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Abstract

To trace the origin of branched glycerol dialkyl glycerol tetraethers (brGDGTs), their distribution in soils and
suspended particulate matter (SPM) of Amazonian rivers and floodplain lakes (vdrzeas) was studied. Differences
in distribution between river SPM and surrounding (lowland) soils suggests an additional brGDGT source to
eroded soils in the lowland drainage basin. Erosion of high Andean soils (above 2500 m in altitude) has no major
influence because its brGDGT distribution differs substantially from that in river SPM. Furthermore, SPM in the
Tapajos River, a tributary that does not derive from the Andes, has a virtually identical brGDGT distribution to
that of the Amazon main stem. The higher proportion of phospholipid-derived brGDGTs in river SPM compared
to soils indicates that in situ production in the Amazon is an additional source for riverine brGDGTs. This affects
the methylation and cyclization index of brGDGTs (MBT-CBT), resulting in slightly lower MBT-CBT-derived
temperatures and slightly higher CBT-derived pH values, i.e., between the pH of the basin soil and that of the
river. Since the difference between MBT-CBT—derived temperatures of Amazon River SPM and the surrounding
soils is relatively small (2°C) compared to other aquatic systems (for lakes a difference of ~ 10°C has been
observed), it might still be possible to trace large climate changes in the Amazon basin with the MBT-CBT using
river fan cores. However, variations in in situ production of brGDGTs in the Amazon River over time and space
have to be evaluated in the future. Likewise, in situ production may affect the application of the MBT-CBT
paleothermometer in other river systems. Our results also show that crenarchaeol is primarily produced in the
Amazon River and that its varying production influences the branched vs. isoprenoid tetraether (BIT) index. This
indicates that the BIT index not only represents the input of soil organic carbon to the river but is also affected by

in situ production of brGDGTs and crenarchaeol.

Branched glycerol dialkyl glycerol tetraethers (brGDGTs;
Fig. 1) are bacterial membrane lipids that occur in soil
worldwide (Weijers et al. 2006, 2007b). Nine different
brGDGTs, with and without rings, have been identified
(Structures I-IlIc; Fig. 1). Some acidobacterial species
produce specific brGDGTs but probably do not represent
the only biological source (Weijers et al. 2009; Sinninghe
Damsté et al. 2011). The distribution of brGDGTs,
expressed by their degree of methylation (methylation index
of branched tetraether; MBT) and cyclization (cyclization
index of branched tetraethers; CBT), in soil correlates with
mean annual air temperature (MAAT) and soil pH (Weijers
et al. 2007h). It was assumed that brGDGTs are mainly
produced on land and are washed into small streams and
rivers by erosion and further transported to the ocean
(Hopmans et al. 2004). Subsequent research has indicated
that they can be used to trace soil organic carbon (OC) from
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land to the ocean (Weijers et al. 2006; Huguet et al. 2007;
Walsh et al. 2008), with the help of the branched vs.
isoprenoid tetraethers (BIT) index. The isoprenoid glycerol
dialkyl glycerol tetracther (GDGT) used in this index is
crenarchaeol, which is the characteristic membrane lipid of
Thaumarchaeota (Sinninghe Damsté et al. 2002), formerly
known as Crenarchaeota. Crenarchaeol is found in various
terrestrial and aquatic systems (Hopmans et al. 2004;
Herfort et al. 2006; Weijers et al. 2006) but typically
dominates over brGDGTs in marine systems.

An initial study of Congo Fan deep-sea sediments
(Weijers et al. 2007a) revealed that the MBT-CBT
paleothermometer showed an integrated temperature signal
of the whole drainage basin of the river system. However,
various factors could potentially bias the MBT-CBT
palacothermometry. For example, when applying the
MBT-CBT paleothermometer to a sedimentary record
from the Amazon Fan, Bendle et al. (2010) postulated that
an increased brGDGT contribution from the cold Andes
region was responsible for the decrease in Holocene
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Chemical structures of the brGDGT (I-Illc) CLs, crenarchaeol CL (IV), and IPLs (1-7). The brGDGT IPLs (with brGDGT

