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Abstract—The origins and forms of particulate organic matter (POM) suspended in rivers are major
considerations in assessing how fluvial materials integrate landscape and climate properties and ultimately
record these characteristics in marine sedimentary deposits. We examined the elemental, stable carbon isotope
and lignin-phenol compositions of well-characterized samples of suspended POM collected from rivers
draining the south central United States. The atomic C/N ratios of 17 fine-grained samples (;11 6 2, n 5
17) are similar to those reported worldwide for texturally similar soil and riverine POM. The corresponding
d13C values vary from218.5 to226.4‰, in patterns that correspond to the relative abundances of C3 and
C4 plants in the drainage basins, and hence to temperature and hydrologic patterns. Lignin-phenol yields from
12 samples indicate input of angiosperm-rich plant materials in distributions that also reflect upstream climate
and vegetation. The lignin associated with these plant remains has been substantially degraded, as is typical
of soil organic matter. The mass- and surface-area-normalized organic carbon contents of the river-borne POM
also correspond to drainage basin properties in patterns characteristic of soils. These results indicate that
highly degraded soil organic matter is a major component of fine-grained POM transported by rivers of the
central US. The Mississippi River currently discharges “heavy” (d13C ' 220‰) lignin-poor POM. The
isotopic composition of this organic matter is difficult to distinguish from marine plankton remains in
fine-grained sediments of the northern Gulf of Mexico, whose isotopic compositions have been previously
interpreted to broadly indicate limited offshore transport of terrigenous organic matter.Copyright © 2000
Elsevier Science Ltd

1. INTRODUCTION

Riverine organic matter is of geochemical interest both as an
integrator of processes within drainage basins and as a source
of organic matter to continental margin sediments, ultimately
preserved in the geologic record (Thurman, 1985; Degens et al.,
1991). In order to interpret the biogeochemical information
rivers carry, the sources, forms and fates of riverine organic
materials must be considered. This need is particularly true for
particulate organic matter (POM), which makes up about half
of the total flux of organic carbon in world rivers (Schlesinger
and Melack, 1981; Meybeck, 1982) and is the terrigenous
component most directly incorporated into coastal marine sed-
iments (Keil et al., 1994; 1998; Prahl et al., 1994). Rivers
discharge POC at a rate that is similar to the global accumu-
lation rate of organic carbon in all marine sediments (Berner,
1989). Rivers also deliver POM primarily to continental margin
deposits where over 90% of global organic preservation occurs
(Hedges and Keil, 1995).

Stable carbon isotope measurements have been one of the
most useful tools for identifying POM sources within river
systems (Pocklington and Tan, 1987; Louchouarn et al., 1997;
1999; Prahl et al., 1998) and for tracing this clastic material in
the ocean (Newman et al., 1973; Showers and Angle, 1986;
Kennicutt et al., 1987). Carbon isotopic signatures can distin-

guish organic matter photosynthesized by vascular plants (trees
and shrubs;d13C ' 225‰–228‰) using the C3 pathway of
CO2 uptake, versus counterparts (corn, bamboo, and many
grasses,d13C ' 210‰–214‰) employing the C4 pathway
(Smith and Epstein, 1971). Phytoplankton growing in freshwa-
ters typically are depleted in13C (d13C ' 230‰–240‰) in
comparison to C3 land plants (Rau, 1978; Forsberg et al.,
1993). Althoughd13C measurements have been used to assess
the relative contributions of C3 versus C4 plants to riverine
POM in South American (Cai et al., 1988; Bird et al., 1992;
Quay et al., 1992; Martinelli et al., 1994), African (Mariotti et
al., 1991; Bird, 1994a;b) and western US rivers (Hedges et al.,
1984; Prahl et al., 1994; 1997), parallel information for rivers
of the central US is sparse.

