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[1] Although an inordinate fraction of the global sediment flux to the ocean occurs in
tropical mountainous river margins, little is known regarding the sources and fate of
organic matter in these systems. To address these knowledge gaps, the distribution and
composition of organic matter in sediments from the Fly River delta-clinoform were
examined in the context of the source-to-sink study of the Papuan Continuum. The
significant contrasts in the texture of seabed sediments measured across the study area
coincided with stark contrasts in concentration and composition of the sedimentary
organic matter. Coarser sediments displayed significantly lower organic carbon and
nitrogen contents, more enriched stable carbon and nitrogen compositions, lower lignin
product yields, and distinctly different lignin and nonlignin product compositions than
their fine-textured counterparts. Compositional differences were also measured between
high- and low-density fractions of selected sediment samples. Subsurface sediments
showed marked compositional variations that were predominantly associated with changes
in the texture of the deposits. Most sediments were characterized by moderate carbon
loadings (0.5–1.0 mg C m�2), although several samples from the outer topset region, an
area of sediment bypass, were characterized by lower carbon loadings indicative of
enhanced carbon losses. Overall, the organic matter in both surface and subsurface
sediments appeared to have predominantly a terrigenous origin, with no evidence for
dilution and/or replacement by marine carbon. The measured compositions were
consistent with contributions from modern vascular plant detritus, aged soil organic
matter, and very old or fossil organic matter devoid of recognizable biochemicals.
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1. Introduction

[2] Clinoforms are sigmoidal-shaped sedimentary depos-
its that dominate the stratigraphy of continental margins
[e.g., Vail et al., 1977; Christie-Blick and Driscoll, 1995].
Many river-dominated shelves display large subaqueous
delta-clinoform systems that result from the accumulation
of fluvial sediments [e.g., Alexander et al., 1991; Harris et
al., 1993; Kuehl et al., 1986, 1989; Nittrouer et al., 1986;

Walsh et al., 2004]. Elevated inputs of recalcitrant organic
matter (OM) and high mass accumulation rates make these
systems some of the most significant sites of carbon burial
in the present-day ocean [e.g., Berner, 1982; Hedges and
Keil, 1995]. Because of the high precipitation and steep
terrain, mountainous wet-tropical margins are especially
important for the global sediment supply to the ocean
[e.g., Milliman and Syvitski, 1992; Nittrouer and Kuehl,
1995]. Less is known about the role these margins play on
the global carbon budget. However, because the transport
and fate of particulate OM in river-dominated continental
margins are controlled to a large degree by dispersal and
deposition of sediments [e.g., Alongi et al., 1992; Gordon et
al., 2001; Leithold and Blair, 2001; Blair et al., 2004; Goni
et al., 2005a], it is likely that tropical mountainous rivers are
globally significant in terms of the delivery and sequestra-
tion of land-derived OM in the ocean.
[3] The delivery, redistribution and accumulation of sedi-

ments and associated materials in river-dominated margins
are affected by several physical processes, such as river
discharge, tides, and waves, all of which vary significantly
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over different spatial and temporal scales. Partially as a
result of this variability, a broad range of depositional
environments is typically encountered within subaqueous
deltas and clinoforms [e.g., Kuehl et al., 1986; Aller, 2001;
Aller et al., 2004]. Such heterogeneity in the physical and
geological characteristics of nearshore environments funda-
mentally impacts biological and geochemical processes.
Thus, for example, within these systems it is possible to
encounter areas of high sediment accumulation and OM
preservation adjacent to regions of intense physical mixing,
where effective degradation of OM can occur [e.g., Aller et
al., 2004; Gordon and Goni, 2003; Goni et al., 2005b]. In
order to quantitatively understand the fate of both terrige-
nous and marine OM in delta-clinoform systems, it is
critical to account for the variable and dynamic nature of
their sedimentary environments.
[4] The source-to-sink study of the Papuan Continuum

provides a unique opportunity to investigate the sources and
fates of different types of OM in a tropical delta-clinoform
system within the broader context of the processes regulat-
ing the input, routing and accumulation of sediment and
associated materials. The overarching goal of this research
is to determine the connections between the biogeochemis-
try of river deltaic systems and the physical and geological
processes that control the dispersal of materials in these
critical regions of ocean margins. With that goal in mind, we
investigated the accumulation and cycling of OM in the
sediments of the inshore regions of the Fly River delta-
clinoform system. The specific objectives of this paper are
(1) to examine the spatial distribution of OM in seabed
sediments from the topset regions of the clinoform, (2) to
investigate its sources using a combination of bulk and
compound-specific analyses, and (3) to assess the in situ
degradation and burial of OM in subsurface sediments. This
work builds on previous studies of organic matter distribu-
tion [e.g., Bird et al., 1995; Robertson and Alongi, 1995;
Alongi et al., 1992], which indicate terrigenous OM is a
major source of the carbon present in surface sediments of
the clinoform regions in the Gulf of Papua. Our investiga-
tions also incorporate insights from previous studies into the
physical processes that control the transport, composition
and accumulation of particles in the Gulf of Papua [e.g.,
Walsh et al., 2004; Goni et al., 2006; Ogston et al., 2007;
Martin et al., 2007; Crockett et al., 2008]. The findings from
this work apply to delta-clinoform regions in general, where
spatial heterogeneity and variability in physical forcings
fundamentally affect the cycling of OM.

2. Background on Study Site

[5] The hydrological, oceanographic, geological and geo-
chemical characteristics of the study area have been
reviewed in previous publications [e.g., Brunskill, 2004;
Harris et al., 2004; Walsh et al., 2004; Goni et al., 2006,
and references therein]. An overview of the most salient
features of the Fly River delta-clinoform dispersal system
with regards to OM cycling is provided here. The Fly River
and its major tributary, the Strickland River, drain the
upland regions of the Western Highlands of Papua New
Guinea. Together, these rivers discharge on average
6,000 m3 s�1 of water and 4 t s�1 of sediment. Other sources

of freshwater and sediment to theGulf of Papua include rivers
to the northeast of the Fly River, such as the Bamu, Turama
and Purari rivers and those draining through the Aird River
delta. Because of consistently elevated precipitation, river
discharge to the coast is high and relatively constant. The
major exceptions are El Niño periods, when extensive
droughts can dramatically reduce river levels [Dietrich et
al., 1999]. Notably, a strong El Niño was active during our
cruise in January 2003 and river discharge was quite low.
For example, the discharge from Strickland River during
this period ranged from 400–600 m3 s�1, as compared with
typical discharges of 3,000 to 4,000 m3 s�1 [Aalto et al.,
2007].
[6] The geology of Papua New Guinea, which has been

described by Davies et al. [2005] and illustrated by Bain et
al. [1973], affects the composition of the particulate load
exported by its rivers. Papua New Guinea contains three
major geologic provinces: the southwest plains region
(craton); the central collision zone, which forms a fold belt
that makes up the highlands; and the northeastern volcanic
islands. The Fly and Strickland rivers originate within the
fold belt and flow across the plains to the south. The
highland region is largely composed of metamorphosed
Mesozoic sediments faulted against ultramaphic rocks,
ophiolite, volcanic rocks and Cenozoic clastic sediments.
In contrast, the southern plains comprise Mesozoic and
Cenozoic sediments resting on weakly deformed Paleozoic
and Precambrian cratonic basement.
[7] Abundant (up to 10 m a�1) rainfall characterizes the

drainage basin, which is predominantly covered by rain
forests (C3 vegetation) that range from the highlands (up to
4,500 m above sea level) to the lowland regions (0–1,500 m
above sea level). A strong positive relationship exists
between altitude and the stable isotopic composition of
organic carbon (d13Corg) in both the C3 vegetation and the
underlying soil OM [Bird et al., 1994]. Enriched values
(d13Corg > �26 %) are found at altitudes above 3,000 m
whereas depleted values (d13Corg < �26 %) characterize
locations close to sea level. Such contrasts reflect differ-
ences in the conditions (e.g., gas pressure, temperature)
affecting plant growth at different altitudes [Korner et al.,
1988, 1991]. Besides the C3 rain forests, grasslands are also
found throughout the drainage basin. Their distribution is
thought to be controlled primarily by human disturbances,
predominantly burning and agriculture, which limit the
growth of woody plants [Bird et al., 1994, and references
therein]. There is a strong relationship between altitude and
the relative abundances of C3 and C4 grass species, with C3

species dominating locations higher than 2,000 m above sea
level whereas C4 species become predominant in locations
below this level [Bird et al., 1994].
[8] The Fly River delta is tidally dominated, with max-

imum tidal amplitudes of 3.5–5 m and peak tidal currents of
over 1 m s�1 [e.g., Harris et al., 2004; Wolanski et al.,
1995, 1997]. The sediment discharge through its distribu-
taries eventually reaches the inner shelf, where it contributes
to the build up of �100 km wide clinoform extending
seaward across the northern Gulf of Papua (Figure 1) [Walsh
et al., 2004]. Active pathways of sediment dispersal include
the Far Northern entrance, which delivers sediments to the
NE region of the delta-clinoform system, as well as the
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Umuda Valley (see Figure 1). Smaller uncharted channels
exist offshore from the other distributaries, which connect
the river with the SW region of the delta-clinoform system.
Recent studies indicate that sediment accumulation rates are
quite low in the SW region, suggesting that much of the
sediment leaves the delta through the northern distributaries
[e.g., Crockett, 2006; Ogston et al., 2007; Walsh et al.,
2004].
[9] Once particulate materials leave the delta distributar-

