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Abstract-A C-rich sediment sample from the Peru Margin was sorted into nine hydrodynamically- 
determined grain size fractions to explore the effect of grain size distribution and sediment surface area 
on organic matter content and composition. The neutral monomeric carbohydrate composition, lignin 
oxidation product yields, total organic carbon, and total nitrogen contents were determined independently 
for each size fraction, in addition to sediment surface area and abundance of biogenic opal. 

The percent organic carbon and percent total nitrogen were strongly related to surface area in these 
sediments. In turn, the distribution of surface area closely followed mass distribution among the textural 
size classes, suggesting hydrodynamic controls on grain size also control organic carbon content. Never- 
theless, organic compositional distinctions were observed between textural size classes. 

Total neutral carbohydrate yields in the Peru Margin sediments were found to closely parallel trends 
in total organic carbon, increasing in abundance among grain size fractions in proportion to sediment 
surface area. Coincident with the increases in absolute abundance, rhamnose and mannose increased as 
a fraction of the total carbohydrate yield in concert with surface area, indicating these monomers were 
preferentially represented in carbohydrates associated with surfaces. Lignin oxidation product yields 
varied with surface area when normalized to organic carbon, suggesting that the terrestrially-derived 
component may be diluted by sorption of marine derived material. Lignin-based parameters suggest a 
separate source for terrestrially derived material associated with sand-size material as opposed to that 
associated with silts and clays. Copyright 0 1997 Elsevier Science Ltd 

1. INTRODUCTION 

Identifying the environmental factors which control the con- 
tent and molecular composition of organic material in marine 
sediments is essential to understanding the global cycles of 
C, 0, and S, as well as interpreting the sedimentary record of 
organic carbon (OC) , paleoproductivity, organic chemical 
fossils, and redox-sensitive metals (Engel and Macko, 
1993). Many factors extrinsic and intrinsic to the organic 
material have been suggested which may exert some level 
of control on the quantity and type of OC found in marine 
sediments. Extrinsic factors include oxygen concentration in 
overlying waters, local sedimentation rate, hydrodynamic 
sorting of sediments during deposition, and total productivity 
of the overlying waters. Intrinsic factors include the associa- 
tion of organic material with surfaces, resistance of certain 
types of biopolymers to degradation, input of highly de- 
graded refractory terrestrial organic material, and in situ geo- 
polymerization of reactive organic compounds into amor- 
phous recalcitrant material (Canfield, 1994; Henrichs, 1992; 
Pedersen et al., 1992; Mayer, 1994; De Leeuw and Largeau, 
1993; Kohnen et al., 1989). It seems likely that many or all 
of these factors have varying degrees of influence depending 
on the depositional regime. 
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Mayer ( 1994) and Hedges and Keil ( 1995) have sug- 
gested that association with mineral surfaces protects OC 
from remineralization and thus may provide a control on OC 
preservation in sediments. In general, there is a worldwide 
correlation between OC content and surface area in coastal 
sediments corresponding to between 0.5 and 1 mg OC per 
m2 surface. Sediments which do not conform to the general 
relationship are found largely in pelagic and deltaic environ- 
ments which are significantly below the typical coastal range 
and in dysaerobic sediments ([O,] < 0.1 mL/L) which are 
significantly above it. Mayer ( 1994) made the observation 
that high carbon sediments from dysaerobic zones possess an 
intrinsic correlation between OC content and bulk sediment 
surface area, similar to typical coastal sediments, suggesting 
that surface area association may play a significant role in 
carbon preservation, even in deposits containing high levels 
of OC. The reasons that surface association may promote 
preservation are not well understood, but Keil et al. ( 1994b) 
provided direct evidence for the protective nature of surface 
association in coastal sediments by showing that sedimentary 
organic material stable for hundreds of years in situ was 
rapidly degraded by aerobic bacteria once desorbed. This 

implies that intrinsically labile biochemicals may be pre- 
served and suggests that chemically intrinsic recalcitrance 
may not be necessary to preserve surface-associated organic 
material. 

Sediments from beneath oxygen minimums provide ideal 
locations to study mechanisms controlling the content and 
composition of sedimentary organic material although only 
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a small portion of globally integrated OC burial in marine 
sediments occurs in these deposits ( <8%; Hedges and Keil, 
1995). OC content of sediments from beneath oxygen mini- 
mum zones range from 4 + 20% as compared to the global 
average of OS- 1%. Interest in dysaerobic sediments is par- 
ticularly high because many believe that these areas repre- 
sent modem analogs of the environmental conditions which 
form petroleum source rocks and because the organic fossil 
record is generally regarded to be better preserved in these 
areas (Demaison and Moore, 1980; Eglinton et al., 1993; 
McCaffrey et al., 1989a). 

The environmental conditions specifically promoting ele- 
vated C content in dysaerobic sediments are thought to be 
a combination of high productivity in the overlying water 
column which provides elevated carbon inputs, shallow 
depths which limit water column remineralization, and low 
oxygen bottom waters which, when combined with relatively 
high sedimentation rate, limits sedimentary remineralization 
(Summerhayes, 1983). In addition, the hydrogen sulfide 
formed by the action of sulfate reducing bacteria may react 
with some forms of organic material to render it resistant to 
remineralization (Kohnen et al., 1989). Although the above 
are all potentially important factors in carbon preservation, 
the effect of sediment-organic interactions has seldom been 
investigated. 

Direct investigations of the influence of sediment-organic 
interactions in natural environments and bulk sediments are 
confounded by the wide variety of organic matter types and 
sources, the presence of discrete organic-rich particles in 
sediments, and poor sorting of sediments in general. In order 
to minimize these complications, Keil et al. ( 1994a) applied 
split flow, thin cell, lateral transport (SPLITI’; Giddings, 
1986) fractionation to marine sediments and found that sedi- 
ments fractionated into hydrodynamically-defined grain 
sizes maintained a high correlation between surface area and 
OC, similar to the results of Mayer ( 1994) on bulk samples. 
SPLITT fractionation sorts bulk sediments hydrodynami- 
cally into nominal size classes based on size-density relation- 
ships and thus effectively mimics sediment sorting during 
natural deposition. SPLITT fractionation offers the advan- 
tage that kilogram quantities of sediment may be rapidly 
fractionated, permitting a wide variety of previously imprac- 
tical intensive molecular and mineralogical studies of indi- 
vidual grain sizes. 

This study examines the organic molecular characteristics 
of SPLITT fractionated sediments from the Peru Margin to 
explore the possible relationship between sediment surface 
area and the high sedimentary carbon loadings typical of 
dysaerobic zones. Specifically, the central goal was to deter- 
mine whether grain size distribution and the corresponding 
distribution of surface area among sedimentary particles af- 
fected the amount and type of organic material passing the 
sediment-water interface and, thus, the first step toward pres- 
ervation. This is the first study characterizing the molecular 
organic composition of SPLITT fractionated sediments. The 
results show that there are distinct differences in the organic 
material associated with individual grain size fractions corre- 
sponding to differences in composition, source, and amount 
of diagenetic alteration. Grain size and surface area are inde- 
pendently revealed to be principal factors determining both 

the amount of organic material in the bulk sediment and the 
composition of that organic material. 

2. EXPERIMENTAL 

2.1. Study Area 

The sediment sample was collected by Soutar-type box core on 
the upper slope of the East Pica Basin (13”31.13’S, 76”27.15’E; 
Fig. 1) at water depth of 106 m during cruise SJ1092 on R/V 
Seaward Johnson. The studied sediment was the lo-15 cm depth 
interval. This nearshore coastal environment located just south of 
Lima on the Peruvian coast from about 11 - 15”s is characterized by 
intense primary production ( 1 - 10 g C m-‘d-l) driven by nearshore 
upwelling. One result is a permanent 0 minimum zone ( [ 0, ] < 0.1 
mL/L) spanning 75 m to 500 m in the underlying waters which 
impinges on the seafloor of this region. Sediments depositing in the 
dysaerobic zone are high in organic carbon (4- 19 wt%) relative to 
other coastal deposits ( 1-3 wt% OC) and deep-sea sediments (O.l- 
1% OC). 

As for all coastal environments, the sources of organic material 
to the region are both terrestrial and marine. However, the Peruvian 
coast is thought to be dominated by marine inputs because of its 
high productivity combined with locally limited river runoff. There 
is a pronounced offshore gradient in productivity, with nearshore 
zones being dominated by the diatoms Chaetucerous sp. and Schro- 
derella delectuluta (Sellner et al., 1983). Importantly, the shallow 
depth of the sampling site combined with intense productivity pre- 
vent extensive remineralization of organic material in the water 
column. 

No sediment accumulation studies were undertaken at the sam- 
pling station. Regional ( 11-15”s) estimates of the sediment accu- 
mulation rates from ““Pb activity profiles average 0.5 cm/y for the 
7-20 cm horizon, ranging from 1.1 to 0.23 cm/y. (Summarized by 
McCaffrey et al., 1989a) The estimated mean age of the lo-15 cm 
sample is therefore between 10 and 50 y. 