Lignin phenols generated by CuO oxidation also have been
widely applied as indicators of land-derived POM in rivers
(Pocklington and Leonard, 1979; Louchouarn et al., 1997;
1999) and coastal marine sediments (Prahl, 1985; Gough et al.,
1993; Prahl et al., 1994), often in complement tod13C mea-
surements (Hedges and Parker, 1976; Hedges and Mann,
1979b). This biomarker technique is based on the abundance
and relative stability of lignin in vascular land plants, and its
absence from the phytoplankton and animals, that predominate
in the ocean. The extensive suite of CuO-derived phenols
(Hedges and Ertel, 1982; Gon˜i and Hedges, 1992) also carries
embedded compositional information such as production of
syringyl phenols specifically from angiosperms (Hedges and
Mann, 1979a), as well as yields of cinnamyl phenols from
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nonwoody tissues (Opsahl and Benner, 1995) and pollen (Keil
et al., 1998; Hu et al., 1999). Elevated ratios of vanillic acid to
vanillin and syringic acid to syringealdehyde have been widely
applied as indicators of cumulative microbial degradation in
remnant lignin (Hedges et al., 1988a; Gon˜i et al., 1993; Nelson
et al., 1995; Opsahl and Benner, 1995). Measurements of
lignin-phenols from riverine POM reflect local vegetation pat-
terns (Hedges et al., 1984; Farella et al., 1996) and distinguish
coarse plant debris from more degraded soil organic matter
associated with fine grain minerals (Hedges et al., 1986; 1994;
Keil et al., 1998). These compositional patterns largely persist
during transport of POM through estuaries (Prahl et al., 1997;
Louchouarn et al., 1997; 1999) into ocean sediments (Prahl et
al., 1994; Gon˜i et al., 1997; 1998; Keil et al., 1998).

Although stable carbon isotopes and lignin phenols have
proved useful indicators of the sources and reaction histories of
POM in rivers and continental margin sediments, major ques-
tions remain concerning these tracer methods and the dynamics
of organic matter in river systems. For example, most compar-
ative studies of lignin andd13C patterns in river systems have
been restricted to channel deposits (e.g., Hedges et al., 1984;
Louchouarn et al., 1997), or suspended POM from the compo-
sitionally uniform lower reaches of the Amazon River (Hedges
et al., 1986; Devol and Hedges, in press). There have been
relatively few studies to address how well these tracers reflect
vegetation distribution patterns within suspended POM trans-
ported in diverse rivers and through large drainage networks
(Hedges et al., in press). Another largely unanswered question

is how the mineralogy and organic compositions of suspended
particles compare, especially with respect to their weathering/
biodegradation histories. Finally, our measurements provide a
direct test of the recent inference that the Mississippi (and
possibly other rivers draining major portions of the Great Plains
into the northern Gulf of Mexico) discharge13C-rich (d13C '
220‰) fine-grained POM of mixed C3–C4 origin that is
isotopically similar to local marine plankton (Gon˜i et al., 1997;
1998). This question is geochemically pivotal because early
studies in the Gulf of Mexico (e.g., Hedges and Parker, 1976)
have supported the notion that little terrigenous organic is
deposited beyond the continental margin (see, however, Prahl
et al., 1994).

2. METHODS

2.1. Sample Collection and Processing

The samples we studied are a subset of the suite described by
Canfield (1997). More information regarding the characteristics of the
represented river basins and physical properties of the particulate
materials can be found in Canfield (1997). We analyzed river particu-
lates collected at 16 sites (Fig. 1) during May and June of 1986, except
for the Connecticut River sample which was collected in April 1987.
Subsurface samples from the middle of the rivers were collected from
a boat or bridge, generally following spring rain events. River waters
were filtered through 0.4mm Nucleopore or 0.45mm Millipore filters
within 12 h of collection. Water samples (10–70 L) were forced with
compressed N2 from a 12 L PVC tank through a 147 mm diameter
filter, allowing the collection of;50 mg to several grams of particulate
material. Collected particles were washed with distilled water from the

Fig. 1. Map of the continental United States with river sample sites (Canfield, 1997), andd13C values of suspended POM
from those sites, illustrated. The distribution of C4 grasslands (shaded area) is adapted from Coupland (1979).
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filter into a beaker and recovered by decanting the supernatant water.
The resulting total suspended solids (TSS) were air-dried for;24 h and
gently disaggregated for elemental,d13C and lignin analyses. In all
cases, these samples represent a temporal snapshot of TSS in each
drainage basin.