ies, they are further dispersed by the combined action of
tides, winds and waves. The wind and wave climate of the
Gulf of Papua is characterized by two seasons. During the
monsoon season (December–March), winds blow south-
eastward off the land and, because of the short fetch,
relatively calm seas (0.3 m significant wave heights) pre-
dominate [McAlpine and Keig, 1983; Thom and Wright,
1983]. During the reminder of the year (May–October), SE
trade winds average 5 to 8 m s�1 and blow northwestward
and northward, leading to much more energetic conditions
(1.3 m average significant wave heights). The large-scale
ocean circulation is dominated by a clockwise gyre in the
northern Coral Sea, causing a predominant eastward trans-

port along the shelf. Overall, these conditions facilitate the
transport of fine sediments along and across the shelf,
leading to the formation of a well-developed clinoform with
characteristic topset (10–25 m of water depth), foreset (25–
50 m water depth) and bottomset (50–70 m water depth)
areas [e.g., Walsh and Nittrouer, 2003; Walsh et al., 2004;
Ogston et al., 2007].
[10] Sediment accumulation rates based on 210Pb profiles

have been determined throughout the Fly River delta-clino-
form system [Harris et al., 1993; Walsh et al., 2004;
Crockett, 2006; Crockett et al., 2008]. Accumulation rates
are quite variable, ranging from negligible to >5 g cm�2

a�1. The highest rates are measured in the NE region of the
foreset (1.3 to >5 g cm�2 a�1), with lower rates along the
SW foreset region (0.5–2.0 g cm�2 a�1). Accumulation
rates are also elevated along the Umuda Valley (0.4–1.3 g
cm�2 a�1) and the inner areas of the NE topset (0.5 to 2.5 g
cm�2 a�1). Benthic macrofauna are absent from most of
these deposits because of the high sediment deposition and
physical mixing [e.g., Alongi, 1995; Aller and Aller, 2004].
In contrast, sediment accumulation rates are relatively low
(<0.5 g cm�2 a�1) [Crockett et al., 2008] along the outer

Figure 1. Map of the study area. The locations of stations from different regions of the subaqueous
delta and topset region of the clinoform are indicated in the map. Open symbols are used to indicate the
locations of grab samples (GB), while solid symbols indicate the locations of sites collected via kasten
core (KC).
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topset of the clinoform, an area where Martin et al. [2008]
show evidence for bioturbation in recently deposited layers.
[11] Terrigenous OM exported by the river and from the

delta islands is the major source of carbon in the regions
adjacent to the Fly River delta [Bird et al., 1995; Roberston
and Alongi, 1995; Goni et al., 2006]. Production by marine
algae is low in the inshore regions because of the high
turbidity, but increases seaward as the particulate load
settles from the surface waters [e.g., Alongi et al., 1992;
Ayukai and Wolanksi, 1997; Davies, 2004; Robertson et al.,
1993, 1998; McKinnon et al., 2007]. Marine contributions
to the sedimentary OM become progressively more impor-
tant in the more distal locations of the gulf as the supply of
land-derived clastic sediments decreases away from the
clinoform region [Bird et al., 1995]. Active degradation of
both autochthonous and allochthonous OM by microorgan-
isms takes place in the physically mixed, mobile muds that
characterize some of the inshore regions in the gulf [e.g.,
Aller and Blair, 2004; Aller et al., 2004, 2007].

3. Methods

3.1. Sample Collection

[12] Sediments from the inshore regions of the Fly River
subaqueous delta and topset region of the clinoform (<20 m
water depth) were collected in January 2003 aboard the Ok
Tedi Company’s vessel Western Venturer (Figure 1). During
the cruise, in order to choose appropriate coring sites, we
surveyed the bathymetry of this poorly charted region using
a Fathometer prior to sediment collection. The heteroge-
neous bathymetry in some areas resulted in highly variable
sediment compositions and textures, which fundamentally
affected the compositions of the sedimentary OM. Special
efforts were made to obtain representative samples from all
locations, including fine as well as coarse sediments. With
that goal in mind, seabed sediments were collected using
either a kasten corer or a Shipek grab sampler with the latter
being used at sandy sites where coring failed. Once collected,
the kasten cores, which were up to 3 m in length, were
subsampled on the ship at 1 or 2 cm intervals. In the case of
the grab samples, the top 2 cm of sediment was subsampled.
All sediment samples were stored frozen in sealed Kpak
bags until they were analyzed. The sampling stations and
the distribution of kasten and grab samples among the three
major depositional areas identified within Fly River delta-
clinoform system (northeast region, Umuda Valley, south-
west region) are illustrated in Figure 1.

3.2. Analytical Details

[13] Prior to chemical analyses, sediments were oven
dried (50�C) and ground. Unground splits of the samples
were preserved for surface area analyses. A selected number
of samples was fractionated by heavy liquid flotation using
a dense solution (1.9 g cm�3) of aqueous sodium polytung-
state [Bock and Mayer, 2000]. Samples were suspended in
the heavy solution and then centrifuged to separate the low-
and high-density fractions. Each sample was treated this
way three times to insure complete separation. The low-
density fractions were recovered by filtering the solution
onto precombusted glass fiber filters, whereas the high-
density fractions were recovered in the bottom of the
centrifuge tubes. Both fractions were rinsed with distilled

water, dried and weighed prior to chemical analyses. Visual
inspection of the low-density fractions showed significant
amounts of recognizable plant detritus.
[14] All the methods utilized to characterize the compo-

sitions of the sediments and associated OM have been
applied previously in coastal settings. Briefly, the weight
percent contents of total carbon (%TC), organic carbon
(%OC), inorganic carbon (%IC) and organic nitrogen
(%ON) in all sediments were determined by high-temperature
combustion using the approach outlined in previous studies
[e.g.,Goni et al., 2003, 2006]. %IC contents were determined
as the difference between %TC and %OC. %ON contents
were determined after correcting for the presence of inorganic
nitrogen within the total nitrogen measured according toGoni
et al. [2003]. The stable carbon isotopic compositions of OC
(d13Corg) and nitrogen (d15N) in sediment samples were
analyzed after the removal of inorganic carbonates with
10% HCl, using high-temperature combustion coupled with
isotope ratio mass spectrometry [e.g., Goni et al., 2005a]. In
selected samples, the radiocarbon contents of sedimentary
OC (D14Corg) were determined using accelerator mass spec-
trometry according to the procedure of Vogel et al. [1987].
The D14Corg data were used to estimate the age of the
sedimentary organic matter and reported as fraction of
modern carbon according to international convention [Stuiver
and Polach, 1977]. The mineral surface areas (SA) of
unground, OM-free sediments were determined according
to the Brunauer, Emmett and Teller (BET) technique [e.g.,
Mayer, 1994; Goni et al., 2005b]. Samples were precom-
busted at 300�C for 12 h to remove OM and degassed under
vacuum for 1 h at 250�C prior to the five-point BET
measurement.
[15] Alkaline CuOoxidationswere performed tomeasure the

yields of lignin- and nonlignin-derived products using a micro-
wave digestion system according to Goni and Montgomery
[2000]. Briefly, alkaline CuO oxidations were carried out
with oxygen-purged 2N NaOH at 150�C for 1.5 h using a
microwave digestion system. After the oxidation, recovery
standards (ethyl vanillin, transcinnamic acid) were added
and the solution was acidified to pH 1 with concentrated
HCl. Samples were then extracted with ethyl acetate.
Extracts were evaporated to dryness under a stream of N2.
The CuO reaction products were redissolved in pyridine and
derivatized with bis trimethylsilyl trifluoroacetamide
(BSTFA) + 1% trimethylchlorosilane (TMCS) to silylate
exchangeable hydrogens prior to analysis by gas chroma-
tography–mass spectrometry (GC-MS).
[16] The yields of individual lignin and nonlignin oxida-

tion products were quantified by GC-MS using selective ion
monitoring. The compounds were separated chromato-
graphically in a 30 m � 250 mm DB1 (0.25 mm film
thickness) capillary GC column, using an initial temperature
of 100�C, a temperature ramp of 4�C min�1 and a final
temperature of 300�C. The MS was run in electron impact
mode, monitoring positive ions from a range of 50 to
650 amu. External calibration standards were determined
for individual compounds using ions specific to each
chemical structure. The calibrations, which were performed
on a regular basis to test the response of the GC-MS, were
highly linear (r2 > 0.99) over the concentration ranges
measured in the samples.
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[17] Among the CuO oxidation products (COP) detected,
we quantified lignin-derived compounds, including vanillyl
(VCOP; vanillin, acetovanillone, vanillic acid), syringyl
(SCOP; syringealdehyde, acetosyringone, syringic acid) and
cinnmamyl (CCOP; p-coumaric acid, ferulic acid) products.
All of these compounds are characteristically recovered
from the alkaline oxidation of lignin, a phenolic macromol-
ecule that is uniquely synthesized by vascular land plants
(i.e., trees, grasses). Lignin-derived compounds have been
used to quantitatively trace contributions from terrigenous
OC sources in a variety of environments [e.g., Hedges et al.,
1986; Goni and Thomas, 2000; Benner and Opsahl, 2001;
Gordon and Goni, 2004]. Typical yields of total lignin-
derived COP (LCOP) from vascular plant tissues range from
5 to 20 mg per 100 mg of OC, depending on the overall
lignin content. In addition to the lignin products, several
nonligninCOPwere quantified, including p-hydroxybenzenes
(PCOP; p-hydroxybenzaldehyde, p-hydroxyacetopheone,
p-hydroxybenzoic acid) and other benzoic acids (BCOP;
benzoic acid,m-hydroxybenzoic acid, 3, 5-dihydroxybenzoic
acids). These compounds have multiple biochemical pre-
cursors, such as aromatic amino acids, phenolic polymers
such as tannins, and are produced by several OM sources,
including algae, vascular plants, fungi and bacteria. Typical
yields of these nonlignin COP from different natural OM
sources range from 0.2 to 4 mg per 100 mg OC depending
on the type of material analyzed [e.g., Goni and Hedges,
1995; Goni and Thomas, 2000]. These and other nonlignin
COP have been used to trace OM contributions from
various sources in different environments [e.g., Goni and
Hedges, 1995; Goni et al., 2000].
[18] Stable carbon isotopic analyses of individual COP