Direct observation by submarine reconnaissance revealed that the 
sediment sampling area was dominated by Thioploca sp. mats, al- 
though occasional worms were also observed (T. Eglinton, pers. 
commun.). Thioploca is a genus of colorless, filamentous, sulfur- 
oxidizing bacteria found exclusively in dysaerobic sediments. They 
are usually aggregated into bundles up to a few cm long and sur- 
rounded bv a mucilaeinous sheath (McCaffrev et al.. 1989b). The 
mats are usually confined to the upper few centimeters of sediment 
where they may constitute as much as 80% of the biomass. 

2.2. Methods 

2.2. I. Size fractionation 

Sediments were thawed, thrice suspended in distilled water to 
remove salts, and centrifuged. Removing salt is essential to limit 
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Fig. 1. East Pica Basin and its relation to Peru. Inset locates study 
site on the coast of South America. Water depths in meters. 
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clay mineral interactions during disaggregation and sorting. Washed 
sediments were sequentially passed through 250 pm, 64 pm, and 
38 pm stainless steel sieves to collect sand-sized material. Material 
passing the 38 pm sieve was hydrodynamically sorted into classes 
corresponding to nominal cutoffs of 15 pm, 8 pm, 3 pm, and 1 pm. 
The nominal grain size in any fraction is therefore taken to be the 
median between upper and lower cutoffs. For material below the 1 
pm cutoff, the 0.8 pm fraction was recovered by centrifugation 
( 11,000 ‘pm, 30 min), and the 0.5 pm fraction, recovered from the 
supematant by addition of 5 g NaCllL and subsequent centrifuga- 
tion. Losses during this process are discussed later. 

The theory of SPLI’lT fractionation and its application to sedi- 
ments has been presented elsewhere (Giddings, 1986; Springston et 
al., 1987; Keil et al., 1994a). Briefly, bulk sediments are sonicated 
and suspended in distilled water, they continuously introduced into 
the upper inlet of the SPLITT cell by peristaltic pump to form the 
upper laminar flow stream. A lower laminar flow stream of distilled 
water is simultaneously introduced through the bottom inlet. As 
particles are swept through the SPLITT cell, those with high sedi- 
mentation coefficients fall from the upper laminar flow stream to 
the lower laminar flow stream, where they may be isolated from the 
bulk material. Careful calibration of inlet and outlet flows permits 
precise determination of cut-off sedimentation coefficients. Sedi- 
ments were sequentially sorted into finer nominal grain sizes until 
settling velocities dropped below those necessary for separation. 

2.2.2. Organic carbon and nitrogen 

Weight percent of organic carbon, inorganic carbon, and total 
nitrogen was determined in duplicate using a Carlo Erba model 1106 
CHN analyzer. Carbonate was removed from the samples prior to 
analysis by vapor phase acidification (Hedges and Stem, 1984). 
Weight percent carbonate was taken to be the difference in measured 
carbon value between untreated and acid treated samples. 

2.2.3. Silica 

Biogenic silica was determined using the method of DeMaster 
( 198 I), as modified by Mortlock and Froelich ( 1989). Briefly, sam- 
ples (-50 mg) were hydrolyzed at 85°C in 10 mL of a 5 wt% 
sodium carbonate solution. Aliquots (250 PL) were removed after 
2, 3, 4, and 5.5 h, and two 50 PL subsamples analyzed separately 
using the standard paramolybdate technique. Biogenic silica was 
determined by regression of the four concentration values to zero 
time. Average precision for the ten duplicate measurements in this 
study was ~6%. 

2.2.4. Surface area 

Surface area determinations were made on a Quantchrome surface 
area analyzer using the one-point BET method described by Mayer 
et al. ( 1988). Freeze-dried samples were heated to 350°C for several 
days to remove water prior to analysis, and repeated desorption 
measurements were made using 0.3 mole fraction Nz in He. Replicate 
samples had a standard error of 24%. 

2.2.5. Density fractionation 

Approximately 250 mg bulk, unwashed sediment was thawed, 
disaggregated, and slurried in 10 mL of a saturated solution of 
cesium chloride (density = 1.9 g/cm’; Sigma Chemicals). The 
slurry was allowed to settle overnight at 25”C, then centrifuged 
( 11,000 g, 30 min). The supematant then was removed, the pellet 
disaggregated, washed three times in distilled water, and freeze- 
dried. 

2.2.6. Carbohydrates 

Monomeric abundances of neutral carbohydrates were determined 
using the alditol acetate method (Fox et al., 1989) modified to 
accommodate pretreatment with liquid anhydrous HF. All analyses 
were conducted in an apparatus specially constructed for HF solvoly- 
sis experiments (Bergamaschi and Hedges, 1995). Briefly, the appa- 

ratus is comprised of six independent, fully closed and pressurized 
reaction vessels, along with a network of valves which provides 
means to measure liquid HF into each reaction vessel and carefully 
control the temperature and duration of the reaction. Each sample 
(lo-20 mg) was weighed directly into the reaction vessel, then the 
reaction vessel capped and installed in the solvolysis apparatus. The 
reactor was equilibrated in a 0°C cold bath for 15 min; liquid HF 
( 1 mL) was added sequentially to each sample and allowed to react 
for 30 min. Addition of cold trifluoroacetic acid (3 mL) terminated 
the anhydrous solvolysis, and the reactor was warmed to 100°C 
without opening for 30 min. The reactor was again cooled to 0°C; 
samples were removed and dried in an evacuating centrifuge 
(SpeedVac, Savant Instruments, Farmingdale, NY, USA) equipped 
with both calcium sulfate and liquid nitrogen traps. The following 
day, samples were suspended in 0.1 M NaCO,, internal recovery 
standard added, and the pH corrected to 7. After 30 min at 25”C, 
samples were centrifuged, and NaBH4 (0.5 mL, 0.5M) was added 
to the supematant to reduce aldoses to alditols. Following 90 min 
reduction, excess NaBH, was converted to borate by dropwise addi- 
tion of 25% acetic acid. Cations were removed by passing the sam- 
ples over 2 mL AG 5OW-X8 resin (200-400 mesh; Biorad, Her- 
cules, CA, USA) and eluting with 3 mL distilled water. Samples 
were dried completely under vacuum on a Hakke-Buchler Vortexing 
Exasperator (50°C)) then rinsed with 3 mL methanol and dried three 
times to remove borate. To convert to per-O-acetate derivatives, the 
resulting syrup was dissolved in 0.5 mL pyridine and 0.5 mL acetic 
anhydride, and the vials were securely capped and placed in a heating 
block at 80°C for one h. The samples were then dried under a stream 
of nitrogen to remove the acetic anhydride and taken up in 200 PL 
pyridine. 

Quantification of individual monosaccharides was accomplished 
by gas chromatography using a Hewlett Packard 5890a gas chroma- 
tograph (Hewlett Packard Scientific Instruments, Santa Clara, CA, 
USA) fitted with a 0.25 mm i.d. X 30 m 14% cyanopropylphenyl- 
methylpolysiloxane bonded-phase capillary column (DB-1701, J& 
W Scientific, Folsom, CA, USA) and a split/splitless injector op- 
erating in split mode with a split ratio of 1O:l. Flame ionization 
detector output was collected and integrated on a personal computer 
running Lab Calc chromatography software (Galactic Industries, 
Salem, NH, USA). Baseline separation of all analytes was accom- 
plished in 30 min by programming the oven to increase temperature 
from 200°C to 240°C at 2”C/min after an initial time of 10 min. 
Absolute abundances were calculated by normalizing to a known 
amount of recovery standard using a separately determined relative 
response ratio. Average reproducibility for the eleven duplicate mea- 
surements in this study was 214%. Individual aldose yields from 
select samples were also analyzed for carbohydrates using an earlier 
sulfuric acid pretreatment method (Cowie and Hedges, 1984a) and 
agreed relatively well ( 2 18%). 

2.2.7. Lignin 

Lignin phenols were liberated by cupric oxide oxidation using the 
method of Hedges and Ertel ( 1982). Vanillin, acetovanillone, vanil- 
lit acid, syringaldehyde, acetosyringone, syringic acid, p-coumaric 
acid, and ferulic acid were quantified as their trimethylsilyl deriva- 
tives by simultaneous gas chromatography (instrument as above) on 
a 0.25 mm i.d. X 30 m 100% methylpolysiloxane bonded-phase 
capillary column (DB-1) and a 0.25 mm i.d. X 30 m 14% cyanopro- 
pylphenyl-methylpolysiloxane bonded-phase capillary column (DB- 
1701, J&W Scientific, Folsom, CA, USA), using a 20: 1 split ratio. 
For these lignin-poor samples, analysis on two columns was neces- 
sary to minimize errors resulting from coelution. For all analyses, 
the column oven temperature was increased at 4”C/min from an 
initial setting of 100°C to 270°C and held for 16 min. Flame ioniza- 
tion detector output was collected and integrated on two stand-alone 
integrators (HP3394a; Hewlett-Packard, Santa Clara, CA, USA). 
Yields were calculated by normalizing peak areas to a known amount 
of internal standard whose relative response to analyte peaks was 
characterized separately. Average reproducibility for lignin phenol 
yield is typically t5-10% (Hedges and Ertel, 1982). 
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Table 1. Elemental compositions of Peru Margin size-fractionated 
sediments. Abbreviations: %OC, weight percent organic carbon; 
%TN, weight percent total nitrogen; C/N, atomic carbon to nitrogen 
ratio; %Si, weight percent opal-derived silica; SA, N, specific sedi- 
ment surface area; n.d., not determined; Bulk, freeze-dried unfrac- 
tionated sediment; Rinsed, sediment washed in preparation for 
SPLITT fractionation (see text). Note that bulk %OC and %TN 
values are not salt corrected. 