I as CL) are glyconyl-brGDGT I (1), phosphohexose-brGDGT 1 (2), and hexose-phosphoglycerol-brGDGT I (3). The crenarchaeol IPLs
are crenarchaeol-monohexose (4), crenarchaeol-dihexose (5), and crenarchaeol-hexose-phosphohexose (6).

reconstructed temperatures. Therefore, it is essential to
fully understand the provenance of brGDGTs brought by
the river to the sea. In addition, it has recently been
suggested that in situ production of brGDGTs in lakes or
river channels may influence their distribution (Tierney et
al. 2010, 2012; Zhu et al. 2011). This is thought to explain
the substantially lower MBT-CBT reconstructed tempera-
tures in lake surface sediments in comparison with the
actual temperatures (Tierney et al. 2010). If brGDGTs are
produced in situ in freshwater (including river) systems, it
may also affect the application of the MBT-CBT
palacothermometer using deep-sea fan sediments and the
application of the BIT index as an indicator of riverine-
transported soil OC. In order to detect in situ production of
brGDGTs the analysis of intact polar lipids (IPLs; Sturt et
al. 2004) is deemed to be a useful tool. In living cells
brGDGTs are present as IPLs, which are relatively quickly
transformed after cell death into “fossil’”” core lipids (CLs)
(White et al. 1979; Harvey et al. 1986), which are typically
used in the MBT-CBT proxy. Branched and isoprenoid
IPL GDGTs have recently been reported in biomass and
the environment (Schouten et al. 2008; Liu et al. 2010;
Peterse et al. 2011).

In this study, we investigated the sources of brGDGTs
and crenarchaeol in the lower Amazon basin using both CL

and IPL-derived GDGTs. We compared the concentrations
and distributions of brGDGTs and crenarchaeol in soils as
well as in suspended particulate matter (SPM) of rivers and
floodplain lakes (vdrzeas) along the lower Amazon River
(Fig. 2) and used IPL-derived brGDGTs and crenarchaeol
in soils as well as river and vdrzeas SPM as an indicator of
in situ production. This is the first study that thoroughly
tests whether the brGDGT distribution in a river system
reflects an integrated signal of the average MAAT and the
soil pH of its drainage basin.

Study area

The Amazon River is the largest drainage system in the
world in terms of discharge and catchment area. With an
area of 6,915,000 km?2, it covers about 40% of the South
American continent (Goulding et al. 2003). Due to the
equatorial position, temperature in the drainage basin is
relatively constant year-round with a MAAT of ~ 26°C
(Fig. 2B; New et al. 2002). Only in the Andes colder
temperatures are found, due to their high elevation
(Fig. 2A). The majority of soils in the lower Amazon basin
are Ferralsol and Acrisol, which are both iron-rich, nutrient-
poor, and acidic soil types (Quesada et al. 2009). In the
Andes, patches of alkaline soils can be found (Fig. 2C).
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rivers and vdrzeas.

The physicochemical characteristics of the Amazonian
rivers reflect the soil properties of their drainage region
(Konhauser et al. 1994). The biggest tributaries of the
Amazon River, i.e., Solimdes and Madeira, originate in the
Andes. Their headwaters drain the Andean Cordillera with
complex and varied lithologies, whereas their lowland
portions drain fluvio-lacustrine deposits (Gaillardet et al.
1997). Solimdes and Madeira are defined as “white water”
rivers (Sioli 1984). According to mineralogical and isotopic
evidence, the Andes is the source of 82% of the suspended
particulate load exported by the Amazon River (Gibbs
1967). Due to their rich mineral content, the Andean
tributaries are important to the productivity of the
downstream reaches. Tributaries originating in the low-
lands are typically particle and nutrient poor. In this study
two tributaries originating in the lowlands were investigat-
ed: the Negro River that drains the Guyana shield and
Tapajos that drains the Brazilian shield. The Negro River is
a ‘“black water” river (Sioli 1984). Dissolved humic
substances are leaching from podzol found along the
Negro River and lead to the typical black color of the
water. The Tapajos River is a “‘clear water” river and
characterized by a high phytoplankton production (Junk
1997). Its drainage basin has mainly Ferrasol and Acrisol
(Quesada et al. 2009).

