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32. RECORD OF TERRESTRIAL ORGANIC MATTER COMPOSITION 
IN AMAZON FAN SEDIMENTS1

Miguel A. Goñi2

ABSTRACT

Elemental, stable carbon isotope, and lignin analyses were carried out to characterize the organic matter in sediments from
Site 932 on the Amazon Fan. The lignin compositions of sedimentary organic matter in Subunits IIA and IIB at this site resem-
bled those of fine- and coarse-suspended particles from the present-day Amazon River. The lignin concentrations and isotopic
composition of organic carbon suggest that the organic matter in Subunit IIA sediments is composed of varying amounts of
marine (85% to 20%) and terrestrial (15% to 80%) contributions, whereas in Subunit IIB, it is exclusively terrestrial in origin.
The compositions of lignin phenols indicate that the vegetation of the Amazon Basin did not change appreciably during the
period represented by the sediments in Site 932. The data also illustrate the depositional differences that were responsible for
the formation of the various lithologic units at the site.
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INTRODUCTION

Submarine fans are thought to form by the accumulation of terres-
trial materials transported during periods of low sea level. During
glacial periods, rivers discharge at the edges of continental shelves,
directly depositing sediments on continental slopes. In the past, these
processes have resulted in some of the most massive soft-sediment
deposits in the deep sea, including the Amazon Fan. Formed by sed-
iments eroded from the Andes and transported by one of the largest
rivers in the world, the Amazon Fan provides a record of past condi-
tions in the Amazon River Basin. As such, the compositions of fan
sediments can provide information regarding the tropical paleocli-
mate of the Western Hemisphere that is complementary to pollen
records from land (e.g., Absy et al., 1991; Van der Hammen and Ab-
sy, 1994; Van der Hammen et al., 1992).

One important facet of this investigation is the study of sedimen-
tary organic matter as an indicator of continental paleovegetation and
past depositional conditions. This approach is especially relevant giv-
en the extensive organic geochemical studies conducted on the mod-
ern Amazon River (Ertel et al., 1986; Hedges et al., 1986a, 1986b;
1992; 1994; Quay et al., 1992; Richey et al., 1990) and Amazon shelf
(Showers and Angle, 1986; Aller et al., 1991; Blair and Aller, 1995;
Goñi et al., 1995). In addition, organic analyses provide data that
independent and complementary information to palynological and
organic geochemical studies of the Amazon Fan (Flood, Piper, Kla
et al., 1995).

Lignin-derived phenols obtained from CuO oxidation are an im
portant tool in the geochemical characterization of sedimentary 
ganic matter (Hedges, 1975; Goñi, 1992). Lignin is a polypheno
macromolecule that is uniquely synthesized by terrestrial vasc
plants (Sarkanen and Ludwig, 1971). Upon CuO oxidation, lign
yields a variety of characteristic vanillyl (monomethoxylated), s
ringyl (dimethoxylated), and cinnamyl phenols (Fig. 1) that can 
used as biomarkers. Due to high resistivity against microbial att
(Kirk, 1984), lignin and lignin-derived phenols can be used to ch
acterize and trace terrestrially derived organic matter in a wide v
ety of environments. For example, CuO oxidation analyses of vas
lar plants have shown lignin compositions to vary predictably amo
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plant types (Hedges and Mann, 1979a; Hedges et al., 1986a; Goñ
Hedges, 1992). These distinctive compositions have been used to
cern the sources of vascular plant detritus in a variety of envir
ments (e.g., Hedges and Mann, 1979b; Ugolini et al., 1981; Wils
et al., 1985; Requejo et al., 1986; Hedges et al., 1988b; Goñi 
Hedges, 1992; Prahl et al., 1994). In particular, changes in lignin p
nol compositions have been used to reconstruct past inputs of va
lar land plant materials to lacustrine (Hedges et al., 1982; Ishiwa
and Uzaki, 1987) and marine sediments (Prahl et al., 1994). On
the aims of the present study is to characterize lignin composition
various deposits of the Amazon Fan and relate them to paleoveg
tion changes in the Amazon River Basin associated with climatic 
cles (e.g., Brown, 1987; Van der Hammen and Absy, 1994; Van 
Hammen et al., 1992).

Because fan deposits include marine as well as terrigenous m
rials, the second important aim of this study is to quantify the sour
of organic carbon preserved in sediments from different lithostra
graphic units. Lignin phenols, in combination with the stable isotop
composition of organic carbon, have been previously used to e
mate the fraction of terrestrial materials in various modern (Hed
and Parker, 1976; Hedges and Mann, 1979b; Gough et al., 1
Prahl et al., 1994) and ancient marine sediments (Prahl et al., 19
In this study, I apply a similar approach to estimate the fraction of 
restrial organic carbon in Amazon Fan sediments. Such data pro
information on past depositional conditions along the fan and a
can be used to constrain diagenetic reactions within sediments.

METHODOLOGY

Site Description

Sediments from Holes 932A and 932B were sampled at ~10-m
tervals (i.e., once every core). Correlation between Holes 932A 
932B was achieved by magnetic and biostratigraphic data as
plained by the Shipboard Scientific Party (1995). All reported sam
depths are in meters below seafloor (mbsf). Site 932 (5°12.682′N,
47°1.770′W) is located on the eastern part of the Amazon Fan (F
2). At this site, we sampled Channel-levee System 6B, the oldest
of the Upper Levee Complex.

Two lithologic units were recognized at this site: Unit I (0–0
mbsf), a Holocene nannofossil-foraminifer clay; and Unit II (0.7
168.3 mbsf), mud with interbedded laminae and beds of silt and v
fine sand. Unit II was divided into Subunit IIA (0.7–47 mbsf), cha
519
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acterized by bioturbated dark olive gray clay; and Subunit IIB (4
168 mbsf), predominantly composed of dark olive gray silty cl
with silt and very fine laminae (see Shipboard Scientific Party, 19
for a complete description of the site).

Based on the occurrence of paleomagnetic events (Cisow
1995), including the Lake Mungo Excursion (32 ka) at 25 mbsf a
the Laschamp Excursion (43 ka) at 27.5 mbsf, it appears that mo
Subunit IIA sediments were deposited during isotopic Stages 2 an
Maslin et al. (this volume) have developed an age model for this 
that places isotopic Stage 2 (12 to 24 ka; Imbrie et al., 1984), betw
~7 and 14 mbsf. The depth interval corresponding to isotopic Stag
(24 to 59 ka) is between 14 and 43 mbsf. According to this model,
last glacial maximum (LGM, between 18 and 28 ka) is represented
samples between ~10 and 22 mbsf. The assigned age of sedime
45 mbsf (just above Subunit IIB) is ~65 ka. It therefore appears t
part of isotopic Stage 4 (59 to 71 ka) is also contained within U
IIA. The above chronology for Subunit IIA sediments is consiste
with 14C dates obtained from samples at this site (Maslin et al., 
volume).

The age of Subunit IIB sediments, on the other hand, is not as 
constrained. Based on sedimentological data, the deepest sedim
(168 mbsf) recovered from Site 932 have a maximum age of 75
(Maslin et al., this volume). Such tentative dating requires sedim
tation rates for Subunit IIB of over 10 m/k.y., well within the range
obtained from channel-levee deposits in other parts of the fan (S
board Scientific Party, 1995). Hence, it is likely that most of Subu
IIB sediments were deposited during the late part of Stage 4 and 
haps the very early part of isotopic Stage 5 (71–128 ka).