Mass %OC %TN 
Sample % Wt% Wt% (atZZc) (OFL) mS:g 

Bulk - 6.6 0.7 10.7 nd. n.d. 
Rinsed - 8.3 0.9 11.2 24 24 
0.5 1.7 pm 21.6 2.4 10.5 16 95 
0.8 5.3 pm 12.9 1.5 10.2 24 60 
2 6.4 pm 7.1 0.8 10.4 32 40 
5 34.0 pm 9.8 1.2 9.5 21 30 
11 32.4 pm 7.8 0.9 10.2 19 27 
26 15.8 pm 4.3 0.5 10.0 13 16 
50 2.4 pm 1.5 0.2 8.8 3 4 
156 1.5 pm 7.9 1.2 8.0 5 28 
500 0.6 pm 8.6 2.3 4.4 6 20 

2.2.8. Statistics 

All differences and correlations discussed were statistically tested 
and found significant at the 95% confidence interval or greater. The 
Games and Howell method was used for comparison of means, and 
the Mann-Whitney U-test, for ranking. Values of the correlation 
coefficient and test level for the all correlations discussed are re- 
ported in the text. 

3. RESULTS AND DISCUSSION 

3.1. Analysis of Bulk Sediments 

3.1. I. Elemental composition 

The measured OC content of the bulk rinsed sediment is 
8.4 1% (Table 1; rinsed in distilled water; see section 3.3.1. ) 
This value is higher than typical of coastal areas (l-4%; 
Mayer, 1994), but in the mid to low end of the range (3- 
20%) found previously for near-surface samples in the re- 
gion (Reimers and Suess, 1983). Total nitrogen yields for 
the bulk sample are 0.87%, conferring an atomic carbon to 
nitrogen ratio (C/N,) of 10.7. The C/N, of these sediments 

is within the range observed in fresh planktonic material 
(4-12) and much lower than terrestrial plant material ( 18- 
> 100). However, a C/N, near 11 is also within the range 
typical of soil organic matter and highly degraded marine 
material and is therefore an ambiguous source indicator. 

3.1.2. Lignin composition 

The terrestrial component of sediments may be inferred 
by examination of their lignin content. Lignins are phenolic 
polymers produced uniquely by vascular plants as part of 
their structural matrix (Sarkanen and Ludwig, 1971). The 
suite of simple phenols produced by the cupric oxide oxida- 
tion of lignin is therefore an unambiguous tracer of terrestrial 
organic material in the marine environment and useful for 
inferring the relative amount of terrestrial material preserved 
(e.g., Hamilton and Hedges, 1988). Compound-specific lig- 
nin yields also permit differentiation between vascular plant 
and tissue sources and inference of the diagenetic state of 
lignin-bearing materials. 

Total lignin yields for a sample are conventionally ex- 
pressed as the sum of the eight most abundant phenols recov- 
ered from 10 g sediment (X8). Analysis of the bulk Peru 
sample resulted in X8 values of 4.2 mg/ 10 g SED (Table 
2), in the range (-3-7) normally observed in other coastal 
regimes. Another common lignin parameter, A, is C8 nor- 
malized to the amount of OC present in the sample. Evalua- 
tion of this parameter provides insight into the contribution 
of terrestrial carbon to the total OC pool. The A value for 
bulk Peru sediment is 0.50 mg/ 100 mg OC, near the lower 
end of the range (0.2-6.8) observed in other coastal marine 
environments (Hamilton and Hedges, 1988; Hedges et al., 
1988; Hedges and Mann, 1979b). Such a low h suggests 
extensive dilution of lignin-bearing terrestrial OC by autoch- 
thonous material. 

The diagenetic freshness of lignin-bearing tissues may be 
inferred from the relative quantities of acidic vs. aldehydic 
phenols (e.g., Hedges et al., 1988). A higher acid to alde- 
hyde ratio corresponds to more severely degraded material. 
The vanillic acid to aldehydic phenol ratio, (Ad/Al)v, of 
bulk Peru sediment is 0.9, as compared to -0.3 for other 
coastal regimes (Hamilton and Hedges, 1988; Hedges et al., 

Table 2. Lignin compositions of Peru Margin size fractionated sediments. Abbreviations: V, S, and C; 
mg of total syringyl, total vanillyl, and total cinnamyl phenols, respectively, per 100 mg OC; 28, sum of 
V, S and C normalized to 10 g dry sediment; A, sum of V, S and C normalized to 100 mg OC; CN and 
SN, weight ratios of C and S over V, respectively; (Ad/Al)v, weight ratio of vanillic acid to vanillin; b.d., 
below detection. 

Sample V S C 

Bulk 0.14 0.37 0.07 
Rinsed 0.11 0.29 0.09 
0.5 pm 0.04 0.06 0.02 
0.8 pm 0.15 0.26 0.03 
2 bm 0.21 0.19 0.13 
5 km 0.19 0.20 0.16 
11 pm 0.19 0.19 0.15 
26 pm 0.22 0.38 0.13 
50 pm 0.55 0.39 0.06 
156 ,um 0.57 0.39 0.06 
500 ym 0.61 0.54 0.05 

X8 A CN SN (Ad/Al)v 

3.8 0.58 0.49 2.66 1.0 
4.2 0.50 0.83 2.66 0.9 
2.7 0.13 0.57 5.54 b.d. 
5.1 0.45 0.21 1.73 2.8 
3.7 0.52 0.61 0.92 2.3 
5.3 0.54 0.82 1.05 3.8 
4.2 0.54 0.79 0.98 3.3 
3.1 0.73 0.58 1.68 3.9 
1.5 1 .oo 0.11 0.71 0.4 
7.9 1 .Ol 0.10 0.69 0.9 

10.3 1.19 0.08 0.89 0.5 
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Table 3. Carbohydrate compositions of Peru Margin sediment size fractions. All monosaccharide values 
are percentages by weight of total carbohydrate yield. Abbreviations: RHA, rhamnose; FUC, fucose; RIB, 
ribose; ARA, arabinose; XYL, xylose; MAN, mannose; GAL, galactose; GLC, glucose; tCH,O, total neutral 
carbohydrate yield (mg) normalized to 100 mg OC; XCH,O, total neutral carbohydrate yield (mg) normalized 
to 100 mg sediment. 

Sample RHA FUC RIB ARA XYL MAN GAL GLC tCH,O ZCHTO 

Bulk 1.6 7.8 5.1 11.0 14.1 15.0 23.0 16.5 8.2 0.54 
Rinsed 8.8 5.9 3.1 8.5 11.3 17.6 25.4 19.3 7.4 0.61 
0.5 pm 11.3 5.8 2.7 6.2 11.7 21.5 21.9 18.8 9.4 2.03 
0.8 pm 8.2 4.8 3.6 7.1 12.6 19.8 23.3 20.7 7.3 0.94 
2 pm 6.4 4.8 3.8 7.5 11.1 19.5 25.8 21.0 5.6 0.40 
5 pm 7.8 5.9 3.8 8.2 11.4 18.4 26.2 18.2 6.0 0.59 
11 pm 7.1 5.4 4.1 8.1 11.7 17.9 27.2 17.8 6.8 0.53 
26 pm 9.8 7.5 4.8 9.9 14.0 16.2 23.7 14.0 7.9 0.34 
50 ,um 5.8 4.3 4.7 1.0 10.2 10.9 17.4 39.5 13.7 0.21 
156 pm 7.8 5.3 4.0 13.3 13.8 13.3 18.7 23.6 8.5 0.67 
500 pm 7.8 3.8 2.5 11.2 10.5 12.4 19.1 32.5 3.6 0.31 

1988), near 0.2 for fresh woody plant debris (Hedges and 
Mann, 1979a), and between 0.3 and 0.6 for degraded plant 
tissue (Opsahl and Benner, 1995). (Ad/Al)v values greater 
than one are typically associated with highly degraded dis- 
solved humic materials and soil organic material (Ertel and 
Hedges, 1984; Ertel et al., 1986). 

3.1.3. Carbohydrate composition 

Carbohydrate yields have the advantage of providing in- 
formation on a much larger fraction of total organic material 
than lignins because saccharides encompass virtually all po- 
tential sources, including terrestrial plants, plankton, and 
bacteria (Cowie and Hedges, 1984b). However, due to this 
universal distribution, aggregate carbohydrate composition 
provides fewer specific diagnostic clues as to the source and 
diagenetic state of carbohydrate-bearing material. 