An important part of the Amazon ecosystem are the
varzeas, which along the Amazon-Solimoes corridor cover
an area of ~ 95,000 km2 (Melack and Hess 2010).
Compared to the main stem, production and decomposi-
tion of organic matter is high in varzeas (Junk 1997). These
ecosystems are strongly influenced by river dynamics and
exchange waters with the main stem almost continuously

year-round. During the rainy season (rising and high water)
varzeas are flooded by several water types, of which the
Amazon main stem has the biggest influence. During the
dry season (low water and falling of water) the vdrzeas
export water toward the main stem (Bonnet et al. 2008).
Five vdrzeas were investigated in this study. Two of them
are located upstream of Manaus (Cabaliana and Janauaca)
and three downstream of Manaus (Mirituba, Canagari, and
Curuai) (the lakes are listed from west to east). These
varzeas are predominantly influenced by white waters of
the Solimdes, Amazon, and Madeira Rivers. The two
varzeas located upstream of Manaus are also influenced by
their local drainage basin with water types closer to black
or clear waters. Cabaliana is mainly influenced by water
from the Solimdes River but also by the Manacapuru River
(a black water river). Janauaca is comparatively small and
influenced by the Solimdes River and its local drainage
basin. Canagari is an intermediate as it is also strongly
influenced by the Urubu River (a black water river).
Mirituba is flooded by a mixture of the Amazon River and
the Madeira River. Curuai is the biggest vdrzea explored
within this study and is influenced by the Amazon River
(Bonnet et al. 2008). While the vdrzeas upstream of Manaus
are surrounded by flooded forests that are relatively
untouched by humans, the downstream vdrzeas are
surrounded by cleared areas that are used for larger-scale
farming (Fig. 2D).

Methods

Sample collection—During the CBM6 cruise in October
2009 (low-water season), soil and SPM samples were
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collected along the Amazon River main stem, four
tributaries (Solimdes, Negro, Madeira, and Tapajos), and
five varzeas (Cabaliana, Janauaca, Mirituba, Canagari, and
Curuai) (Fig. 2D). Sampling sites are located in a gradient
of decreasing flooded forest area and increasing open lake
area from Cabaliana on the Solimdes River to Santarem at
the mouth of the Tapajos River. To determine SPM
concentrations, ~ 0.5 liters of water was filtered onto ashed
(450°C, overnight) and pre-weighed glass-fiber filters
(Whatman GF-F, 0.7 um, 47 mm diameter). For the
GDGT analysis, about 5 liters of water were separately
filtered onto ashed glass-fiber filters (Whatman GF-F,
0.7 pm, 142 mm diameter). The filters and soils were kept
frozen onboard and brought to the Royal Netherlands
Institute for Sea Research (NIOZ) laboratory, where they
were freeze-dried.

Environmental parameters and bulk geochemical analy-
sis—Water pH and temperature were measured in situ with
a multiparameter probe (YSI® 6600V2). To determine the
pH of the soil samples, a mixture of soil and distilled water
1:3.5 (v:v) was prepared. This mixture was left to settle for
20 min. The pH was measured with a Wissenschaftlich-
Technische Werkstitten pH 315i//SET and probe pH-
Electrode SenTix 41 (pH 0-14, temperature 0-80°C, stored
in 3 mol L—! KCI) at NIOZ. The total organic carbon
contents of the freeze-dried and decarbonated soils were
analyzed in duplicate with a Thermo-Interscience Flash
EA1112 Series Elemental at NIOZ with a precision of
0.2 mg C g~!. Particulate organic carbon content of river
and vdrzea SPM samples was analyzed using an elemental
analyzer C—H-N Fisions NA-2000 at Institute for Research
and Development—France with a precision of = 0.1mgCg—1.