Sample Collection

All sediments were taken from Unit II core sections that did n
receive acetone treatment to seal endcaps, thus avoiding possib
ganic contamination. After sampling, sediments were placed in
Pack bags, sealed, and kept frozen until analysis. Prior to analys
Figure 1. Structures of major lignin-derived CuO reac-
tion products.
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the laboratory, all sediments were freeze-dried and ground to 
through a Tyler equivalent 42 mesh (355 µm-opening) screen.

Analytical Methods
Elemental Analysis

Weight percentages of total carbon (TC) and total nitrogen (T
were determined in duplicate (without acidification) by conventio
combustion at elevated temperature (1000°C) on a Perkin E
2400 CHN Elemental Analyzer. The average mean deviation of th
measurements was ±2%. Total inorganic carbon (TIC) was dete
mined by a computer-controlled system as described by Osterm
et al. (1990). The procedure involves the acidification of sedimen
80°C with 100% phosphoric acid. Upon acidification, sediment
carbonate is evolved into H2O and CO2, and the resulting pressur
change is monitored within the closed system. After calibration w
calcium carbonate standards, the increase in pressure is used t
culate the carbonate content of sediment samples assuming all T
in the form of CaCO3. The precision of the system is better than 1
of the measured value. Total organic carbon (TOC) was determ
by difference; TOC = TC − TIC.

CuO Oxidation

CuO oxidations were carried out according to the procedure
veloped by Hedges and Ertel (1982) and modified by Goñi and He
es (1992). Briefly ~400 mg of sediment was oxidized under alka
conditions (8% NaOH) with CuO at 155°C for 3 hr in stainless st
pressurized vessels. Once the reaction vessels were opened, k
amounts of trans-cinnamic acid and ethylvanillin were added to th
solution The aqueous solutions were acidified to pH 1 with conc
trated HCl and extracted with ethyl ether. Water was removed f
the extracts with Na2SO4, and the ether evaporated under a stream
N2. Once dried, samples were stored frozen until gas chromatogr
ic (GC) analysis.
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To quantify lignin CuO reaction products, dried extracts were re-
dissolved in a known volume of pyridine (~400 µL). A fraction o
this volume was reacted at 60°C for 15 min with excess amount
N,O-bis(trimethylsilyl)trifluoroacetamide (BSTFA) + 1% trichlo-
romethylsilane (Regis Chemical Company) in order to silylate all e
changeable hydrogens. A small volume of this solution (typically 0
µL) was injected on-column into a Hewlett-Packard 5890 GC fitt
with a 60-m-fused silica column (0.32 mm I.D.) coated with meth
silicone stationary phase (DB-1; J and W Scientific) and a flame i
ization detector. Helium was used as the carrier gas. The oven 
perature program started at 70°C (5 min initial hold time) and 
creased to 320°C at a rate of 4°C per minute (with a final hold ti
of 20 min). All lignin phenols were quantified based on the yiel
ethylvanillin and trans-cinnamic acid recovery standards and the
individual response factors relative to periodically injected mixtur
of commercial standards.

Compound identification was achieved by conventional gas ch
matography-mass spectrometry (GC-MS), using a Hewlett-Pack
5890 GC linked to VG Autospec-Q hybrid MS (EI, 50 eV). Identic
chromatographic conditions (i.e., column type and temperature p
gram) were used in GC and GC-MS.

Bulk  Isotopic  Analyses

Stable isotopic compositions of TOC (δ13CTOC) were determined
from pre-acidified (2N HCl) sediments by automated on-line co
bustion followed by conventional isotope ratio-mass spectrome
(Finnigan MAT Delta-S mass spectrometer). Analyses were p
formed at the Stable Isotope facility of the Ecosystem Center in 
Marine Biological Laboratory (Woods Hole, Massachusetts). Deta
of the procedure are given by Fry et al. (1992). By convention, 
13C/12C ratio of the organic carbon in any sample (SMP) is repor
relative to the PDB carbonate standard (STD) in the δ13C parts per
thousand or per mil (‰) notation according to Equation 1:

. (1)

RESULTS

Elemental Compositions

Weight percentages of TIC, TOC, and TN for sediments from S
932 are tabulated in Table 1. Elevated TIC concentrations of 0.
and 0.7% are obtained at 0.8 and 21 mbsf, respectively. Assumin
inorganic carbon is in the form of CaCO3, these values represen
weight percent CaCO3 contents of 3.7% and 5.6%, respectively. A
other samples display TIC concentrations of equal or less than≤)
0.25% that correspond to a CaCO3 content ≤2%. The lowest %TIC
values (<0.05%) are obtained from two samples at 3.6 and 11.5 m

Sediments above 41 mbsf have TOC concentrations ≤0.8%. Be-
low this depth, TOC concentrations are higher (1.1% at 50 and
mbsf) and steadily decrease downhole to 0.8% at 164 mbsf. TN c
centrations range from 0.10% to 0.13% throughout the core, exc
for a lower value of 0.08% at 0.8 mbsf. The above TOC and TN co
positions result in atomic organic carbon:total nitrogen ratios ([
N]a) that range from 7.3 (11.5 mbsf) to 10.3 (49.5 mbsf) and do 
display a clear downhole pattern. These results agree well with d
from shipboard elemental analyses (Shipboard Scientific Pa
1995).
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Stable Carbon Isotopic Compositions

The stable carbon isotopic compositions of TOC (δ13CTOC) from
Site 932 sediments are presented in Table 1 in the conventiona
mil (‰) notation. δ13CTOC values range from −23.2‰ to −26.1‰ in
the top 40 mbsf. Below this depth, δ13CTOC values remain constant at
−27.4‰ ± 0.1‰. Notably, the two sediments with the most enriche
δ13CTOC compositions (at 0.8 and 21 mbsf) also display the high
TIC concentrations.

Lignin Phenol Yields
All sediments from both Subunits IIA and IIB yield chromato

graphic traces that include lignin-derived CuO oxidation produc
(Fig. 3). All phenols are detected with organic carbon (OC) norm
ized yields >0.01 mg/100 mg OC (Table 2). In general, vanillyl and
syringyl phenols predominate throughout Site 932. In all samples,
most abundant lignin products are the two aldehydes, vanillin, a
syringealdehyde.

Total lignin phenol yields range from 0.4 to 1.5 mg/100 mg OC
the top 21 mbsf. An intermediate value, 2.1 mg/100 mg OC, is m
sured at 40 mbsf. Higher lignin yields (>2.5 mg/100 mg OC) are o
served below this depth, with two samples at 64 and 164 mbsf 
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Figure 2. Location of Site 932. From Flood et al. (1995); modified from
Damuth et al. (1988), and Manley and Flood (1988).
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playing yields ≥4.0 mg/100 mg OC. Samples with the lowest lignin
yield (≤0.8 mg/100 mg OC) at 0.8 and 21 mbsf correspond to sedi-
ments that have the highest weight percent CaCO3 and the heaviest
δ13CTOC compositions.