The total neutral carbohydrate yield in milligrams normal- 
ized to 100 milligrams sediment (ZCH*O) from the bulk 
Peru sediments was 0.61 mg/lOO mg SED (Table 3), corre- 
sponding to 7.4 mg/lOO mg OC (tCH20). This is similar 
to a sum of 7.9% reported by Lewis and Rowland (1993) 
from a nearby station ( lO”58.7 ‘S 1 l”57.5 ’ W) as determined 
by calorimetric methods. The absolute abundance of total 
carbohydrates in Peru sediments is similar to (or slightly 
higher than) that found in other coastal sediments (XH20 
= -0.3- 1.0 mg/lOO mg SED; Cowie and Hedges, 1984b; 
Hamilton and Hedges, 1988)) but represents only about half 
the usually observed fraction of total OC (K3H,O = - 12- 
25 mg/lOO mg OC). 

The relative concentration of neutral carbohydrate mono- 
mers in bulk Peru Margin sediments (Fig. 2) is unusual. 
Galactose is the most abundant monomer, accounting for 
23% of the total aldose yields, followed by glucose, man- 
nose, and xylose, each of which account for over 14%. The 
deoxy sugars rhamnose and fucose represent 9% and 6% 
of total aldose yields, respectively. Most marine sediments 
exhibit higher relative abundances of glucose than other 
monomers (e.g., Cowie and Hedges, 1984b; Moers et al., 
1990) and higher abundances of hexoses (glucose, galactose, 
and mannose) than pentoses (ribose, arabinose, and xylose) 
or deoxy hexoses (rhamnose and fucose) . An extensive liter- 

ature search found only one similarly composed sediment: 
a diatom ooze sample from the Namibian shelf (Klok et al., 
1984). Influence of the bulk carbohydrate composition by 
terrestrial inputs is unlikely in view of the low abundance 
and highly degraded nature of the associated lignins. Previ- 
ous studies of the occurrence and abundance of minor sugars 
(Bergamaschi, 1995; Klok, 1984) indicate that the majority 
of neutral carbohydrates present in coastal sediments are 
predominantly of autochthenous origin. 

3.2. Grain Size Distribution 

In order to examine the relationships between grain size, 
sediment surface area, and organic content, the bulk sedi- 
ment sample was separated into nine fractions with the fol- 
lowing nominal sizes: clay-sized (0.5 pm, 0.8 ,um, 2 bm), 
silt-sized (5 pm, 11 pm, 26 pm), and sand-sized material 
(50 pm, 156 pm, 500 pm). The sand-sizes were sieve frac- 
tionated and the remainder hydrodynamically separated us- 
ing the SPLITT system. One should note that the clay- and 
silt-size classes are operationally defined by the hydrody- 
namics within the SPLITT process. Larger, low density parti- 
cles such as diatom frustules or organic rich particles will 

. . 25 I 
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Fig. 2. Histogram of individual monosaccharides from Peru Mar- 
gin sediment washed in distilled water (see text). Values are percent- 
ages by weight of total carbohydrate yield. Abbreviations are as in 
Table 3. 
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Fig. 3. Histograms of elemental and molecular parameters for individual size fractions in Peru Margin sediments. 
Values are percentages of integrated total yield from grain size fractions. 

sort with smaller, denser mineral grains. Further explanation 
of mineral-equivalent size ranges associated with each of the 
nominal size classes is presented in the Methods section. 

3.2.1. Mass distribution 

The majority of sediment mass occured in the 5 pm and 
11 pm sizes (Fig. 3; Table 1 ), accounting for 34% and 32%, 

respectively, of the bulk sample. The 26 pm fraction was 
next most abundant, accounting for 16% of the mass. Thus, 
together the silt-size grains comprised 82% of sediment 
mass. Of the residual, 13% resided in clay-size and 5%, in 
the sand-size fractions. The Peru mass distribution is skewed 
toward the finer size ranges in comparison to the relatively 
few SPLITT-fractionated sediments previously analyzed 
(Keil et al., 1994a). For example, the median grain size in 
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the Washington coast silt deposit was the 50 pm fraction, 
as opposed to the 11 pm fraction seen here. 

3.2.2. Visual inspection 

Microscopic examination of the sedimentary size fractions 
revealed four general types of debris which dominated the 
particle distribution: elastic mineral grains, granular amor- 
phous material, diatom fragments, and other structured de- 
bris of apparent biogenic origin. Particle types were not 
evenly distributed among sediment size fractions. Mineral 
grain abundances appeared to be highest in the 50 pm, 26 
pm, and 11 pm fractions and none were observed in the 500 
pm fraction. Intact diatom tests, frustules, and fragments 
appeared to be most abundant in the 11, 5, and 2 pm frac- 
tions, but present in all. Granular amorphous material ap- 
peared in increasing abundance from the 50 pm through the 
0.5 pm fraction. The dominant particle type in the 500 pm 
fraction was structured debris characterized by a striated 
pattern. The most likely source for this material is Thioploca 
sheath material. Smaller amounts of this material were found 
in the two remaining sand-sized fractions. Fragments of simi- 
lar material, but without characteristic striations, were also 
found in the 0.5 pm fraction, likely sorted there because of 
low density. 

1). All sediment size fractions, except the largest (500 pm), 
plot on a single line (r = 0.99) with a slope of 9.1. The 
slope of the line corresponds to a C/N, of 10.6. The linear 
relationship between %OC and %TN is most simply ex- 
plained by the occurrence of progressively varying amounts 
of similar materials within each grain size fraction. The re- 
gression line linking the size fractions intercepts the %OC 
axis near zero, indicating total nitrogen is predominantly 
organic. An intercept appreciably above zero on the carbon 
axis would be evidence for the contribution of C-rich mate- 
rial such as terrestrial plant material, plankton storage poly- 
saccharides, or microbial exopolysaccharides. 

The 500 ym sample has an unusually low C/N, of 4.4. 
Low C/N, is characteristic of fresh phytoplankton or bacte- 
rial biomass. In these sediments, either relatively intact dia- 
tom cells or Thioploca filaments may account for low C/N;, 
material in this size range. Measured diatom C/N, values 
from a nearby station (10”s) average 5.3 (Sellner et al., 
1983). The low C/N, in this size fraction is consistent with 
a microbial source as suggested by visual identification of 
fragments. Since this fraction is coarse and relatively organic 
rich, there is little chance the low measured C/N, is due to 
inorganic nitrogen. 

3.2.3. Distribution of extensive parameters 

Figure 3 shows the distribution among sedimentary grain 
size fractions of sediment mass, sediment surface area, or- 
ganic carbon, total nitrogen, biogenic silica (opal), lignin, 
and total neutral carbohydrate. Each parameter is measured 
independently and presented as the percentage of integrated 
component mass which occurs in each grain size. All param- 
eters measured correlate with the weight distribution of total 
particles among the sedimentary size classes, indicating mass 
distribution is a dominant factor in determining bulk sedi- 
ment properties for these sediments. The question remains 
as to how grain size distribution affects the quantity of OC 
preserved in the 12 cm horizon and whether texture affects 
the type of organic material preserved. 

Despite the effect of grain size distribution on OC, the 
changes in C/N, are evidence of compositional differences 
among the organic material associated with each of the grain 
size fractions. There are considerable differences in %OC 
and %TN content between textural classes (Table 1) Per- 
cent OC was highest (21.6%) in the smallest (0.5 pm) frac- 
tion, decreased systematically to a minimum (1.5%) in the 
50 pm fraction, and rebounded to near bulk values in the 
remaining sand fractions. As would be expected from the 
consistent changes in C/N,, %TN exhibits a closely parallel 
trend. In general, the organic material associated with the 
three sand-sized grains has lower C/N, values than finer 
fractions (Table 1). This difference and attendant differ- 
ences in molecular compositions described in the next sec- 
tion will clearly show that the organic material associated 
with sand-size grains is distinctly different from that associ- 
ated with finer material and thus represents material of dis- 
tinct origins or diagenetic history. 

3.3. Compositional Trends Among Grain Sizes 

3.3.1. Elemental trends 

Comparison of %OC and %TN values for nontreated bulk 
samples and samples rinsed with distilled water shows that 
approximately 5% of the OC was lost during initial rinsing 
and disaggregation (Table 1) The C/N, ratio of the sedi- 
ment changes measureably after rinsing from 10.7 to 11.2, 
indicating a slight preferential loss of N-rich material. Mass 
balance of the losses, however, yields a C/N, ratio for the 
lost material of 1.5, unreasonably low for any organic sub- 
stance and likely due to loss of inorganic nitrogen. Losses 
following dissaggregation during sediment splitting are min- 
imal ( <2%) as determined by comparison of integrated OC 
in the grain size fractions with initial bulk values. 

0 0.5 1 1.5 2 2.5 
Percent total nitrogen 

The carbon to nitrogen relationship changes between size Fig. 4. Plot of %OC against %TN for individual particle size 
fractions in a remarkably systematic fashion (Fig. 4: Table fractions. Data labels correspond to nominal size fraction (bm). 
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3.3.2. Lignin compositional trends 

The most obvious and easily interpreted distinction be- 
tween organic material in different grain size fractions is the 
total lignin yields from sand-sized sediments, compared to 
the finer fractions (Table 2). The A values for all three sand- 
size fractions is in the range of 1.0-1.19, while A values 
for the silt and clay fractions range are lower, ranging from 
only 0.13 to 0.73. These values are all appreciably below 
the range observed in fresh vascular plant samples (3-25; 
Hedges and Mann, 1979a). Thus, chemically intact vascular 
plant material must be a minor component of the organic 
material in all fractions. However, the significantly different 
levels imply organic material associated with sand-sized 
fractions has a higher terrestrial contribution. 

