
Tracing soil organic carbon in the lower Amazon River and
its tributaries using GDGT distributions and bulk organic

matter properties

Jung-Hyun Kim a,⇑, Claudia Zell a, Patricia Moreira-Turcq b, Marcela A.P. Pérez c,
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Abstract

In order to trace the transport of soil organic carbon (OC) in the lower Amazon basin, we investigated the distributions of
crenarchaeol and branched glycerol dialkyl glycerol tetraethers (GDGTs) by analyzing riverbed sediments and river sus-
pended particulate matter (SPM) collected in the Solimões-Amazon River mainstem and its tributaries. The Branched and
Isoprenoid Tetraether (BIT) index, a proxy for river-transported soil OC into the ocean, was determined from the distribu-
tions of these GDGTs. The GDGT-derived parameters were compared with other bulk geochemical data (i.e. C:N ratio and
stable carbon isotopic composition). The GDGT-derived and bulk geochemical data indicate that riverine SPM and riverbed
sediments in the lower Amazon River and its tributaries are a mixture of C3 plant-derived soil OC and aquatic-derived OC.
The branched GDGTs in the SPM and riverbed sediments did not predominantly originate from the high Andes soils
(>2500 m in altitude) as was suggested previously. However, further constraint on the soil source area of branched GDGTs
was hampered due to the deficiency of soil data from the lower montane forest areas in the Andes. Our study also revealed
seasonal and interannual variation in GDGT composition as well as soil OC discharge, which was closely related to the
hydrological cycle. By way of a simple binary mixing model using the flux-weighted BIT values at Óbidos, the last gauging
station in the Amazon River, we estimated that 70–80% of the POC pool in the river was derived of soil OC. However, care
should be taken to use the BIT index since it showed a non-conservative behaviour along the river continuum due to the aqua-
tic production of crenarchaeol. Further investigation using a continuous sampling strategy following the full hydrological
cycle is required to fully understand how soil-derived GDGT signals are transformed in large tropical river systems through
their transport pathway to the ocean.
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1. INTRODUCTION

As one of the major pathways for the ultimate preserva-
tion of terrigenous production, the transfer of organic mat-
ter (OM) from land to the ocean via rivers is a key process
in the global carbon cycle (Ittekkot and Haake 1990; De-
gens et al., 1991; Hedges et al., 1992). Hence, the role of riv-
ers in the global carbon cycle is most typically expressed as
the fluvial export of total organic carbon (TOC, particulate
and dissolved organic carbon; POC and DOC, respectively)
from land to the ocean (e.g., Likens et al., 1981). Fluvial
transport of TOC represents an estimated flux of 0.4–
0.6 PgC yr!1 to the global ocean (Schlesinger and Melack,
1981; Spitzy and Ittekkot, 1991; Ludwig et al., 1996; Lal,
2003). Tropical rivers are thought to be responsible for
45–60% of this flux (Meybeck, 1982; Ludwig et al., 1996),
and thus form an important link between terrestrial and
marine carbon pools (Quay et al., 1992). The Amazon Riv-
er, the world’s largest river by water flow, is responsible for
8–10% of the global terrestrial OC export to the oceans,
with DOC (83%) dominating over POC (17%) (Moreira-
Turcq et al., 2003).

Most previous studies (Hedges et al., 1986a; Quay et al.,
1992; Martinelli et al., 2003), predominantly based on bulk
organic parameters such as the C:N ratio and the stable iso-
topic composition of OC d13COC), and lignin composition,
indicated that OC in the Amazon River is predominantly
soil-derived. These studies have also found particulate or-
ganic matter (POM) compositions to be nearly constant
over substantial time periods, distances, hydrologic fluctua-
tions, and size fractions (Hedges et al., 1986a; Quay et al.,
1992). In contrast, POM in the St Lawrence River (Canada)
was dominated by phytoplanktonic material during warm
seasons, and terrestrial detritus during colder periods and
storm surges (Barth et al., 1998). In the Sanaga River
(Cameroon) and Congo River (Central Africa), POM also
varied with discharge, with high proportions derived from
C4 plants in savannas during high discharge periods, and
high proportions derived from C3 plants from the river-
banks during low discharge periods (Mariotti et al., 1991;
Bird et al., 1998).

Recently, the Branched and Isoprenoid Tetraether (BIT)
index (Hopmans et al., 2004) has been developed to trace
soil OC in marine environments. This index is based on
the relative abundance of non-isoprenoidal, so-called
branched, glycerol dialkyl glycerol tetraethers (GDGTs,
Sinninghe Damsté et al., 2000) vs. a structurally related iso-
prenoid GDGT “crenarchaeol” (Sinninghe Damsté et al.,
2002). Branched GDGTs are ubiquitous and dominant in
peats (Weijers et al., 2004, 2006a) and soils (Kim et al.,
2006, 2010; Weijers et al., 2006b, 2007; Huguet et al.,
2010), probably derived from anaerobic (Weijers et al.,
2006a,b) and heterotrophic (Pancost and Sinninghe Dams-
té, 2003; Oppermann et al., 2010; Weijers et al., 2010) bac-
teria. Recent studies indicated that bacteria from the
phylum Acidobacteria are a likely source for these
branched GDGTs (Weijers et al., 2009a; Sinninghe Damsté
et al., 2011). Crenarchaeol is considered to be the specific
membrane-spanning lipid of non-extremophilic Tha-
umarchaeota (Sinninghe Damsté et al., 2002; Schouten

et al., 2008; Pitcher et al., 2011), formerly known as Group
I Crenarchaeota (Spang et al., 2010).

The BIT index has been introduced as a new tool ini-
tially for estimating the relative amounts of river-trans-
ported terrestrial OC in marine sediments (Hopmans
et al., 2004) and later, based on the findings of Weijers
et al. (2006b), more specifically as a proxy of river-trans-
ported soil OC input (Huguet et al., 2007; Walsh et al.,
2008; Kim et al., 2009). Recently, Tierney and Russell
(2009) showed that in the Lake Towuti area (Indonesia),
the concentrations of branched GDGTs were increased
along a soil-riverbed-lake sediment transect. Since their
branched GDGT distributions were also significantly differ-
ent to each other, albeit with high and comparable BIT val-
ues, they proposed a potential in-situ production of
branched GDGTs in the lake water column and/or
water–sediment interface in the river itself in addition to
soil erosion. In contrast, Zhu et al. (2011) found that the
riverbed sediments from the lower Yangtze River had high-
er branched GDGT concentrations than the marine sedi-
ments from the adjacent East China Sea. This indicated
that the branched GDGTs in this river system originated
predominantly from soil input. Nonetheless, their branched
GDGT distribution patterns did not reflect fully their distri-
bution in catchment soils. This led to a conclusion that
branched GDGTs could have been produced in the Yan-
gtze River channel itself, contributing at least partly to
the branched GDGT pool in the riverbed sediments.
Several recent studies in lacustrine environments (Sinninghe
Damsté et al., 2009; Tierney and Russell, 2009; Bechtel
et al., 2010; Blaga et al., 2010; Tierney et al., 2010; Tyler
et al., 2010; Zink et al., 2010; Loomis et al., 2011; Sun
et al., 2011) also indicated that aquatic production of
branched GDGTs is likely.