DISCUSSION

Sources of Terrigenous Organic Matter
 in Amazon Fan Sediments

The yields of lignin phenols obtained from Site 932 sediments
(Table 2) can be summarized by various compositional parameters
(Table 3), such as the ratios of total syringyl and cinnamyl phenol
yields over total vanillyl yields (S/V and C/V, respectively). These
parameters vary systematically among vascular plants (Hedges and
Mann, 1979a; Hedges et al., 1986a; Goñi and Hedges, 1992) du
characteristic differences in lignin composition. For example, gy
nosperm lignins are predominantly composed of monomethoxyla
(vanillyl) phenols and, thus, are characterized by low S/V ratios (S
~ 0). In contrast, angiosperm plants, which can synthesize dimeth
ylated (syringyl) phenols, contain lignin with high S/V ratios (4 ≥ S/
V ≥ 0.6). Furthermore, non-woody tissues of vascular plants, suc
leaves, needles, and grasses, are thought to incorporate cinn
phenols into their lignins. Hence, gymnosperm and angiosperm n
woody vascular plant tissues generally yield elevated C/V ratios (
≥ C/V ≥ 0.1) relative to their wood counterparts (C/V < 0.05). Bas
on these characteristic distributions, S/V and C/V ratios have b
used extensively to differentiate terrigenous sources of sedimen
organic matter (e.g., Hedges et al., 1986a, 1988b; Gough et al., 19

S/V ratios of Site 932 sediments are fairly constant with dep
(Fig. 4), ranging from 0.7 to 0.9, except for two elevated values
1.2) at 64 and 164 mbsf. In contrast, C/V ratios are relatively high
0.1) in the top 12 mbsf, drop to 0.07 at 21 mbsf, and remain cons
(0.08 to 0.09) throughout the rest of the site. A plot of C/V vs. S
(Fig. 5) shows that lignin compositions of most sediments from S
units IIA and IIB are consistent with mixed angiosperm wood a
leaf origins. In fact, these S/V and C/V ratios are very similar to t
compositions obtained from coarse and fine suspended particu
materials from the modern Amazon River mainstem (Hedges et
1986a). The lignin compositions of the two samples in Subunit I
with elevated S/V ratios (64 and 164 mbsf) may be due to the p
ence of angiosperm wood fragments that, based on modern-day c
positions (Hedges et al., 1986a), have high S/V ratios (Fig. 5). 
high total lignin phenol yields (Table 2) of these two samples are c
Table 1.  Elemental and isotopic composition of bulk sediments.

Notes: C= carbon; TIC = total inorganic carbon; TOC* = total organic carbon calculated by difference; TN = total nitrogen; CaCO3 = calculated assuming all TIC is calcite; C/N = atomic
carbon/total  nitrogen; Del 13C = carbon isotopic composition (‰).  

Core, section,
interval (cm)

Depth
(mbsf)

Total C
(wt%)

TIC
(wt%)

TOC*
(wt%)

TN
(wt%)

CaCO3 
(wt%)

[C/N]
atomic

Del 13C
TOC

155-932B-
1H-1, 82−88 0.82 1.03 0.45 0.58 0.08 3.74 8.5 −23.2

155-932A-
1H-3, 57−67 3.57 0.73 0.03 0.70 0.10 0.28 8.1 −26.0
2H-4, 104−114 11.54 0.70 0.01 0.69 0.11 0.06 7.3 −25.5
3H-4, 105−109 21.05 1.42 0.67 0.75 0.11 5.61 7.9 −24.2
5H-4, 106−116 40.06 0.89 0.10 0.79 0.12 0.84 7.7 −26.1
6H-4, 100−110 49.50 1.27 0.21 1.06 0.12 1.75 10.3 −27.6
7H-4, 89−99 58.89 1.25 0.19 1.06 0.14 1.58 8.8 −27.5
8H-4, 30−40 64.35 1.24 0.23 1.01 0.13 1.95 9.0 −27.5
9H-4, 110−120 77.53 1.22 0.20 1.02 0.13 1.68 9.1 −27.4
10H-5, 43−54 86.90 1.19 0.25 0.94 0.12 2.12 9.1 −27.4
11X-4, 87−97 96.76 1.16 0.22 0.94 0.13 1.84 8.4 −27.4
12X-4, 31−41 105.81 1.12 0.13 0.99 0.12 1.07 9.6 −27.4
13X-3, 97−107 114.57 1.20 0.23 0.97 0.12 1.95 9.4 −27.4
14X-4, 57−67 125.37 1.10 0.19 0.91 0.13 1.59 8.2 −27.3
15X-4, 63−73 135.13 1.01 0.17 0.84 0.13 1.39 7.6 −27.4
16X-3, 75−85 143.45 0.99 0.18 0.81 0.10 1.52 9.4 −27.4
17X-3, 107−117 153.27 1.00 0.20 0.80 0.11 1.69 8.5 −27.3
18X-4, 43−54 163.63 0.96 0.17 0.79 0.11 1.45 8.3 −27.3
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sistent with the presence of woody debris that have been observe
levee sediments from several sites (Flood, Piper, Klaus, et al., 19

Additional parameters that have been used to characterize lign
in sedimentary mixtures are the ratios of acid to aldehyde among
vanillyl and syringyl phenols. In general, aerobic degradation 
creases the ratios of vanillic acid/vanillin ([Ad/Al]v) and syringic
acid/syringealdehyde ([Ad/Al]s) in the remaining lignin due to th
partial oxidation of carbon sidechains from phenolic structural un
(e.g., Hedges et al., 1988a; Goñi et al., 1993). For example, whe
most undegraded woods have [Ad/Al]v and [Ad/Al]s ratios that a
≤0.2, degradation by white-rot fungi causes these ratios to increas
as much 0.5. Prolonged lignin degradation can increase both [Ad
ratios to values over 1 (Nelson et al., 1995). Acid/aldehyde rat
have been used to characterize the diagenetic state of lignin
geochemical mixtures and differentiate their sources (e.g., Ertel et
1986; Hedges et al., 1986a).

CuO oxidation of Subunit IIA sediments yields [Ad/Al]v and [Ad
Al]s ratios (Table 3) that are greater than 0.4 in the top 21 mbsf 
display an intermediate value of 0.4 at 40 mbsf (Fig. 6). All of Su
unit IIB sediments below this depth have [Ad/Al]v and [Ad/Al]s ra
tios that consistently range from 0.30 to 0.35.

The acid/aldehyde ratios displayed by most of Subunit IIA se
ments suggest that the lignin in these samples is highly biodegra
The lower values obtained from the oxidation of Subunit IIB sed
ments indicate a lesser degree of degradation. These lignin comp
tional trends are also consistent with the organic matter compositi
of modern-day coarse and fine suspended Amazon River sedim
(Hedges et al., 1986a). For example, a plot of [Ad/Al]v vs. S/V (Fi
7) shows that most Subunit IIB sediments plot between the coa
and fine modern end-members, except for two samples with high
V ratios likely associated with woody debris. Subunit IIA sedimen
on the other hand, have elevated [Ad/Al]v ratios consistent with
predominant fine suspended sediment origin. One exception is
sample at 11.5 mbsf with [Ad/Al]v ratio of 0.55, which may represe
post-depositional lignin degradation or, alternatively, elevated inp
of black-water tributaries, which currently display [Ad/Al]v > 0.6
(Hedges et al., 1986a).