Lipid extraction and fractionation—The freeze-dried
samples were extracted with a modified Bligh and Dyer
technique (Pitcher et al. 2009). The Bligh and Dyer extracts
were fractioned into CLs and IPLs. The separation was
carried out on activated silica with n-hexane : ethyl acetate
1:1 (v:v) and methanol as an eluent for CLs for IPLs,
respectively (Oba et al. 2006; Pitcher et al. 2009). To each
fraction, 0.1 pug C46 GDGT internal standard was added
(Huguet et al. 2006). Two-thirds of the IPL fraction was
hydrolyzed to cleave off polar head groups as described by
Weijers et al. (2011). The dichloromethane (DCM)
fractions were collected, reduced by rotary evaporation,
and dried over a Na,SO, column. CL fractions were
separated into polar (DCM :methanol 1:1, v:v) and
apolar (DCM) fractions over an activated Al,O3; column.

Analysis of CL and IPL-derived GDGTs—Before analy-
sis, samples were dissolved in hexane:isopropanol 99:1
(v:v) and filtered using 0.45 um polytetrafluoroethylene
filters. The CL GDGTs were analyzed using high-
performance liquid chromatography—atmospheric pressure
positive ion chemical ionization-mass spectrometry in
selected ion monitoring mode according to Schouten et
al. (2007). Quantification of the GDGT compounds was
achieved by comparison of peak areas with that of the Cyg
GDGT internal standard, correcting for the different

response factors (Huguet et al. 2006). It was reported by
Pitcher et al. (2009) that during the separation of CL and
IPL fractions a small amount of the CL GDGTs is carried
over into the IPL fraction. Therefore, it was necessary to
implement a correction to calculate the amounts of CL
GDGTs and IPL-derived GDGTs more accurately as
described by Weijers et al. (2011).

Calculation of GDGT-based proxies—The BIT index was
calculated according to Hopmans et al. (2004):

. (1] + [X1] + [111]
BIT index = (1] + [I1] + [IT1] + [TV]

The roman numerals refer to the GDGTs indicated in
Fig. 1. I, II, and III are brGDGTs, and IV is the isoprenoid
GDGT, crenarchaeol. Additional parameters, degree of
cyclization (DC; Sinninghe Damsté et al. 2009), MBT, and
CBT (Weijers et al. 2007b), were calculated as follows:

(1)

B [Ib] + [ITb]
DC= 6 + 1+ [110) (2)
B [Ib] + [11b]
CBT = — log (—m i > (3)
MBT =
[1] + [Ib] +- [Ic] (4)
1]+ [1b] 4 [Ic] 4 [11] + [I1b] + [11c] 4 [IT1] + [11Ib] + [ITIc]

For the calculation of pH and temperature, the regional
soil calibration for the Amazon basin was used (Bendle et
al. 2010):

CBT=4.2313—0.5782 x pH(r* =0.75) (5)

MBT =0.1874+0.0829 x CBT

6
+0.0250 x MAAT(* =0.91) ©
The analytical errors were determined by duplicate
measurements of 11 samples. For the concentration of
the sum of brGDGTs, the analytical error was 15% for the
CL GDGTs and 13% for the IPL-derived GDGTs.
Crenarchaeol concentrations had a standard deviation of
13% (CL) and 16% (IPL-derived). The average standard
deviations for the MBT were 0.002 (CL) and 0.019 (IPL-
derived), for the DC 0.002 (CL) and 0.01 (IPL-derived), for
the CBT 0.024 (CL) and 0.063 (IPL-derived), and for the
BIT 0.004 (CL) and 0.022 (IPL-derived).

IPL GDGT analysis—Two soil samples (No. 1 and 8),
five river SPM samples (Negro, Solimdes, Tapajods,
Amazon No. 4 and 6), and one vdrzea SPM sample
(Curuai) were analyzed. A selective reaction monitoring
(SRM) method according to Peterse et al. (2011) was used
to detect brGDGT IPLs. Crenarchaeol IPLs were detected
by high-performance liquid chromatography—electrospray
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crenarchaeol, and (E) BIT index for soil and SPM from rivers and vdrzeas. The number in
brackets relates to the number of samples that were analyzed. Vertical bars indicate the standard
deviation (1¢). ww = white water, bw = black water, cw = clear water.

ionization—tandem mass spectrometry using an SRM
method (Pitcher et al. 2011).

