cm, and (c) 25-30 cm. All the 010 
reaction product numbers are according lo Table 1. The carbon-nor- 
malized yield of the predominant product (Y,) for each core horizon 
is listed in the upper right comer of each graph. 

Cl2FA, n-C14FA, and n-Cl6:lFA. This calculated finger- 
print directly corresponds to the signature of the extremely- 
labile OCs pool in the previous diagenesis model (Fig. 4). In 

contrast, the organic matter lost between the 4-5 and 25-30 
cm sedimentary horizons (Fig. 7b) yields a calculated CuO 
fingerprint that is dominated by amino acid-derived constit- 
uents which are common to all organic endmembers (Fig. 3 ) . 
Additionally, there is also a relatively high abundance of com- 
pound 43, which is characteristically derived from acidic 
polysaccharides. This CuO fingerprint is characteristic of the 
intermediately labile OCu pool previously modeled. One no- 

table feature of both of these CuO fingerprints (Fig. 7) is that 
no reaction product gives negative relative yields, which 
would be indicative of net in situ production between sedi- 

mentary horizons. These results suggest that remineralization 
and/or condensation into unreactive products strongly pre- 
dominate in this sedimentary sequence. 

3.5. Assignment of Organic Matter Sources 

3.5.1. oc, 

None of the tested organisms (Fig. 3) yielded a CuO fin- 
gerprint with such a strong predominance of n-CIOFA and 
n-C 12FA as that obtained from the surface organic matter 
fraction, OCs (Fig. 7a). However, gram-negative bacteria 

(al Skan Bay Sediment “Difference” O-0.5 to l-l.5 cm 

CuO Reaction Products 

04 Skan Bay Sediment “Difference” 4-S to 25-30 cm 

1.0 

CuO Reaction Products 

0 n-Fatty Acids m Diacids kZ Other Acids 

I Aromatics EB “Unknowns” 

FIG. 7. CuO fingerprints of the labile organic matter disappearing 
between (a) the O-O.25 cm and I - 1.5 cm and (b) the 4-5 cm and 
25-30 cm horizons of Skan Bay sediments. Calculations details are 
present in the text. All the CuO reaction product numbers are ac- 
cording to Table 1. The carbon-normalized yield (mg/lOO mg OC) 
of the predominant product (I’,) is listed in the upper right comer of 
each graph. 
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(Fig. 3g), and E. coli (Fig. 3h) in particular, show enhanced 
relative yields of nC12FA. Normal fatty acids with 12- 16 
carbon chains generally are the most important lipid constit- 
uents of gram-negative bacteria (Lechevalier and Lechevaher, 
1988) and these compounds have been used as geochemical 
indicators of bacterial input (Canuel and Martens, 1993; Had- 
dad, 1989; Goossens et al., 1986). These observations lead 
us to suspect a bacterial source for OCs. 

It is known that filamentous H2S oxidizing bacteria, Beg- 
giaroa sp., are present in surface sediments of Skan Bay (Al- 
perin, 1988), where they can form dense mats when O2 con- 
centrations become low ( Alperin, 1988; A. Devol, pers. com- 
mun.). We were unable to obtain Beggiutoa mat material from 
Skan Bay, but analyzed a sediment sample enriched in Beg- 
giutoa from the California coast. The CuO finge$int from 
this sample is dominated by C6-C9 dicarboxylic acids and 
amino acid-derived compounds such as C4: 1 DA, Cp, and Pg. 
Of the fatty acids measured, n-CJ4FA, n-CJ6:lFA, and n- 
Cl6FA predominate while n-CIOFA and n-C12FA account 
for only a small portion of the recovered CuO reaction prod- 
ucts. This fatty acid composition, which agrees with previ- 
ously published compositions of other similar microorgan- 
isms (McCaffrey et al., 1989; Jones and Prahl, 1985), indi- 
cates that the organic matter in Skan Bay surface sediments 
must have additional sources besides Beggiatou mats of the 
type analyzed here. It is likely that the OCs fingerprint en- 
compasses signatures from the whole bacterial assemblage 
present in the surface horizons, including sulfate reducers, as 
well as sulfide oxidizers like Beggiutou. An additional pos- 
sibility that cannot be dismissed at this time is that part of 
OCs is derived from recently deposited phytoplankton re- 
mains with unusual fatty acid compositions. 

3.52. OC, 

The similarities between the CuO signature of brown algae 
(Fig. 3a) and the fingerprint of the material which disappears 
between 4-5 and 25-30 cm horizons (Fig. 7b) suggest that 
an important fraction of the organic matter respired in the 
deeper parts of Skan Bay sediments is kelp-derived. This in- 
ference is consistent with the conclusion of Alp&n and co- 
workers ( Alperin, 1988; Alperin et al., 1992) that phytoplank- 
ton detritus is preferentially preserved relative to kelp material 
in the lower section of these sediments. 

3.5.3. oc, 

A comparison of the CuO signatures from the various ma- 
rine organisms and that of the recalcitrant sedimentary organic 
matter at 25-30 cm (Fig. f5c) reveals phytoplankton and zoo- 
plankton (Fig. 3d,e) as the more likely sources. Although the 
fingerprints are not exactly the same, degradative reactions in 
the water column and in the sediments are likely responsible 
for the differences in composition, especially regarding the 
lower sedimentary abundances of fatty acids relative to fresh 
phytoplankton. The assignment of a planktonic source to the 
least reactive of the organic carbon pools in Skan Bay sedi- 
ments is also consistent with previous studies by Alperin and 
coworkers (Alperin, 1988; Alperin et al., 1992). 

