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Abs t r ae tmIn  order to examine the transport and burial of terfigenous organic matter along the coastal 
zones of large river systems, we assessed organic matter dynamics in coupled river/delta systems using 
mineral surface area as a conservative tracer for discharged riverine particulate organic matter (POM). 
Most POM in the rivers studied (n = 6) is tightly associated with suspended mineral material; e.g., it 
is sorbed to mineral surfaces. Average organic loadings in the Amazon River (0.67 _+ 0.14 mg C m 2), 
the river for which we have the largest dataset, are approximately twice that of sedimentary minerals 
from the Amazon Delta (~0.35 mg C m 2). Stable carbon isotope analysis indicate that approximately 
two-thirds of the total carbon on the deltaic particles is terrestrial. The combined surface-normalized, 
isotope-distinguished estimate is that >70% of the Amazon fluvial POM is not buried in the delta, 
consistent with other independent evidence (Aller et al., 1996). Losses of terrestrial POM have also 
been quantified for the river/delta systems of Columbia in the USA, Fly in New Guinea, and Huange- 
He in China. If the losses of riverine POM observed in these river/delta systems are representative of 
rivers worldwide, then the surface-constrained analyses point toward a global loss of fluvial POM in 
delta regions of ~0. l × l0 ~s g C y ~. Copyright © 1997 Elsevier Science Ltd 

1. INTRODUCTION 

Particulate organic matter (POM) is discharged by rivers at 
approximately twice the rate it accumulates in ocean sedi- 
ments (Berner, 1989; Hedges and Keil, 1995). Thus, the 
efficiency of fluvial POM burial is thought to be quite low. 
Based on sediment fluxes in the Amazon region (Nittrauer 
and DeMaster, 1986, 1996), fluvial POM is calculated to be 
buried in deltaic sediments with an efficiency of less than 
25% (Showers and Angle, 1987; Aller et al., 1996). How- 
ever, the accuracy of such flux comparisons is subject to 
several large uncertainties, and this low burial efficiency is 
enigmatic because most fluvial POM is highly degraded soil 
organic matter (Hedges et al., 1986a,b, 1994) that is not 
susceptible to rapid dissolution or degradation within the 
river (Edmond et el., 1981; Hedges et al., 1986a) and is 
thought to be resistant to degradation when delivered to the 
ocean (Hedges and Keil, 1995; Edmond et al., 1981). 

One of the central challenges in delineating the fate of 
riverine POM at sea is to discriminate between mineraliza- 
tion versus physical transport to distant sites, where particle 
sorting and wide dispersal at low concentrations complicate 
quantification (Edmond et al., 1981). Conventional mass- 
based budgets (Showers and Angle, 1987; Aller et al., 1996) 
require that all of discharged organic matter be accounted 
for in the ocean, a logistically impossible task. To bypass 
this stringent requirement, a component of the riverine dis- 
charge that can be accurately quantified and conservatively 
traced at sea must be identified. Individual organic com- 
pounds of terrestrial origin can be measured in trace concen- 
trations, but they do not comprise a constant fraction of all 
riverine POM (Hedges and Prahl, 1994). The fraction of 
terrigenous organic matter in sedimentary mixtures can be 
calculated using stable carbon isotopic compositions, but 
isotopic analyses alone do not address the key issue of how 
much riverine POM has been lost. 
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Organic matter in many soils and coastal marine sediments 
varies in direct proportion to mineral surface area within a 
narrow "loading" range (OC:SA ratio of 0.5-1.1 mg C 
m-Z)(Mayer, 1994a, b; Keil et al., 1994a, b), suggesting 
that surface area might be useful as a conservative property 
to evaluate the fate of riverine POM in the coastal ocean 
(Hedges and Keil, 1995). If most fluvial POM is sorbed to 
mineral surfaces at a constant loading, and transported min- 
erals can be recovered from the marine environment without 
appreciable dissolution or dilution by autochthonous inor- 
ganic matter, then changes in OC:SA should indicate net 
organic carbon exchange between sampling locations. Stable 
carbon isotope measurements can then be used to determine 
the fraction of total organic matter that is terrigenous. The 
fundamental difference in surface-normalized assessments 
versus conventional discharge/deposition budgets is that sur- 
face loadings need only be representatively established 
among samples in a given area, as opposed to the challenge 
of measuring absolute organic carbon concentrations and 
sediment accumulation rates throughout an entire marine 
dispersal zone. The common assumption that fluvial POM 
and detrital minerals are transported in constant mass ratios 
(e.g., no selective sorting) can be similarly avoided. 