Results

GDGTs in soils and riverbank sediments—All soils
(n = 12), which were never inundated by river water (i.e.,
collected in so-called terra firme), contained crenarchaeol
and brGDGTs. The terra firme soils contained, on average,
03 = 0.2 ug goc ! of CL crenarchaeol (average =
standard deviation [lo]). The percentage of IPL-derived
crenarchaeol of the total amount of crenarchaeol was, on
average, 51% *+ 24%. Summed CL brGDGT concentra-
tions were, on average, 21 = 15 ug goc~! with 8% * 6%

IPL-derived brGDGTs of the total amount of brGDGTs
(Fig. 3). The average abundance of brGDGT I was 93% of
all CL brGDGTs and 85% of all IPL-derived brGDGTs
(Fig. 4A,B). The brGDGTs 1, Ib, Ic, 11, IIb, and III were
detected in all soils, whereas brGDGT IIIb and IIlc were
not detected and brGDGT Ilc was found in only a few
soils. The BIT index of the soils was 0.98 = 0.01 in the CL
fractions and 0.8 = 0.2 in IPL-derived fractions (Fig. 3E).
Interestingly, the soils showed a difference in CBT and
MBT between the CL and IPL-derived fractions. Both
CBT and MBT were slightly higher in the CL fractions
(Fig. 5).

For the riverbank sediments (n 5), which were
underwater during the high-water seasons, the concentra-
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samples.

tions of CL crenarchaeol were, on average, 2.9 * 2.9 ug
goc~ !, an order of magnitude higher than that of the soils.
IPL-derived crenarchaeol represented 32% =+ 22% of total
crenarchaeol. The concentrations of brGDGTs were
similar to those of the soils with 45 = 35 ug goc™! of
which 9% = 4% were IPL-derived. The average abundance
of brGDGT I was lower than in soil, with 77% of all CL
brGDGTs and 69% of all IPL-derived brGDGTs. The
riverbank sediments showed similar average BIT value as
the soils: 0.95 + 0.03 for the CL GDGTs and 0.80 * 0.12
for the IPL-derived GDGTs (Fig. 3E).

GDGTs in river and varzea SPM—The river SPM (n = 6)
contained the highest CL crenarchacol concentrations with
31 = 23 ug goc~ !, which is about 100 times higher than in
soils (Fig. 3C; note the logarithmic scale). The concentra-
tion of CL brGDGTs was similar to that of the soils
42 = 19 ug goc™l; Fig. 3A). The IPL percentages for
crenarchaeol and brGDGTs were 23% =+ 12% and 11% =
7%, respectively. The most abundant brGDGT was
brGDGT 1, but its abundance was lower than in the soils
(74% and 69% of all CL and of all IPL-derived brGDGTs,
respectively) (Fig. 4C,D). The average BIT was 0.60 = 0.16
in the CL fraction and 0.4 = 0.2 in the IPL fraction (Fig. 3E).

In SPM collected from the vdrzeas (n = 21), the
crenarchaeol concentration was higher than that of the
soils but 10 times lower compared to that of the river SPM
(5 = 6 ug goc1; Fig. 3C). The CL brGDGT concentration
was similar to that of the soils (22 = 17 pg goc~!). The
IPL percentage for crenarchacol and brGDGTs were
25% * 9% and 13% = 7%, respectively. As in the soils
and river SPM, the most abundant brGDGT was brGDGT
I and its average abundance was 78% and 76% of all CL
and of all IPL-derived brGDGTs, respectively. Average
BIT values were 0.83 = 0.13 for the CL fractions and 0.68
+ 0.24 for the IPL-derived fractions.
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IPL GDGTs—To obtain more direct evidence for the
presence of IPL GDGTs, a selection of samples (n = 8) was
analyzed for a number of known IPL GDGTs. The
analyzed samples were two soil samples, five river SPM
samples (Negro, Solimdes, Tapajos, Amazon No. 5 and 6),
and one vdrzea SPM sample (Curuai). Phosphohexose-
brGDGT 1 (2; numerals refer to Fig. 1) and hexose-
phosphoglycerol brGDGT I (3) were found in all samples.
Glyconyl-brGDGT 1 (1) was only found in the Amazon 5
SPM sample, probably due to its low concentration. For
crenarchaeol-derived IPLs the monohexose (4) and dihex-
ose (5) were found in all samples except in the Tapajos
River SPM, which lacked the dihexose. Hexose-phospho-
hexose (6) was detected in all samples except in the
Solimoes, Amazon 6, and Tapajos SPM.