Organic Matter Composition
 in Amazon Fan Sediments

The stable carbon isotopic composition of sedimentary orga
matter has been extensively used to differentiate terrestrial and 
rine sources of organic matter in both modern and ancient sedim
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Figure 3. Gas chromatographic traces of the CuO reaction products from (A) Subunit IIA sediments (155-932A-3H-4, 105−109 cm) and (B) Subunit IIB sedi-
ments (155-932A-10H-5, 43−54 cm). Compound codes are according to Table 2. Recovery standards include trans-cinnamic acid (CnAd) and ethylvanillin
(EVl).
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(e.g., Newman et al., 1973; Gearing et al., 1977; Fry and Sherr, 1984;
Showers and Angle, 1986; Gearing, 1988; Arthur et al., 1994). Such
application is based on the distinct isotopic signatures of C3 terrestrial
plants, δ13CTOC = −27‰ to −28‰, and marine plankton, δ13CTOC =
−18‰ to −23‰ (e.g., Degens, 1969; Smith and Epstein, 197
Deines, 1980). The downhole distribution of δ13CTOC values (Table 1)
indeed suggests that organic matter in Subunit IIA sediments 
mixture of “typical” terrestrial and marine sources, whereas se
ments in Subunit IIB contain exclusively terrestrial carbon.

The quantitative application of these estimates, however, is o
limited by the uncertainties in end-member compositions. For exa
ple, terrestrial organic matter sources also include vascular pla
(predominantly grasses) that utilize the C4 pathway to fix carbon
(e.g., O’Leary, 1981). These organisms typically have δ13CTOC values
that range from −10‰ to −16‰ (e.g., Fry and Sherr, 1984). There
fore, significant inputs of C4 plants can lower sedimentary δ13CTOC

and invalidate two end-member calculations. Similarly, the δ13CTOC

from marine plankton has been shown to vary significantly depe
ing on environmental and physiological conditions (e.g., Laws et 

Table 3.  Lignin compositional parameters.

Notes: S/V = ratio of sum of syringyl phenols over sum of vanillyl phenols; C/V = ratio
of sum of cinnamyl phenols over sum of vanillyl phenols; [Ad/Al]v = ratio of vanil-
lic acid over vanillin;  [Ad/Al]s = ratio of syringic acid over syringealdehyde.

Core, section, 
interval (cm)

Depth 
(mbsf) S/V C/V [Ad/Al]v [Ad/Al]s

155-932B-
1H-1, 82−88 0.82 0.70 0.14 0.49 0.52

155-932A-
1H-3, 57−67 3.57 0.88 0.14 0.43 0.43
2H-4, 104−114 11.54 0.74 0.12 0.54 0.53
3H−4, 105−109 21.05 0.74 0.06 0.48 0.42
5H-4, 106−116 40.06 0.75 0.09 0.41 0.39
6H-4, 100−110 49.50 0.83 0.09 0.35 0.31
7H-4, 89−99 58.89 0.83 0.08 0.32 0.33
8H-4, 30−40 64.35 1.29 0.09 0.34 0.29
9H-4, 110−120 77.53 0.85 0.09 0.37 0.33
10H-5, 43−54 86.90 0.93 0.10 0.34 0.31
11X-4, 87−97 96.76 0.86 0.09 0.39 0.33
12X-4, 31−41 105.81 0.82 0.08 0.37 0.32
13X-3, 97−107 114.57 0.87 0.09 0.34 0.31
14X-4, 57−67 125.37 0.85 0.09 0.31 0.29
15X-4, 63−73 135.13 0.81 0.08 0.36 0.33
16X-3, 75−85 143.45 0.89 0.08 0.37 0.35
17X-3, 107−117 153.27 0.83 0.08 0.35 0.32
18X-4, 43−54 163.63 1.38 0.08 0.33 0.15
Table 2.  Carbon-normalized yields (mg/100 mg OC) of lignin phenols.

Notes: TOC = total organic carbon; Vl = vanillin; Vn = acetovanillone; Vd = vanillic acid; Sl = syringealdehyde; Sn = acetosyringone; Sd = syringic acid; Cd = p-coumaric acid; Fd =
ferulic acid. * = sum of all lignin phenols.

Core, section,
interval (cm)

Depth
(mbsf)

TOC
(wt%)

Vanilly phenols Syringyl phenols
Cinnamyl
phenols Total*

phenolsVl Vn Vd Sl Sn Sd Cd Fd

155-932B-
1H-1, 82−88 0.82 0.58 0.11 0.08 0.05 0.08 0.04 0.04 0.02 0.01 0.44

155-932A-
1H-3, 57−67 3.57 0.70 0.42 0.16 0.18 0.39 0.12 0.17 0.08 0.03 1.54
2H-4, 104−114 11.54 0.69 0.34 0.16 0.19 0.27 0.10 0.14 0.06 0.02 1.27
3H-4, 105−109 21.05 0.75 0.21 0.12 0.10 0.16 0.09 0.07 0.02 0.01 0.77
5H-4, 106−116 40.06 0.79 0.62 0.25 0.26 0.48 0.17 0.19 0.07 0.04 2.08
6H-4, 100−110 49.50 1.06 0.87 0.31 0.30 0.76 0.23 0.23 0.09 0.05 2.84
7H-4, 89−99 58.89 1.06 0.85 0.31 0.28 0.73 0.22 0.24 0.08 0.04 2.74
8H-4, 30−40 64.35 1.01 1.02 0.31 0.35 1.33 0.44 0.38 0.08 0.07 3.98
9H-4, 110−120 77.53 1.02 0.83 0.28 0.31 0.73 0.24 0.24 0.09 0.03 2.73
10H-5, 43−54 86.90 0.94 0.94 0.29 0.32 0.89 0.27 0.27 0.09 0.06 3.14
11X-4, 87−97 96.76 0.94 0.86 0.28 0.33 0.77 0.24 0.25 0.09 0.04 2.87
12X-4, 31−41 105.81 0.99 0.85 0.28 0.31 0.73 0.22 0.24 0.08 0.04 2.74
13X-3, 97−107 114.57 0.97 1.02 0.32 0.35 0.90 0.27 0.28 0.09 0.06 3.28
14X-4, 57−67 125.37 0.91 0.91 0.28 0.28 0.79 0.23 0.23 0.08 0.05 2.85
15X-4, 63−73 135.13 0.84 1.03 0.37 0.37 0.86 0.29 0.28 0.08 0.05 3.35
16X-3, 75−85 143.45 0.81 1.04 0.32 0.39 0.95 0.26 0.33 0.09 0.05 3.43
17X-3, 107−117 153.27 0.80 0.99 0.33 0.35 0.85 0.26 0.27 0.09 0.04 3.17
18X-4, 43−54 163.63 0.79 1.04 0.32 0.35 1.81 0.27 0.28 0.08 0.06 4.21
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1995; Goericke et al., 1994; Rau et al., 1989). Hence, modern e
mates of the isotopic signature of phytoplankton may not reflect p
counterparts (e.g., Jasper and Hayes, 1993; Jasper et al., 1994).