2.2. Analytical Procedures

Weight percentages of organic carbon (%OC) and total nitrogen
(%TN) were measured after acid digestion (pretreated with HCl vapor
to eliminate inorganic carbon) in a silver sample boat using either a
Carlo Erba Model 1100 or 1500 elemental analyzer (Hedges and Stern,
1984). This general method has a relative precision of62% (Canfield,
1997). Brunauer–Emmett–Teller (BET) surface areas of mineral grains
were determined by nitrogen adsorption, using a one-point BET
method following H2O2 treatment and drying at 350°C (Keil et al.,
1994), with a reproducibility of65% (Canfield, 1997). Stable carbon
isotope compositions were determined by two methods, both of which
involved pretreatment with HCl gas to remove inorganic carbon. The
first method was the sealed-tube combustion technique (Buchanan and

Corcoran, 1959) followed by analysis on a Finnigan MAT 251 mass
spectrometer. The second method involved automatic combustion in a
Carlo Erba NC2500 elemental analyzer interfaced, via a Finnigan
CONFLO II system, to a Finnigan Delta Plus mass spectrometer
(Finnigan, 1995). Precisions of,60.1‰ and,60.2‰ were obtained
from the sealed tube and automated methods, respectively, with no
discernable differences between measurement techniques. All isotopic
compositions are reported as parts per thousand (‰) relative variation
(d) from the PDB standard.

Lignin-phenols were measured by the method of Hedges and Ertel
(1982), as modified by Gon˜i and Hedges (1992). About 300 mg of dry
sediment was oxidized at 155°C for 3 hours with CuO under basic (8%
NaOH) conditions. Reaction products were acidified, extracted with
ethyl ether, dried and converted to trimethylsilyl forms. TMS deriva-
tives were analyzed with an average precision of610% using a
Hewlett-Packard 5890 GC/FID fitted with two fused silica capillary
columns coated with DB-1 or DB-1701 liquid phases. When apprecia-
ble coelution of an individual phenol was detected by comparison of
paired values for the same sample analyzed on the two different
columns, the smaller value was used. Identities of phenolic reaction
products were confirmed by analysis with a Hewlett-Packard 5970
GC/MS of a representative river sample (Wabash).

3. RESULTS AND DISCUSSION

3.1. Basin Characteristics

Before discussing the compositional characteristics of col-
lected particulate materials, it is useful to broadly characterize
and distinguish the different catchments (Fig. 1) from which
these samples were collected. For this purpose, we have chosen
to categorize drainage basins based on their average ground-
water temperatures and runoff/precipitation ratios. These basin
characteristics were identified by Canfield (1997) as being
useful discriminators of the inorganic chemistry of these same
river waters and their suspended particulate materials. Water
balance and temperature criteria are commonly used to describe
vegetation “life-zones” (Holdridge, 1947) and corresponding
soil organic matter distributions (Post, 1993; Ludwig et al.,
1996). The average physical properties cited here are from

Fig. 2. Runoff/precipitation ratios plotted versus average groundwa-
ter temperature (°C) for the 16 drainage areas represented by this study
(data from Canfield, 1997). See Table 1 for sample abbreviations.

Table 1. Compositional characteristics of suspended POM from central US rivers.