3.5.4. Reconciling organic mutter sources with diugenetic 

model results 

The possibility that a large fraction of the organic carbon 
in the top horizons of Skan Bay sediments may indeed be 
bacterially derived is of important consequence to the diage- 
netic interpretation presented earlier. If an appreciable amount 
of OCs is composed of bacteria living at or near the oxic/ 
anoxic interface, the observed OC profile and apparent deg- 
radation rate constant calculated from the model may not re- 
flect the presence of a highly labile pool of organic matter. 
Instead, they may be the result of coarsely sampling a sedi- 
mentary horizon rich in living, and possibly highly mobile, 
microorganisms. Our conclusion agrees with previous studies 
which have shown the importance of bacterial biomass and 
bacterially mediated processes, especially near the sediment- 
water interface, in determining the fate of organic matter in 
other coastal sediments (Canuel and Martens, 1993; Haddad, 
1989). 

Another important result from the molecular level charac- 
terization of Skan Bay sediments is that kelp-derived organic 
matter appears to be an important constituent of OCb. How- 
ever, this conclusion may not be exclusively due to the in- 
herent lability of kelp-derived organic matter, relative to other 
organic carbon pools, but also partially due to its input history. 
For example, the downcore concentration of compound 43, 
which is predominantly obtained from kelps, suggests the in- 
put of kelp detritus was higher at a depth of 4 cm in the core, 
four years before the top sediments were deposited. Altema- 
tively, this profile may also be due to large kelp debris settling 
through the highly porous surface horizons and preferentially 
depositing 4 cm below the sediment-water interface. In either 
case, the resulting distribution of kelp-derived detritus gen- 
erates an apparent enhanced lability of this material down- 
core, especially when compared to the levels of kelp-derived 
materials observed in more recent horizons. 

Finally, assignment of the organic matter at the bottom of 
the core (OC,) to a predominant plankton source does not 
exclude partial degradation of this carbon pool within the sed- 
iments. In fact, the CuO fingerprint of OCa is more consistent 
with partially degraded plankton than with its fresh counter- 
part. Although detailed analyses of individual biochemicals 
by conventional molecular level methods such as acid hydro- 
lysis will be necessary to test these apparent source and dia- 
genetic patterns, it is evident from CuO reaction products 
alone that the three discernible reactivity classes of sedimen- 
tary organic material in Skan Bay sediments are also com- 
positionally distinct. 

3.6. Overview and Future Quantitative Applications 

The work presented here shows that CuO oxidation is an 
effective tool to characterize a wide variety of important sed- 
imentary organic constituents, in addition to the terrestrial 
biopolymers which in the past have been its focus. In the 
present application, we use CuO oxidation to differentiate at 
the molecular level three kinetically distinct sedimentary or- 
ganic matter pools and tentatively assign their sources. An 
added bonus to the technique is the fact that it is applicable 
to source organisms and other organic-rich mixtures, as well 
as more organic lean geochemical samples such as soils and 
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sediments, without the need for demineralization treatments. 
Hence, it appears that given well controlled reaction condi- 
tions, CuO oxidation can provide a chemically broad and 
widely applicable method for the study of organic composi- 
tions of natural samples. 

A more challenging goal is to use CuO oxidation products 
to quantitatively trace major biochemical classes and quantify 
organic matter sources in geochemical mixtures. This ap- 
proach involves the indirect quantification of various bio- 
chemical types, such as amino acids, lipids, and carbohy- 
drates, based on the yields of their specific CuO reaction prod- 
ucts. Such quantitative use of CuO reaction products in 
sediments is especially difficult because various processes, 
such as matrix effects, unequal diagenetic behavior, and ad- 
ditional unidentified sources, can alter the product-precursor 
ratio (Hedges and Prahl, 1993). 

Although at this point it is premature to derive biochemical 
abundances from sedimentary samples, such calculations for 
a few organism types reveal compositions that are reasonably 
similar to published compositions obtained by traditional an- 
alytical techniques. For example, using the yields of OHBd 
and Pg from the four analyzed proteins, the yields of n- 
Cl 8FA from tristearin, and the yields of compound 43 from 
alginic acid and pectin, we calculated the amino acid, lipid, 
and acidic polysaccharide abundances of brown algae to be 
40, 7, and 30% of the TOC. In contrast, lipids represented 
20% of the TOC from phytoplankton, while acidic polysac- 
charides only accounted for ~2%. These calculations also 
indicate that amino acids represent over 60% of total nitrogen 
in most organism types, except for gram-negative and gram- 
positive bacteria in which they account for only 35%. Overall, 
the biochemical compositions derived from CuO oxidation 
are roughly comparable to published results of similar organ- 
isms (Walters and Hedges, 1988; Parsons et al., 1961; Lee et 
al., 1971; Cowie, 1990, Cowie et al., 1992), suggesting that 
this technique may be useful in geochemical studies. 

In order to apply this analytical approach to geochemical 
mixtures, however, future work should focus on ( 1) investi- 
gating possible consequences of varied mineral/organic ma- 
trices on the quantitative yields of CuO products, (2) testing 
of additional biopolymers to find precursors for aromatic 
products such as m-Bd and 3.5Bd, the C6-CIO dicarboxylic 
acid series, and the C&& fatty acid series, (3) assessing any 
diagenetic effects on the yields of the most important and 
diagnostic products, and (4) comparing the compositions of 
a variety of sample types, including a more comprehensive 
list of organisms, derived from CuO oxidation products with 
those estimated directly via traditional methods of amino acid, 
lipid, and carbohydrate analyses. After such additional exper- 
iments, it may be possible to apply the CuO oxidation tech- 
nique to quantitatively estimate the overall biochemical com- 
position of natural samples. 
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