The Amazon River delivers roughly 6% of the sediment 
accumulating in the modern ocean (Richey et al., 1990). 
Approximately half the total suspended solids discharged by 
the Amazon River accumulate along the adjacent continental 
shelf (Kuehl et al., 1986), which includes the delta proper 
and extends - 6 0 0  km northwest. Most remaining sediment 
is transported further northwest or accretes in coastline de- 
posits. The estimated burial flux (3.1 × l0 ~2 g C y ~) of 
riverine POM in Amazon deltaic sediments (Showers and 
Angle, 1987) is ~25% of the POM transport (14 × l012 g 
C y-~) in the lower Amazon river at Obidos (Richey et al., 
1990). This apparently low burial efficiency, however, is 
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Table 1. Organic and mineral data for hydrodynamically sorted sediments from the Amazon River and Delta (Sample 4315: 0°65'N 
× 49°02'W; sample 4351: l°05'N × 48°80'W). Coarse (>63 #m) POM is not shown, and comprises only a small (<15%) fraction of the 
total carried by the Amazon and includes discrete organic particles which are transported independently of particle surfaces. %OC of > 1.9 p 
fraction represents the carbon content of sediments after density fractionation using cesium chloride. SA = specific surface area measured 
using nitrogen according to the single-point BET method OC:SA ratio calculated as mg C m -2. All numbers are for samples prior to density 
fractionation except those denoted by an asterisk which are ratios after removal of low-density organic matter; Wt% mineral mass estimated 
after SPLITT fractionation; wt% A1 estimated by neutron activation. NA = not analyzed. 

Size Wt% %OC 
fraction mineral Wt% Total in > 1.9 p Fraction OC:SA Fraction 

Sample (#m) mass A1 %OC fraction sorbed SA ratio ~3C buried 

River SPROM 
Vargem Grande 

Marchantaria 

Obidos 

Delt ic  sediment 
#4315 

#4351 

Bulk 100 9.6 1.18 1.13 0.96 19.1 0.62 -27.68 
38-63 9.3 7.5 1.32 0.59 0.45 6.5 0.91" -27.68 
15-38 28.4 10.3 0.62 0.52 0.84 10.1 0.61 -27.30 
8-15 25.8 10.6 1.18 1.00 0.85 16.4 0.72 -27.65 
3-8 17.3 13.2 1.50 1.38 0.92 23.3 0.64 -27.73 
1-3 16.1 11.3 1.70 1.63 0.96 36.5 0.47 -27.44 
<1 3.1 12.8 2.20 2.15 0.98 50.9 0.43 -27.74 

Bulk 100.2 10.1 1.30 1.22 0.94 20.3 0.64 -27.72 
38-63 1.6 9.0 2.13 1.54 0.72 18.5 0.83* -28.14 
15-38 19.3 11.4 0.77 0.68 0.88 7.6 0.89 -27.53 
8-15 39.5 11.3 1.28 1.12 0.88 22.3 0.57 -27.85 
3-8  31.4 11.2 1.44 1.52 1.06 22.9 0.63 -27.84 
1-3 6.1 10.9 1.33 1.41 1.06 16.6 0.80 -27.91 
<1 2.3 12.8 2.77 2.73 0.99 45.6 0.61 -27.86 

Bulk 100 NA 0.99 0.99 1.00 15.1 0.66 NA 
Bulk 100 NA 1.03 1.01 0.98 14.8 0.70 NA 

Bulk 99.8 11.6 0.44 0.30 0.68 6.8 0.44* -25.67 0.53 
38-63 4.2 8.8 0.66 0.26 0.39 5.8 0.45* -26.55 0.44 
15-38 37.8 7.9 0.19 0.17 0.89 4.6 0.41 -25.36 0.36 
8-15 46.5 8.2 0.27 0.24 0.89 6.2 0.44 -25.68 0.44 
3-8 7.1 9.8 0.54 0.48 0.89 14.1 0.38 -25.60 0.45 
1-3 3.0 11.8 0.53 0.44 0.83 26.6 0.20 -25.53 0.23 
<1 1.2 12.3 1.08 0.91 0.84 46.4 0.23 -25.47 0.18 