Similarly, (Ad/Al)v values are different for the sand- 
sized fractions vs. the finer ones (Table 2). (Ad/Al)v in 
the sand-size fractions range from 0.9 to 0.4, while the clay 
and silt values range from 2.3 to 3.9. These ratios indicate 
lignin is highly degraded in all fractions, but extremely so 
in the fine fractions, whose ( Ad/Al)v ratios are higher than 
may be expected from intact plant debris, soil organic matter, 
dissolved humic material (Ertel et al., 1986), or degraded 
plant matter (Opsahl and Benner, 1995 ) . 

Compositional patterns among lignin phenols may be used 
to reconstruct vascular type and tissue plant sources (e.g., 
Hedges et al., 1988; Hedges and Mann, 1979b). However, 
because over-all lignin abundances were low and the evident 
lignin degradation may alter compositional relationships, 
source assignments of the individual fractions should be re- 
garded as rudimentary. Relative phenolic monomer abun- 
dances point to a different provenance for lignin associated 
with the sand-sized fractions. For example, vanillyl phenols 
are produced in high yield by all lignin-bearing tissues, but 
are the only major products from CuO oxidation of gymno- 
sperm woody tissues. In contrast, syringyl phenols are pro- 
duced in high yield almost exclusively by angiosperms, 
while cinnamyl phenols are produced in high yield only by 
nonwoody gymnosperm and angiosperm tissues. Thus, plots 
of syringyl to vanillyl yield ratios (S/V) against cinnamyl 
to vanillyl yield ratios (C/V) helps distinguish the contribu- 
tion of both the plant tissue and the plant type to the sample. 

When presented in this way (Fig. 5) the three sand-size 
fractions plot closest to the origin, while the remaining silt 
and clay fractions are elevated in syringyl and cinnamyl 
phenols. The sand-sized fractions fall outside the range ob- 
tained from fresh angiosperm material. Since gymnosperm 
woody tissues are depleted in syringyl and cinnamyl phenols, 
low values in both S/V and C/V may be interpreted as 
contribution of gymnosperm woody tissues to the lignin- 
bearing material. Much lower values than these have been 
found in coastal sediments adjoining land masses with conif- 
erous forests (Hamilton and Hedges, 1988; Hedges et al., 
1988; Hedges and Mann, 1979) where the contribution of 
gymnosperm material is likely to be great. The remaining 
finer fractions plot away from the sands, suggesting a differ- 
ent source. With the exception of the 0.8 pm sample, all 
have C/V values in the range of lignin found in angiosperm 
soft tissues. The 0.8 pm sample has a lower C/V and plots 
in the range of fresh angiosperm wood. Diagenesis is known 
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Fig. 5. Plot of the weight ratio of syringyl to vanillyl phenols (SI 
V) against the weight ratio of cinnamyl to vanillyl phenols (C/V) 
for all size fractions. Data labels are as in Fig. 4. 

to alter S/V and C/V by selectively removing cinnamyl and 
syringyl phenols over vanillyl phenols. The alteration of 
these ratios confound source determinations by progressively 
lowering ratios into the gymnosperm range. The lower values 
observed in the sand-sized grains, however, are unlikely to 
have resulted from diagenesis because the Ad/Al ratios indi- 
cate fresher material associated with this size class. 

3.3.3. Carbohydrate compositional trends 

The sand fractions contain both the highest and lowest 
total carbohydrate yields normalized to OC (tCH,O; Table 
3). The highest KHZ0 value (13.7 mg/lOO mg OC) was 
found in the 50 km fraction (the sample with the lowest 
%OC). The lowest value (3.6 mg/ 100 mg OC) was found 
in the 500 pm fraction, consistent with its low C/N, value. 
The remaining K7Hz0 values were relatively uniform, rang- 
ing from 5.5 to 9.39 mg/lOO mg OC. There was no consis- 
tent trend with grain size in tCH20. However, due to varia- 
tions in organic C, there is a consistent trend of increasing 
XH20 (total carbohydrate normalized to sediment mass) 
with decreasing grain size. This relationship will be dis- 
cussed in greater detail in section 3.4. 

Within the neutral carbohydrate pool there are several 
consistant compositional changes across the grain size frac- 
tions (Table 3). Again, the sand-size fractions appear dis- 
tinct from the smaller grains. Glucose is the most abundant 
aldose in the three largest grain sizes, accounting for 32, 24, 
and 39 wt% of total carbohydrates for the 500 pm, 156 
pm, and 50 pm fractions, respectively. The remaining size 
fractions range from 21 to 14 wt% glucose, averaging 18 
wt%. Galactose is the predominant sugar in the finer frac- 
tions, accounting for 22-27 wt% of total aldose. In contrast 
to the behavior of glucose and arabinose, mannose and rham- 
nose decline in relative abundance with increasing grain size. 
Mannose declines from a high of 21 wt% on the finest frac- 
tion to 12 wt% in the largest. Similarly, rhamnose declines 
from 11 wt% in the finest fraction to 8 wt% in the largest. 
This compositional variability within the aldoses indicates a 
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Table 3. Carbohydrate compositions of Peru Margin sediment size fractions. All monosaccharide values 
are percentages by weight of total carbohydrate yield. Abbreviations: RHA, rhamnose; FUC, fucose; RIB, 
ribose; ARA, arabinose; XYL, xylose; MAN, mannose; GAL, galactose; GLC, glucose; tCH,O, total neutral 
carbohydrate yield (mg) normalized to 100 mg OC; ZCH20, total neutral carbohydrate yield (mg) normalized 
to 100 mg sediment. 

Samvle RHA FUC RIB ARA XYL MAN GAL GLC tCH,O ZCH,O 

Bulk 7.6 7.8 5.1 11.0 14.1 15.0 23.0 16.5 8.2 0.54 
Rinsed 8.8 5.9 3.1 8.5 11.3 17.6 25.4 19.3 7.4 0.61 
0.5 pm 11.3 5.8 2.7 6.2 11.7 21.5 21.9 18.8 9.4 2.03 
0.8 pm 8.2 4.8 3.6 7.1 12.6 19.8 23.3 20.7 7.3 0.94 
2 pm 6.4 4.8 3.8 7.5 11.1 19.5 25.8 21.0 5.6 0.40 
5 pm 7.8 5.9 3.8 8.2 11.4 18.4 26.2 18.2 6.0 0.59 
11 pm 7.1 5.4 4.1 8.7 11.7 17.9 27.2 17.8 6.8 0.53 
26 pm 9.8 7.5 4.8 9.9 14.0 16.2 23.7 14.0 7.9 0.34 
50 ,um 5.8 4.3 4.7 7.0 10.2 10.9 17.4 39.5 13.7 0.21 
156 pm 7.8 5.3 4.0 13.3 13.8 13.3 18.7 23.6 8.5 0.67 
500 elm 7.8 3.8 2.5 11.2 10.5 12.4 19.1 32.5 3.6 0.31 

different source or diagenetic state of carbohydrate-bearing 
material among size fractions. The opposing trends which 
concentrate glucose and arabinose in the larger grain sizes 
and concentrate mannose and rhamnose in the smaller ones 
suggest that the system may be dominated by simple mixing 
of two carbohydrate sources. It is important to note that the 
observed trends in carbohydrate composition are too large 
to be artefacts caused by changes in glucose alone, but reflect 
systematic changes in the absolute amount of material. 

Clues to the origin of these compositional trends among 
the size fractions, and thus to the source of the carbohydrates, 
may be obtained by comparing the composition of the frac- 
tion with the highest absolute yield of carbohydrate (0.5 km) 
to the one with the lowest (50 pm). These two samples 
represent the continuum of change through the size classes 
(Table 3). The simplest way to effect this comparison on a 
mass-free basis is to normalize the yields of the individual 
aldoses within each sample to glucose, the most abundant 
monomer in the 50 pm fraction (Fig. 6a). Glucose was 
chosen in order to limit the introduction of passive trends 
which may occur due to the dramatic difference in its abun- 
dance between samples. The difference between these two 
spectra represents the compositional dissimilarities between 
the two samples (Fig. 6b). 

From this compositional comparison it is evident that the 
0.5 pm fraction is particularly elevated in mannose, galac- 
tose, and rhamnose, relative to the 50 /*rn fraction. Such a 
compositional shift would require addition of material richer 
in these monomers than glucose to the more C-rich fine 
fraction sediments. Gross carbohydrate monomeric abun- 
dances of phytoplankton and bacteria are typicaliy elevated 
in glucose (Cowie and Hedges, 1984b). Isolated diatom cell 
walls, however, are relatively unique in having carbohydrate 
monomeric distribution high in mannose, galactose, and 
rhamnose (Fig. 6c; data from Cowie and Hedges, submit- 
ted). For eleven species where diatom cell wall material has 
been isolated and analyzed, all exhibit similar carbohydrate 
molecular compositions (Cowie and Hedges, in press; Dar- 
ley, 1977; Hecky et al., 1973; Haug and Myklestad, 1976) 
despite considerably different extraction methods and meth- 
ods of analysis. Addition of cell wall material to the 50 pm 
fraction would cause compositional changes in the direction 

observed in finer fractions. Thus, diatom cell wall material 
is potentially a progressively more important contributor to 
carbohydrate yields with decreasing grain size. 