Discussion

Sources of brGDGTs in river SPM—It has been assumed
that the majority of brGDGTs are produced in soil and
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upon erosion of the soil are transported by rivers to the
ocean (Hopmans et al. 2004; Weijers et al. 2006). Our data
allow us to critically evaluate this hypothesis. Unlike
crenarchaeol (see below), there is no significant difference
in OC-normalized concentration of brGDGTSs between
soils and SPM in the lower Amazon basin (Fig. 3A). This
could be in line with the general idea that the majority of
brGDGTs in rivers are indeed derived from soil. However,
our data also show that the distribution of CL brGDGTs in
the lowland soils is different from that in Amazon River
SPM, i.e., the abundance of brGDGT I is substantially lower
(Fig. 4). In addition, the DC of brGDGTs is higher in the
Amazon River SPM, whereas the MBT is lower compared to
the soils (Fig. 6). The higher DC and lower MBT result in
higher CBT-derived pH and lower MBT-CBT-derived
MAAT values, respectively (Fig. 5B,D). Because the Andes
air temperature is lower and the soil pH is higher
(Fig. 2B,C), an influence of brGDGTs originating from
Andes soils may explain this, as suggested previously by
Bendle et al. (2010). They argued that a major part of the
brGDGTs transported by the Amazon River to the Amazon
deep-sea fan during the Holocene originated from Andean
soils. This was based on the observation that MBT-CBT—
reconstructed MAATSs for the Holocene were lower than
expected for the Amazon lowland.

To evaluate this possibility, a detailed comparison of the
brGDGT distribution of river SPM and of soils from the
lowland (< 500 m in altitude) and from the high Andes
(above 2500 m in altitude) is made (Fig. 6). The additional
soil data used for this comparison are from Kim et al. (2012).
All soils from the lowland showed almost identical distribu-
tions even though they are from diverse areas, and they plot
in the upper left corner of the diagram. Soils from the high
Andes (above 2500 m in altitude) possess higher DC and
lower MBT values (Fig. 6). The difference between the
distributions in river SPM and Andes soils is larger than
between river SPM and the surrounding soils (Fig. 6). This
does not exclude an Andean influence on the brGDGT
distribution in the lower Amazon SPM, but it reveals that the
majority of brGDGTs do not originate from the high Andes.

As two of the studied tributaries (Negro and Tapajos) do
not originate from the Andes, but from the lowlands, their
brGDGT distributions provide interesting hints on the
source of brGDGTs in the riverine SPM. The brGDGT
distribution in the Negro River resembles that of lowland
soils (Fig. 7), suggesting that brGDGTs in the black water
river are predominantly derived from erosion of the
surrounding soil. This is in line with the observation that
the Negro River SPM has the highest BIT of all studied
rivers, approaching that of soil (Fig. 3). The brGDGT
distribution in the Tapajos River is similar to what is found
in the Amazon main stem and the tributaries from the
Andes (Madeira and Solimoes) (Fig. 6). This indicates that
the mismatch in GDGT distributions of the SPM in the
white and clear water rivers and the lowland soils is
unlikely to be explained by a contribution from Andes
soils; there must be an additional source of brGDGTSs. This
suggests that brGDGTs can also be produced in situ in the
river water and that this aquatic production is responsible
for changing the distribution of brGDGTs derived from
lowland soil.