Bulk 99.5 10.9 0.77 0.63 0.82 18.7 0.41 -24.15 0.36 
38-63 0.6 5.2 3.08 0.48 0.16 4.4 1.09" -24.00 0.24 
15-38 34.4 8.2 0.30 0.21 0.70 6.4 0.47 -25.18 0.39 
8-15 31.4 10.1 0.71 0.67 0.94 19.6 0.36 -24.62 0.26 
3-8 21.5 11.5 0.72 0.72 1.00 26.3 0.27 -24.33 0.31 
1-3 6.3 10.8 0.87 0.73 0.84 28.8 0.30 -24.75 0.31 
<1 5.3 12.1 1.00 0.99 0.99 52.8 0.19 -23.99 0.21 

subject to large uncertainties in estimates of  the long-term 
average POM discharge by the river (Richey et al., 1990), 

average sediment accumulation rate in the delta (Showers  

and Angle, 1987), and average stable carbon isotope compo- 
sitions of  the terrestrial and marine endmembers  (Showers  

and Angle, 1987; Gofii, 1997). The extent to which fluvial 

POM may have been selectively carried outside the budgeted 
coastal zone is particularly difficult to constrain. This ques- 
tion is critical because smaller particles which tend to be 
transported further from the river mouth are consistently 
more organic-rich on a mass basis (Keil  et al., 1994a) (Ta- 
ble 1 ). 

2. METHODS 

Depth-integrated, discharge-weighted samples of suspended parti- 
cles were recovered at three sites along the lower Amazon River 
(Richey et al., 1990; Quay et al., 1992), ranging from 400 to 1800 
km upstream of the delta (Table 1 ). Two surface sediment (0-10 
cm) samples were collected from the delta about 150 and 250 km 

north-northwest from the river mouth during the AMASEDS project 
(Table 1 ). Because sediments within the delta are deeply and widely 
mixed (Nittrauer and DeMaster, 1986), individual size classes of 
particles separated from these samples should be representative of 
texturally similar materials found throughout the delta. The fine 
(<63 ~zm) components of all samples were separated hydrodynami- 
cally into six size classes using split-flow-lateral-transport-thin-sepa- 
ration (SPLITT) (Giddings, 1985; Keil et al., 1994a). For other 
rivers, suspended sediment was collected by immersing 10 L sam- 
piing vessels in the surface waters (0-1 m) and recovering the 
material by allowing the partiles to settle for 8 to 12 h and decanting 
water prior to centrifugation and sediment drying in a freeze-drier. 

Density fractionations were made using cesium chloride at a den- 
sity of 1.9 (Mayer, 1994a). Subsamples were measured for their 
organic carbon content using a Carlo Erba CHN analyzer (model 
1106). Samples were combusted at 1050°C. Gases were separated 
using a Microanalysis E-3000 wide-bore column, and detected by 
thermal conductivity detection (TCD). Precision for total carbon 
and nitrogen averaged _.+2%. Organic carbon was determined after 
pretreatment with acid to remove inorganic carbonate. Samples were 
weighed into silver sample boats and exposed to concentrated HCl 
vapors at 25°C for 24 h, dried for 2 h at 50°C, and analyzed as for 
total carbon (Hedges and Stern, 1984). Precision for organic carbon 
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was typically better than +_5% of the measured value. Inorganic 
carbon was estimated as the difference between total carbon and 
organic carbon. Stable carbon isotopes were measured on a carbon- 
ate-free basis and are normalized to the PDB standard. 

Mineral surface area was determined using the one-point BET 
(Brunauer-Emmett-Teller adsorption isotherm) method on a Quanta- 
chrome Monosorb Surface area analyzer. Prior to analysis, sediment 
surfaces were cleaned of organic matter via either the hydrogen 
peroxide treatment method of Mayer (1994a) or by slow heating to 
350°C for 12 h followed by a 4 h cool-down period. Unpublished 
studies using sediments with low organic contents (<5%) indicate 
no systematic differences in mineral surface area occur between 
techniques. For mineral surface area measurement, flowing nitrogen 
gas, at a mole percentage of 0.28 (the balance being helium) was 
adsorbed to mineral surfaces at -78°C. After adsorption, N2 was 
liberated from the mineral surface by gentle warming and measured 
using TCD. Accuracy for BET analyses of known minerals is gener- 
ally considered to be _+5% (AUCAP, 1989). Precision for the sam- 
ples reported here was better than 1%. 