were conducted by isotope ratio monitoring–gas chroma-
tography–mass spectrometry (IRM-GC-MS) according to
the technique of Goni and Eglinton [1996]. Briefly, splits of
the CuO extracts were prepared in the same fashion as for
GC-MS analyses and run on a GC interfaced with an
isotope ratio MS. Once the samples were run, we used the
known isotopic composition of the ethylvanillin and t-
cinnamic acid recovery standards to calculate the isotopic
composition of the trimethylsilyl carbons added by isotopic
mass balance. The d13C compositions of the trimethylsilyl
carbons determined for each sample were used to derive the
d13C signatures of the COP. We estimated the reproducibil-
ity of the procedure by performing triplicate analyses of
selected samples. In general, the precision of the measure-
ment of a single compound was within 1.0 %.
[19] The variability associated with parameters derived

from individual measurements was calculated using propa-
gation of error [Taylor, 1997]. Standard deviations (sx) and
standard errors (s.e. = sx n

�1/2, n is the number of samples)
were used to summarize the variability among different
sample sets. ANOVA tests were used to assess statistically
significant differences. Unless specifically stated, all statis-

tically significant differences reported are above the 95%
confidence interval (P value of 0.05).

4. Results

4.1. Compositions of Surface Sediments

[20] The compositions of surface sediments throughout
the study area are presented in Table 1. The spatial trends in
bulk parameters have been discussed previously [Goni et
al., 2006]. In this paper we focus on the spatial heteroge-
neity displayed by the surface and subsurface samples, with
special emphasis on the role that sediment texture plays in
determining the geochemical composition of the sediments.
For example, several uncharted shallow channels cross the
SW region of the delta-clinoform system and the stations
along transect D intersected one of these channel features
(Figure 2). As can be seen from the compositions along
transect D, the differences in bathymetry lead to stark
contrasts in sediment compositions (Figure 2). The channel
bottoms contained finer sediments with higher %OC con-
tents and more depleted d13Corg values than their counter-
parts collected from the shallower channel sides. Most
likely, the channels act as conduits for sediment transport
[Ogston et al., 2007] and, because of their deeper bathym-
etry, also allow for the deposition of fine sediments, which
are winnowed away from the shallower sites by tidal and
wave energy.
[21] Overall, as discussed by Goni et al. [2006], sedi-

ments from the NE region yielded higher values of %OC,
%ON, lower %IC and more depleted d15N and d13Corg

values than those along the Umuda Valley region and the
SW region. However, close inspection of the data set shows
that these spatial trends were mainly due to differences in
texture of the sediment samples, as measured by mineral
surface area (Table 1). Grain size analyses of selected
samples showed that there is a significant (r2 = 0.70),
positive relationship between the texture of sediments and
their mineral SA [Goni et al., 2006]. The differences in the
abundance of coarse sediment are related to the differential
supply of fine sediments between the NE and SW regions
[e.g., Ogston et al., 2007] and the underlying bathymetry of
the two areas [e.g., Crockett, 2006].
[22] In order to understand the trends in the geochemical

composition of the seabed, it is useful to consider the
compositions of coarse sediments (SA < 10 m2 g�1)
separate from those of fine-texture samples (SA > 10 m2

g�1; Figure 3). We chose the <10 m2 g�1 level as a cutoff
because it roughly corresponds to sediments with a median
diameter >12 mm [Goni et al., 2006] and a percent sand
content >6% based on grain size data [Crockett, 2006].
Irrespective of their geographic location, finer sediments
collected throughout the delta-clinoform system had %OC
contents (�1.2 wt %) that were much higher than those of
coarser sediments (0.3–0.5 wt %). In the case of %ON, the
high-SA samples from the SW region displayed lower

Notes to Table 1.
aSurface is 0–2 cm. Column headings: SA, mineral surface area; ON, organic nitrogen; OC, organic carbon; IC, inorganic carbon; VCOP, vanillyl CuO

oxidation products (vanillin + acetovanillone + vanillic acid); SCOP, syringyl COP (syringealdehyde + acetosyringone + syringic acid); CCOP, cinnamyl COP
(p-coumaric acid+ferulic acid); BCOP, benzoic acid COP (benzoic acid + m-hydroxybenzoic acid + 3,5-dihydroxybenzoic acid); PCOP, p-
hydroxybenzenes COP (p-hydroxybenzaldehyde+p-hydroxyacetophenone + p-hydroxybenzoic acid). Grab, Shipek grab sample; KC, kasten core
sample; n.m., not measured. Station codes correspond to those in Figure 1. Coarse samples for which accurate SA measurements were not
possible are indicated by <10 m2/g.

F01S10 GONI ET AL.: ORGANIC MATTER IN THE FLY RIVER DELTA

6 of 27

F01S10



values (0.08 wt %) than their counterparts from the other
regions (0.10–0.11 wt %) whereas all of the low-SA
samples displayed diminished %ON contents (0.03–0.04
wt %) relative to their high-SA counterparts. Inorganic
carbon contents were low (<0.05 wt %) throughout the
majority of the samples, with some evidence of textural
differences among the SW region. However, the low con-
tents and high variability make it difficult to assign statis-
tical significance to these contrasts.
[23] Despite the contrasts in concentrations, there were no

clear trends among OC:ON ratios from samples of different
texture, with values ranging between 12 and 20 mol:mol for
both high-SA and low-SA sediments. Notably, these values
are all considerably higher than those of typical algal
sources (i.e., Redfield ratio of 6–7 mol:mol). All the
samples displayed stable carbon isotopic compositions that
were depleted (d13Corg < �24 %) relative to the typical
marine values (�19 to �21 %) [e.g., Fogel and Cifuentes,
1993] and comparable to typical as well as local C3

terrigenous sources (�25 to �29 %) [Fogel and Cifuentes,
1993; Bird et al., 1994]. Notably, we observed significant
differences between the d13Corg compositions of high-SA
and low-SA sediments, with the former exhibiting depleted
d13Corgvalues (�26.5 to �25.8 %) relative to their low-SA
counterparts (�24.6 to �24.1 %, respectively; Figure 3). In
the case of d15N compositions, all samples displayed values
(d15N < +2 %) that were comparable to those of typical
terrigenous sources of ON and depleted relative to typical
d15N signatures of marine sources (+2 % vs. +8 %,
respectively) [e.g., Fogel and Cifuentes, 1993]. In two of
the regions (Umuda Valley and NE), the low-SA sediments

displayed d15N values that were enriched relative to their
high-SA counterparts (Figure 3).
[24] Among the CuO oxidation products, the yields of

vanillyl and syringyl phenols (VCOP and SCOP; respectively)
were significantly elevated in the high-SA samples relative
to their low-SA counterparts (Figure 4). The highest yields
of these compounds were found in the NE and SW regions
(VCOP � 3 mg (100 mg OC)�1; SCOP � 2 mg (100 mg
OC)�1, with lower values in the Fly River and Umuda
Valley sediments (VCOP � 2 mg (100 mg OC)�1; SCOP �
1.5 mg (100 mg OC)�1)). In contrast, the yields of cinnamyl
phenols (CCOP) were much more uniformly distributed
(0.12–0.16 mg (100 mg OC)�1) among high-SA samples.
Furthermore, the low-SA sediments from the Umuda Valley
and SW regions were characterized by comparable CCOP

yields relative to their high-SA counterparts (Figure 4).
There were significant differences in the yields of total
lignin phenols (LCOP) among high-SA sediments, with the
NE samples displaying the highest values (�5 mg (100 mg
OC)�1) and the Fly River sample the lowest (�3 mg
(100 mg OC)�1; Figure 4). All of the low-SA samples
displayed much lower LCOP values (�1 mg (100 mg
OC)�1) relative to their high-SA counterparts. A similar
overall pattern was detected for the nonlignin CuO products.
For example, the highest yields of p-hydroxybenzene prod-
ucts (PCOP) were displayed by high-SA samples from the NE
region (0.6 mg (100 mg OC)�1), whereas the lowest values
(<0.2 mg (100 mg OC)�1) were detected in the low-SA
samples. In the case of the other benzoic acid products
(BCOP), although there were significant contrasts between
the yields of high-SA and low-SA samples in the Umuda
Valley and NE regions, they were not as marked as with other