3.4. Surface Area Relationships 

The bulk specific surface area (SA) of the sediment is 
23.7 m*/g, well within the global range (2-55 m*/g) of 
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Fig. 6. Histograms of (a) aldose abundances in 0.5 pm and 50 
pm size fractions normalized to glucose yield, (b) difference be- 
tween values in panel a, (c) average diatom cell wall composition 
normalized to total carbohydrate yield. Diatom cell wall data are 
from Cowie and Hedges (1996) and abbreviations are as in Ta- 
ble 3. 
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surface area in bulk sediments (Mayer, 1994). Surface area 
of the grain size fractions increases exponentially from 3.7 
m*/g in the 50 km fraction to 95 m*/g in the 0.5 pm fraction 
(Table 1). The rate of increase is much greater than for 
theoretical SA values calculated based on smooth particles 
of the same nominal size, indicating rough sediment sur- 
faces. These SA values are generally similar to those mea- 
sured in identical size fractions in coastal sediments (Keil 
et al., 1994). However, the two largest fractions do not 
conform to the trend of increasing SA with decreasing size 
and possess SA values 2-3 times greater than previously 
observed for sediments of similar size, attesting to their dif- 
ferent nature. 

3.4.1. Elemental trends 

As has been previously presented (Hedges and Keil, 
1995), there is a strong positive correlation (r = 0.96, (Y 
= 0.99) between OC and surface area in these samples (Fig. 
7). Thus, surface area appears to be a key factor determining 
OC content in Peru Margin sediments, The relationship be- 
tween OC and surface area (Fig. 7) corresponds to approxi- 
mately 2.3 mg OC/m* and is a much higher loading than the 
range of 0.5- 1.0 mg OC/m* typically observed in sediments 
(Mayer, 1994). 

OC/SA correlation seems somewhat surprising in view 
of the substantial compositional variability discussed in the 
previous section. It is unclear how compositional variability 
is maintained if a single relationship determines organic con- 
tent. The heterogeneity of compound types among size 
classes found in the Peru sediments is similar to that found 
with molecular level analyses of size fractionated sediments 
from the Washington Coast (R. J. Keil, unpubl. results). 
These results imply that the bulk of organic material is 
sorbed irreversibly to sediments (consistent with the low 
observed losses upon treatment with distilled water) and the 
compositional distinction formed prior to deposition. Postde- 
positional association, reversible sorption, and redistribution 
during sample processing would all tend to obscure the ob- 
served differences. 
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Fig. 7. Plot of weight percent organic C against specific surface 
area (m’/g) for all grain size fractions. Data labels are as in Fig. 4. 

Regression of the %OC to SA relationship to zero SA 
indicates that some organic material remains independent of 
SA (Fig. 7). However, explicit calculation of the amount 
remaining is highly susceptible to error given that the grain- 
size fractions carrying the majority of OC cluster towards the 
center of the line, and small errors in the outlying data may 
cause a disproportionate change in the intercept value. Sensi- 
tivity of the intercept value to error due to any datum may 
be determined by calculating the range of intercept values 
which result following the removal of any single data point 
from the set. The 500 pm sample is excluded from all regres- 
sion analyses because microscopic observations and C/N, 
values demonstrate it carries material distinctly different from 
the remainder of the size fractions. Also, little of the organic 
material in the bulk sediment is associated with this size frac- 
tion, owing to the low mass of material in this size range. 

The resulting intercept values range from 0.9 to 1.7% OC, 
indicating lo-20% of organic matter may not be related to 
sediment surface area. Mechanistically this may mean that 
in the large, low carbon grain size fractions (which carry 
little of the organic material in the bulk sediment), most 
organic material exists in discrete particles, and surface area 
is not the dominant factor determining OC content. This is 
similar to observations in SPLITT-fractionated sediments 
from the Washington coast (Keil et al., 1994a) and in agree- 
ment with fresher lignin values found in sand-sized fractions 
corresponding to discrete plant debris. Conversely, surface 
area and OC content are highly correlated in the finest frac- 
tions, with 79% to 90% of the OC directly related to surface 
area, and apparently not found in discrete debris. 

The C/N, of organic material unrelated to SA may be 
crudely estimated in a similar fashion by regressing %TN 
to zero SA and comparison to %OC intercepts. Percent OC 
and %TN are tightly coupled in these sediments (Fig. 4), 
so errors causing changes in intercept value will affect both 
parameters in a like fashion. Regression analysis yields a 
range of C/N, values from 7.8 to 11.0, on average slightly 
more nitrogen rich than the bulk sediment (Table 1) and 
encompassing the C/N, determined for material mixing 
among size fractions (Fig. 4). 

Several of the other parameters measured correlate well 
with surface area, and several show little or no correlation. 
Figure 8 shows the remaining parameters plotted against 
surface area. Total nitrogen covaries with carbon and thus 
has a positive correlation with surface area (Fig. 8a). 

3.4.2. Lignin 

Lignin yields normalized to sediment mass (X8) do not 
appear to correlate with surface area (Fig. 8c), indicating 
SA is not a principal factor determining the lignin content 
of these sediments and demonstrating that lignin content is 
uncoupled from the total OC content. A, however, is nega- 
tively correlated with surface area (Fig. 8d, r = 0.80, a 
= 0.05), possibly due to dilution of lignin carbon by addition 
of surface-related autochthonous debris. 

3.4.3. Carbohydrates 

Several carbohydrate compositional parameters vary in 
concert with SA demonstrating that previously discussed 
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changes among textural classes are related to surface area. 
Total carbohydrates normalized to sediment mass (CCH*O) 
correlate positively with SA (Fig. 8e, r = .93, LY = 0.01). The 
amount of OC present as analyzable carbohydrate ( tCH20) 
remains relatively small but constant (Table 2), and thus 
CCHIO has essentially the same increase with surface area 
as bulk OC (Fig. 8f). Among individual monomers, wt% 
rhamnose and mannose positively correlate with SA (rRHA 

= 0.64, rMAN = 0.79, (Y = O.OS), indicating these monomers 
are selectively concentrated in the fine fractions in proportion 
to SA. 

3.5. Geochemical Implications 

Clearly, grain size distribution is a principal determinant 
of the OC concentration and composition of the Peru Margin 
sediments. This result alone from an area where controls on 
carbon preservation are thought to be related to productivity 

or oxygen concentration has important implications (e.g., 
Summerhayes, 1983). The factors which control the deposi- 
tional process and therefore the grain size distribution may 
primarily determine the OC composition and distribution. 
These factors include the current regime in the depositional 
area, discharge, size, lithology and proximity of nearby river 
drainages, extent and variability of biogenic inputs, and sedi- 
ment sorting during deposition or postdepositional redistri- 
bution. This result is in agreement with the finding of Ped- 
ersen et al. ( 1992) that postdepositional winnowing lowered 
the inventory of OC in sediments accumulating on the Oman 
Margin. Although primary production ( 1.5 g C mm2 d-’ ), 
bottom water oxygen concentration and adjoining arid conti- 
nental environment are similar to that at the Peru Margin, 
the OC content of Oman Margin sediments averaged 4.11%. 
Analysis of Cr and Zr as proxies for grain texture revealed 
selective removal of finer grain fractions resulted in loss of 
OC and a change in C/N, values. 
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The effect of grain size distribution in Peru Margin sedi- 
ments is evident from a simple heuristic model. The median 
grain size of the sample is in the 11 ,um size fraction (Table 
1). If all grain size characteristics and the relative weight 
distribution remain constant, but the median grain size is 
shifted to the 26 pm fraction, approximately 27% less or- 
ganic carbon and nitrogen, and 25% less carbohydrate would 
be present in the bulk sample, corresponding to a change in 
%OC from 8.3 to 6.1. Conversely, if the median grain size 
were shifted to the 5 ,um fraction, approximately 10% more 
organic carbon and nitrogen, and 13% more carbohydrate 
would be present in the bulk sample. 

A mechanism by which grain size distribution may affect 
total OC content is direct physical association, probably ad- 
sorption to mineral surfaces. Mayer (1994) and Hedges and 
Keil ( 1995) have suggested adsorptive control of OC content 
may be the rule in neritic sediments. The high correlation 
of mineral surface area to %OC suggests direct physical 
association of organic matter with the mineral matrix may 
control organic C content of Peru Margin sediments as well, 
in spite of their much greater carbon content. Organic mate- 
rial sorbed to mineral surfaces at loadings between 0.5 and 
1 .O mg OC/m’ is apparently protected from remineralization 
(Keil et al., 1994b) and may also be protected at the higher 
loadings found in the Peru Margin sediments. Physical asso- 
ciation of the organic material with the mineral matrix is 
suggested by small losses of OC during disaggregation and 
washing ( <5%) and subsequent SPLITT fractionation 
(<2%). 