Several studies have shown the useful application of orga
biomarkers, such as lignin phenols, to constrain the isotopic sig
tures of end-members (Hedges and Parker, 1976; Hedges and M
1979b; Jasper and Gagosian, 1993; Prahl et al., 1994). For exam
the carbon normalized yields of lignin phenols can be plotted 
δ13CTOC (Fig. 8) to estimate the isotopic signature of the marine en
member in sedimentary mixtures. This approach assumes that as
rigenous and marine organic material intermix in sediments, the c
bon normalized concentrations of lignin are diluted by non-lign
containing organic matter derived from planktonic sources.

As is shown in Figure 8, this dilution leads to progressively low
total lignin yields from Subunit IIA samples (solid squares) a
δ13CTOC values steadily increase. This relationship, however, does 
hold for Subunit IIB samples (open squares), which have lign
yields that range from 2.5 to 4.5 mg/100 mg OC but invariant δ13CTOC

values near −27.5‰. Plotting the average compositions of coarse a
fine suspended sediments from the modern Amazon River (Hedge
al., 1986a) reveals a possible explanation for the observed trends.
lignin yields and isotopic composition of sediments from Subunit I
can be explained as a mixture of organic matter from mainst
coarse and fine suspended river sediments with negligible marine
puts.

In contrast, the compositions of Subunit IIA sediments are cons
tent with varying mixtures of organic materials from suspended f
river particles and marine organic matter. As expected from a sim
two end-member mixture, the relationship between lignin phen
yields and δ13CTOC is linear (r2 = 0.9). Extrapolating a short distance
to zero lignin yield (i.e., pure marine organic matter) reveals a co
position of −22.5‰ for the marine end-member (δ13CMAR) at that
time. This value is considerably lighter than the isotopic compositi
of modern suspended particulate organic carbon (−19.5‰) from sur-
face waters of the outer Amazon shelf (Showers and Angle, 198
The δ13CTOC differences between these two marine end-members m
reflect differences in water column conditions (e.g., CO2 concentra-
tions, temperature) and phytoplankton composition and physiolo
(e.g., growth rates; Laws et al, 1995). Alternatively, the lighter valu
calculated for the sedimentary marine carbon could be due to 
preferential loss of isotopically heavier proteins and polysaccharid
during post-depositional degradation of planktonic remains (Dege
1969; Benner et al., 1987). Evidence supporting the first explana
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are the somewhat lighter δ13C values of foram tests from glacial times
relative to their interglacial counterparts obtained at this site (Maslin
et al., this volume).

Given the constrained δ13CMAR value (Fig. 8), and assuming the
δ13CTOC of the terrestrial end-member is similar to the isotopic com-
position of the organic carbon associated with the fine sediments
from the modern Amazon River mainstem (δ13CTERR = −27.0 ‰), it
is possible to calculate the percent of terrestrial organic carb
(%TERR) present in Site 932 sediments from their isotopic compo
tion (δ13CSED) according to isotopic mass balance (Equation 2):

. (2)

In the case of Subunit IIB sediments, the average between fine
coarse modern Amazon River sediments (−27.4‰) was used for the
isotopic composition of the terrestrial end-member.

Figure 9 illustrates the downhole variations in %TERR compo
tion of organic carbon. As expected, Subunit IIA sediments ha
variable amounts (15%−80%) of terrestrial organic carbon that
based on its lignin composition, can be entirely assigned to a so
similar to fine suspended sediments from the modern Amazon Ri
In contrast, Subunit IIB sediments appear to be entirely compose
terrestrial organic matter. The compositions of these terrigenous 
terials can be modeled as mixtures of modern organic matter f
coarse and fine suspended end-members, except for the previo
mentioned samples containing vascular plant debris. In fact, using
carbon-normalized yields of total lignin phenols (Fig. 8), it is pos
ble to estimate the fraction of terrestrial organic matter associa
with fine and coarse river sediments. Such calculation reveals tha
lignin compositions and concentrations of most Subunit IIB samp
can be explained as 80 to 20 mixtures of fine and coarse parti
compositionally similar to modern counterparts suspended in 
Amazon River.

Paleovegetation and Paleoclimatic Implications

The lignin compositions discussed above indicate that terrigen
organic matter in Subunits IIA and IIB sediments at Site 932 has s
ilar compositions to materials currently being transported in susp
sion by the lower mainstem Amazon. Most of the differences in l
nin signatures among units can be accounted for by the differen
transport of fine and coarse suspended sediments (e.g., Figs. 5
These compositions suggest that the predominant flora of the A
zon River Basin, which is responsible for the lignin compositions o
served in river sediments (Hedges et al., 1986a), may have not va
significantly in the depositional period represented by Holes 93
and 932B.

Several authors (Brown, 1987; Van der Hammen and Asby, 19
have postulated the expansion of savanna vegetation in the Ama
Basin as the result of enhanced aridity of the area during the LG
Grass-dominated vegetation is recognizable by the distinct and c
acteristic lignin compositions of sediments from rivers drainin
present-day grassland (Hedges et al., 1982; Goñi and Hedges, 1
In the modern Amazon Basin, C4 grasses are characterized by heavi
δ13CTOC compositions (−12‰) and elevated C/V ratios (1.3), relativ
to the predominant C3 flora (Hedges et al., 1986a). However, becau
only two samples were analyzed from depths corresponding to
LGM (11.5 and 21 mbsf), it is difficult to critically assess the pal
ovegetation changes during this period. Nevertheless, the isot
and lignin compositions of these two samples are similar to th
from other Subunit IIA sediments and consistent with a mixture
marine and terrestrial carbon of a predominant C3 source. As already
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mentioned, the only distinct composition of LGM lignins is th
slightly higher [Ad/Al] ratios of the sample at 11.5 mbsf (e.g., Fig. 7
It thus appears that the constant lignin composition throughout S
932 sediments reflects similar overall vegetation in the Holocene 
late Pleistocene and argues against the development of exten
grasslands during the LGM.

Further evidence for the absence of extensive savannas du
cold periods of low sea-level stand are the isotopic compositions
organic carbon from Subunit IIB sediments, δ13CTOC = −27.5‰, typ-
ical of C3 plants. C4 plants, which are abundant in modern grasslan
and savannas, have a distinctly heavier isotopic signature (avera
−13‰). Expansive Amazon savannas during the late Pleistoc
therefore should have affected the δ13CTOC of sediments exported by
the river and deposited on the fan. It is important to note, howev
that both lignin and isotopic data are the subject of sensitivity ar
ments regarding the extent of savanna coverage needed to sig
cantly change the organic composition of the bulk riverine suspen
sediment load. The relatively constant compositions of terrigeno
organic matter observed throughout Site 932 therefore do not p
clude small scale changes in vegetation coverage. These result

Figure 4. Downhole distribution of syringyl/vanillyl and cinnamyl/vanillyl
ratios at Site 932.
525



M.A. GOÑI

t
y

z

.
t

ug-
 for

ent
i-
. All
de-
 fan
area
men-
ism
tur-

 in
eta-

ring
d de-
ther
el-
ce of
nd
ns

0%
i-

 ter-
tity
ing
nks
consistent with pollen data from the same site (Haberle, this volume)
that fail to show significant increases in spores from savanna plants.