3. RESULTS AND DISCUSSION 

Greater than 90% of the organic matter in the samples 
could not be separated from the mineral phase via density 
fractionation (Table 1). Only two of twelve fractions had 
appreciable ( > 15% ) amounts of low-density organic carbon 
(woody debris),  which comprised < 5 %  of the total organic 
matter in bulk samples. Coarse grained sediments were not 
included in this comparison because they contained large 
relative percentages of discrete organic matter but only a 
small ( <  10%) percentage of  the total fluvial POM. A com- 
mon (Mayer, 1994a, b; Keil et al., 1994a, b) and striking 
feature of  the bulk and size-fractionated sediments (Fig. 1 
and Table 1 ) is the direct increase in organic carbon content 
( % O C )  with increasing mineral surface area (SA) .  This 
trend indicates sorption (Hedges and Keil, 1995) and is 
consistent with biochemical (Hedges et al., 1986b, 1994), 
elemental (Hedges et al., 1986a) and radiocarbon (Hedges 
et al., 1986b) evidence that fine POM suspended in the 
Amazon river is derived primarily from soils. Sorption to 
mineral surfaces may protect organic matter from degrada- 
tion (Keil et al., 1994b) and can in part explain the remark- 
ably uniform %OC and biochemical compositions (Hedges 
et al., 1994) of" fine POM throughout the Amazon mainstem. 
Organic carbon to mineral surface area ratios (OC:SA)  for 
all river samples cluster in the range of 0.43-0.91 (Table 
1; Fig. 1 ). There is no systematic variation in these ratios 
between sampling locations, suggesting that suspended min- 
erals transport organic matter at similar loadings throughout 
the river. The OC:SA of suspended sediments from other 
rivers, such as the Mississippi, Columbia, Sacramento in the 
USA, Johnstone in Australia, and Fly in New Guinea, also 
fall in this range (Fig. ] ), which is typical of  density-frac- 
tionated soils and nondeltaic continental shelf sediments 
(Mayer, 1994a, b) .  The lower OC:SA ratios of  the Huange- 
He in China (Fig. 1 ), a river eroding large loess deposits, 
indicate that some variation in the organic loading of parti- 
cles carried by rivers can be expected. 

In contrast to an average of  - 0 . 6 7  mg C m 2 carried by 
fine particles in the mainstem, Amazon delta sediments have 
an OC:SA of only 0.35 _+ 0.08 mg C m 2 (Table 1; Fig. 1 ). 
This markedly lower loading is also reflected in the smaller 
organic carbon contents of the coastal sediments (0.65 wt%; 
Table 1). Size tractions of  deltaic sediment contain little 
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Fig. 1. Weight percent organic carbon (%OC) as a function of 
specific mineral surface area (SA) for hydrodynamically fractionated 
and bulk sediments from the Amazon River and Delta, and for 
other river-delta systems. Filled circles denote SPLITT-fractionated 
Amazon River suspended sediment; hollow circles represent Ama- 
zon SPLITT-fractionated delta samples; hollow hexagons represent 
previously reported (Mayer, 1994b) bulk samples from the Amazon 
Delta. Other river systems are listed with capitol letters for the 
river samples; C= Columbia, M= Mississippi, J = Johnstone, H 
= Huange-He, F = Fly river, S = Sacramento, and using triangles 
and squares for the delta samples. Dashed lines represent the bound- 
aries (OC:SA ratio of 0.5-1.1 mg C m 2) within which most conti- 
nental shelf sediments (outside the direct influence of rivers} fall 
(Mayer, 1995; Hedges and Keil, 1995). 

low-density organic matter (Table 1 ) and have a linear rela- 
tionship between %OC and SA indicative of  sorption (Fig. 
1 ). Surface area-normalization clearly demonstrates that par- 
ticles in the delta are depleted in organic matter versus their 
riverine counterparts (Fig. 1 ). The consistently high concen- 
trations of  aluminum in these sediment fractions (Table 1 ), 
and lack of significant ( > 5 % )  additions of  opal or carbonate 
shell material following discharge (Edmond et al., 1981, and 
data not shown),  indicate minimal dilution of fluvial miner- 
als by biogenic debris. Deltaic sediments from other rivers 
(Fly, Columbia and Sacramento) also show decreases in 
OC:SA ratio relative to their riverine counterparts (Fig. 1 ). 