Figure 2. Compositions of surface sediments from the D station transect. The locations of the stations
are highlighted within the square in Figure 1. The distance along the transect is measured from the tip of
Kiwai Island (Figure 1). The data plotted include the stable carbon isotopic values of the organic matter
(d13Corg), the weight percent organic carbon content (%OC), and the water depth at each site.
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CuO products. Moreover, the yields of BCOP from high-SA
and low-SA samples within the SW region were compara-
ble. In this respect, the distribution of CCOP and BCOP

among sample types was much more similar than for the
rest of the CuO products (Figure 4).
[25] Overall, these results indicate that there were signif-

icant compositional differences between OM present in
high-SA and low-SA samples. These differences included
contrasts in the elemental concentrations (%OC, %N) and
stable isotope ratios (d13Corg, d

15N), as well as the yields

and compositions of lignin and nonlignin oxidation prod-
ucts. Such contrasting patterns suggest samples of different
textures contained OM with distinct sources and/or diage-
netic histories. In order to further investigate the composi-
tion and sources of OM within the study area, we selected
several samples of contrasting surface area (and hence
texture) for density fractionation. Once fractionated into
high- and low-density fractions, we measured the radiocar-
bon compositions of the OC in these different fractions
(Table 2). According to these analyses all of the unfractio-

Figure 3. Average compositions of sediments from different geographical areas. Separate averages are
computed for sediments of fine texture (surface area >10 m2 g�1, solid symbols) and for sediments of
coarse texture (surface area <10 m2 g�1, open symbols). The parameters plotted include (a) weight
percent organic carbon content (%OC), (b) weight percent organic nitrogen content (%ON), (c) weight
percent inorganic carbon content (%IC), (d) molar OC:ON ratios, (e) stable carbon isotopic compositions
of organic matter (d13Corg), and (f) stable nitrogen isotopic compositions of total nitrogen (d15N). Error
bars indicate the variability (±1 standard error) within each site and sample type.
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nated sediments contained OM that was depleted in 14C,
with D14Corg values that ranged from �300 to less than
�500 %. These D14Corg values translate into age estimates
of 2,800 to > 6,000 years before present (years B.P.)
(Table 2).
[26] Measurements of the high-density fractions (>1.9 g

cm�3) indicate this material accounts for the majority
(>70%) of the total carbon in the surface sediments and
was characterized by D14Corg values and

14C ages that were
significantly more depleted and older (�370 to �645 %

and 3,700 to >8,200 years B. P., respectively) than those
found in the bulk sediments (Table 2). Notably, the d13Corg

compositions of the high-density fractions were enriched by
>1 % relative to the values measured in the bulk sediments,
and the OC:ON ratios were significantly lower than those
from bulk sediments. In contrast, the low-density fractions
typically accounted for a smaller fraction of the sedimentary
OM and were characterized by higher OC:ON ratios and
more depleted d13Corg compositions than their high-density
counterparts. TheD14Corg values of the low-density samples,

Figure 4. Average carbon-normalized yields (mg (100 mg OC) �1) of lignin and nonlignin CuO
oxidation products from different geographical areas. Separate averages are computed for sediments of fine
texture (surface area >10 m2 g�1, solid bars) and for sediments of coarse texture (surface area <10 m2 g�1,
open bars). The parameters plotted include the yields for different classes of lignin-derived CuO
oxidation products such as (a) vanillyl products (VCOP), (b) syringyl products (SCOP), (c) cinnamyl
products (CCOP), (d) sum of lignin products (LCOP = VCOP + SCOP + CCOP), (e) p-hydroxybenzene
products (PCOP), and (f) other benzoic acid products (BCOP). Error bars indicate the variability
(±1 standard error) within each site and sample type.
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which were estimated by isotopic mass balance, indicate
these materials were significantly younger than the high-
density materials (Table 2). The contrasts between high- and
low-density fractions were least pronounced in the samples
from the inshore area of the NE region. Overall, these
compositions suggest that there were significant differences
in the composition and sources of OM among the two
density classes, with older, N-enriched and 13C-enriched
materials contributing predominantly to the high-density
fraction whereas younger, N-depleted and 13C-depleted
materials were more important in the low-density fraction.
Likely sources for the high-density fractions include highly
altered, old soil OM and/or fossil carbon eroded from

bedrock, whereas vascular plant debris appears to be an
important component of the low-density fractions.
[27] The isotopic compositions of individual lignin phe-

nols from a selected set of samples (Table 3) show that all of
the vanillyl and syringyl phenols yielded d13C compositions
that were highly depleted, ranging from �27 to �32%.
These values are consistent with the compositions measured
for C3 vascular plant tissues [e.g., Goni and Eglinton, 1996]
and indicate the predominant source of the lignin in these
samples was C3 land plants. There was no indication that C4

grasses contributed any significant amount to the lignin
present in the samples analyzed. Because of the low con-
centrations of lignin phenols in most low-SA samples, we

Table 2. Compositions of Density-Fractionated, Surface Sediment Samples From Various Locations of the Fly River Deltaa

Parameter Units

Inshore Northeast Offshore Northeast Umuda Southwest

CC5 EE5 FF3 BB9 CC9 C11 D2 E15

Unfractionated Sediments
SA m2/g 22.9 20.2 25.6 17.7 15.0 25.7 10.4 14.6
%OC wt % 1.6 1.3 1.2 1.2 0.82 1.3 1.1 1.2
[OC/ON]a mol:mol 14 14 13 14 17 12 17 17
d13Corg % �26.5 �26.4 �26.4 �26.2 �25.8 �26.0 �26.5 �26.3
D14Corg % �340.6 �343.1 �301.2 �401.5 �462.0 �388.8 �538.9 �492.9
Age ybp 3290 3325 2825 4070 4925 3900 6165 5400
f–modern fraction 0.66 0.66 0.70 0.60 0.54 0.62 0.46 0.51

High Density (>1.9 g/cm3) Fraction
Abundance % of mass 57 56 47 88 70 89 90 89
%OC wt % 1.1 0.55 0.95 0.76 0.35 0.87 0.66 0.61
[OC/ON]a mol:mol 11 9 11 10 9 11 12 11
d13Corg % �26.1 �24.8 �25.4 �24.4 �24.7 �24.1 �25.7 �24.7
D14Corg % �399.1 �520.4 �372.6 �500.0 �633.6 �413.5 �620.8 �643.5
Age ybp 4040 5850 3690 5515 8010 4235 7735 8230
f–modern fraction 0.60 0.48 0.63 0.50 0.37 0.59 0.38 0.36

Low Density (<1.9 g/cm3) Fraction
Abundance % of mass 43 44 53 12 30 11 10 11
%OC wt % 1.0 1.7 0.81 5.4 0.61 1.8 5.9 3.0
[OC/ON]a mol:mol 15 15 15 24 28 20 29 26
d13Corg % �26.9 �27.1 �27.5 �28.3 �27.3 �33.3 �27.4 �29.0
D14Corgb % �256.4 �269.5 �227.1 �279.0 �226.1 �295.6 �444.8 �238.0
Age ybp 2579 2685 2359 2764 2351 2907 4585 2438
f–modern fraction 0.74 0.73 0.77 0.72 0.77 0.70 0.56 0.76

aSurface is 0–2 cm. Column headings: SA, mineral surface area; %OC, weight percent organic carbon content; [OC:ON]a, atomic organic
carbon:nitrogen ratio; d13Corg, stable isotopic ratio of organic carbon; D14Corg, radiocarbon isotope ratio of organic carbon; Age, radiocarbon age in years
before present (ybp) [Stuiver and Polach, 1977]; f-modern, radiocarbon concentration as fraction modern; Abundance, fraction of total mass in the sample
as a percentage.

bEstimated by isotopic mass balance between unfractionated sediments and high-density fractions.

Table 3. Stable Carbon Isotopic Compositions of Individual Lignin CuO Oxidation Products From Surface Sedimentsa

Sample Vl Vn Vd Sl Sn Sd

Northeast region
FF3 (0–1 cm) �27.7 ± 0.4 �29.3 ± 0.3 �29.7 ± 1.1 �28.5 ± 0.4 �29.5 ± 0.5 �31.5 ± 0.6
EE5 (0–1 cm) �29.2 ± n.a. �29.9 ± n.a. �34.5 ± n.a. �29.5 ± n.a. �31.0 ± n.a. �33.2 ± n.a.
CC5 (0–1 cm) �27.6 ± 0.0 �29.1 ± 0.0 �31.7 ± 0.0 �28.1 ± 0.0 �29.2 ± 0.0 �30.8 ± 0.0
BB9 (0–1 cm) �27.1 ± 0.8 �28.0 ± 0.7 �29.5 ± 1.6 �26.9 ± 0.7 �28.4 ± 0.7 �28.0 ± 1.5
Northeast avg. �27.9 ± 0.9 �29.1 ± 0.8 �31.4 ± 2.3 �28.2 ± 1.1 �29.5 ± 1.1 �30.9 ± 2.2

Umuda channel
C11 (0–1 cm) �27.1 ± 0.1 �28.2 ± 0.1 �30.3 ± 0.2 �27.6 ± 0.1 �29.2 ± 0.1 �29.2 ± 0.2

Southeast region
D2 (0–1cm) �27.9 ± 0.1 �29.0 ± 0.1 �33.6 ± 0.1 �28.1 ± 0.1 �29.1 ± 0.0 �31.1 ± 0.1
E15 (0–1 cm) �26.8 ± 0.0 �28.1 ± 0.0 �29.0 ± 0.0 �27.1 ± 0.0 �28.3 ± 0.0 �29.2 ± 0.0
G3 (1–2 cm) �28.2 ± 0.0 �29.7 ± 0.0 �31.0 ± 0.1 �28.1 ± 0.0 �28.9 ± 0.0 �31.7 ± 0.1
Southeast avg. �27.5 ± 0.7 �28.7 ± 0.7 �31.0 ± 2.0 �27.7 ± 0.5 �28.9 ± 0.4 �30.3 ± 1.3

aStable carbon isotopes, d13C, are given in %. Column headings: Vl, vanillin; Vn, acetovanillone; Vd, vanillic acid; Sl, syringealdehyde; Sn,
acetosyringone; Sd, syringic acid; n.a., not applicable. The sample codes correspond to the station locations indicated in Figure 1. The interval depth (cm) is
indicated within the parentheses.
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were unable to measure their d13C compositions by IRM-
GC-MS. Hence we cannot make a similar assessment for
the lignin-bearing OM within these coarser deposits.