Implications for Amazon Fan Depositional History

The composition of terrigenous organic matter and the relative
abundances of marine vs. terrestrial organic carbon in Subunits IIA
and IIB sediments from Holes 932A and 932B clearly indicate two
distinct depositional regimes at this site. Subunit IIA sediments have
a lignin composition characteristic of fine Amazon suspended sedi-
ments and isotopic compositions that suggest terrestrial inputs be-
tween 80% and 15% of the TOC. The finer texture suggests riverine
materials were hydrodynamically sorted prior to deposition (Keil et
al., 1994; Hedges and Keil, 1995), whereas the moderate terrigenous
contributions are consistent with a more distal source. These compo-
sitions agree with the lower estimated sedimentation rates, predomi-
nance of clays, and the presence of burrows in Subunit IIA sediments
(Shipboard Scientific Party, 1995). Overall, the characteristics of
Subunit IIA sediments are indicative of more “hemipelagic” depo
tional conditions at times when the active channel(s) of sedim
transport was far removed from Site 932. The variations in rela
abundance of terrestrial and marine organic carbon are probabl
result of variable terrigenous and marine sedimentation rates and
ferences in the extent of post-depositional oxidation.

In contrast, Subunit IIB has 100% terrestrial TOC that is partia
derived from fine (80% to 90%) and coarse (20% to 10%) Ama
River suspended sediments and plant debris. The complete pred
nance of terrestrial materials in these sediments is remarkable, g
the fact that modern-day sediments on the shelf have isotopic com
sitions that indicate a significant dilution by marine carbon (e
Showers and Angle, 1986; Goñi et al., 1995). Similar dominant 
rigenous signals during glacial lowstands are also obtained in o
river fan sediments, such as the Mississippi Cone in the Gulf of M
Figure 5. Plot of C/V vs. S/V ratios for Site 932 
sediments. Included are the compositional ranges 
of wood and leaf tissues from several tropical spe-
cies and average ±1 standard deviation composi-
tions of modern coarse and fine suspended 
sediments from the mainstem of the Amazon River 
(Hedges et al., 1986a). Solid diamonds = Subunit 
IIA sediments; open diamonds = Subunit IIB sedi-
ments; * =  samples from the LGM.
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ico (Newman et al., 1973). Such “pure” terrestrial compositions s
gest the rapid and direct deposition of materials with little chance
a remixing of plankton remains.

The organic composition of Subunit IIB sediments are consist
with their lithologic characteristics (silty clay with interbedded lam
nae of silt and fine sands) being typical of channel-levee deposits
of these compositions indicate that Subunit IIB (Channel 6B) was 
posited at a time when the active channel occupied this part of the
and the Amazon River discharged its sediment load in a focused 
at the shelf edge. The relative abundances of fine and coarse sedi
tary organic matter likely reflect changes in the transport mechan
of the material supplied by the river (e.g., type and magnitude of 
bidites).

SUMMARY AND FUTURE WORK

The composition of terrigenous organic matter accumulating
the Amazon Fan during the past glacial period suggests that veg
tion in the Amazon drainage basin did not change appreciably du
the late Pleistocene. There is no clear evidence for the widesprea
velopment of savannas during isotopic Stages 2 through 4. Fur
characterization of terrestrial organic carbon from other chann
levee systems of different ages can be used to confirm the absen
change in the LGM, which was only briefly sampled at Site 932, a
to provide information on the vegetation during earlier glaciatio
(e.g., isotopic Stage 6).

The organic carbon in channel-levee deposits at Site 932 is 10
terrestrial in origin. In contrast, the organic matter in the more “hem
pelagic” section on top of the abandoned levee exhibits decreased
rigenous contributions (80% to 15%). To estimate the total quan
of terrestrial organic carbon exported by the Amazon River dur
past glacial periods, we need to analyze sediments from levee fla
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and other non-channelized deposits. In addition, it will be important
to estimate the variations in terrestrial organic carbon abundances
downfan. Both of these goals are attainable given the sampling cov-
erage during Leg 155.

ACKNOWLEDGMENTS

I thank Kris Tholke (Marine Biological Laboratory) for her help
in conducting the isotopic analyses, Laurie Christman (Woods Hole
Oceanographic Institution) for her help with the CHN analyses, and
Eric Tappa (University of South Carolina) for his aid in determining
TIC compositions. I also thank John Hedges and Elizabeth Tsamakis
(University of Washington) for their help and generous access to their
CuO oxidation setup. Finally, I thank Tim Eglinton and Carl Johnson
(Woods Hole Oceanographic Institution) for their invaluable help
and support with the GC and GC-MS analyses. This paper benefited
from reviews and discussions from John Hedges, Roger Flood, Stuart
Wakeham, Ron Benner, Rick Keil, and Kathleen Ruttenberg. This is
contribution 9193 from the Woods Hole Oceanographic Institution
and 1081 from the Belle W. Baruch Institute for Marine Biology and

Figure 6. Downhole distribution of syringyl and vanillyl acid/aldehyde a
Site 932.
Coastal Research at the University of South Carolina. This work was
funded by NSF grants JOI/USSSP 155-20845b and OCE-93008900.

REFERENCES

Absy, M.L., Cleef, A., Fournier, M., Martin, L., Servant, M., Siffedine, A.,
Ferriera da Silva, M., Soubies, S., Suguio, K., Turcq, B., and Van der
Hammen, T. 1991. Mise en evidence de quatre phases d’ouverture d
forêt dense dans le sud-est de l’Amazonie au cours des 60000 dern
années. Première comparaison avec d’autres régions tropicales. C. R.
Acad. Sci. Ser. 2, 312:673−678.

Aller, R.C., Aller, J.Y., Blair, N.E., Mackin, J.E., Rude, P.D., Stupakoff, I
Patchineelam, S., Boehme, S.E., and Knopper, B., 1991. Biochem
processes in Amazon shelf sediments. Oceanography, 4:27−32.

Arthur, M.A., Dean, W.E., Neff, E.D., Bernward, J.H., King, J., and Jone
G., 1994. Varve calibrated records of carbonate and organic carbon a
mulation over the last 2000 years in the Black Sea. Global Biochem.
Cycles, 8:195−217.

Benner, R., Fogel, M.L., Sprague, E.K., and Hodson, R.E., 1987. Deple
of 13C in lignin and its implications for stable carbon isotope studie
Nature, 329:708−710.

Blair, N.E., and Aller, R.C., 1995. Anaerobic methane oxidation on the Am
zon shelf. Geochim. Cosmochim. Acta, 59:3707−3715.

Brown, K.S., Jr., 1987. Soils and vegetation. In Whitmore, T.C., and Prance,
G.T. (Eds.), Biogeography and Quaternary History in Tropical America:
London (Oxford Science Publ.), 19−45.

Cisowski, S.M., 1995. Synthesis of magnetic remanence correlation, 
155. In Flood, R.D., Piper, D.J.W., Klaus, A., et al., Proc. ODP, Init.
Repts., 155: College Station, TX (Ocean Drilling Program), 701−702. 