Few studies in large rivers have been conducted with suf-
ficient temporal and/or spatial coverage for adequate
assessment of GDGT composition and discharge related
to seasonal hydrological changes. Here, we investigated riv-
erbed sediments and suspended particulate matter (SPM)
collected in the Solimões-Amazon River mainstem and its
main tributaries (Negro, Madeira, and Tapajós) in periods
of high and low water discharge in 2005 and 2009. We
determined variations in crenarchaeol and branched
GDGT concentrations as well as BIT index. The results
were subsequently compared with other commonly used
proxies for terrestrial OM input such as C:N ratio and
d13COC. The aims of this study were (1) to trace the poten-
tial compositional alteration of soil OM along the transport
pathway and (2) to quantify the relative contribution of
soil-derived OC to POC and its discharge to the ocean.
Our results provide a qualitative and quantitative assess-
ment of GDGT sources (soil vs. aquatic) and composition
in the Amazon River and its tributaries.

2. MATERIAL AND METHODS

2.1. Study area

The Amazon basin runs about 5000 km from the Atlan-
tic coast to the foot of the Andes (Nores, 2011). The bound-
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ary between the lowland Amazonian rain forest and the for-
est of the eastern slopes of the Andes may be restricted to
about 500 m in altitude (Patterson et al., 1998; Nores,
2011). The eastern Andean montane forests may be subdi-
vided into two forest belts: lower montane forests (<2500 m
in altitude) and upper montane forests (2500–3500 m in
altitude, Young, 1999). Páramo (i.e. high alpine grasslands,
bogs, and open meadows) is located in the high elevations
between the upper forest line ("3000 m in altitude) and
the permanent snow line ("5000 m in altitude).

The Amazon River is formed by the confluence of the
Ucayali and Marañon Rivers in Peru (Fig. 1A). In Brazil,
the main river is referred to as the Solimões River upstream
of its confluence with the Negro River. The Amazon River
is the world’s largest river with a drainage basin area of
6.1 # 106 km2 covering about 40% of South America

(Goulding et al., 2003), and a mean annual discharge of
200,000 m3 s!1 at Óbidos, the most downstream gauging
station in the Amazon River (Callède et al., 2000). The
Amazon River supplies approximately 20% of the total vol-
ume of freshwater entering the ocean (Meade et al., 1985;
Molinier et al., 1996). The Amazon River also ranks second
in terms of particle transport with an annual mean sediment
discharge of 800–1200 109 kg yr!1 at Óbidos (Dunne et al.,
1998; Martinez et al., 2009). Riverine transport of OC by
the Amazon exports 32.7–34.5 TgC yr!1 to the ocean as
measured at the outlet of Óbidos, and thus contributes sig-
nificantly to the global carbon budget (Moreira-Turcq
et al., 2003; Bustillo et al., 2011 and references therein).
Rivers within the Amazon drainage basin are traditionally
classified according to their colour (Sioli, 1950). White
water rivers (e.g., Sõlimoes and Madeira) have high levels
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Fig. 1. (A) A general map of the Amazon basin (Martinez et al., 2009) showing the study area (red box) with the sample locations of Andes
(>500 m in altitude, filled green triangles) and Amazon (<500 m in altitude, filled purple circles) soils and riverbed sediment (black open
diamonds) and (B) a detailed lower Amazon basin map (Martinez and Le Toan, 2007) with river SPM sampling sites on the Amazon River
(filled red circles) and its tributaries (open red circles).
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of total suspended solids due to the mechanical erosion of
the Andean mountain chain (Gibbs, 1967; Meade et al.,
1985). The black water rivers (e.g., Negro) originate from
lowland regions with bleached sandy soil (podzols) and
are characterized by low SPM but high concentrations of
dissolved humic substances (Mounier et al., 1998). The
clear water rivers (e.g., Tapajós) are depleted in both sus-
pended and dissolved material and often characterized by
a high phytoplankton production (Junk, 1997).

2.2. Hydrological data

The daily water levels recorded at Óbidos (1"54.080S,
5"31.1160W) were provided by the Agência Nacional das
Águas (ANA). The water level series was described by Call-
ède et al. (2001) and retrieved from the HYBAM project
web-site (http://www.mpl.ird.fr/hybam/). Water discharge
was measured at selected sampling sites with an Acoustic
Doppler Current Profiler (ADCP 600 and 1200 Hz, Work-
Horse Rio Grande TMRD Instruments) with a precision
better than ±5%. Water discharge was estimated from at
least 4 cross-section measurements with an error of about
5%. Discharges in the Amazon River were computed from
the rating curve established for the Óbidos stage. This rela-
tionship, initially proposed by Jaccon (1987) was improved
by Callède et al. (2001) and Filizola and Guyot (2004) using
measurements with a 300 and 600 Hz ADCP (WorkHorse
Rio Grande TMRD Instruments, Callède et al., 2000).

2.3. Sample collection

Riverbed sediment and river SPM sampling sites are
shown in Fig. 1 (see also Table 1). Three surface riverbed
sediments were collected using a bottom sediment grab
sampler at Paricatuba, Manacapuru, and Óbidos during
the December cruise in 2003. River SPM was collected at
four mainstem locations (Manacapuru, Itacoatiara, Parin-
tins, Óbidos) on the Solimões-Amazon River and at three
of its major tributaries: Negro, Madeira, and Tapajós Riv-
ers (indicated with open circles in Fig. 1B). The water re-
gime of the mainstem of the Solimões-Amazon River is
characterized by a monomodal hydrogram with high and
low water phases, occurring in May–June and in Octo-
ber–November, respectively (Fig. 2). Therefore, we col-
lected SPM during high and low water periods in 2005
and in 2009 (Fig. 2). Samples were generally collected near
the surface. During the 2005 cruises, we also collected SPM
along several vertical profiles in the Negro, Solimões, and
Amazon Rivers.

All the river SPM samples were collected in a similar
way. In brief, about 0.5–5 L of water were collected using
a Niskin bottle and filtered onto ashed (450 "C, overnight)
and pre-weighed glass fibre filters (Whatman GF-F, 0.7 lm)
using a vacuum system, under low pressure. After filtration,
the filters were dried either for 24 h at 50 "C or kept frozen
on board and freeze-dried after being brought to the lab
and then weighed to calculate the concentration of SPM.
One part of each filter was used for the elemental and stable
isotope analysis. For the GDGT analysis, either the rest of
each filter used for the elemental and stable isotope analysis
or filters collected separately were used.

2.4. Chemical analyses

2.4.1. Elemental and stable carbon isotope analysis
TOC (or POC) and total nitrogen (TN) of riverbed sed-

iments and river SPM samples were analyzed using an ele-
mental analyzer C-H-N FISONS NA-2000 at Bondy
(France). The average precision on concentration measure-
ments was ±0.1 mgC g!1 for TOC and ±0.05 mgNg!1 for
TN. The C:N ratio was calculated as TOC:TN for the riv-
erbed sediments and POC:TN for the river SPM samples.
The d13COC was analyzed using a Europe Hydra 20–20
mass spectrometer equipped with a continuous flow isotope
ratio monitoring (Waterloo University, Canada and Uni-
versity of California, Davis, USA). The d13COC values are
reported in the standard delta notation relative to Vienna
Pee Dee Belemnite (VPDB) standard. The analytical preci-
sion (as standard deviation for repeated measurements of
the internal standards) for the measurement was 0.06&
for d13COC.