4.2. Down-Core Compositions

[28] In order to investigate the compositions of subsur-
face sediments within the delta-clinoform system, we ana-

lyzed several kasten cores collected from the NE, Umuda
Valley and SW regions. These cores spanned the range of
depositional environments along the study area. Mass
accumulation rates, based on excess 210Pb activity profiles,
ranged from negligible in the SW region (G3, G15), to
1.3 g cm�2 a�1 in the Umuda Valley at the CT (i.e., Rusty
Tripod) [Ogston et al., 2007] site, to 2.6 g cm�2 a�1 in the
inner area of the NE region directly offshore from the

Figure 5. Composites of X-radiograph negatives from selected kasten cores. The white portion of G15
indicates that no radiograph was taken for this section of the core. Lighter tones reflect more X-ray
opaque, coarser, sand-rich horizons, whereas dark tones are characteristic of fine sediments. The reason
for the overall light colors for G15 is that the X rays were slightly overexposed.
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northern distributary at site BB5. Accumulation rates were
significantly lower (�0.5 g cm�2 a�1) in the more distal
areas of the NE region (FF3 and EE9 sites). Details on the
210Pb profiles and their interpretation are provided else-
where [Crockett, 2006; Crockett et al., 2008].
[29] Figure 5 shows a composite of the X-radiographs

taken from the sections of these kasten cores. All the cores
displayed abundant horizontal layering made up of sedi-
ment packages of contrasting grain size. In these X-radio-
graph negatives, lighter areas reflect more X-ray opaque,
coarser, sand-rich horizons, whereas fine sediments show as
dark tones. The type of layering exhibited by these cores
has been observed by other investigators [e.g., Harris et al.,
1993] and is thought to be caused by sedimentation,
resuspension and winnowing processes associated with
changes in sediment flux, tidal currents and wave energy.
Changes in the thickness and abundance of the layers reflect
variability in these processes over the depositional history
of the cores.
[30] Another important corollary of the ubiquitous layer-

ing is the limited bioturbation observed throughout most of
the cores. The processes that lead to these types of struc-
tures are characteristic of high-sedimentation/high-energy
environments that limit the establishment of macrofauna
capable of bioturbating the sediment and disrupting the
layers [e.g., Nittrouer and Sternberg, 1981]. The only major
signs of bioturbated sediments were observed in the top
layers of G15 and G2 cores, which displayed mottled
structures characteristic of biological activity. These fea-
tures suggest that the delivery of sediment to this region
may have been diminished over the recent history of these
two cores, allowing fauna to colonize the top horizons of
the seabed [see Martin et al., 2007]. Notably, bioturbated
layers were absent in the surfaces of other cores, indicating
both the supply of sediment and the physical processes
responsible for the layers were active in most other loca-
tions [e.g., Crockett et al., 2008]. We found no visible
evidence (e.g., high porosity, disturbed horizons) that would
point to methanic conditions in the cores analyzed.
[31] All the geochemical data on the down-core compo-

sitions of the selected kasten cores are presented in Table 4.
The compositional parameters determined for these samples
included SA, %OC, %ON, %IC, d15N and d13Corg, as well
as the yields of lignin and nonlignin COP. Overall, most
down-core profiles were characterized by fairly uniform
compositions (e.g., Figures 6 and 7). For all of the param-
eters measured, there were no consistent trends with depth
indicative of steady state diagenesis or long-term changes in
sediment and OM supply. For example, none of the cores
displayed decreases in %OC or in LCOP with increasing
depth that would be expected if in situ OM degradation
rates were at steady state. Furthermore, there were no clear
trends in the OC:ON or d13Corg distributions down core,
which could be interpreted as marked changes in the
composition of OM deposited at each site. Instead, most
of the down-core variability was associated with the het-
erogeneity of specific horizons, which were related to the
variations in grain size of individual layers as evident in the
X radiographs.
[32] There were statistically significant differences

among the average compositions of the kasten cores from
the different sites (Figure 8). For example, the highest SAT
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values characterized the site within the Umuda Valley (CT),
whereas the inshore site from the SW region of the delta (G2)
displayed the lowest SA values. Significant differences were
also observed among the %OC contents of the cores, with
EE9 displaying the lowest values. The cores from the SW
region (G2 and G15) were characterized by elevated %IC
contents relative to their counterparts in the NE region. The
CT site also displayed the lowest OC:ON ratios, whereas the
d15N and d13Corg compositions of the NE cores were gener-
ally depleted relative to the values displayed by their SW
counterparts. The cores from the inner NE shelf region (FF3
andBB5) were characterized by low yields ofLCOP, PCOP and
BCOP relative to their counterparts in the SW region. These
contrasts indicate that there was significant compositional
heterogeneity in the sedimentary OM buried within the
different regions of the Fly delta-clinoform system.

5. Discussion

5.1. Sources of OM in Surface and Subsurface
Sediments

5.1.1. Insights From Isotope Data
[33] Our results reveal significant compositional differ-

ences between OM present in sediments of contrasting
texture, as well as between the low- and high-density

fractions of sedimentary OM. Although we did not observe
significant down-core trends in the composition of OM
from the selected kasten cores analyzed, there were marked
contrasts among the subsurface deposits from different sites.
All of these differences reflect contrasts in the sources and
diagenetic history of OM within the Fly River delta-clino-
form system. In order to better explain these differences, we
examine several compositional parameters that can provide
semiquantitative information on the provenance and degra-
dative state of organic materials within the seabed. End-
member compositions have been incorporated into this
discussion to facilitate this goal. These end-member data
come from published studies on the compositions of soils
and vegetation from different regions of the drainage basin
[Bird et al., 1994], from analyses of sinking materials
collected by sediment traps in the Gulf of Papua [Burns et
al., 2004] and from the analyses of fine and coarse sus-
pended particulate OM samples (FPOM and CPOM,
respectively) from the Fly and Strickland rivers [Alin et
al., 2007], as well as the analyses of floodplain sediments
from the Strickland River [Alin et al., 2007]. In the
following discussion, we combine the information provided
by these various compositional trends to better characterize
the nature of the OM present in the sediments analyzed in
this study.

Figure 6. Down-core profiles of organic carbon contents (%OC) and molar organic carbon:nitrogen
ratio (OC:ON) from selected kasten cores.
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[34] To investigate the origin of bulk OM, we plotted the
d13Corg signatures versus the molar ON:OC ratios of all the
samples analyzed (Figure 9). These graphs enable us to
assess the contributions from different OM sources based on
the differences of their elemental and stable carbon isotopic
compositions [e.g., Goni et al., 2003, 2005a]. The compo-
sitional ranges of different potential sources of OM are
included in the graphs to provide a context for the seabed
compositions. In Figure 9a, we plot the compositions of
actual samples from the Fly/Strickland River drainage
basin, including the d13Corg ranges of soil organic matter
(SOM) determined by Bird et al. [1994]. Also plotted are
the average ON:OC and d13Corg compositions of FPOM and
CPOM samples from the Fly and Strickland rivers, as well
as the compositions of sediments collected from different
locations across transects through the Strickland River
floodplain [Alin et al., 2007]. This plot shows that elemental
and stable carbon isotopic compositions of suspended
particles and floodplain sediments are consistent with a
mixture of sources, including C3 plants and forest soils. It
is interesting to highlight the contrasts in the d13Corg

signatures of forest SOM from different altitudes, with
distinctly enriched values exhibited by the high-altitude
samples. Also notable are the elevated ON:OC values and
enriched d13Corg compositions exhibited by the Gulf of

Papua sediment trap samples, which fall within the range
of ‘‘typical’’ marine algae.
[35] The compositions of the delta and clinoform sedi-

ment samples analyzed in this study show that in the case of
surface sediments (Figure 9b), most high-SA samples plot
along a compositional mixing line between typical C3

vascular plants and several other potential sources, includ-
ing SOM derived from C3 plants and a mixture of marine
and freshwater-estuarine algae. These data are consistent
with the findings of Bird et al. [1995], who measured
similarly depleted d13Corg compositions in surface samples
from the Fly delta. It is difficult to further differentiate
among possible sources with these data alone (see below),
but it is clear that the low-SA samples contain a different
mixture of OM sources based on their significantly enriched
d13Corg compositions.
[36] The high-density samples plot in a region that is

consistent with SOM being a predominant contributor
(Figure 9c). In contrast, the low-density fractions displayed
lower ON:OC ratios and more depleted d13Corg composi-
tions that suggest their OM is derived from vascular plant
fragments. The trends displayed by the down-core sedi-
ments from the selected sites suggest that the OM in these
samples has similar origins to those in high-SA surface
samples (Figure 9d). Notably, a number of samples from

Figure 7. Down-core profiles of stable carbon compositions of organic matter (d13Corg) and carbon-
normalized yields of lignin CuO oxidation products (LCOP) from selected kasten cores.
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two sites, EE9 and G15, display slightly enriched d13Corg

and plot toward the compositions displayed by the low-SA
samples from the seabed surface (Figure 9b).
[37] A plot of D14Corg versus d13Corg compositions pro-

vides additional insight on the nature and provenance of the
different density fractions within surface sediments
(Figure 10). As in the previous graphs, we have included
the compositional ranges for potential end-members, in-
cluding modern OM derived from vascular plant detritus,

river-estuarine and marine algae. We have also included the
compositional range expected for recalcitrant soil OM
(D14C of �250 to �550 %) with average ages ranging
from 2500 to 6300 years B. P. and fossil OM (i.e., kerogen)
devoid of 14C (D14C = �1000 %). Few data are available
on the composition of aged OM in Papua New Guinea. The
erosion of mineral soils from steep regions of the Papua
New Guinea (PNG) highlands, which are characterized by
extensive gullies, may contribute to the inputs of aged OM.