River (Alphabetically) Symbol %OC %TN (C/N)a d13C* S8 L S/V C/V (Ad/Al)v

Brazos BZ 1.21 0.12 11.8 218.5 0.51 0.46 0.92 0.07 0.71
Colorado, CO COc 2.47 0.26 11.1 225.7 5.07 2.11 0.53 0.13 0.38
Colorado, TX COt 1.33 0.12 12.9 219.7 0.61 0.45 0.45 0.06 0.46
Connecticut CT 3.84 0.37 12.1 226.4 7.67 1.99 0.69 0.18 0.52
Illinois IL 1.98 0.25 9.2 221.8 1.11 0.59 1.00 0.13 0.57
Mississippi, Venice (top) MSv 1.92 0.19 11.8 220.2 1.72 0.94 0.78 0.10 0.56
Mississippi, Venice (bottom) MSv 1.81 0.19 11.1 220.3 1.65 0.90 0.79 0.11 0.36
Mississippi, Winfield MSw 2.43 0.26 10.9 221.0 nd nd nd nd nd
Missouri MO 1.81 0.22 9.6 219.4 2.43 1.00 0.94 0.25 0.50
Ohio OH 2.75 0.24 13.4 225.1 3.47 1.31 0.88 0.07 0.49
Pecos PC 0.73 0.09 9.5 220.4 1.47 2.14 0.98 0.15 0.44
Platte PL 2.93 0.32 10.6 223.4 nd nd nd nd nd
Red RD 0.74 0.09 9.6 223.3 2.12 3.16 0.92 0.07 0.42
Rio Grande, NM RGn 3.14 0.35 10.5 225.9 nd nd nd nd nd
Rio Grande, TX RGt 1.24 0.17 8.5 222.0 nd nd nd nd nd
Tombigbee TM 2.48 0.17 16.6 226.2 nd nd nd nd nd
Wabash WB 2.45 0.25 11.4 221.6 2.19 0.91 0.96 0.16 0.57
Average AV 2.07 0.22 11.22 222.4 2.50 1.33 0.82 0.12 0.50
Standard deviation SD 0.83 0.08 1.86 2.55 1.97 0.80 0.17 0.05 0.09
% Standard deviation %SD 40 38 17 11 79 60 21 44 19

* In per mil, nd 5 not determined. All abbreviations are explained in the text.
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Canfield (1997) and correspond to the portion of the drainage
basin upstream of the water collection site.

A plot of runoff/precipitation (R/P) ratios versus average
groundwater temperature (Fig. 2) broadly separates the sam-
pled catchments into what we will refer to as “wet” (R/P. 0.2)
versus “dry” (R/P, 0.2), and “warm” (.13°C) versus “cool”
(,13°C) categories. This arbitrary classification divides the 16
sampling sites into groups of 4 to 6 samples each, except for the
“warm/humid” class which incorporates only one sampling site
(Tombigbee).

3.2. Elemental Compositions

The river particulate samples exhibit %OC values between
0.73 and 3.84 (Table 1) within the range typical of suspended
particulate materials from other rivers (Meybeck, 1982) and
soils (Hedges and Oades, 1997). In general, %OC decreases
with increasing total suspended solids (TSS), although such
plots of A/B versus B generally have a boomerang shape
(Berges, 1997). More diagnostically, %OC decreases signifi-
cantly (95% confidence level throughout) with increasing tem-
perature (Fig. 3a,r2 5 0.40) anddecreasing R/P ratios (Fig.
3b, r2 5 0.33). Theobserved temperature trend for the river
particulates is characteristic in direction and magnitude to the

average for surface soils, where for every 10°C increase in
temperature the %OC decreases by a factor of 2–3 (Jenny,
1941). Greater %OC at higher R/P ratios within the catchment
also is consistent with patterns observed for surface soil, in
which organic contents usually increase with greater water
saturation (Parton et al., 1987; Parton et al., 1993). The obser-
vation that riverine %OC does not vary significantly with
precipitation alone (r2 5 0.09) isconsistent with the notion
that evaporation (the difference between precipitation and run-
off) is an important process determining organic matter inven-
tories in terrestrial settings (Holdridge, 1947; Post, 1993).