To further investigate potential in situ production of
brGDGTs in the river, IPL-derived brGDGTs were also
analyzed and revealed the presence of both phospho- and
glycolipids. Although the significance of IPLs as unequiv-
ocal markers for living cells is a topic of recent discussion
(Lipp and Hinrichs 2009; Schouten et al. 2010; Lengger et
al. 2012), it is known that glycosidic ether lipids degrade
more slowly than phospholipids (Harvey et al. 1986;
Lengger et al. 2012). The presence of brGDGTs containing
a phospho head group thus suggests that at least part of the
IPL brGDGTs in riverine SPM was freshly produced. In
addition, the percentage of IPL-derived brGDGTs in soils
is lower than in river SPM (Fig. 3B). Since brGDGT IPLs
are produced by active microorganisms and are subse-
quently transformed into CLs, this seems to be in
contradiction with a predominant soil origin of brGDGTs
in riverine SPM. The higher percentage of brGDGT IPLs
in SPM than in soil thus supports the idea of in situ
production in the river water. Furthermore, IPL-derived
brGDGT distributions clearly differ between soil and
riverine SPM (Fig. 7B), with lower MBT and higher DC
for riverine SPM, although the differences are slightly less
apparent as for CLs (cf. Fig. 7A,B).

Sources of brGDGTs in varzea SPM—Both CL and IPL-
derived brGDGT distributions of the vdrzea SPM samples
have similar MBT and DC values compared to the river
SPM samples (Fig. 7C,D). This suggests that brGDGTs in
the SPM of the vdrzeas are of similar origin as those in
riverine SPM (i.e., mixed origin from lowland soils and in
situ production). There are some varzea SPM samples (i.e.,
from the sites Cabaliana 2, Janauaca 2, and Canagari 1)
that plot in the upper left corner of Fig. 7C close to the
Negro River SPM and the lowland soils. These vdrzeas are
indeed influenced by input of black water from their local
watershed. The black water influence is reflected by the pH,
which is lower compared to the other varzea sampling sites.
Duncan and Fernandes (2010) defined the pH of black
water as 4.5 = 0.9. Hence, only Cabaliana 2, which is
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substantially influenced by the Manacapuru River, falls
into this range. The other two sites have slightly higher pH
values but still lower than the other sites in the varzeas. As
brGDGTs containing a phospho head group were also
detected in vdrzea SPM, it seems likely that the varzeas are
also contributing to the in situ aquatic production of
brGDGTs. However, from our data it is difficult to
estimate the relative importance of brGDGTs produced
in the varzeas compared to the Amazon main stem. More
data from different seasons and data from vdrzea channels
connecting the rivers and the vdrzeas including flux data are
required for this.

Implications for the MBT-CBT paleothermometer—The
CBT-derived pH calculated for our set of lowland soils
using the regional Amazon soil calibration by Bendle et al.
(2010) and the measured soil pH are comparable (Fig. 5B).
However, the MBT-CBT—derived temperatures (Fig. 5D)
were 3°C colder than the MAAT in Manaus (MAAT
measured over the last 100 yr by the World Meteorological
Organization at Sta. 823310 is 26.7°C). The 3°C difference
is within the 5°C calibration error range of the MBT-CBT
proxy using the global soil calibration (Weijers et al.
2007b), but since a regional soil calibration was used a
lower calibration error would be expected. A possible
reason for this cold bias could be that the soils used to

make the regional calibration were predominantly taken in
the western part of the Amazon basin (Bendle et al. 2010),
which might not have been representative of the whole
basin.

In the SPM of the Amazon main stem the CBT-derived
pH was on average 5.6, which is between the pH of the soils
(on average 4.4) and the pH of the river water (on average
6.7). This supports the idea that brGDGTs in the river are a
mixture of brGDGTs produced in soil and in the river. The
MBT-CBT-derived temperature using SPM was 5°C lower
than the MAAT at Manaus and 2°C lower than the MBT-
CBT-reconstructed temperature of the surrounding low-
land soils (24 = 3°C) (Fig. 5D). In comparison with several
recent studies on lakes, the difference between MBT-CBT-
derived temperatures of Amazon River SPM and the
surrounding soils is relatively small. For example, in Sand
Pond (U.S.A.), a small kettle pond, the reconstructed
MAAT using CL brGDGTs in surface sediments was 12°C
lower than that using soils from the watershed of the lake
(Tierney et al. 2012). For Lake Towuti in Indonesia this
difference was 10°C (Tierney and Russell 2009). It was
suggested that this difference is due to the fact that the
brGDGT-producing microbes in lakes respond differently
than those in soils (Tierney et al. 2010). If we assume that
brGDGT-producing microbes in the river behave similarly
to those in lakes, our results suggest that in the Amazon
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River the input of brGDGTs from soils is still substantially
higher relative to in situ produced brGDGTs.