Figure 8. Average compositions of subsurface sediments from selected kasten cores. The parameters
plotted include (a) mineral surface area (SA), (b) weight percent organic carbon content (%OC),
(c) weight percent inorganic carbon content (%IC), (d) molar OC:ON ratios, (e) stable nitrogen isotopic
compositions, and (f) stable carbon isotopic composition of organic matter (d13Corg). Error bars indicate
the variability (±1 standard error) within each site and sample type.
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Additionally, Cenozoic and Mesozoic clastic sediments
present along the southern plains [Davies et al., 2005]
may contribute fossil OM to the particulate load exported
by the river. The predominance of metamorphic and volca-
nic rocks over much of the uplands of the Fly/Strickland

drainage basin suggest the intensive erosion that character-
izes this region of the watershed probably does not contrib-
ute to kerogen inputs because these rock types are devoid of
fossil carbon. The moderate 14C ages of the CPOM, FPOM
and floodplain sediments samples from the Fly and Strick-

Figure 9. Relationship between stable carbon isotopic compositions (d13Corg) and molar organic
nitrogen:organic carbon ratios (ON:OC) for (a) soils, suspended river sediment, and floodplain sediments
from the Fly/Strickland River watershed; (b) surface sediments of contrasting texture from different
locations within the delta-clinoform system; (c) density-fractionated sediment samples; and (d) subsurface
sediments from individual kasten cores. As part of Figure 9a, we have plotted the averages and standard
deviations of fine particulate organic matter (FPOM < 63 mm) and coarse particulate organic matter
(CPOM > 64 mm) samples collected from the Fly and Strickland rivers by Alin et al. [2007]. Additionally,
we have included the averages and standard deviations of floodplain sediments collected at proximal
(<5 m from river bank), distal (100–200 m from river bank), and remote (>250 m from river bank)
locations. Detailed descriptions of these samples are provided by Alin et al. [2007]. Figure 9a also
includes the composition of materials collected by sediment traps from sites in the open Gulf of Papua
(GOP), which represent a pure marine end-member. Description of these samples is provided by Burns et
al. [2004]. Additionally, all of these graphs show the compositional ranges of potentially important
carbon sources, including C3 vascular plants (C3), C4 vascular plants (C4), riverine and estuarine algae
(R&E), marine algae (MAR), and soil organic matter from Papua New Guinea forests (PNG Forest
SOM). The compositional range for forest SOM is derived from the d13C compositions of soil samples
from forest sites at different altitudes within PNG, which were determined by Bird et al. [1994]. Because
N measurements were not performed as part of this study, we have assumed that the ON:OC ratios for
these samples are similar to typical soils. All the other compositional ranges are based on previously
published studies [Goni et al., 2003, 2005a, 2005b, 2006, and references therein].
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land rivers, which are included in this graph (data from Alin
et al. [2007]), may indicate the predominance of aged SOM
relative to fossil kerogen inputs. Additional characterization
of bedrock types, sediment sources and suspended particles
from different parts of the watershed are needed to test this
interpretation.
[38] Unfractionated sediments plot in a region of the

graph that is consistent with the presence of aged SOM.
Notably, the low-density samples plot toward the modern
C3 plant detritus, consistent with the low ON:OC ratios
displayed by these samples in Figure 9b. In contrast, the
high-density samples display depleted D14Corg composi-
tions that indicate their OM is of more advanced age. The
D14Corg compositions of most unfractionated delta-clino-
form samples are slightly more depleted than those of the
river POM and floodplain sediments. Several samples
actually exceed the ‘‘typical’’ values for aged-soil OM,
suggesting the presence of very old sources such as fossil
kerogen. Organic matter with comparable d13Corg and

D14Corg values was detected in subsurface sediments from
the Gulf of Papua clinoform (Figure 10) [Aller and Blair,
2004]. The presence of old terrigenous OM in surface
sediments is consistent with the delivery of carbon that
has been aged on land prior to its export by the Fly River.
Furthermore, the slightly older ages of the sedimentary OM
in delta-clinoform region relative to the fluvial POM and
floodplain sediments also suggest the preferential loss of
modern terrigenous carbon relative to its aged counterpart
prior to deposition on the seabed. This interpretation agrees
well with the results of Aller and coworkers, who measured
preferential losses of modern terrigenous carbon in the inner
regions of the Gulf of Papua [Aller et al., 2007, and
references therein].
5.1.2. Insights From CuO Oxidation Product Data
[39] The carbon-normalized yields of lignin phenols are

plotted against the d13Corg compositions of surface and
subsurface sediments to further characterize the sources of
OMwithin the Fly River delta-clinoform system (Figure 11).
Because lignin is uniquely derived from vascular land
plants, the yields of lignin-derived CuO products provide
a good way to differentiate between terrigenous and marine
OM sources. The end-member compositions illustrate these
patterns (Figure 11a). For example, CPOM samples display
high LCOP values and depleted d13Corg compositions that
are consistent with elevated contributions from vascular
plant detritus. In contrasts, all floodplain sediments are
characterized by low LCOP values and slightly enriched
d13Corg compositions that indicate the presence of highly
degraded lignin. Among the floodplain samples, those from
the most distal and remote regions display the lowest LCOP

values, most likely as a result of enhanced degradation (see
Alin et al. [2007] for detailed discussion of river and
floodplain OM compositions). In contrast, both algal OM
and kerogen, the latter of which has undergone thermal
alteration during the maturation of sedimentary rocks, do
not contain lignin. Hence these end-members plot along the
x axis at zero LCOP values (see Figure 11).
[40] All of the high-SA samples from surface sediments

are characterized by depleted d13Corg values and intermedi-
ate LCOP values that are consistent with mixed contributions
from vascular plant detritus and SOM (Figure 11b). The
same can be said for virtually all of the subsurface sedi-
ments from the selected sites (Figure 11c). These results are
consistent with previous studies [e.g., Robertson and
Alongi, 1995], which identified significant contributions
of mangrove-derived detritus from the Fly delta. In contrast,
slightly enriched d13Corg signatures and very low lignin
yields characterize the low-SA samples collected from the
surface of the seabed. These compositions could be inter-
preted as contributions from a modern mixture of riverine/
estuarine and marine algae, or as indication of contributions
from highly altered SOM and/or ancient kerogen. On the
basis of the advanced ages of the high-density fractions of
surface samples (Figure 10), which we expect would be
present in the coarser (low SA), we speculate that this latter
possibility is the more likely explanation for the observed
patterns.
[41] In order to further constrain the contributions from

marine OM, we plotted the d13Corg versus the d15N signa-
tures of different sample types (Figure 12). In these graphs,
C3 terrigenous sources are differentiated from marine sour-

Figure 10. Relationship between stable carbon (d13Corg)
and radiocarbon isotopic (D14Corg) ratios for unfractionated
and density-fractionated samples. For comparison, also
plotted in this graph are data from unfractionated samples
collected from the Fly/Strickland river watershed, including
fluvial fine and coarse particulate organic matter (FPOM
and CPOM, respectively) as well as floodplain sediments
(see Alin et al. [2007] for additional details). Also included
are data for bulk marine sediments from Aller and Blair
[2004] (A&B, 04), which were derived from subsurface
horizons (core depths 20–250 cm below the surface)
collected along the central and western sections of the Gulf
of Papua clinoform at water depths of 20–50 m. Included in
these graphs are the compositional ranges of potentially
important carbon sources, including C3 vascular plants (C3),
C4 vascular plants (C4), riverine and estuarine algae (R&E),
marine algae (MAR), C3 forest soil organic matter (Forest
SOM), and ancient kerogen (Kerogen). The compositional
ranges are based on previously published studies [Goni et
al., 2003, 2005a, 2005b, 2006, and references therein].
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ces by their relatively depleted d13Corg and d15N composi-
tions. Figure 12a illustrates the slight variability in the
signatures of FPOM, CPOM and floodplain sediments [Alin
et al., 2007] and their marked contrast relative to the
sediment trap samples from the Gulf of Papua [Burns et
al., 2004]. There is a slight enrichment on both the d13Corg

and d15N compositions of floodplain sediments relative to

those from suspended sediments, most likely as a result of
subaerial microbial decomposition following their initial
deposition [e.g., Quideau et al., 2003; Dijkstra et al.,
2006; Crow et al., 2006]. Most notably, irrespective of
texture and/or location, both surface and subsurface sedi-
ments from the Fly River delta-clinoform system
(Figures 12b and 12c) display d15N compositions (+1%
to +3%) similar to those of floodplain sediments
(Figure 12a). All of the sedimentary OM samples plot far
away from the marine OM end-member, indicating little of the
nitrogen in these samples appears to be derived from marine
algae, including those with low LCOP values (Figure 11b).
[42] On the basis of these compositions (Figures 11 and