Damuth, J.E., Flood, R.D., Knowsmann, R.O., Belderson, R.H., Gor
M.A., 1988. Anatomy and growth patterns of Amazon deep-sea fan
revealed by long-range side-scan sonar (GLORIA) and high-resolut
seismic studies. AAPG Bull., 72:885:911.

Degens, E.T., 1969. Biogeochemistry of stable carbon isotopes. In Eglinton,
G., and Murphy, M.T.J. (Eds.), Organic Geochemistry: New York
(Springer-Verlag), 304−329.

Deines, P., 1980. The isotopic composition of reduced organic carbonIn
Fritz, P., and Fontes, J.C. (Eds.), Handbook of Environmental Isotope
Geochemistry (Vol. 1): The Terrestrial Environment, A: Amsterdam
(Elsevier), 329−406. 

Ertel, J.R., Hedges, J.I., Devol, A.H., Richey, J.E., and Riberio, M., 19
Dissolved humic substances of the Amazon River system. Limnol.
Oceanogr., 31:739−754.

Flood, R.D., Piper, D.J.W., and Shipboard Scientific Party, 1995. Introd
tion. In Flood, R.D., Piper, D.J.W., Klaus, A., et al., Proc. ODP, Init.
Repts., 155: College Station, TX (Ocean Drilling Program), 5–16. 

Flood, R.D., Piper, D.J.W., Klaus, A., et al., 1995. Proc. ODP, Init. Repts.,
155: College Station, TX (Ocean Drilling Program). 

Fry, B., Brand, W., Mersch, F.J., Tholke, K., and Garrit, R., 1992. Automa
analysis system for coupled δ13C and δ15N measurements. Anal. Chem.,
64:288−291.

Fry, B., and Sherr, E.B., 1984. δ13C measurements as indicators of carbo
flow in marine and freshwater ecosystems. Contrib. Mar. Sci., 27:13−47.

Gearing, J.N., 1988. The use of stable isotope ratios for tracing nearsh
offshore exchange of organic matter. In Jansson, B.-O. (Ed.), Lecture
Notes on Coastal and Estuarine Studies. Coastal-Offshore Ecosystem
Interactions, 22:69−101.

Gearing, P., Plucker, F.E., and Parker, P., 1977. Organic carbon stable iso
ratios of continental margin sediments. Mar. Chem., 5:251−256.

Goericke, R., Montoya, J.P., and Fry, B., 1994. Physiology of isotopic fr
tionation in algae and cyanobacteria. In Lajtha, K., and Michener, R.H.
(Eds.), Stable Isotopes in Ecology and Environmental Science: New York
(Blackwell Sci. Publ.), 187−221.

Goñi, M.A., 1992. The use of CuO reaction products for the characteriza
of organic matter in marine sediments [Ph.D. dissert.]. Univ. of Washin
ton.

Goñi, M.A., and Hedges, J.I., 1992. Lignin dimers: structures, distributio
and potential geochemical applications. Geochim. Cosmochim. Acta,
56:4025−4043.

Goñi, M.A., Irvine, J.E., and Eglinton, T.I., 1995. A combine quantitativ
and isotopic approach for characterization of terrestrial biopolymers
marine sediments. In Grimalt, J.O., and Dorronsoro, C. (Eds.), Organic
Geochemistry: Developments and Applications to Energy, Climate, Envi-

t

527



M.A. GOÑI

94.
tal
on.

.,
on

al

he

-rot

 iso-

 to

B.,
sh-

ey,

s in

 of

lli,
on

 of

ical,
rest

la-

nd
rea

s of
etts,
ronment and Human History. 17th Int. Meeting Org. Geochem., San
Sebastian-Donostia, 945−947.

Goñi, M.A., Nelson, B., Blanchette, R.A., and Hedges, J.I., 1993. Fun
degradation of wood lignins: geochemical perspectives from Cu
derived phenolic dimers and monomers. Geochim. Cosmochim. Acta,
57:3985−4002.

Gough, M.A., Preston, M., and Mantoura, R.F., 1993. Terrestrial pl
biopolymers in marine sediments. Geochim. Cosmochim. Acta, 57:945−
964.

Hedges, J.I., 1975. Lignin compounds as indicators of terrestrial organic m
ter in marine sediments [Ph.D. dissert.]. Univ. of Texas at Austin.

Hedges, J.I., Blanchette, R.A., Weliky, K., and Devol, A.H., 1988a. Effe
of fungal degradation on the CuO oxidation products of lignin: a co
trolled laboratory study. Geochim. Cosmochim. Acta, 52:2717−2726.  

Hedges, J.I., Clark, W.A., and Cowie, G.L., 1988b. Organic matter source
the water column and surficial sediments of a marine bay. Limnol.
Oceanogr., 33:1116−1136. 

Hedges, J.I., Clark, W.A., Quay, P.D., Rochey, J.E., Devol, A.H., and San
U.M., 1986a. Compositions and fluxes of particulate organic materia
the Amazon River. Limnol. Oceanogr., 31:717−738.

Hedges, J.I., Cowie, G.L., Richey, J.E., Quay, P.D., Benner, R., Strom, 
and Forsberg, B.R., 1994. Origins and processing of organic matter in
Amazon River as indicated by carbohydrates and amino acids. Limnol.
Oceanogr., 39:743−761.

Hedges, J.I., and Ertel, J.R., 1982. Characterization of lignin by capillary 
chromatography of cupric oxide oxidation products. Anal. Chem.,
54:174−178.

Hedges, J.I., Ertel, J.R., and Leopold, E.B., 1982. Lignin geochemistry o
Late Quaternary sediment core from Lake Washington. Geochim. Cos-
mochim. Acta, 46:1869−1877.

Hedges, J.I., Ertel, J.R., Quay, P.D., Grootes, P.M., Richey, J.E., Devol, A
Farwell, G.W., Schmitdt, F.W., and Salati, E., 1986b. Organic carbon
in the Amazon River system. Science, 231:1129−1131.

Hedges, J.I., Hatcher, P.G., Ertel, J.R., and Meyers-Schulte, K.J., 199
comparison of dissolved humic substances from seawater with Ama
River counterparts by 13C-NMR spectrometry. Geochim. Cosmochim.
Acta, 56:1753−1757.

Hedges, J.I., and Keil, R.G., 1995. Sedimentary organic matter preserva
an assessment and speculative synthesis. Mar. Chem., 49:81−115.

Hedges, J.I., and Mann, D.C., 1979a. The characterization of plant tissue
their lignin oxidation products. Geochim. Cosmochim. Acta, 43:1803−
1807. 

Hedges, J.I., and Mann, D.C., 1979b. The lignin geochemistry of marine 
iments from the southern Washington coast. Geochim. Cosmochim. Acta,
43:1809−1818. 

Hedges, J.I., and Parker, P.L., 1976. Land derived organic matter in sur
sediments from the Gulf of Mexico. Geochim. Cosmochim. Acta,
40:1019−1029.

Imbrie, J., Hays, J.D., Martinson, D.G., McIntyre, A., Mix, A.C., Morley
J.J., Pisias, N.G., Prell, W.L., and Shackleton, N.J., 1984. The orbital 
ory of Pleistocene climate: support from a revised chronology of t
marine δ18O record. In Berger, A., Imbrie, J., Hays, J., Kukla, G., an
Saltzman, B. (Eds.), Milankovitch and Climate (Pt. 1), NATO ASI Ser. C,
Math Phys. Sci., 126: Dordrecht (D. Reidel), 269−305. 