To evaluate the total deficit of fluvial POM, the fraction 
of  marine-derived organic matter was calculated using stable 
carbon isotope compositions (Fig. 2, Table 1). POM size 
fractions from the river match previous estimates (Edmond 
et al., 1981; Aller et al., 1996; Richey et al., 1990) and 
average 613C -27 .7  + 0.2%c (n = 12; Fig. 2a). The h;~C 
values of organic matter in size fractions from the two delta 
sediments (Table 1, Fig. 2) are internally uniform, and 
within the range reported previously for sediments from the 
delta (Showers and Angle, 1987). Using an estimate of 
- 19.5%e for organic carbon formed within the delta ( Show- 
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Fig. 2. Organic carbon to mineral surface area ratio (OC:SA) plotted against organic matter stable carbon isotope 
composition. River samples are as filled and delta samples are as open symbols. A shift downward in OC:SA denotes 
net loss of organic matter in the sediment mineral fractions, and a shift toward more positive isotopic compositions 
indicates addition of marine organic matter. The fight hand side of the figure illustrates the average (_+1 std) total 
amount of terrestrial organic matter (OC0 remaining in deltaic sediments after accounting for both shifts in OC:SA 
and 6L3C between river and delta sediments for the coupled river-delta systems studied to date. 

ers and Angle, 1987; Goni, 1997), 75 and 60% of the total 
organic matter in cores 4315 and 4351, respectively, is terres- 
trially derived. 

Burial efficiency of riverine POM in deltas is a product 
of fractional remaining surface loading multiplied by the 
fraction of total organic matter that is terrestrial (Fig. 2). 
Overall percentages of fluvial POM preserved on different 
size fractions from Amazon delta sediments range from 21 
to 53% (Table 1, Fig. 2). Thus, an average of only one- 
third of the POM delivered by the Amazon River is buried 
in deltaic sediments (Fig. 2, Table 1). This surface area- 
based estimate is not dependent on riverine discharge mea- 
surements, sedimentation rate measurements, or assumptions 
of constant OC/mineral mass ratios. It demonstrates that the 
observed deficit results from loss of organic matter from 
discharged particles of all sizes, as opposed to selective es- 
cape of organic-rich fine particles to distal sites. Thus, sur- 
face normalization directly supports the hypothesis of Show- 
ers and Angle (1987) that physical escape does not explain 
the carbon deficit, independently confirms previous evidence 
for extensive losses of fluvial POM in the Amazon delta 
(Showers and Angle, 1987; Aller et al., 1996), and extends 
the observation to other deltaic systems (Fig. 2). Calculated 
burial efficiencies for suspended bulk POM discharged by 
the Columbia and Fly are also <50% (Fig. 2). Sediment 
from the Huange He delta show an increase in absolute 
loading, but isotopic constraints still indicate that ~20% of 
the riverine POM is lost. 

The distributions of riverine POM across the individual 
size fractions of the two Amazon delta samples have mecha- 
nistic implications. The observation that total OC is depleted 
across all textural classes (Table 1 ) and yet remains propor- 
tionate to surface area (Fig. 1 ) suggests loss by desorption 
or nonselective degradation. It is highly unlikely that discrete 

organic particles would coexist with physically separate finer 
mineral grains in steadily increasing masses during extensive 
sorting and mineralization in the delta. The observation that 
absolute concentrations of riverine POM are generally lower 
at the more offshore delta site (Fig. 2) suggests that riverine 
POM loss and replacement continues throughout the delta 
and is not limited to some zone very near the river-estuary 
boundary. This inference is consistent with other evidence 
that Amazon delta sediments are diagenetically active and 
the sites of extensive POM loss (Aller et al., 1996; Aller and 
Aller, 1987). Our data do not indicate whether the missing 
riverine POM is mineralized directly or transported outside 
the study area in a dissolved form. In either scenario, miner- 
alization must occur on relatively short timescales to produce 
the large offshore gradients in sedimentary (Showers and 
Angle, 1987; Gearing et al., 1977) and dissolved terrigenous 
organic matter (Moran et al., 1991; Hedges et al., 1992) 
typical of ocean margins. 