12) and the elemental ratios (Figure 9), we conclude that
both surface and subsurface sediments in the Fly River
delta-clinoform system predominantly contain a mixture of
modern vascular plant detritus and aged SOM, with no
evidence of measurable contributions from marine OM. In
addition, fossil OM devoid of recognizable biochemicals
may also be present, especially in the low-SA samples.
These latter samples are characterized by the lowest LCOP

values (Figure 11b) and plot in a region of relatively
depleted d15N values and slightly enriched d13Corg values
that is distinct from typical C3 sources. Contributions from
highly degraded SOM with a mixed C3/C4 source may also
explain these latter compositions. At this point, additional
data are needed to settle this question definitely; however,
we can conclude that the coarser fraction of the sediments
deposited on the delta contains a mixture of land-derived
OM that is distinct from its finer counterpart.
[43] The molecular compositions of the CuO oxidation

products can be summarized in ratio plots such as the ones
illustrated in Figure 13 [e.g., Goni et al., 2000, 2003]. In the
case of SCOP/VCOP versus CCOP/VCOP ratios, the composi-
tional ranges of different lignin-bearing sources can be
superimposed on the compositions exhibited by the sedi-
mentary OM from the study area. These graphs show that,
independent of their LCOP values, both the high-SA surface
samples and the subsurface samples plot in a region of
elevated SCOP/VCOP ratios and relatively low CCOP/VCOP

ratios. Such compositions are consistent with the lignin in
these samples originating from predominantly angiosperm
sources, with mixed woody and nonwoody contributions.
As angiosperm tissues are degraded, it is typical to observe

Figure 11. Relationship between carbon-normalized
yields of lignin-derived CuO oxidation products (LCOP)
and the stable carbon isotopic compositions of organic
matter (d13Corg) from (a) suspended river sediment and
floodplain sediments from the Fly and Strickland rivers
[Alin et al., 2007], (b) surface sediments, and (c) subsurface
sediments from individual kasten cores. Description of the
different sample types is provided in the text and in previous
figure captions (e.g., Figure 9). Included in these graphs are
the compositional ranges of potentially important carbon
sources, including C3 vascular plants (C3), C4 vascular
plants (C4), riverine and estuarine algae (R&E), marine
algae (MAR), C3 forest soil organic matter (Forest SOM),
and ancient kerogen (Kerogen). The compositional ranges
are based on previously published studies [Goni et al.,
2003, 2005a, 2005b, 2006, and references therein].
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decreases in both their SCOP/VCOP and CCOP/VCOP ratios as
syringyl and cinnamyl phenols tend to be more labile than
their vanillyl counterparts [e.g., Hedges et al., 1988; Goni et
al., 1993; Opsahl and Benner, 1995]. It is important to
highlight the unique compositions exhibited by the low-SA
samples, which were characterized by low lignin yields and
enriched d13Corg compositions. These samples plot sepa-
rately from their high-SA counterparts in Figure 13. The
elevated CCOP/VCOP ratios, in particular, suggest that the
lignin in these samples has a distinct origin and is most
likely ultimately derived from nonwoody sources such as
leaves and/or grasses. Such observations suggest that con-
tributions from aged SOM of mixed C3/C4 provenance may
explain the compositions exhibited by the low-SA surface
sediments, as would be expected if they were derived from
grasslands. Under this scenario, fossil OM may be less
important than suggested by the previous discussion.
[44] Further differentiation is also observed in the plots of

PCOP/VCOP versus BCOP/VCOP ratios. Both PCOP and BCOP

have nonlignin precursors such as aromatic amino acids and
phenolic polymers [e.g., Goni and Hedges, 1995]. Elevated
yields of these compounds relative to lignin products have
been measured in soils, where microbial biomass (i.e.,
bacteria, fungi) and degraded polymers are more abundant
than intact lignin molecules [e.g., Prahl et al., 1994; Goni
and Thomas, 2000]. Hence we interpret the fact that the
low-SA samples are characterized by high PCOP/VCOP and
BCOP/VCOP ratios relative to their high-SA counterparts as
an indication that the coarser deposits contain highly altered
OM devoid of intact lignin. Further confirmation of this
explanation is the elevated acid:aldehyde yields of low-SA
samples (vanillyl acid:aldehyde ratios of 0.8 to over 1.0)
relative to those measured in the high-SA samples (vanillyl
acid:aldehyde ratios of 0.5 to 0.6). Because of the low
yields, we were unable to measure the isotopic composi-
tions of lignin phenols from the low-SA samples. However,
their distinct CuO product ratios suggest their OM ulti-
mately originated from a different source. We speculate that
there could be a distinct source of coarse particles within the
watershed that is characterized by different vegetation (e.g.,
grasslands) and/or diagenetic history, which impart the
unique signatures observed in the delta. It is possible that
the processes (e.g., winnowing, resuspension) responsible
for the formation of these coarse deposits also increase the
extent of degradation in the remaining OM. Thus we cannot
discount the possibility that the unique compositions ob-
served in the low-SA samples are partially due to in situ
degradation. Better sampling of materials brought in by the
river, including characterization of different size/density
classes of the river particulate load, are needed to critically
evaluate these possibilities.

5.2. Diagenetic State of OM in the Seabed

[45] After evaluating the composition and character of the
OM in the sediments throughout the FlyRiver delta-clinoform
system, it is clear that terrigenous sources are dominant
in both the surface and deeper horizons of the seabed. Our
data show no significant evidence for the dilution of the
terrigenous OM by marine sources. In this context, an
important question that remains is what fraction of the
particulate OM load exported to the ocean by rivers is
preserved in the sediments versus what fraction is degraded

Figure 12. Relationship between stable carbon isotopic
compositions (d13Corg) and stable nitrogen isotopic compo-
sitions (d15N) of OM in (a) suspended sediments and
floodplain sediments from the Fly and Strickland rivers
[Alin et al., 2007], (b) surface sediments, and (c) subsurface
sediments from kasten cores in selected locations within this
system. Description of the different sample types is
provided in the text and in previous figure captions (e.g.,
Figure 9). Included in these graphs are the compositional
ranges of C3-derived terrigenous organic matter sources and
marine algal sources (based on compositional ranges
summarized by Fogel and Cifuentes [1993]).
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by microbial activity in the nearshore region [e.g., Aller et
al., 2004; McKinnon et al., 2007]. One way to answer this
question is to build a detailed OM budget for the region. At
this point, we do not have enough information regarding the
river fluxes and burial rates throughout the clinoform region
to accurately constrain OM fluxes. However, an alternative
approach to assess the degree of sedimentary OM preser-

vation is to use the relationship between %OC content and
mineral surface area [e.g., Mayer, 1994; Keil et al., 1994;
Hedges and Keil, 1995; Goni et al., 2005b]. For example,
the preferential degradation of terrigenous OM in the study
area would result in depleted OC contents relative to the
mineral surface area, leading to carbon loadings (i.e.,

Figure 13. Compositional ratios of CuO oxidation products for surface and subsurface sediments.
Plotted in these graphs are cinnamyl/vanillyl phenol ratios (CCOP/VCOP) versus syringyl/vanillyl phenol
ratios (SCOP/VCOP) for (a) surface sediments and (b) subsurface sediments from individual kasten cores,
as well as p-hydroxybenzoic acids/vanillyl ratios (PCOP/VCOP) versus benzoic acids/vanillyl phenol ratios
(BCOP/VCOP) for (c) surface and (d) subsurface sediments. Description of the different sample types is
provided in the text and in previous figure captions (e.g., Figure 9). The sample code for surface samples
(Figures 13a and 13c) is plotted in Figure 13c, whereas the sample code for subsurface samples
(Figures 13b and 13d) is plotted in Figure 13d. Included in these graphs are the compositional ranges of
potentially important lignin sources, including gymnosperm woods (G), gymnosperm needles (g),
angiosperm woods (A), and angiosperm leaves (a). The compositional ranges are based on previously
published studies [Goni et al., 2000, 2003, and references therein].
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OC:SA) that are lower than those measured in ‘‘normal’’
shelf environments [e.g., Keil et al., 1997].
[46] Figure 14 illustrates the relationship between %OC

and SA in both surface and subsurface sediments. For
comparison, data from river and delta samples previously
measured by Keil et al. [1997] and from clinoform samples
analyzed by Aller and Blair [2004] are also included in

these graphs. Among the surface sediments, there is a
general positive relationship between %OC and SA, con-
sistent with the control that mineral surfaces have on the
stabilization of OC levels through sorption [Mayer, 1994;
Keil et al., 1994]. However, it is important to note that in
two of the regions (NE and SW), the relationship between
%OC and SA is not statistically significant (r2 = 0.22, p =
0.12; r2 = 0.07, p = 0.5, respectively). Hence other factors
besides simple mineral surface area affect the %OC levels
of these deposits. Nevertheless, virtually all of the high-SA
samples plot in a region delineated between OC:SA ratios of
0.5 and 1.0 mg C m�2 (Figure 14a). These OC:SA ratios
are typical of normal surface sediments in continental
shelves (i.e., ‘‘monolayer-equivalent’’ levels) [Mayer, 1994].
Because these samples predominantly contain terrigenous
OM (see previous discussion), it appears that along the
Fly River delta-clinoform system, most of the land-derived
OC is deposited on the seabed without the intense degra-
dative losses that have been documented in other deltaic
systems (e.g., OC:SA ratios from 0.25 to 0.5 mg m�2) [Keil
et al., 1997].
[47] A few samples from the SW region plot above the