Ishiwatari, R., and Uzaki, M., 1987. Diagenetic changes of lignin compou
in more than 0.6 million-year-old lacustrine sediment (Lake Biw
Japan). Geochim. Cosmochim. Acta, 51:321−328.

Jasper, J.P., and Gagosian, R.B., 1993. The relationship between sedime
organic carbon isotopic composition and lipid biomarker concentratio
in the late Quaternary Pigmy Basin. Geochim. Cosmochim. Acta,
57:167−186.

Jasper, J.P., and Hayes, J.M., 1993. Refined estimation of marine and te
nous contributions to sedimentary organic carbon. Global Biogeochem.
Cycles, 7:451−461.

Jasper, J.P., Hayes, J.M., Mix, A.C., and Prahl, F.G., 1994. Photosynth
13C fractionation and estimated CO2 levels in the Central Equatorial
Pacific over the last 255,000 years. Paleoceanography, 9:781−799.
528
gal
O-

ant

at-

cts
n-

s to

tos,
l in

M.,
 the

gas

f a

.H.,
-14

2. A
zon

tion:

s by

sed-

face

,
the-
he
d

nds
a,

ntary
ns

rrige-

etic

Keil, R.G., Tsamakis, E., Fuh, C.B., Giddings, C., and Hedges, J.I., 19
Mineralogical and textural controls on organic composition of coas
marine sediments: hydrodynamic separation using SPLITT fractionati
Geochim. Cosmochim. Acta, 57:879−893.

Kirk, T.K., 1984. Degradation of lignin. In Gibson, D.T. (Ed.), Microbial
Degradation of Organic Compounds: New York (Marcel Dekker), 399−
473. 

Laws, E.A., Popp, B.N., Bidigare, R.R., Kennicutt, M.C., and Macko, S.A
1995. Dependence of phytoplankton carbon isotopic composition 
growth rate and [CO2]aq: theoretical considerations and experiment
results. Geochim. Cosmochim. Acta, 59:1131−1138.

Manley, P.L., and Flood, R.D., 1988. Cyclic sediment deposition within t
Amazon deep-sea fan. AAPG Bull., 72:912–925.

Nelson, B.C., Goñi, M.A., Hedges, J.I., and Blanchette, R.A., 1995. Soft
fungal degradation of lignin in 2700 year old archeological woods. Holz-
forschung, 49:1−10.

Newman, J.W., Parker, P.L., and Behrens, E.W., 1973. Organic carbon
tope ratios in Quaternary cores from the Gulf of Mexico. Geochim. Cos-
mochim. Acta, 37:225−238.

O’Leary, M.H., 1981. Carbon isotope fractionation in plants. Phytochemistry,
20:553−567.

Ostermann, D.R., Karbott, D., and Curry, W.B., 1990. Automated system
measure the carbonate concentration of sediments. Woods Hole Oceanog.
Inst. Tech. Rep., WHOI-90-3.

Prahl, F.G., Ertel, J.R., Goñi, M.A., Sparrow, M.A., and Eversmeyer, 
1994. Terrestrial organic carbon contributions to sediments on the Wa
ington margin. Geochim. Cosmochim. Acta, 58:3035−3048. 

Quay, P.D., Wilbur, D.O., Hedges, J.I., Stuiver, M., Devol, A.H., and Rich
J.E., 1992. Carbon cycling in the Amazon River: implications for the 13C
composition of particulate and dissolved carbon. Limnol. Oceanogr.,
37:857−871.

Rau, G.H., Takahashi T., and Des Marais, D.J., 1989. Latitudinal variation
plankton δ13C: implications for CO2 and productivity in past oceans.
Nature, 341:516−518.

Requejo, A.G., Brown, J.S., and Boehm, P.D., 1986. Lignin geochemistry
sediments from the Narranganssett Bay Estuary. Geochim. Cosmochim.
Acta, 50:2707−2717.

Richey, J.E., Hedges, J.I., Devol, A.H., Quay, P.D., Victoria, R., Martine
L., and Forsberg B.R., 1990. Biogeochemistry of carbon in the Amaz
River. Limnol. Oceanogr., 35:352−371.

Sarkanen, K.V., and Ludwig, C.H., 1971. Lignins: New York (Wiley Inter-
science).

Shipboard Scientific Party, 1995. Site 932. In Flood, R.D., Piper, D.J.W.,
Klaus, A., et al., Proc. ODP, Init. Repts., 155: College Station, TX
(Ocean Drilling Program), 175−199. 

Showers, W.J., and Angle, D.G., 1986. Stable isotopic characterization
organic carbon accumulation on the Amazon continental shelf. Cont.
Shelf Res., 6:227−244.

Smith, B.N., and Epstein, S., 1971. Two categories of 13C/12C ratios for
higher plants. Plant Physiol., 47:380−384.

Ugolini, F.C., Reanier, R.E., Rau, G.H., and Hedges, J.I., 1981. Pedolog
isotopic, and geochemical investigations of the soils at the boreal fo
and alpine tundra transition in northern Alaska. Soil Sci., 131:359−374.

Van der Hammen, T., and Absy, M.L., 1994. Amazonia during the last g
cial. Palaeogeogr., Palaeoclimatol., Palaeoecol., 109:247−261.

Van der Hammen, T., Duivenvoorden, J.F., Lips, J.M., Urrego, L.E., a
Espejo, N., 1992. Late Quaternary in the middle Caqueta River a
(Colombian Amazonia). J. Quat. Sci., 7:45−55.

Wilson, J.O., Valiela, I., and Swain, T., 1985. Sources and concentration
vascular plant material in sediments of Buzzards Bay, Massachus
USA.. Mar. Biol., 90:129−137.

Date of initial receipt: 27 November 1995
Date of acceptance: 7 May 1996
Ms 155SR-240



RECORD OF TERRESTRIAL ORGANIC MATTER COMPOSITION
Figure 7. Plot of [Ad/Al]v vs. S/V ratios for Site 932 
sediments. Included are the average ±1 standard devi-
ation compositions of modern coarse and fine sus-
pended sediments from the mainstem of the Amazon 
River (Hedges et al., 1986a). Solid circles = Subunit 
IIA sediments; open circles = Subunit IIB sediments; 
*  =  samples from the LGM.

Figure 8. Plot of the stable carbon isotopic composition 
of TOC (δ13CTOC) and total carbon normalized yields 
of lignin phenols for Site 932 sediments. Included are 
the average ±1 standard deviation compositions of 
modern coarse and fine suspended sediments from the 
mainstem of the Amazon River (Hedges et al., 1986a). 
Solid squares = Subunit IIA; open squares = Subunit 
IIB sediments; * =  samples from the LGM.
529



M.A. GOÑI
Figure 9. Downhole distribution of percent TOC from terrestrial origin (bars) and the percent of terrestrial organic carbon that is associated with fine suspended
Amazon River sediments (line). * =  samples from the LGM. The two low percent fine values marked with arrows indicate sediments with apparent contribution
of vascular plant debris that affect the percent  fine calculation. 
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