2.4.2. Lipid extraction and purification procedure
All samples were processed at NIOZ (The Netherlands).

The riverbed sediments and the freeze-dried filters collected
in 2005 were ultrasonically extracted with methanol
(MeOH, 3#), MeOH:dichloromethane (DCM) (1:1 v:v,
3#), and DCM (3#). The supernatants were combined,
the solvents were removed by rotary evaporation, and the
extracts were taken up in DCM and dried under a steady
stream of pure N2.

The freeze-dried filters collected in 2009 were extracted
using a modified Bligh and Dyer method (Bligh and Dyer,
1959). Samples were ultrasonically extracted three times for
10 min. using a single-phase solvent mixture of
MeOH:DCM:phosphate buffer (8.7 g of K2HPO4 in 1 L
bidistilled water) 10:5:4 (v:v:v). Upon centrifugation, super-
natants were collected and combined. DCM and phosphate
buffer were added to the combined extracts to create a new
volume ratio of 5:5:4 (v:v:v) and obtain phase separation.
The extract (DCM phase) containing the GDGTs was sep-
arated from the residue (MeOH–phosphate buffer phase)
by centrifugation and collected. The residue phase was ex-
tracted twice more with DCM and the combined extracts
evaporated to near dryness using a rotary evaporator.
The extract was passed over a small column plugged with
extracted cotton wool to remove any remaining filter parti-
cles and then completely dried under N2.

For the quantification of GDGTs, a C46 GDGT internal
standard was added to two fractions after the total extracts
were separated over a small silica gel (activated overnight)
column using n-hexane:ethyl acetate (1:1, v:v) and MeOH,
respectively (2009 SPM samples), or to the total extracts be-
fore the extracts were separated into two fractions over an
Al2O3 (activated for 2 h at 150 "C) column using hex-
ane:DCM (9:1, v:v) and DCM:MeOH (1:1, v:v), respec-
tively (all other samples).

A recent study by Lengger et al. (2012) showed that dif-
ferent extraction and separation techniques for the quanti-
fication of core lipid GDGTs gave similar results.
Therefore, the two different methods used for quantification
of GDGTs in this study provide comparable results.

166 J.-H. Kim et al. /Geochimica et Cosmochimica Acta 90 (2012) 163–180

http://www.mpl.ird.fr/hybam/


Table 1
Information on the samples and results of bulk OM and GDGT analyses from riverbed sediments and river SPM samples investigated in this study.

River Station Cruise
name

Longitude
(")

Latitude
(")

Water
discharge
(103 m3 s!1)

Date
(mm/
yyyy)

Water
depth
(m)

Sample
name

SPM
(mg L!1)

OC
(wt.%)

C:N
ratio

d13COC

(&
VPDB)

I (lg
gOC

!1)
II (lg
gOC

!1)
III (lg
gOC

!1)
IV (lg
gOC

!1)
BIT

Riverbed sediment
Solimões Manacapuru !60.553 !3.332 12/2003 Surface RB-S4 4 11 !28.2 1 0.3 0.04 0.2 0.89
Negro Paricatuba !60.263 !3.073 12/2003 Surface RB-N1 19 16 !27.6 3 0.2 0.01 0.2 0.93
Amazon Óbidos !55.302 !1.951 12/2003 Surface RB-A1 7 10 !28.8 4 1 0.1 0.3 0.94

SPM
Solimões Manacapuru !60.553 !3.332 125 06/2005 Surface RS-S1 113 2 8 !28.6 42 8 1.0 6 0.90

125 06/2005 7 RS-S2 95 2 7 !28.5 37 7 0.8 5 0.90
125 06/2005 28 RS-S3 121 2 8 !28.4 36 7 0.9 5 0.90
60 11/2005 Surface RS-S4 153 1 8 !29.2 50 11 1.5 13 0.83
60 11/2005 2 RS-S5 189 1 7 !29.3 10 3 0.4 3 0.79
60 11/2005 8 RS-S6 146 2 8 !28.9 25 5 0.8 11 0.74
60 11/2005 16 RS-S7 127 2 9 !28.8 34 8 1.1 10 0.81
60 11/2005 24 RS-S8 215 2 9 !28.7 32 7 1.0 9 0.82

CBM5 161 06/2009 Surface CBM502 41 2 8.23 !35.03 81 16 0.0 6 0.94
CBM6 67 10/2009 Surface CBM607 74 3 8 !30.2 14 3 0.2 9 0.65

Negro Paricatuba !60.263 !3.073 46 05/2005 Surface RS-N1 6 15 41 !28.5 34 1 0.1 3 0.92
46 05/2005 10 RS-N2 5 20 30 !29.4 55 2 0.2 5 0.92
46 05/2005 20 RS-N3 6 16 27 !28.8 68 3 0.2 6 0.92
46 05/2005 30 RS-N4 8 16 25 !29.0 50 2 0.2 4 0.92

CBM5 26 06/2009 Surface CBM514 3 22 11 !31.3 120 9 0.1 11 0.92
CBM6 30 10/2009 Surface CBM601 4 23 11 !31.3 53 4 0.2 6 0.90

Madeira Foz
Madeira

!58.790 !3.415 21 06/2005 Surface RS-M1 53 2 7 !28.0 29 6 0.6 13 0.73

21 06/2005 23 RS-M2 84 1 7 !27.9 45 9 1.0 19 0.74
12 11/2005 Surface RS-M3 172 1 4 !29.2 39 12 1.5 30 0.63
12 11/2005 3 RS-M4 178 1 5 !29.3 94 29 3.4 51 0.71
12 11/2005 10 RS-M5 309 1 6 !29.0 27 8 1.1 18 0.67

CBM5 30 06/2009 Surface CBM517 53 2 6 !28.5 165 24 1.4 14 0.93
CBM6 11 10/2009 Surface CBM621 33 2 6 !29.3 25 7 0.5 37 0.46

Amazon Itacoatiara !58.254 !3.093 90 11/2005 Surface RS-A6 96 1 9 !28.8 54 13 1.7 17 0.80
90 11/2005 30 RS-A7 107 2 8 !28.9 39 10 1.4 9 0.85
90 11/2005 62 RS-A8 109 2 8 !28.7 28 6 0.8 12 0.74

CBM5 n.d. 06/2009 Surface CBM518 27 4 8 !29.6 152 20 1.0 11 0.94
CBM6 111 10/2009 Surface CBM622 23 3 8 !29.3 54 10 0.6 65 0.50

Amazon Parintins !56.757 !2.627 192 06/2005 Surface RS-A2 34 3 9 !29.5 57 7 0.6 15 0.81
192 11/2005 20 RS-A9 126 1 7 !29.3 46 9 1.1 38 0.60

CBM5 n.d. 07/2009 Surface CBM528 24 3 8 !29.7 74 13 0.6 21 0.80
CBM6 n.d. 10/2009 Surface CBM634 32 3 7 !29.5 32 6 0.5 51 0.42

Amazon Óbidos !55.302 !1.951 194 06/2005 Surface RS-A3 38 3 11 !28.1 38 6 0.6 12 0.79
194 06/2005 15 RS-A4 97 2 10 !28.1 35 6 0.6 9 0.82