The organic matter content of the river sample can be nor-
malized to the specific surface area (SA) of the bulk TSS
mixture to minimize the effects of textural differences (Hedges
and Oades, 1997). In this format (Fig. 4), the Mississippi and
Missouri River samples, representing by far the largest drain-
age basins in the sample suite, plot in the OC/SA region of
0.5–1.0 mgOC/m2. The five TSS samples plotting below OC/
SA 5 0.5 are all from rivers (ColoradoTX, Brazos, Pecos, Red
and Rio GrandeTX, subscript represents state) draining “warm/
dry” catchments (Fig. 2). The three rivers with OC/SA. 1.0
(Connecticut, Ohio and Wabash) are all from “cool/humid”
basins, although not all rivers of this physical category have
high OC/SA ratios. The “warm/humid” Tombigbee plots in the
intermediate OC/SA range, similar to the lower Amazon (OC/
SA 5 0.6; Keil et al., 1997). Thus the pattern of higher organic
matter content in riverine particles draining from cooler/wetter
catchments holds on both a mass- and surface-area-normalized
basis, independent of textural differences among these samples.

A plot of %OC versus %TN for these samples (Fig. 5) shows
a strong correlation (r2 5 0.87, P ,, 0.01) between these
two elemental concentrations. The least-squares fit of the data
to a straight line gives ay-intercept (10.0356 0.32) that is not
significantly different from zero, indicating that most of the
total nitrogen in these samples is organic. The slope of the
correlation line (%OC/%TN5 9.466 0.94) corresponds to an
atomic C/N of 11.06 1.1. Because the correlation line in Fig.
5 has essentially a zero intercept, the previous slope-derived
(C/N)a is essentially identical to the corresponding simple
numeric average (C/N)a of 11.26 1.9. This relatively narrow
range in (C/N)a points strongly toward a soil origin for all the
suspended POM samples from continental US rivers. Amelung
et al. (1997) reported unacidified (C/N) ratios of 9.3 and 10.6

Fig. 3. Weight percentages of organic carbon (%OC) plotted versus
(a) temperature (T,°C) and (b) runoff/precipitation (R/P) ratio for the
17 samples of riverine POM. The line of best fit for (a) has the
equation: %OC5 (20.1186 0.037)z T 1 3.52 6 0.69, r2 5 0.40.
The line of best fit for (b) has the equation: %OC5 (3.07 6 1.12) z
%R/P 1 1.47 6 0.72, r2 5 0.33. SeeTable 1 for sample abbrevi-
ations.

Fig. 4. Plot of %OC (cg/g) versus specific surface area (m2/g) for the
17 POM samples. The dashed lines indicate different OC/SA (mg/m2)
ratios ranging from 0.1–2.0. See Table 1 for sample abbreviations.

3542 G. Onstad et al.



for soils draining to the Missouri and Brazos rivers, respec-
tively. The measured values are too low for vascular plant
tissues and debris (20–400) and too high for the biomass (5–8)
of plankton or bacteria (Hedges et al., 1997). The average
(C/N)a of 11.0, however, lies within the relatively narrow
range (10–12) typical of suspended POM from world rivers
(Meybeck, 1982) and soils (Hedges and Oades, 1997). Average
(C/N)a ratios of large samplings of suspended fine POM from
such diverse rivers as the lower Amazon (Hedges et al., 1986)
and St. Lawrence (Pocklington and Tan, 1987) are 11.1 and
12.1, respectively. The three rivers whose data points are far-
thest above the correlation line in Fig. 5 (Tombigbee, Ohio and
Connecticut) all drain forested soils, which typically have ele-
vated C/N ratios (Schimel et al., 1994) due to vascular plant
input. Lower ratios are typical of drainage from arid soils
(Gallardo and Schlesinger, 1992), as are found in the Rio
Grande basin of Texas and New Mexico.