Our study shows that the MBT-CBT signal in the
Amazon River is not substantially influenced by input of
brGDGTs from the Andes, nor is it altered by the input of
brGDGTs from floodplain lakes. The majority of brGDGTs
in the Amazon River most likely originate from erosion of
lowland soils, and to a smaller, but uncertain, extent from in
situ produced brGDGTs. Application of the MBT-CBT
palacothermometer using cores from the Amazon River fan
to trace long-term climatic changes of the Amazon basin
may still be possible, if it is assumed that the distribution of
brGDGTs produced in the river is also temperature
dependent. However, we will first have to examine if in situ
production of brGDGTs in the Amazon River varies over
time and space. Another major question to be resolved is to
what extent in situ production may influence the application
of the MBT-CBT paleothermometer in other river systems.

Crenarchaeol production in rivers and varzeas: Implica-
tions for the BIT index—Our results show that river and
varzea SPM contain about 100 times higher CL and IPL-
derived crenarchaeol concentrations (normalized to OC)
compared to the surrounding soils (Fig. 3C). This indicates
that crenarchaeol is mainly, but not exclusively produced in
the aquatic system. The presence of phospho-IPLs with
crenarchaeol as CLs in the SPM confirms in situ
production of crenarchaeol in the aquatic system. The
crenarchaeol concentration in the Amazon main stem was
almost an order of magnitude higher than in the varzeas,
with an average of 42 * 19 ug goc~! in the Amazon main
stem and 5 * 4 ug goc! in the vdrzeas (Fig. 3C).
Therefore, it can be concluded that at the time of sampling
(low-water season) a substantial amount of crenarchaeol
was produced in the river itself. The percentage of IPL for
crenarchaeol is higher in soils with an average of 50%
compared to 20-40% in the SPM (Fig. 3B). This may
reflect better preservation of the crenarchaeol IPLs in soils
and possibly the difference in the suite of crenarchaeol IPLs
produced in these different settings. Tierney et al. (2012)
also reported a higher percentage of IPL-derived isopren-
oid GDGTs in soils compared to lake sediments.

As observed for the MBT and CBT (or DC) indices, BIT
values differ between the CL and IPL-derived fractions
with lower values for the IPL-derived fraction (Fig. 3E).
Because this difference is found in river SPM as well as in
the soil samples, it might be due to a lower degradation rate
in crenarchaeol IPLs compared to the brGDGTs. However,
in river SPM the difference seems to be larger than in soil,
which is most likely due to the relatively higher production
of crenarchaeol in the Amazon River. Despite the fact that
brGDGTs are also produced in the river (which would
increase the BIT), the production of crenarchaeol in the
river leads to substantially lower BIT values in the river
(between 0.41 and 0.67) compared to the surrounding soil
(average 0.98). These values represent the lowest BIT values
reported for river systems (Herfort et al. 2006; Kim et al.
2007; Zhu et al. 2011). However, the rivers investigated so
far are much smaller than the Amazon, and are therefore
likely to be much less influenced by in situ production of

crenarchaeol. For example, SPM of the Tét River in France
has an average BIT value of 0.8. However, locally it has
lower BIT values (down to 0.6), which has also been
explained by crenarchaeol production in the river (Kim et
al. 2007). Our results indicate that within the river the BIT
does not solely represent the input of soil OC, but rather
reflects the production of crenarchacol in the rivers and
varzeas. The concentration of brGDGTs is likely to be a
better indicator for the input of soil OC to the river;
however, as shown before, brGDGTs are also partially
produced in the river. Consequently, it is of utmost
importance to further constrain the effect of aquatic
production of GDGTs in the catchment area and its
influence on the BIT index in order to use the BIT as a
proxy to trace riverine or soil OC input to the ocean.
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