(continued on next page)
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2.4.3. GDGT analysis
The GDGT-containing fractions were analyzed at NIOZ

(The Netherlands) for GDGTs according to the procedure
described by Schouten et al. (2007) with minor modifica-
tions. The fractions were dried down under N2, re-dissolved
by sonication (5 min) in n-hexane:2-propanol (99:1 v:v) sol-
vent mixture in a concentration of ca. 2 mg ml!1, and fil-
tered through 0.45 lm PTFE filters. The samples were
analyzed using high performance liquid chromatography-
atmospheric pressure positive ion chemical ionization mass
spectrometry (HPLC-APCI-MS). GDGTs were detected by
selective ion monitoring of their (M+H)+ ions (dwell time
237 ms) and quantification of the GDGT compounds was
achieved by integrating the peak areas and using the C46

GDGT internal standard according to Huguet et al.
(2006). To correct the potential carryover of GDGTs into
the MeOH fraction for the SPM samples collected in
2009, the MeOH fractions were also analyzed using the
HPLC-APCI-MS. The BIT index was calculated according
to Hopmans et al. (2004):

BIT index ¼ ½I& þ ½II& þ ½III&
½I& þ ½II& þ ½III& þ ½IV&

ð1Þ

[I], [II], and [III] are the concentration of branched
GDGTs and [IV] the concentration of isoprenoid GDGT
crenarchaeol (Appendix 1). The instrumental reproducibil-
ity was determined by triplicate measurements of three sam-
ples. The average standard deviation of the BIT index was
±0.002. For the concentration of GDGTs, the analytical er-
rors were ±8% for GDGT I, ±8% for GDGT II, ±12% for
GDGT III, and ±9% for crenarchaeol. Note that only tiny
amounts of riverbed sediments and SPM, except for those
collected during the low water period in 2009, were avail-
able for this study, resulting in low total extract yields. As
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a consequence, branched GDGTs bearing one or two cyclo-
pentane moieties were below quantification limits. There-
fore, we considered only the three major branched
GDGT compounds without cyclopentane moieties in this
study.

2.5. Statistical analysis

A principal component analysis (PCA) was carried out
in order to test the statistical difference between GDGT dis-
tributions. We used the fractional abundances (f) of crenar-
chaeol and branched GDGTs acquired from the riverbed
sediments and the river SPM samples in the lower Amazon
basin as well as those for Andes and lowland Amazon soils
(Appendix 2). The Brodgar v.2.5.2 (http://www.brodgar.
com) software package was used.

3. RESULTS

3.1. Hydrological data

During the high and low water sampling periods
(Fig. 2), the instantaneous water discharge along the main-
stem was 125–194 # 103 and 60–87 # 103 m3 s!1 in 2005
and 161–294 # 103 and 67–114 # 103 m3 s!1 in 2009,

respectively (Table 1). During the same periods, the water
discharge was 26–46 # 103 and 30 # 103 m3 s!1 at the Ne-
gro River station, while 21–30 # 103 and 11–
12 # 103 m3 s!1 at the Madeira River station. Unfortu-
nately, water discharge measurements were not carried
out at the Negro River sampling site in November 2005
and at the Tapajós River sampling sites in both 2005 and
2009.

3.2. Bulk geochemical parameters

3.2.1. River SPM
SPM and POC concentrations as well as other geochem-

ical parameters (C:N ratio and d13COC) showed little varia-
tion with depth for the two stations (Manacapuru and
Óbidos) in the Solimões-Amazon River mainstem where
this was measured (Fig. 3A and C, Table 1). In general,
no consistent trend with depth was observed in any of the
parameters measured. For all investigated stations in the
Solimões-Amazon River mainstem, the concentrations of
surface SPM were lower at times of relatively high water
discharge (Fig. 4A) with total SPM concentrations ranging
from 23 to 215 mg L!1 (Table 1). The OC content of SPM
was in the range of 1–4 wt.% (Fig. 5, Table 1) and the POC
concentrations varied between 0.8 and 2.3 mgC L!1

A

B

C

Fig. 3. Water depth profiles of SPM (mg L!1), POC concentration (mg C L!1), sum of branched GDGT concentration (ng L!1), crenarchaeol
concentration (ng L!1), and BIT index at (A) Manacapuru (Solimões River), (B) Foz Madeira (Madeira River), and (C) Óbidos (Amazon
River).
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(Fig. 4B). The C:N ratio and the d13COC fluctuated between
7 and 11 and between !35.0& and !27.9&, respectively
(Fig. 5).

In comparison to the Solimões-Amazon River main-
stem, the SPM concentrations were lower in the Negro
River, in the range of 4–6 mg L!1 (Fig. 4A). However,
the OC content of SPM was much higher ranging from
15–23 wt.% (Fig. 5, Table 1) and consequently the POC
concentration, varying between 0.8 and 0.9 mgC L!1,
was of the same order of magnitude in the Solimões-Ama-
zon River mainstem (Fig. 4B). Except for the extremely
high C:N ratio values in the 2005 high water period, in
general, the C:N ratio ("11) and the d13COC (!31.3&
to !28.5&) were comparable to those along the Soli-
mões-Amazon River mainstem (Fig. 5).

Similar to the water depth profiles of the Solimões-Ama-
zon River mainstem, the water depth profiles of the Ma-
deira River showed no apparent trend with depth for any
of the bulk parameters (Fig. 3B, Table 1). In the Madeira
River, the SPM concentrations (Fig. 4A) was high during

the low water stage ("170 mg L!1) compared to the high
water period ("50 mg L!1) in 2005, but this difference
was not apparent in 2009 when only relatively small varia-
tions were observed (33–53 mg L!1, Fig. 4). The OC con-
tent of SPM was between 1 and 2 wt.% (Fig. 5, Table 1)
and the POC concentration between 0.8 and 2.2 mgC L!1

(Fig. 4B), which was comparable to those in the Soli-
mões-Amazon River mainstem. The average values of
C:N ratio and d13COC were !5.9& and !28.7&, respec-
tively (Fig. 5), similar to those of the Solimões-Amazon
River mainstem.

In the Tapajós River, the SPM concentrations were rel-
atively low (i.e. between 3 and 20 mg L!1, Fig. 4A) similar
to those in the Negro River. The OC content of SPM, rang-
ing from 15–32 wt.% (Fig. 5, Table 1), was always high in
comparison with those in the Solimões-Amazon River
mainstem. The POC concentration was much higher during
the 2005 high water period (i.e. 6.3 mgC L!1) than the aver-
age of other periods (Fig. 4B). On average, the C:N ratio
was 6.3 and the d13COC !29.4& (Fig. 5).

A

B

C

D

E

Fig. 4. Concentration in near surface water SPM during high and low water stands (black and white bars, respectively) along a W–E transect
of stations in the Solimões-Amazon River (in grey areas) and its tributaries: (A) SPM (mg L!1), (B) POC (mg C L!1), (C) summed branched
GDGTs (ng L!1), (D) crenarchaeol (ng L!1), and (E) the BIT index and calculated soil OC percentages. n.d. denotes “not determined”.
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3.2.2. Riverbed sediments
The TOC content of the riverbed sediments was high (4–

19 wt.%, Table 1). The C:N ratio varied between 10 and 16
and the d13C value ranged from !28.8& to !27.6&. For
the Negro riverbed sediment, the TOC content and the
C:N ratio were much higher than for the Amazon River
sediments.