The compositional similarity of the US river samples may
result in part from the fact that most were sampled near the
water surface (Canfield, 1997). These samples probably include
small amounts of sand-rich bedload material that almost invari-
ably has higher (C/N)a values (e.g., 24.16 3.5 in the case of
the Amazon mainstream, Hedges et al., 1986). Bedload ac-
counts for a small fraction of total POM transported by most
rivers (e.g., Richey et al., 1990; Leopold, 1994), and in the case
of our samples, there is no clear correspondence between
(C/N)a and weight percent sand (for textural data see Canfield,
1997). In addition, the %OC and (C/N)a values of the partic-
ulate samples collected at the top and bottom of the Mississippi
River channel at Venice are almost identical (Table 1). Overall,
the observed trends in the organic carbon concentration and
elemental compositions of river particulate samples from the
continental US all point toward a predominantly soil origin, as
is typical of rivers in general (Meybeck, 1982).

3.3. Stable Carbon Isotope Compositions

The d13C values of the river POM samples range from
218.5‰ to226.4‰ (Table 1). In agreement with the (C/N)a
results, no POM samples exhibit unusually “light” organic

carbon (d13C , 230‰), reflecting a major phytoplankton
component. The most13C-depleted samples (d13C , 225‰)
were collected at sites in the ColoradoCO, Rio GrandeNM,
Tombigbee, Ohio, and Connecticut Rivers, within regions of
predominantly C3 vegetation (Fig. 1). The most13C-enriched
POM samples (d13C . 221‰) are from the lower Missouri,
ColoradoTX, Brazos, Pecos, and lower Mississippi (at Venice,
LA) Rivers. These rivers all drain basin areas containing a large
percentage of C4 grasslands (Fig. 1). In general, the “light”
samples tend to come from wet basins and the “heavy” ones
from dry catchments, as is typical of the distribution of C3
versus C4 vegetation, respectively (Teeri and Stowe, 1976;
Coupland, 1979). Gradual increases in “heavy” C4 plant carbon
can be seen in the Rio Grande River as it flows from New
Mexico to join the Pecos in Texas, and in the Ohio after it
enters the Mississippi system (Fig. 1). Thus organic composi-
tions evolve downstream as the transported POM continuously
integrates soil organic matter added from the surrounding land-
scape.

Pertinent to the inference of Gon˜i et al. (1997), the POM
delivered to the Gulf of Mexico by the Mississippi, Brazos,
ColoradoTX, and Rio Grande rivers all have “heavy”d13C
signatures in the range of218.5 to222.0‰. The two largest
of these rivers, the Mississippi at Venice, LA (d13C 5 220.2‰
at the top, 220.3‰ at the bottom) and Brazos (d13C 5
218.5‰), together account for over 90% of all POM dis-
charged by US rivers to this region of the NW Gulf of Mexico
(data from Ludwig et al., 1996). These two rivers both appear
to carry organic matter mixtures derived from comparable
amounts of C3 and C4 land plants, whose combined stable
carbon isotopic signatures happen to fall within thed13C range
(218‰–222‰) of temperate marine plankton (Hedges et al.,
1997). Previously described decreases in thed13C of bulk
sedimentary OC with increasing proximity to the mouth of the
Mississippi River and northwestern Gulf of Mexico coast
(Sackett and Thompson, 1963; Sackett, 1964; Hedges and
Parker, 1976; Gearing et al., 1977) appear to be driven primar-
ily by the presence of “light” C3 plant remains selectively
concentrated as woody debris in sandy nearshore sediments
(Gearing et al., 1977; Keil et al., 1998). The quantitatively
predominant fine-grained POM components discharged by the
Mississippi and Brazos Rivers are prone to deposit further
offshore, where their carbon is isotopically, but not geochemi-
cally, indistinguishable from that of autochthonous marine
plankton remains (Gon˜i et al., 1997; 1998).