The deltas studied to date, which correspond to ~25% of 
total sediment discharge to the ocean, are poor repositories of 
organic matter. Even with substantial "reloading" of marine 
carbon, particles comprising these deposits bury less than 
half the organic matter per unit surface area typically found 
in continental margin sediments (Mayer, 1994a, b). Given 
global estimates (Sarmiento and Sundquist, 1992) of riverine 
POM discharge on the order of 0.25 x 10'5 g C y k, - 5 0 %  
subsequent loss corresponds to a carbon loss of ~0.1 x 10 ~5 
g y-~. If most of the lost riverine POM is mineralized, as 
other studies (Showers and Angle, 1987; Aller et al., 1996) 
suggest for the Amazon, the resulting release of inorganic 
carbon in deltaic regions is comparable to the rate of total 
organic carbon burial in all ocean sediments (Hedges and 
Keil., 1995 ). The types and amounts of organic matter buried 
in marine sediments are therefore highly sensitive to the 
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fraction of  deposit ion which occurs within deltas, versus 
other continental  margin  sites. In particular, efficient t ransfer  

of r iverine POM to nondeltaic  locations during low sea level 
stands could help explain the elevated concentrat ions of  ter- 
r igenous organic matter  often found in glacial-age river 
cones and abyssal plains ( N ew m an  et al., 1973; Goni,  1997; 
Keil et al., 1997),  and could thereby shift the balance of  the 
global carbon cycle on millennial  timescales. 

Acknowledgments--We thank the University of Washington aquatic 
organic geochemistry reading group and the University of Adelaide 
soil geochemistry unit for careful reading and thoughtful input to 
this work, the members of the CAMREX team for help in collecting 
the river suspended sediment, and G. Kineke of the AmaSeds pro- 
gram for collecting the Amazon delta sediment for us. R. Aller 
offered many useful comments on this manuscript. M. Gagan kindly 
provided sediment from the Johnstone river. We thank G. Shen and 
R. Hamme for collecting the Fly river and delta samples, which M. 
Borsuk analyzed as part of an NSF-sponsored summer internship. 
Kudos to E. Tsamakis, T. Waits, D. Wilbur and L. Shick for analyti- 
cal help. This work was supported in part by U.S. DOE (LMM) 
and by U.S. NSF (RGK, JIH, PDQ, and JER). 

REFERENCES 

Aller J. Y. and Aller R. C. (1986) General characteristics of benthic 
fauna on the Amazon inner continental shelf with comparison to 
the shelf off the Chaingjiang River, East China Sea. Cont. Shelf 
Res. 6, 291 - 310. 

Aller R. C., Blair N. E., Zia Q., and Rude P. D. (1996) Remineraliza- 
tion rates, recycling and storage of carbon in Amazon shelf sedi- 
ments. Cont. ShelfRes. 16, 753-786. 

Berner R. A. (1989) Biogeocbemical cycles of carbon and sulphur 
and their effect on atmospheric oxygen over Phanerozoic time. 
Palaeogeogr. Palaeoclim. Palaeoecol. 73, 97-122. 

Edmond J. M., Boyle E. A., Grant B., and Stallard R. F. ( 1981 ) The 
chemical mass balance in the Amazon plume: I. The nutrients. 
Deep Sea Res. 28A, 1339-1374. 

Gearing P., Plucker F. E., and Parker P. L. (1977) Organic carbon 
stable isotope ratios of continental margin sediments. Mar. Chem. 
5, 251-266. 

Giddings J. C. ( 1985 ) A system based on Split-Flow Lateral-Trans- 
port Thin (SPLITT) separation cells for rapid and continuous 
particle fractionation. Sep. Sci. Technol. 20, 749-768. 