3.3. GDGT parameters

3.3.1. River SPM
Branched GDGTs and crenarchaeol were detected in all

river SPM samples and GDGT distributions were domi-
nated by branched GDGT I (Table 1). Water depth profiles
of GDGT concentrations and BIT values did not show
clear trends in the Solimões-Amazon River (Figs. 3A and
C). Along the Solimões-Amazon River mainstem (Fig. 4),

the concentrations of branched GDGTs during the high
water season in 2005 were lower (50–90 ng L!1) than those
during the low water season in 2005 (20–130 ng L!1). In
contrast, in 2009, the branched GDGT concentrations were
higher during the high water season (70–200 ng L!1) than
during the low water season (30–50 ng L!1). The concentra-
tions of crenarchaeol varied between 4 and 18 ng L!1 dur-
ing the high water season and between 8 and 70 ng L!1

during the low water season. In general, the crenarchaeol
concentrations were lower during the high water seasons
than during the low water seasons for both 2005 and
2009. It appears that variations in the concentrations of
branched GDGTs are larger than those in crenarchaeol
along the Solimões-Amazon River mainstem. The BIT in-
dex varied between 0.41 and 0.94 with higher values during
the high water season than during the low water season.
While BIT values during the high water season in 2005

A

B

C

Fig. 5. Downriver trends in (A) OC (wt.%), (B) C:N ratio and (C) d13COC (& VPDB) of near surface water SPM during high and low water
periods along a W–E transect of stations in the Solimões-Amazon River (in grey areas) and its tributaries.
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and 2009 are comparable, those from the low water season
in 2005 were higher than those from the low water season in
2009. This suggests that interannual variations in the BIT
index are higher for the low water seasons than for the high
water seasons.

The concentrations of branched GDGTs and crenar-
chaeol in the Negro River were of the same order of mag-
nitude compared to those in the Solimões-Amazon River
mainstem, and varied between 30 and 90 ng L!1 and be-
tween 2 and 8 ng L!1, respectively (Fig. 4). The BIT index
was constant at ca. 0.90 and showed no significant differ-
ence between the high and low water periods in 2009.

Similar to the Solimões-Amazon River mainstem, the
concentration profile of GDGTs with water depth did not
show clear trends in the Madeira River (Fig. 3B). It appears
that the Madeira River behaved similar to the Solimões-
Amazon River mainstem, showing that the concentrations
of both branched GDGTs and crenarchaeol were higher
during the low water period (120 and 70 ng L!1, respec-
tively) than during the high water period (30 and
"10 ng L!1, respectively) in 2005 (Fig. 4). In contrast, the
branched GDGT concentrations were elevated during the
high water level in 2009, whereas that of crenarchaeol re-
mained similar to that in 2005. The BIT index varied be-
tween 0.73 and 0.93.

In the Tapajós River, the concentrations of both
branched GDGTs and crenarchaeol obtained from SPM
were higher during the high water levels than during the
low water levels, ranging from 8 to 30 ng L!1 and from 3
to 20 ng L!1, respectively (Fig. 4). In general, lower concen-
trations of the branched GDGTs in the Tapajós River re-
sulted in lower BIT values than in other rivers. However,

for the low water season in 2009, the crenarchaeol concen-
tration was lower than that for the low water level in 2005,
whilst the branched GDGT concentration was virtually the
same. This resulted in an opposite pattern, showing higher
BIT value during the low water level than during the high
water level in 2009 (Fig. 4E).

3.3.2. Riverbed sediments
Branched GDGTs and crenarchaeol were detected in all

riverbed sediments investigated. Branched GDGT I was the
most abundant GDGT (Table 1). The summed concentra-
tions of branched GDGTs in riverbed sediments ranged be-
tween 2 and 5 lg gOC

!1, whilst that of crenarchaeol varied
between 0.2 and 0.3 lg gOC

!1 (Table 1). Since the branched
GDGTs were much more abundant than crenarchaeol
(about one order of magnitude), the resulting BIT values
were high (0.91–0.95) close to the terrestrial theoretical
end member value of BIT of 1 (Hopmans et al., 2004).

4. DISCUSSION

4.1. Origin of riverine OM based on bulk geochemical
parameters

The C:N ratio and d13COC were used as indicator for the
origin of the OM of river SPM and the riverbed sediments.
Boundaries for these parameters for major OM sources are
illustrated in Fig. 6 based on previous studies in the Ama-
zon basin. In the Amazonian forests where most of trees
use the Calvin-Benson cycle of carbon fixation (i.e. so-
called C3 plants), d13COC of C3 plants varies between
!27& and !35& (Hedges et al., 1986a; Martinelli et al.,
1994, 2003) and the C:N ratio between 13 and 330 (Hedges
et al., 1986a; Martinelli et al., 2003). The d13COC of the sur-
face soil layer under C3 plant vegetation ranged from
!15& to !30& (Volkoff and Cerri, 1987) with a C:N ratio
of 9–28 (Hedges et al., 1986a; Martinelli et al., 2003). On
the other hand, the d13COC of C4 plants (e.g., Echnochloa
polystachya) was enriched (!9& to !16&) with a C/N ra-
tio of 14–48 (Martinelli et al., 2003; Zocatelli, 2010). Soils
under grass (C4 plant) vegetation were found to have
d13C values between !12& and !16& (Hedges et al.,
1986a; Martinelli et al., 2003) and C:N ratio of 18–85 (Mar-
tinelli et al., 2003). Phytoplankton and periphyton in the
Amazon River system are typically depleted in 13C
(d13COC * !28& to !34&, Araújo-Lima et al., 1986) sim-
ilar to C3 land plants (d13COC * !27& to !35&, Hedges
et al., 1986a; Martinelli et al., 1994, 2003). Although infor-
mation on the C:N ratio of phytoplankton in the Amazon
River system is lacking, the values for the C:N ratio are ex-
pected to be close to the range of C:N ratio for freshwater
phytoplankton reported in other freshwater systems (4–10,
LaZerte, 1983; Lee and Furhman, 1987; Meyers, 1994).