3.4. Lignin Compositions

The relative yields of lignin-derived phenols (Table 1), from
the 12 samples large enough (;500 mg total) for duplicate
CuO analyses, provide additional information about the
sources, fluvial integration, and marine fate of the associated
riverine POM. The observed ratios of vanillic acid to vanillin,
(Ad/Al)v, from these samples will be discussed first because
substantial elevations of this ratio above the range typical of
fresh vascular plant tissues (0.15–0.30; Gon˜i and Hedges,
1992; Hedges et al., 1986) suggest that increased fungal and
microbial alteration can compromise other lignin tracer appli-
cations (Ertel et al., 1986; Hedges et al., 1988a; Gon˜i et al.,
1993; Opsahl and Benner, 1995).

Fig. 5. Weight percentage of organic carbon (%OC) versus weight
percentage total nitrogen (%TN) for the POM samples. The line of best
fits has the equation: %OC5 (9.46 6 0.94) z %TN 1 0.03 6 0.32,
r2 5 0.87. SeeTable 1 for sample abbreviations.
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The (Ad/Al)v ratios of POM samples ranged 0.38–0.71
(Table 1), with a mean of 0.506 0.09. (Ad/Al)v was not
significantly associated with temperature, or any other, mea-
sured characteristic of the basins. Lack of a significant corre-
lation (r2 , 0.2, n 5 12) of (Ad/Al)v with the total weight
percentages of Al, Fe, or Mn, (Canfield, 1997) suggests that
mineral weathering and lignin degradation are not strongly
linked on similar time scales in the studied drainage basins.
These results are contrary to Miltner and Zech (1998), who
found that Fe oxide inhibits lignin degradation in fresh Beech
leaf litter and minimizes (Ad/Al)v ratios (0.2–0.3). A mean
(Ad/Al)v value near 0.50 indicates that the lignin component of
all the POM samples is appreciably degraded. As illustrated in
Fig. 6, this observation has source implications. The (Ad/Al)v

values of all the fine-grained POM samples in Table 1 are
higher than ratios (0.206 0.10) typical of fresh vascular plant
tissues (Hedges et al., 1986; Gon˜i et al., 1993; Opsahl and
Benner, 1995; Miltner and Zech, 1998), and of coarse (.64
mm) plant debris (0.20–0.30) from rivers and coastal marine
sediments (Ertel and Hedges, 1985; Hedges et al., 1986; Prahl
et al., 1994; Keil et al., 1998). However, (Ad/Al)v values of
0.4–1.0 are typical (Fig. 6) of surface soils (Ertel and Hedges,
1984; Guggenberger et al., 1994; Prahl et al., 1994; Amelung et
al., 1997) and suspended fine (;1–65mm) particulate organic
matter (FPOM) from other rivers including the Amazon
(Hedges et al., 1986) and Columbia (Keil et al., 1998). Thus,
the (Ad/Al)v data supports the previous elemental evidence
[(C/N)a 5 11] to suggest that POM suspended in central US
rivers is soil-derived.

The carbon-normalized total yields of lignin monomers (L,
mg/100 mg OC) from these POM samples (Table 1) are also
consistent with a soil origin. The range ofL values (0.5–3.2)
for the suspended particles from the 12 US rivers is similar to
fine POM from other rivers (Hedges et al., 1986; Keil et al.,
1998) and top-soils (Ertel and Hedges, 1984; Prahl et al., 1994),

but below values typical of fresh woods (L ' 5–25) and
suspended coarse POM (L ' 5–10) from the Amazon (Hedges
et al., 1986) and Columbia (Keil et al., 1998) Rivers. Values of
L are generally lower for marine samples due to dilution by
lignin-free marine organic matter. Mass-normalized total yields
of eight lignin phenols (S8 in units of mg/10 gdw) are less
influenced by the presence of additional types of organic mat-
ter, but can be lowered by dilution with sand and other lignin-
poor materials. Like %OC,S8 increases significantly with
increasing runoff/precipitation (r2 5 0.50, P 5 0.01) and
with decreasing temperature (r2 5 0.43,P 5 0.02).Thus, the
total organic carbon and lignin concentrations of the suspended
potamic particles both respond to climatic factors that are
known to affect soil organic matter concentrations.