The evidence for adsorption of organic material to sur- 
faces in these sediments, however, is not indisputable. Dis- 
cerning between physical association and hydrodynamic ef- 
fects is problematic, Microscopic examination showed in- 
creasing abundances of amorphous floes in finer textural 
classes. Low density, organic rich material may be selec- 
tively concentrated in the finer fractions by hydrodynamic 
process without physical association, providing a fortuitous 
correlation with surface area. However, in order to produce 
the observed trend, the OC content needs to be an exponen- 
tial function of particle density-an unlikely scenario-since 
nominal grain size determination during hydrodynamic sort- 
ing is a linear function of particle density (Springston et al., 
1987). 

Independent correlations between SA and organic molecu- 
lar parameters strengthen the evidence for physical associa- 
tion of bulk organic material with mineral grains. For exam- 
ple, A correlates negatively with SA. The most plausible 
explanation for this relationship is that, irrespective of initial 
values, relict sorbed lignin material is diluted by the addition 
of organic matter in proportion to surface area. Another ex- 
ample is that ZCH20 and specific monomeric abundances 
correlate positively with SA, suggesting possible adsorptive 
control of the amount and composition of carbohydrates 
found in these sediments similar to that controlling bulk OC, 
even though carbohydrates represent a small fraction of to- 
tal OC. 

Aldose compositional changes across textural classes also 
support physical associative control of carbohydrate abun- 
dances. Relative increases in mannose and rhamnose in the 
fine fraction material require proportionally increasing 

amounts of material compositionally similar to diatom cell 
walls (see section 3.3.3). If cell wall material is preferen- 
tially concentrated or preserved in the finer fractions, it is 
decoupled from opal preservation. Biogenic opal abundances 
do not correlate with grain size or surface area (Fig. 8b), 
ruling out the possibility that carbohydrate material resem- 
bling cell wall polymers is contained at constant concentra- 
tions within the matrix of fine, low density diatom debris. 

Preservation of diatom cell wall material in Peru Margin 
sediments would hardly be surprising given that the bulk 
sediment is 53% biogenic opal (24 wt% biogenic silica). 
Sellner et al. ( 1983) estimate that approximately 90% of the 
particulate organic carbon in the waters above this region is 
diatom derived. The important implication is that the degra- 
dation of cell wall carbohydrate polymers may be inhibited 
through sorption to surfaces. Intrinsic properties of diatom 
cell wall polymers make them likely candidates for surface 
association: they are self-associative, rich in charged moie- 
ties (Kloareg and Quantrano, 1988), and insoluble in water 
(Darley, 1977). They also form crystalline and pseudocrys- 
talline structures (Rees et al., 1982) which may anchor or 
form the high organic loading coatings found in these sedi- 
ments. That the cell wall components of diatoms should be 
selectively preserved has been demonstrated by Cowie and 
Hedges ( 1996)) who found that the fecal material of Culanus 
paczjkus, fed a diet exclusively composed of diatoms, resem- 
bled the carbohydrate composition of cell wall material. 

It is possible to crudely estimate the upper bound of the 
potential contribution of intact diatom cell wall polymers to 
carbohydrate abundances in the sediments. Mannose is the 
monomer in highest abundance in diatom cell walls (Fig. 
6c), but not in the sediments (Fig. 2). The amount of resid- 
ual material may be determined by making the arbitrary 
assumption that all mannose is derived from diatom cell wall 
debris and using it as a basis for comparison among the 
remaining monomers. Mannose is a common monomer, so 
there is no reason to expect it would be solely derived from 
diatoms. Estimated in this way, the maximal potential contri- 
bution of intact diatom cell wall carbohydrates to the bulk 
sediment is 45%, indicating a minimum of half or more of 
the carbohydrate has some other source or suffers extensive 
diagenetic alteration. The potential contribution of intact dia- 
tom cell wall polymers systematically rises in the grain size 
fractions from 32% in the 50 pm fraction to 63% in the 0.5 
km fraction. The increase is in direct proportion to surface 
area, supporting the notion that diatom cell wall polymers 
may be surface active. 

The compositional distinction of the sand-sized grains de- 
spite the continuous nature of the CCH,O/SA relationship 
(Fig. 8e) may provide insight into the process of preserva- 
tion. Silt- and clay-sized grains are apparently arriving at 
the sediment rich in high-mannose carbohydrate material, 
while sand-sized grains are not. If all sediment grains were 
equal with respect to carbon loading potential on arrival at 
the sediments, high-mannose and autochthonous carbohy- 
drate material would compete equally for binding sites and 
be dispersed in constant proportion among all size fractions 
according to their distribution coefficient. This is not the 
case, however. While XHIO maintains a continuous rela- 
tionship with surface area (Fig. Se), high-mannose carbohy- 
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drate is found to be concentrated in fine fractions and high- 
glucose carbohydrate in the sands. Thus, for mannose-rich 
material to occur in higher abundance in the finer grains, 
and do so in constant proportion to surface area, either the 
high-mannose carbohydrate was selectively absorbed to silt 
and clay-size particles prior to deposition, or organic matter 
associated with sand-size grains was selectively altered. 

4. CONCLUSIONS 

1) SPLITT fractionation provides novel insights into the 
provenance and distribution of organic matter in Peru Margin 
sediments. Separate gram size fractions have markedly dif- 
ferent elemental and molecular contents and compositions, 
indicating different processes and sources affect organic ma- 
terial among the textural classes. Organic carbon, nitrogen, 
and carbohydrate are progressively concentrated in finer- 
grained sediments, while lignin and biogenic opal do not 
systematically vary with grain size. 

2) There is notable correlation between surface area and 
total nitrogen total carbohydrates, and fractional abundance 
of the monomers rhamnose and mannose. These results sug- 
gest physical association with mineral surfaces may play an 
important role, not only in determining the concentration but 
also the composition of the preserved material. 

3) Comparison of the composition of carbohydrates found 
in sand-sized grains with that found in clay-sized ones on a 
mass-free basis suggests material compositionally resem- 
bling diatom cell walls is progressively concentrated in finer 
sediments. Two monomers characteristically enriched in dia- 
tom cell walls, rhamnose and mannose, increase in propor- 
tion to sediment surface area, while biogenic silica did not. 
Thus, diatom cell wall polymers may be selectively adsorbed 
to sediment surfaces and thereby preserved. However, intact 
diatom cell wall polymers probably account for much less 
than 50% of the observed carbohydrate in bulk sediment. 

4) Lignin abundance data indicate terrestrial material con- 
tributes only a small, highly degraded fraction of the organic 
material in these sediments. The source and diagenetic state 
of the lignin-bearing material associated with sand-sized 
grains is distinctly different from that associated with the 
silts and clays as determined by lignin compositional trends. 
(Ad/Al)v ratios in the silts and clays correspond to those 
found in marine humic material. The fraction of OC found 
as lignin phenols systematically decreases in proportion to 
surface area, suggesting relict lignin may be diluted by addi- 
tion of surface-associated marine-derived material. 

5) OC and sediment surface area maintain a nearly con- 
stant ratio of -2.3 mol C/m*, much higher than the OS- 
1 mol C/m2 generally observed in coastal sediments. This 
relationship is continuous despite elemental and organic mo- 
lecular differences among grain size fractions indicative of 
differing compositions, sources, and diagenetic histories be- 
tween grain-size fractions. The majority of organic material 
in the bulk sediment (79-90%) is apparently related to sur- 
face area. 

6) Grain size distribution is a principal determinant of the 
content and distribution of organic carbon, total nitrogen, 
biogenic opal, carbohydrates, and lignin within these sedi- 
ments. Therefore, the factors which control grain size distri- 

bution likely play a more significant role in determining the 
type and amount of organic material preserved in texturally 
heterogeneous sediments than previously thought. 

Acknowledgments-The authors wish to acknowledge the careful 
reviews of J. Deming, K. Mopper, S. Opsahl, R. Benner, and the 
UW MOG group which contributed enormously to the completion 
of this manuscript. R. Homer kindly helped with the microscopic 
examinations. S. Wakeham and K. Freeman generously supplied a 
reference sample. This work was supported by NSF grant number 
0CE9401903 and 0CE9101908. This is contribution number 2147 
of the School of Oceanography at the University of Washington. 

Editorial handling: B. P. Boudreau 

REFERENCES 

Bergamaschi B. A. (1995) The marine geochemistry of carbohy- 
drates: Application and development of new techniques for analy- 
sis. Ph.D dissertation, Univ. Washington. 

Bergamaschi B. A, and Hedges J. I. ( 1995) A multichambered appa- 
ratus for HF solvolysis experiments: Reactions of cellulose HF 
solvolysis products with acetic acid and acetic anhydride. Carbo- 
hydr. Res. 267, 115-126. 

Canfield D. E. ( 1994) Factors influencing organic carbon preserva- 
tion in marine sediments. Chem. Geol. 114, 315-329. 