The C:N ratio of SPM samples and riverbed sediments
from the white water (Solimões and Amazon) and clear
water (Tapajós) rivers was typically <12 and d13COC values
were <!27& (Fig. 6). The typical range of C:N values for
world’s riverine POM is "10–12 (Meybeck, 1982; Hedges
et al., 1986a). Hence, the average C:N ratio of the white
and clear water rivers (8 ± 1.5 (mean ± standard deviation

Fig. 6. Scatter plot of d13COC (& VPDB) vs. the C:N ratio of near
surface SPM and riverbed sediments. The boundaries of major OM
sources are defined according to Araújo-Lima et al. (1986), Hedges
et al. (1986a), Volkoff and Cerri (1987), Martinelli et al. (1994,
2003), Meyers (1994), and Zocatelli (2010). PhytopK indicates
phytoplankton.
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(1r), n = 39) is slightly lower than that of world’s riverine
POM and the Amazon soil OM. This could be related to
the presence of microbial biomass in the river water, which
typically has a low C:N ratio, or clay minerals, which can
contribute inorganic N lowering C:N ratio (Devol and
Hedges, 2001). The SPM and riverbed sediment from the
Negro River (black water) collected during the high water
period in 2005 differed from the white and clear water rivers
as it had a higher C:N ratio (>16; Table 1). This suggests
that its OM predominantly consists of relatively unaltered
vascular plant detritus (Hedges et al., 1986a). Although
C4 aquatic herbaceous macrophytes, such as Paspalum re-
pens and E. polystachya, are important for the carbon
dynamics in the Amazonian floodplains (e.g., Silva et al.,

2009), Hedges et al. (1986a) suggested that only 3% of fine
POC in the Solimões-Amazon River mainstem appeared to
originate from C4 plants. This is in good agreement with
our d13C data, indicating an insignificant input of C4 grass
in riverine SPM. Mostly low C:N ratios and depleted d13C
values (Fig. 6) are indicative of phytoplankton origin, sug-
gesting that aquatic production might be an additional
important source to the POC pool of the Solimões-Amazon
River mainstem. Based on fatty acid and stable isotope
(d13COC and d15N) analyses, a recent study (Mortillaro
et al., 2011) indeed indicated that cyanobacteria and C3

aquatic plants were important OM sources in the aquatic
system in the lower Amazon basin, particularly during the
low water season. Taken together, riverine SPM in the low-

A

B

Fig. 7. (A) PCA biplot of the sample scores and the GDGT loadings. Symbols and black lines represent scores of the samples and loadings of
the response variables (crenarchaeol and three major branched GDGTs), respectively. (B) Ternary diagram showing the relationships of the
fractional abundances (f) of crenarchaeol and three major branched GDGTs. Since GDGT II and GDGT III have similar loadings on the
PCA biplot, they were combined for construction of the ternary diagram. Note that f(crenarchaeol) is the same as (1-BIT). A BIT axis has
therefore been added to the diagram.
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er Amazon basin is possibly a mixture of C3 plant-derived
soil OM and aquatic-derived OM.

4.2. Sources of branched GDGTs

Branched GDGTs and crenarchaeol were found in all
river SPM and riverbed sediments at varying concentra-
tions (Figs. 3 and 4). The occurrence of branched GDGTs
and crenarchaeol has been also reported in SPM of Euro-
pean rivers such as Rhine, Meuse, Niers, and Berkel in
the Netherlands (Herfort et al., 2006) as well as Têt and
Rhône in France (Kim et al., 2007). The identification of
branched GDGTs in the lower Amazon River and its trib-
utaries is consistent with their presence in the Andes and
lowland Amazon soils (Bendle et al., 2010; Huguet et al.,
2010), and fits the hypothesis that erosion of soil and trans-
port by rivers is an important mechanism for the delivery of
branched GDGTs to coastal marine sediments (Hopmans
et al., 2004).

To examine the sources of river-transported branched
GDGTs, we compared the distribution pattern of the river
SPM and the riverbed sediments in the lower Amazon basin
with those of the Andes and lowland Amazon soils (Bendle
et al., 2010; Huguet et al., 2010; Appendix 2) by performing
principal component analysis (PCA) using the fractional
abundances (f) of crenarchaeol and branched GDGTs.
The PCA biplot of the sample scores and the GDGT load-
ings (Fig. 7A) shows that the first two PCA components
(PC1 and PC2) explain 98% of the variation of the GDGT
data. On the PC1 axis (explaining 62% of the variance),
GDGT I (r = 0.6) is negatively correlated with GDGT II
and GDGT III (r = !0.6 and r = !0.5, respectively). On
the PC2 axis (explaining 37% of the variance), crenarchaeol
(r = 0.7) is negatively correlated with all branched GDGTs
(r = !0.4).

In the PCA, four of the five soils from the high Andes,
i.e. from the upper montane forests and páramo vegetation
belts (>2500 m in altitude; Appendix 2), cluster as a distinct
group in the lower left quadrant of the biplot and are
clearly separated from the lowland Amazon soils (<500 m
in altitude; Appendix 2) in the lower right quadrant of
the biplot. The same pattern is observed in a ternary dia-
gram plotting f(crenarchaeol), f(GDGT I), and f(GDGT
II+III) (Fig. 7B). The distribution of branched GDGTs
in the high Andes soils is different from that in the lowland
Amazon soils with roughly equal amounts of branched
GDGT I and II (Appendix 2). Changes in the branched
GDGT distribution in soils have been attributed to the
adaptation of branched-GDGT producing bacteria to tem-
perature for maintaining an acceptable degree of the mem-
brane fluidity at different temperatures by varying the
relative abundance of additional methyl groups (Weijers
et al., 2007). Higher proportions of GDGT II (containing
five instead of four methyl groups in comparison with
GDGT I) in the high Andes soils is thus consistent with
the higher altitude and, consequently, lower mean annual
air temperature (Bendle et al., 2010). On the other hand,
all lowland Amazon soils cluster together (Fig. 7) despite
their widespread geographical origin (Appendix 2) since

variation in the mean annual air temperature is small in
the lowland Amazon basin (New et al., 2002).

In general, the river SPM clusters well apart from the
high Andes soils (Fig. 7), indicating that the branched
GDGTs in river SPM did not predominantly originate from
the high Andes soils as suggested previously (Bendle et al.,
2010). The distribution of branched GDGTs in the riverbed
sediments did also not reflect that of the high Andes soils,
excluding a predominant Andean source (Fig. 7). The
branched GDGT distribution in the riverine SPM and the
riverbed sediment from the black water (Negro) river,
which does not receive any Andes material (Fig. 1), resem-
bled the branched GDGT distribution in the lowland Ama-
zon soils to the largest extent. Its score on PC1 (Fig. 7B)
reflects that the branched GDGT distribution is identical
to that of the lowland Amazon soils, suggesting that the
branched GDGTs in SPM are predominantly derived from
the erosion of lowland soils. The other SPM samples exhibit
lower scores on PC1 (Fig. 7A), which could mean that soils
in the Andes play a more prominent role as a source for the
branched GDGTs in SPM. However, the score on PC1 of
the clear water SPM from the Tapajós river, which does
not contain any Andes material like the black water river
(Fig. 1), is approximately the same as the average score of
all white water SPM samples and clearly distinct from that
of the black water SPM and the lowland Amazon soils
(Fig. 7A). This suggests that, in addition to the soil erosion,
aquatic production may contribute at least partly to the riv-
erine branched GDGT pool, and modifies the distribution
of branched GDGTs in such a way that it contains higher
fractional abundances of GDGT II. Other studies have al-
ready suggested that aquatic production of branched
GDGTs is probable in river and lacustrine environments
(Sinninghe Damsté et al., 2009; Tierney and Russell,
2009; Bechtel et al., 2010; Blaga et al., 2010; Tierney
et al., 2010; Tyler et al., 2010; Zink et al., 2010; Loomis
et al., 2011; Sun et al., 2011; Zhu et al., 2011). Our results
can thus be explained by a mixed soil-derived/aquatic
source for the riverine branched GDGTs. However, it is
still difficult to quantitatively disentangle the source (soil
vs. aquatic) of branched GDGTs in the Solimões-Amazon
mainstem, in part due to the deficiency of soil data from
the lower montane forest vegetation belt (500–2500 m in
altitude) in the Andes. An extended soil data set with a
broader spatial coverage of the Andes as well as the low-
land Amazon basin could certainly assist in solving this is-
sue. In addition to the distributional and concentration
(which are also lacking for the Amazon River system) data
from soils, studies on intact polar lipids, i.e. lipids that still
contain a polar head group and presumably are derived
from living cells, may shed more light on the source identi-
fication of the branched GDGTs along the Solimões-Ama-
zon mainstem.