In spite of appreciable lignin degradation, all rivers except
the ColoradoCO and ColoradoTX exhibit S/V values higher than
0.6 (Fig. 7), consistent with vegetation predominated by angio-
sperms, the only source of syringyl phenols. This is also con-
sistent with values for mean topsoils (S/V5 0.89) and subsoils
(0.79) from the Great Plains (Amelung et al., 1997). In com-
parison, fine POM from the angiosperm forest of the lower
Amazon basin has a S/V of 0.85 (Hedges et al., 1986), whereas
the Columbia River draining from the more coniferous forests
of North America has S/V ratios near 0.30 (Keil et al., 1998).
The isotopically light upper ColoradoCO River exhibits the
influence of locally abundant gymnosperm vegetation, which is
uniformly C3. The Missouri River, which drains predominantly
grasslands, carries POM with a particularly high relative yield
of cinnamyl phenols (C/V5 0.25), reflecting this nonwoody
tissue input. The observedd13C values range between C3 and
C4 nonwoody angiosperms (Fig. 7), in a S/V range that is
consistent with this observation (Guggenberger et al., 1994).
Thus, both the stable carbon isotopic and lignin-phenol signa-
tures of these riverine POM samples correspond broadly to
local climate and vegetation.

Fig. 6. Plot of vanillic acid/vanillin (Ad/Al)v, versus total yield of
lignin phenols per 100 mg OC,L, for the 12 POM samples that were
analyzed for lignin-phenols. Comparative ranges for dissolved organic
matter (DOM), fine (;1–65mm) particulate organic matter (FPOM),
and coarse (.65 mm) particulate organic matter (CPOM) from the
Amazon mainstream are from Hedges et al. (1986). See Table 1 for
sample abbreviations.

Fig. 7. Plot of total syringyl phenol divided by total vanillyl phenol,
S/V, versusd13C (‰) for the 12 POM samples analyzed for lignin
phenols. Corresponding ranges for woody and nonwoody gymnosperm
tissues (G, g), angiosperm woods (A), and nonwoody angiosperm
tissues from C3 (a3) and C4 plants (a4) are from Hedges and Mann
(1979a) and Hedges et al. (1986a). See text for definition of lignin
parameters and Table 1 for sample abbreviations.

3544 G. Onstad et al.



4. OVERVIEW AND IMPLICATIONS

Organic matter in suspended particulate materials from riv-
ers of the continental US compositionally resemble predomi-
nant upstream vegetation that has been substantially degraded
and incorporated into soils. Even the mass- and surface-area-
normalized concentrations of organic carbon in the suspended
particle mixtures vary geographically in patterns that are typi-
cal of inventory changes of soil organic matter in responses to
local climatic conditions. The organic compositional signatures
imparted by soils are geographically integrated, climatically
sensitive, and sufficiently robust (Hedges et al., 1988b) to be
preserved in sedimentary records. In the case of the northwest-
ern Gulf of Mexico, we now recognize that locally predominant
rivers discharge13C-rich, lignin-poor POM that is difficult to
discriminate from plankton remains (Gon˜i et al., 1997). Thus,
previous studies (e.g., Hedges and Parker, 1976) may have
substantially underestimated the total volume and offshore ex-
tent of terrigenous organic matter preserved in sediments of this
region (Gon˜i, 1997; 1998). Geochemists, who often study only
soil or sedimentary systems, might profit greatly by more
closely following the entire passage of particulate materials
from the continents to the seafloor.
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Goñi M. A., Ruttenberg K. C., and Eglinton T. I. (1997) Sources and
contribution of terrigenous organic carbon to surface sediments in
the Gulf of Mexico.Nature389,275–278.
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