1.0 mg C m�2 line, indicating higher than normal OC
contents, most likely due to large contributions from vas-
cular plant detritus. On the other hand, all of the low-SA
samples (and a couple of high-SA samples from the SW)
plot below 0.5 mg C m�2 line, suggesting these samples
have ‘‘submonolayer’’ carbon levels. These are the only
samples that agree well with previously published data
[Keil et al., 1997]; suggesting prior studies may have
missed the compositional heterogeneity of the Fly River
delta-clinoform system. It is possible that the low OC:SA
ratios are a result of enhanced degradation associated with
coarser deposits (e.g., resuspension, winnowing). Alterna-
tively, the distinct provenance that characterizes low-SA
samples (see previous discussion) may also impart charac-
teristically low OC loadings. Hence the low OC:SA ratios
of these samples could reflect processes in the drainage
basin, rather than degradative processes with the delta-
clinoform system. A comprehensive characterization of
the composition and provenance of the river suspended
load is needed to differentiate among these hypotheses.
[48] The relationship between %OC and SA in subsurface

sediments also displays large variability, both among sites
but also within each of the cores (Figure 14b). In most sites,
the relationship between %OC and SA was not significant
(r2 < 0.15; P > 0.1). Only the sediments from BB5 displayed
as statistically significant relationship between these two
variables (r2 = 0.5; P = 0.001). As was the case for surface
samples, this means that other factors besides simple
mineral surface area contribute to the OC levels in the
subsurface sediments. A large number of samples from the
kasten cores plot within the ‘‘monolayer-equivalent’’ levels
(0.5 to 1.0 mg C m�2). Notably, a significant number of
samples from some sites, such as CT, G15 and EE9, display
low OC:SA ratios (0.25 to 0.5 mg C m�2). These samples
are consistent with the compositions determined by Aller
and Blair [2004], who measured %OC and SA values of
subsurface sediments from the central and eastern part of the
Gulf of Papua. Despite the caveats associated with prove-
nance, these ‘‘submonolayer-equivalent’’ OC levels can be
interpreted to indicate that OM in these sediments has

Figure 14. Relationship between mineral surface area
(SA) and organic carbon content (%OC) for (a) surface and
(b) subsurface sediments. Included in these graphs are lines
identifying different levels of carbon loadings, including
OC:SA ratios of 1.0, 0.5, and 0.25 mg C m�2 sediment.
Description of the different sample types is provided in the
text and in previous figure captions (e.g., Figure 9). Values
for ‘‘typical’’ shelf sediments range between 0.5 and 1.0 mg
C m�2, while lower values indicate enhanced OC losses
[Mayer, 1994; Keil et al., 1997]. Included in Figure 13a are
data from Keil et al. [1997], including suspended particles
from the Fly River (R) and surface sediments from the Fly
delta (D). Included in Figure 13b are data from Aller and
Blair [2004] (A&B, 04), which were derived from subsur-
face samples (core depths 20–250 cm below the surface)
collected along the central and western sections of the Gulf
of Papua clinoform at water depths of 20–50 m.

F01S10 GONI ET AL.: ORGANIC MATTER IN THE FLY RIVER DELTA

24 of 27

F01S10



undergone a significant amount of degradation. Some of the
sites with low OC:SA ratios correspond to areas of negli-
gible sediment accumulation (e.g. EE9, G15), so it is likely
that the enhanced levels of degradation reflect the lack of
input of fresh materials to the sediment column. We
conclude that the areas of sediment bypass within the Fly
River delta-clinoform system [e.g., Martin et al., 2007] are
likely to be the areas where OM degradation is most intense.
[49] Several of the samples from the EE9 and G15 kasten

cores that display the low OC:SA ratios are characterized by
slightly enriched d13Corg compositions and low LCOP values
(e.g., Figures 9c and 11c). All of these trends are consistent
with higher relative contributions from SOM, which may

have resulted from the degradation of the more labile
vascular plant detritus. Hence the down-core data from
these sites support the idea that under conditions of low
sediment accumulation and energetic physical reworking,
the more labile fractions of terrigenous OM (e.g., vascular
plant detritus) within the seabed are preferentially degraded,
leaving behind deposits enriched in the more recalcitrant
SOM (and/or kerogen) and characterized by relatively low
OC:SA ratios. This interpretation is consistent with the
conclusions of Aller and Blair [2004], who investigated
carbon diagenesis in sediment cores located east of our
study site (Figure 14b).
[50] Plots of SA versus %ON contents (Figure 15) illus-

trate a similar pattern to that observed for %OC. While there
is significant variability from region to region, most high-
SA surface sediments plot along a general positive relation-
ship between %ON and SA, with a slope of �0.05 mg m�2

(Figure 15a). However, there are several samples that
display higher (up to 0.1 mg m�2) and lower ON:SA ratios
(�0.025 mg m�2). As was the case for OC loadings, the low-
SA samples display the lowest ON:SA ratios. In the case of
subsurface sediments, there is large variability in the rela-
tionship between %ON and SA within and among cores
(Figure 15b). Overall, however, most samples plot along the
0.05 mg m�2, with samples from sites with negligible
accumulation rates, such as EE9, plotting along a lower slope
(0.025 mg m�2). The N-loading levels measured in most of
the sediments (ON:SA ratios of 0.05–0.025 mg m�2) are
comparable to those from other river-dominated margins
[e.g., Mayer et al., 1998] and consistent with a moderate
degree of degradation. In contrast, the low N loadings
(ON:SA < 0.025 mg m�2) indicative of extensive degrada-
tion are consistently observed in sites from sediment bypass
regions (such as EE9). Notably, the OC:SA andON:SA ratios
were highly correlated in both surface and subsurface sam-
ples (r2 = 0.7), suggesting both OC and ON have similar
overall reactivity in this system.

6. Summary

[51] Terrigenous OM is the predominant component of
the organic carbon present in surface and subsurface sedi-
ments of the Fly River delta-clinoform system. The major
sources of this land-derived OM are C3 vegetation and C3

soil OM, the latter of relatively advanced age. There is no
evidence for the addition of marine OM and its incorpora-
tion into the sedimentary matrix. The lack of marine carbon
and the low concentration of vascular plant detritus through-
out most of the delta-clinoform system are consistent with
the removal of the more labile components of the OM [e.g.,
Aller et al., 2007]. However, only a few sites within the
sediment bypass region of the topset appear to contain the
OC-depleted sediments that typify the incineration zones
found in the some of the inner regions of river margins [e.g.,
Aller et al., 2004, 2007]. The spatial and down-core con-
trasts in OM concentration and composition suggest sedi-
ment transport processes are critical in determining the
ultimate composition of the organic materials sequestered
in these sediments. Clearly, the heterogeneous depositional
environments encountered in this river-dominated margin
play a key role in shaping the organic geochemistry of its

Figure 15. Relationship between mineral surface area
(SA) and organic nitrogen content (%ON) for (a) surface
and (b) subsurface sediments. Included in these graphs are
lines identifying different levels of nitrogen loadings,
including ON:SA ratios of 0.1, 0.05, and 0.025 mg ON
m�2 sediment. Description of the different sample types is
provided in the text and in previous figure captions (e.g.,
Figure 9). Values for ‘‘typical’’ shelf sediments range
between 0.01 and 0.05 mg ON m�2 sediment, while lower
values indicate enhanced ON losses [e.g.,Mayer et al., 1998].
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sediments and our ability to understand the processes
responsible for the observed patterns.
[52] Overall, the findings of this study indicate tropical,

mountainous river margins can sequester significant
amounts of carbon over decadal to century timescales. Most
of it appears to be terrigenous in origin and derived from
recalcitrant sources such as aged soil OM. The contrast
between the temporal scales of burial and the age of
sedimentary OM, which is salient feature of this and many
other river-dominated margins, has significant implications
for the global carbon of cycle that warrant further explora-
tion. Most of the terrigenous OM actively deposited within
the Fly River delta-clinoform system experiences some
depositional alteration, but its overall extent is much less
than implied by previous studies [e.g., Keil et al., 1997].
The areas where there appears to be extensive losses of
terrigenous carbon are restricted to sediment bypass regions,
characterized by low net sediment accumulation and ener-
getic physical reworking [e.g., Aller et al., 2004, 2007]. In
most other areas of the Fly River delta-clinoform system,
the OC loadings are consistent with relatively efficient
sequestration. We conclude that the physical processes
(e.g., river discharge, tides, waves), which to a large degree
control the transport and deposition of particles in this and
other river-dominated margins, exert a dominant role in
determining the ultimate fate of particle-bound organic
materials exported from land.
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