4.3. Riverine crenarchaeol production: consequences for the
BIT index

Due to the presence of crenarchaeol in the Andes and
lowland Amazon soils, albeit in relatively low amounts
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(Appendix 1), the average BIT value (0.97) is slightly lower
than the hypothetical terrestrial end-member value of 1
(Hopmans et al., 2004). The BIT indices of the riverine
SPM revealed large variation in time and space in Amazo-
nian rivers, but is generally (i.e. 0.4–0.9) lower than the BIT
values of the Andes and lowland Amazon soils (Figs. 4 and
7B). This is rather different from the high mountainous,
small Têt River (France), where BIT values hardly varied
and fitted the average BIT value of soils in the catchment
area (Kim et al., 2007, 2010). This indicated that the source
of GDGTs to the Têt River remained the same and sup-
ported the use of the BIT index as a proxy for soil OM in-
put to aquatic environments (e.g., Hopmans et al., 2004).
However, a quite different situation is apparent for the
Amazon River system.

The BIT values of the white water river SPM were sub-
stantially lower during the low water periods than during
the high water periods, whereas this trend was not apparent
for the clear and black water SPM (Fig. 7B). On the PCA
biplot (Fig. 7A), most of the white water river SPM col-
lected during the low water periods plots in the upper left
quadrant due to its high score on PC2, reflecting the relative
abundance of crenarchaeol, clearly distinct from the posi-
tion of the other SPM samples. Hence, it seems likely that
besides minor amount of soil-derived crenarchaeol, aqua-
tic-derived crenarchaeol produced in the river itself and/
or potentially in the floodplain lakes (‘várzea’) that are part
of the Amazone River system is the main source of crenar-
chaeol for the white water river SPM, predominantly dur-
ing the low water season. Indeed, there are reports on the
presence and growth of Thaumarchaeota, the source organ-
isms for crenarchaeol (e.g., Pitcher et al., 2011), in rivers
(Crump and Baross, 2000; Herfort et al., 2009). Interest-
ingly, the clear water SPM collected during the high water
periods also plots in the upper left quadrant of the PCA bi-
plot. This suggests that the aquatic production of crenar-
chaeol may preferentially occur in settings where both
suspended and dissolved material is depleted with a high
phytoplankton production. This would be consistent with
the physiology of Thaumarchaeota since, as nitrifiers, they
would depend on the production of fresh OM from which,
upon mineralisation, ammonium is formed.

The BIT index in SPM is significantly correlated with
the crenarchaeol concentration normalized on OC
(r2 = !0.43, p < 0.0001) but, to a much lesser degree, with
the branched GDGT normalized on OC (r2 = 0.13,
p = 0.013). This indicates that variations in the BIT index
predominantly reflect variation in riverine crenarchaeol
production rather than the soil-derived branched GDGT
flux. Similar conclusions have been made in the studies of
the Congo Fan (Weijers et al., 2009b) and of African lakes
(Tierney et al., 2010). Only when the crenarchaeol concen-
tration is representative for aquatic production in the river,
the BIT index reflects the contribution of soil-derived POC
in SPM. Taken together with the potential aquatic produc-
tion of branched GDGTs, care should be taken to use the
BIT index as a proxy of river-transported soil OC input.

The average BIT value of the riverbed sediments (0.92) is
higher than that of SPM (0.73), but somewhat lower than
that of the soils (0.97) considered in this study. This sug-

gests that the riverbed sediments also contain aquatic-de-
rived crenarchaeol in addition to soil-derived crenarchaeol
but that during settling of riverine SPM alteration of the
GDGT profile takes place, probably by selective degrada-
tion of crenarchaeol relative to the branched GDGTs (cf.
Huguet et al., 2008). However, this hypothesis should be
further explored based on more extensive characterization
of GDGT distributions in soils as well as riverbank and riv-
erbed sediments, considering that we investigated only three
riverbed sediments in this study.

4.4. Variation in discharge of SPM, POC, and GDGTs

The bulk (SPM and POC) and molecular (branched
GDGTs and crenarchaeol) concentrations in river water
were highly variable among the investigated rivers and sea-
sons (Fig. 4). To estimate the impact of tributary input to
the Solimões-Amazon River mainstem, we calculated
instantaneous fluxes of SPM, POC, crenarchaeol, and
branched GDGTs obtained by multiplying the measured
water discharge by the corresponding concentration at each
station (Fig. 8). In general, the SPM and POC discharge
was positively related to the water discharge, i.e. high
SPM flux at high water discharge and vice versa. Excep-
tions were at Parintins on the Solimões-Amazon River
mainstem and at the station of the Madeira River in
2005, where SPM and POC fluxes were higher during the
low water discharge than during the high water discharge.

The comparison between the branched GDGT discharge
and the water discharge also showed a positive relationship
comparable to those observed for SPM and POC. However,
the crenarchaeol discharge was lower when the river water
discharge was higher, which differs from a previous study
carried out in a small, mountainous catchment area, the
Têt River system, France (Kim et al., 2007). The Solimões
River was always the principal contributor for branched
GDGTs to the Amazon River (Fig. 8). The inflow of
branched GDGTs from the Solimões River and the outflow
at Óbidos were virtually the same, except for the 2009 high
water season (Fig. 8). This suggests that generally the loss
of branched GDGTs between the mouth of the Solimões
River and the Amazon River at Óbidos by degradation
and sedimentation processes was compensated by the sup-
ply from the Negro and Madeira Rivers and in-situ produc-
tion. During the high water period in 2009, however, the
branched GDGT discharge at Óbidos was twice as high
as at the mouth of the Solimões River. The branched
GDGT discharge of the Negro and Madeira Rivers in-
creased two and seven fold, respectively, from the low to
high water season but the branched GDGT discharge from
these tributaries still accounted only for 34% of the total
branched GDGT discharge at Óbidos. Given that the
branched GDGT discharge from the Solimões River was
48% of that at Óbidos, there is still a missing source for
branched GDGTs, probably in-situ production in rivers
and/or floodplain lakes.

In contrast, the crenarchaeol discharge at Óbidos was al-
ways substantially higher than that at the mouth of Soli-
mões River, which delivered only 20–50% of the total
crenarchaeol pool at Óbidos depending on the season
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(Fig. 8). The crenarchaeol input from the Negro and Ma-
deira Rivers could only account for 10–20% of the crenar-
chaeol discharge at Óbidos. One viable explanation for
this missing source is the aquatic production in the river
system (see above) and/or the floodplain lakes, contributing
40–60% of the crenarchaeol discharge at Óbidos.