Cowie G. L. and Hedges J. I. (1984a) Determination of neutral sug- 
ars in plankton, sediments, and wood by capillary gas chromatog- 
raphy of equilibrated isomeric mixtures. Anal. Chem. 56, 497- 
504. 

Cowie G. L. and Hedges J. I. (1984b) Carbohydrate sources in 
a coastal marine environment. Geochim. Cosmochim. Acta 48, 
2075-2087. 

Cowie G. L. and Hedges J. I. (1996) Digestion and alteration of the 
biochemical constituents of diatoms ingested by an herbivorous 
zooplankton. Limnol. Oceanogr. 41, 581-594. 

Darley W. M. (1977) Biochemical composition. In The Biology of 
Diatoms (ed. D. Werner), pp. 198-223. Oxford University Press. 

De Leeuw J. W. and Largeau C. ( 1993) A review of macromolecular 
organic compounds that comprise living organisms and their role 
in kerogen, coal, and petroleum formation. In Organic Geochemis- 
try (ed. M. H. Engle and S. A. Macko), pp. 23-72. Plenum Press. 

Demaison G. J. and Moore G. T. ( 1980) Anoxic environments and 
oil source bed genesis. Amer. Assoc. Petrol. Geol. Bull. 64, 1 179- 
1209. 

DeMaster D. J. ( 198 1) The supply and accumulation of silica in the 
marine environment. Geochim. Cosmochim. Acta 45,1715- 1732. 

Eglinton T. I., McCaffrey M. A., Huai H., and Meuzellar H. L. C. 
(1993) Analysis of Peru Margin surface sediments by PY-MS. 
ACS Div. Fuel Chem. 36, 781-789. 

Engel M. H. and Macko S. A. ( 1993) Organic Geochemiswy: Prin- 
ciples and Applications. Plenum. 

Ertel J. R. and Hedges J. I. ( 1984) The lignin component of humic 
substances: Distribution among soil and sedimentary humic, fulvic 
and base-insoluble fractions. Geochim. Cosmochim. Acta 48, 
2065 -2074. 

Ertel J. R., Hedges J. I., Devol A. H., Richey I. E., and Ribeiro N. 
de M. G. ( 1986) Dissolved humic substances of the Amazon River 
system. Limnol. Oceanogr. 31, 739-754. 

Fox A., Morgan S. L., and Gilbart J. (1989) Preparation of alditol 
acetates and their analysis by gas chromatography and mass spec- - _ . 
trometry. In Analysis if Cariihydrates by GLC and MS (ed. C. J. 
Biermann and G. D. McGinnis), DD. 87-126. CRC Press. . . 

Giddings J. C. ( 1986) A system based on split-flow lateral-transport 
thin separation cells for rapid and continuous particle separation. 
Separ. Sci. Technol. 20, 749-768. 

Hamilton S. E. and Hedges J. I. ( 1988) The comparative geochemis- 
tries of lignins and carbohydrates in an anoxic fjord. Geochim. 
Cosmochim. Acta 52, 129- 142. 

Haug A. and Myklestad S. ( 1976) Polysaccharides of marine dia- 



1260 B. A. Bergamaschi et al. 

toms with special reference to Chaetoceros species. Mar. Biol. lation in continental shelf sediments. Geochim. Cosmochim. Acta 
34, 217-222. 58, 1271-1284. 

Hecky R. E., Mopper K., Kilham P., and Degens E. T. ( 1973) The 
amino acid and sugar composition of diatom cell walls. Mar. Biol. 
19, 323-331. 

Hedges .I. 1. and Ertel J. R. (1982) Characterization of lignin by 
gas capillary chromatography of cupric oxide oxidation products. 
Anal. Chem. 54, 174-178. 

Hedges .I. 1. and Keil R. G. ( 1995) Sedimentary organic matter pres- 
ervation: an assessment and speculative synthesis. Mar. Chem. 
49, 81-115. 

Hedges J. 1. and Mann D. C. (1979a) The characterization of plant 
tissues by their lignin oxidation products. Geochim. Cosmochim. 
Acta 43, 1803-1807. 

Hedges J. I. and Mann D. C. (1979b) The lignin geochemistry of 
marine sediments from the southern Washington coast. Geochim. 
Cosmochim. Acta 43, 1809- 18 18. 

Hedges J. I. and Stem J. H. (1984) Carbon and nitrogen determina- 
tion of carbonate containing solids. Limnol. Oceanogr. 29, 657- 
663. 

Mayer L. M., Macko S. A., and Cammen L. (1988) Provenance, 
concentrations and nature of sedimentary organic nitrogen in the 
Gulf of Maine. Mar. Chem. 25, 291-304. 

McCaffrey M. A., Farrington J. W., and Repeta D. J. (1989a) The 
organic geochemistry of Peru Margin surface sediments: I. a com- 
parison of the C37 alkenone and historical El Nino records. Geo- 
chim. Cosmochim. Acta 54, 167 1- 1682. 

McCaffrey M. A., Farrington J. W., and Repeta D. J. (1989b) Geo- 
chemical implications of the lipid composition of Thioploca spp. 
from the Peru upwelling region. Org. Geochem. 14, 61-68. 

Moers M. E. C., Baas M., De Leeuw J. W., and Schenck P. A. 
(1990) Analysis of neutral monosaccharides in marine sediments 
from the equatorial eastern Atlantic. Org. Geochem. 15,367-373. 

Mortlock R. A. and Froelich P. N. ( 1989) A simple method for the 
rapid determination of biogenic opal in pelagic marine sediments. 
Deep-sea Rex 36, 1415-1426. 

Henrichs S. M. ( 1992) Early diagenesis of organic matter in marine 
sediments-progress and perplexity. Mar. Chem. 39, 119- 149. 

Keil R. G., Tsamakis E., Bor Fuh C., Giddings J. C., and Hedges 
J. I. (1994a) Mineralogical and textural controls on the organic 
composition of coastal marine sediments: Hydrodynamic separa- 
tion using SPLITT fractionation. Geochim. Cosmochim. Actu 58, 
879-893. 

Opsahl S. and Benner R. (1995) Early diagenesis of vascular plant 
tissues: Lignin and cutin decomposition and biogeochemical im- 
plications. Geochim. Cosmochim. Acta 59, 4889-4904. 

Pedersen T. F., Shimmield G. B., and Price N. B. (1992) Lack of 
enhanced preservation of organic matter in sediments under the 
oxygen minimum on the Oman Margin. Geochim. Cosmochim. 
Actu 56, 545-551. 

Keil R. G., Montlugon D. B., Prahl F. G., and Hedges J. I. (1994b) 
Sorptive preservation of labile matter in marine sediments. Nature 
370, 549-552. 

Kloareg B. and Quantrano R. S. (1988) Structure of the cell walls 
of marine algae and ecophysiological functions of the matrix poly- 
saccharides. Oceanogr. Mar. Biol. Ann. Rev. 26, 259-315. 

Klok J., Cox H., Baas M., Schuyl P. J. W., De Leeuw J. W., and 
Schenck P. A. ( 1984) Carbohydrates in recent marine sediments 
Il. Occurrence and fate of carbohydrates in a recent stromatolitic 
environment. Org. Geochem. 7, lOl- 109. 

Kohnen M. E. L., Sinninghe Damaste J. S., Ten Haven H. L., and 
De Leeuw J. W. (1989) Early incorporation of polysulfides in 
sedimentary organic matter. Nature 341, 640-641. 

Lewis C. A. and Rowland S. J. (1993) Quantitative assessment of 
changes occurring in organic matter during early diagenesis. Phil. 
Trans. Royal Sot. London A. 344, IOl- 111. 

Mayer L. M. ( 1994) Surface area control of organic carbon accumu- 

Rees D. A., Morris E. R., Thorn D., and Madden J. K. (1982) Shapes 
and interactions of carbohydrate chains. In The Polysaccharides 
(ed. G. 0. Aspinall), Vol. 1, pp. 196-291. Academic Press. 

Reimers C. E. and Suess E. (1983) Late Quaternary fluctuations in 
the cycling of organic matter off central Peru: A proto-kerogen 
record. In Coastal Upwelling, Its Sediment Record (ed. E. Thiede 
and J. Suess), Vol. IV: lOa, pp. 497-526. Plenum. 

Sarkanen K. V. and Ludwig C. H. ( 1971) L&ins. Wiley-lntersci- 
ence. 

Sellner K. G., Hendrikson P., and Ochoa N. (1983) Relationships 
between chemical composition of particulate organic matter and 
phytoplankton distributions in recently upwelled water off Peru. 
In Coastal Upwelling, Its Sediment Record (ed. E. Thiede and J. 
Suess), Vol. IV: lOa, pp. 273-287. Plenum. 

Springston S. R., Myers M. N., and Giddings J. C. (1987) Continu- 
ous particle fractionation based on gravitational sedimentation in 
split-flow thin cells. Anal. Chem. 59, 344-350. 

Summerhayes C. P. ( 1983) Sedimentation of organic matter in up- 
welling regimes. In Coastal Upwelling, Its Sediment Record (ed. 
E. Thiede and J. Suess), Vol. IV: lOa, pp. 29-72. Plenum. 