Gofii M. A. ( 1997 ) Record ot terrestrial organic matter composition 
in Amazon Fan sediments. Deep-Sea Drilling Resports, leg 155 
(in press) 

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

Hedges J. I. and Prahl F. G. (1994) Early diagenesis: Consequences 
for applcations of molecular biomarkers. In Organic Geochemistr 3, 
(ed. M. Engel and S. A. Macko), pp. 237-253. Plenum. 

Hedges J. I. and Stern J. (1984) Carbon and nitrogen determinations 
of carbonate-containing solids. Limnol. Oceanogr. 29, 657-663. 

Hedges J. I. et al. (1986a) Organic carbon-14 in the Amazon River 
system. Science 231, 1129-113 l. 

Hedges J. I., Clark W. A., Quay P. D., Richey J. E., Devol A. H., 
and Santos U. M. (1986b) Compositions and fluxes for particulate 
organic material in the Amazon River. Limnol. Oceanogr. 31, 
717-738. 

Hedges J. 1., Hatcher P.G., Ertel J. R., and Meyers-Schulte K.J. 
(1992) A comparison of dissolved humic substances from seawa- 
ter with Amazon river counterparts of ~C-NMR spectrometry. 
Geochim. Cosmochim. Acta 56, 1753-1757. 

Hedges J. 1., Cowie G.L., Richey J.E., Quay P.D., Benner R., 
Strom M., and Forsberg B. R. (1994) Origins and processing of 
organic matter in the Amazon River as indicated by carbohydrates 
and amino acids. Limnol. Oceanogr. 39, 743-761. 

Keil R. G., Tsamakis E. C., Fuh C. B., 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. Acta 58, 
879-893. 

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

Keil R. G., Tsamakis E., Wolf N., Hedges J. I., and Gofii M. (1997) 
Relationship between organic carbon preservation and mineral 
surface area along the Amazon Fan (Sites 932A and 942A ). Deep 
sea Drilling Resports, leg 155 (in press). 

Kuehl S. A., DeMaster D. J., and Nittrauer C. A. (1986) Nature of 
sediment accumuilation in the Amazon continental shelf. Cont. 
ShelfRes. 6, 209-225 . 

Mayer L. M. (1994a) Surface area control of organic carbon accu- 
mulation in continental shelf sediments. Geochim. Cosmochim. 
Acta 58, 1271 - 1284. 

Mayer L. M. (1994b) Relationships between mineral surfaces and 
organic carbon concentrations in soils and sediments. Chem. Geol. 
114, 347-363. 

Moran M. A., Pomeroy L. R., Sheppard E. S., Atkinson L. P., and 
Hodson R. E. ( 1991 ) Distribution of terrestrially derived dissolved 
organic matter on the southeastern U.S. continental shelf. Limnol. 
Oceanogr. 36, 1134-1149. 

Newman J. W., Parker P. L., and Behrens E. W. (1973) Organic 
carbon isotope ratios in Quaternary cores from the Gulf of Mexico. 
Geochim. Cosmochim. Acta 37, 225-239. 

Nittrauer C. A. and Demaster D. J. (1986) Sedimentary processes 
on the Amazon shelf--past, present and future studies. Cont. She!l" 
Res. 6, 5-30. 

Nittrauer C. A. and Demaster D. (1996) The Amazon shelf setting: 
tropical, energetic, and influenced by a large river. Cont. Shelf 
Res. 16, 553-574. 

Quay P. D., Wilbur D. O., Richey J. E., Hedges J. I., Devol A. H., 
and Victoria R. (1992) Carbon cycling in the Amazon River: 
implications from the 13C compositions of particles and solutes. 
Limnol Oceanogr. 37, 857-871. 

Richey J. R., Hedges J. I., Devol A. H., Quay P. D., Victoria R., 
Martinelli L. A., and Forsberg B. R. (1990) Biogeochemistry of 
carbon in the amazon river. Limnol. Oceanogr. 35, 352-371. 

Sarmiento J. L., and Sundquist E. T. (1992) Revised budget for the 
oceanic uptake of anthropogenic carbon dioxide. Nature 356, 
589 593. 

Showers W. J. and Angle D. G. ( 1987 ) Stable isotopic characteriza- 
tionof organic carbon accumulation on the Amazon continental 
shelf. In Sedimentam, Processes on the Amazon Continental Sheff" 
(ed. C. A. Nittrauer and D. J. Demaster), pp. 227 244. Pergamon 
Press. 