4.5. Estimation of riverine aquatic and soil OC transport

The BIT values of the Solimões-Amazon River main-
stem at Óbidos were variable through time with the mean
BIT values of 0.73 for 2005 and 0.63 for 2009. However,
the range of the flux-weighted BIT values was smaller with
higher values of 0.75 for 2005 and 0.70 for 2009. A binary
mixing model based on the BIT index assumes a linear mix-
ing line between the end-members of the BIT index. How-

ever, when two end-members with vastly different mass
ratio of components are mixed, the resulting mixing line
is not linear. Nevertheless, a study in the NW Mediterra-
nean (Kim et al., 2010) showed that the mass-normalized
mixing model resulted in almost identical estimates of soil
OC contribution to TOC compared to those based on the
BIT values. Hence, we applied a simple binary mixing mod-
el based on the flux-weighted BIT values at Óbidos to esti-
mate the portions of aquatic and soil OC to POC as
follows:

fso ¼ ½BITsample& ! ½BITaq&
½BITso& ! ½BITaq&

# 100% ð2Þ

where fso is the soil OC fraction and BITsample is the BIT va-
lue of the sample investigated. Thereby, we assumed that
soil (BITso) and aquatic (BITaq) OC end-members are

A

B

C

D

E

Fig. 8. Comparisons of (A) river water discharge (m3 s!1) with (B) SPM discharge (T s!1, C) POC discharge (kgC s!1), D) branched GDGT
discharge (g s!1), and E) crenarchaeol discharge (g s!1) during high and low water periods (black and white bars, respectively) along a W–E
transect of stations in the Solimões-Amazon River (in grey areas) and its tributaries. To compare the discharge data between 2005 and 2009,
we considered only near surface data in 2005. n.d. denotes “not determined”.
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0.97 (the average value of soils, Appendix 2) and 0.0,
respectively. The estimated contributions of soil OC were
78% for 2005 and 73% for 2009, slightly lower than the pre-
vious estimation based on the lignin content in the down-
stream part of the Amazon River (Hedges et al., 1986a).

The annual mean POC discharge at Óbidos is
5.8 ± 0.3 TgC yr!1 (Moreira-Turcq et al., 2003). When con-
servatively calculating the portion of the soil OC discharge
to POC discharge at Óbidos based on the flux-weighted
BIT-derived estimations (73–78%), this would account for
4.2–4.5 TgC yr!1. Given that in-situ production of
branched GDGTs in the aquatic system is possible, this
estimation should be considered as high-end values of soil
OC percentages to POC. Nonetheless, this supports previ-
ous studies based on the lignin composition of POC, which
suggested that most of POC in the Amazon River was of a
refractory nature and the product of extensive soil degrada-
tion (Ertel et al., 1986; Hedges et al., 1986a).

Intensive degradation processes occurring in soils are the
principal factors responsible for the relatively refractory
material that composes most of the OC flux in the Amazon
River (Hedges et al., 1986a). Ittekkot (1988) estimated that
only 15% of the POC in high-sediment loaded rivers was
generally potentially labile. Our results suggest that the la-
bile component may be larger (i.e. up to 30%) in the Ama-
zon River, if we assume that aquatic-derived OC is more
labile than soil-derived OC. If we consider the aquatic pro-
duction of branched GDGTs and thus a higher BIT index
end-member value for the aquatic source, the relative con-
tribution of soil OC to POC might be even lower. Based on
the carbon isotope composition (13C and 14C), it has been
reported that bulk OC fractions transported by the Amazo-
nian rivers to the ocean range from tens to thousands of
years in age (Hedges et al., 1986b; Raymond and Bauer,
2001; Mayorga et al., 2005). Our study implies that the
age of riverine OC can vary significantly depending on
the contribution of more labile aquatic-derived OC from
the river to the ocean. This aspect should be addressed in
future studies.

5. CONCLUSIONS

Bulk geochemical data obtained from the downstream
part of the Solimões-Amazon River indicated that in-situ
(autochthonous) produced OC in the aquatic system is
probably an important source to the riverine POC pool.
The BIT values were lower in SPM than in soils, especially
during the low water periods, indicating in-situ production
of crenarchaeol in the aquatic system. Hence, consistent
with bulk geochemical data, the distribution patterns of
GDGTs reflected a combined effect of soil- and aquatic-de-
rived OC input to the Solimões-Amazon River mainstem.
A variable input of aquatic-produced crenarchaeol to the
Solimões-Amazon River mainstem, coupled with hydrolog-
ical changes, was largely responsible for both seasonal and
interannual variations in GDGT composition and for vari-
ations in soil OC discharge estimates based on the BIT
index. Clearly, future work should also focus on intact po-
lar lipids that presumably are derived from living cells,
which will help further to provide more direct evidence of

in-situ production of crenarchaeol and branched GDGTs
in aquatic settings (river itself and/or floodplain lakes). It
should also be noted that care should be taken to use the
BIT index for the calculation of the proportion of soil
OC to POC, given that the aquatic end-member might be
affected by aquatic production of branched GDGTs in
the Amazon River system and that the BIT index reflects
variations in crenarchaeol concentration rather than soil
GDGT flux. Our ‘snapshot’ SPM samples probably did
not capture the complete annual variations in GDGT com-
position and discharge. Therefore, a continuous sampling
approach following the full hydrological cycle is required
to constrain the effect of hydrological variations on aquatic
production of GDGTs and its influence on the use of BIT
index as a proxy to trace soil OC input to the ocean.

ACKNOWLEDGEMENTS

We would like to thank J. Ossebaar at NIOZ for analytical sup-
port. The research leading to these results has received funding
from the European Research Council under the European Union’s
Seventh Framework Programme (FP7/2007-2013)/ERC grant
agreement n" [226600]. This study was also partly supported by a
Marie Curie European Reintegration Grants (ERG) grant to
JHK. This work is a part of the CARBAMA project, funded by
the ANR, French national agency for research and was conducted
within an international cooperation agreement between the CNPq
(National Council for Scientific and Technological Development-
Brazil) and the IRD (Institute for Research and Development-
France). We thank G. Cochonneau and ORG-HYBAM for the
water level and river discharge data. We also thank G. Boaventura
from the University of Brasilia and P. Seyler from IRD for admin-
istrative facilities.

APPENDIX A. SUPPLEMENTARY DATA

Supplementary data associated with this article can be
found, in the online version, at http://dx.doi.org/10.1016/
j.gca.2012.05.014.

REFERENCES
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mental controls on branched tetraether lipid distributions in
tropical East African lake sediments. Geochim. Cosmochim.
Acta 74, 4902–4918.

Tyler J. J., Nederbragt A. J., Jones V. J. and Thurow J. W. (2010)
Assessing past temperature and soil estimates from bacterial
tetraether membrane lipids: evidence from the recent lake
sediments of Lochnagar. Scotland. J. Geophys. Res. 115,
G01015. http://dx.doi.org/10.1029/2009JG001109.

Volkoff B. and Cerri C. C. (1987) Carbon isotopic fractionation in
subtropical Brazilian grassland soils: comparison with tropical
forest soils. Plant and Soil 102, 27–31.

Walsh E. M., Ingalls A. E. and Keil R. G. (2008) Sources and
transport of terrestrial organic matter in Vancouver Island
fjords and the Vancouver-Washington Margin: a multiproxy
approach using d13Corg, lignin phenols, and the ether lipid BIT
index. Limnol. Oceanogr. 53, 1054–1063.

Weijers J. W. H., Schouten S., van der Linden M., van Geel B. and
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