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a b s t r a c t

The fractional abundance of branched glycerol dialkyl glycerol tetraether (brGDGT) membrane lipids in
coastal marine sediments has been posited as a proxy for the reconstruction of terrestrial temperatures
on the nearby land, based on the assumption that they are produced in soils and delivered to the marine
realm by rivers following erosion. Here, we test the suitability of brGDGTs as a continental paleother-
mometer in Pliocene age sediments from the northern Gulf of Mexico (GoM; speculated Mississippi
River input) and the Ceará Rise (speculated Amazon River input). Low branched to isoprenoid tetraether
(BIT) index values of 0.00–0.13 and the near absence of pollen and long-chain plant waxes in the GoM
sediments suggest that the Mississippi River did not have a strong influence on the delivery of terrestrial
organic matter to the site during the Pliocene and soil input was limited. Indeed, the high weighted aver-
age of cyclopentane-containing tetramethylated brGDGTs (#ringstetra) in the GoM sediments (0.50 ± 0.09)
relative to that of modern soils from the Mississippi catchment (0.25 ± 0.16) indicates that the brGDGTs
in the GoM sediments were mostly produced in situ in the marine realm, hampering reliable land tem-
perature reconstruction using the global soil transfer function. In contrast, high BIT index values (0.46 ± 0.
21) and low #ringstetra (0.25 ± 0.15) in sediments from the Ceará Rise suggest that these brGDGTs are pri-
marily derived from soils. However, reconstructed temperatures were 11–18 �C lower than modern
Amazon catchment temperatures. The relative abundance of 6-methylated brGDGTs (Isomerisation
Ratio; IR) in the sediments is 0.82 ± 0.10, which resembles that of suspended particulate matter (SPM)
in the modern Amazon River more than that of catchment soils (IR = 0.18 ± 0.18). This reveals that
brGDGTs in the Ceará Rise sediments likely have a freshwater, riverine origin. Thus, the majority of
the brGDGTs in both the GoM and Ceará Rise sediments are produced in situ, in the marine or river
realms, which precludes application of the brGDGT paleothermometer. Our study shows that the sources
of brGDGTs in coastal marine sediment archives must be critically evaluated prior to using the proxy for
paleoclimate reconstruction.

� 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Branched glycerol dialkyl glycerol tetraethers (brGDGTs) are a
compound class that forms the membrane lipid monolayer of bac-
teria occurring in soils and other environments (Sinninghe Damsté
et al., 2000; Weijers et al., 2006). The brGDGTs are composed of
two alkyl chains bound to two glycerol moieties by ether bonds
and can vary in the number of methyl branches and cyclopentane
moieties (Supplementary Fig. S1). Although the exact producer(s)
of brGDGTs is unknown, their abundance in soils varies with that
of Acidobacteria (Weijers et al., 2006, 2009, 2010), and low
amounts of brGDGT Ia were identified in two species of Acidobac-
teria, a bacterial phylum of which many members produce a pre-
sumed building block of brGDGTs, iso-diabolic acid (Sinninghe
Damsté et al., 2011, 2018). An empirical study on brGDGT occur-
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rence in soils and peats worldwide showed that the degree of
methylation of brGDGTs relates to mean annual air temperature
(MAAT) and soil pH, whereas the degree of cyclisation is linked
to soil pH (Weijers et al., 2007a). Initially, a combination of these
two relationships was used to quantitatively reconstruct MAAT.
After the identification of isomers of the penta- and hexamethy-
lated brGDGTs, which are distinguished by the varying position
of the methyl group present on either the 5- or 6-position of the
alkyl chain (De Jonge et al., 2013; Supplementary Fig. S1), and
improvement in chromatographic separation used to analyse
brGDGTs (Hopmans et al., 2016), the degree of methylation of 5-
methyl brGDGTs was found to be dominantly temperature-
controlled leading to a pH-independent transfer function (De
Jonge et al., 2014a).

Upon mobilization, fluvial transport and discharge, soil
brGDGTs can be archived in coastal marine sediments, where they
can be used to determine the relative input of river-transported
soil organic matter (OM) to marine sediments. This input is quan-
tified by the Branched and Isoprenoid Tetraether (BIT) index
(Hopmans et al., 2004), in which the abundance of soil-derived
brGDGTs is taken relative to that of the isoprenoidal GDGT
(isoGDGT) crenarchaeol, produced by marine Thaumarchaeota
(Sinninghe Damsté et al., 2002). Hence, a high BIT index is indica-
tive of substantial input of soil organic matter to the site, providing
that sources of brGDGTs are 100% soil-derived. Thus, a high BIT
index calculated in a marine sedimentary archive usually indicates
the suitability of the site for the reconstruction of past air temper-
atures of the nearby continent. Indeed, analysis of brGDGTs stored
in Congo River fan sediments resulted in a temperature record for
tropical east Africa over the last deglaciation (Weijers et al.,
2007b). Since then, MAAT records have been generated for a vari-
ety of marine sites including high latitudes (Weijers et al., 2007c;
Sangiorgi et al., 2018), and go as far back in time as the Cretaceous
(Kemp et al., 2014; Super et al., 2018), indicating excellent preser-
vation of these molecular fossils.

However, caution must be taken due to potential in situ produc-
tion of brGDGTs in marine environments. This has been docu-
mented in surface sediments in Svalbard (Peterse et al., 2009),
the Brazilian Margin (Zell et al., 2014), the Kara Sea (De Jonge
et al., 2015), Portuguese margin (Warden et al., 2016), Baltic Sea
(Warden et al., 2018), the Berau Delta (Indonesia; Sinninghe
Damsté, 2016), East China Sea (Zhu et al., 2011), and the Brazilian
margin (Ceccopieri et al., 2019). These in situ produced brGDGTs
can be recognized by a high degree of cyclisation of the tetram-
ethylated suite of brGDGTs, expressed as the #ringstetra
(Sinninghe Damsté, 2016). The increased cyclisation is most likely
a response to the relatively more alkaline environment in the
ocean compared to soils (Sinninghe Damsté, 2016), of which only
14% in the global soil and peat dataset have a pH > 8 (De Jonge
et al., 2014a; Naafs et al., 2017; Dearing Crampton-Flood et al.,
2020). A value of #ringstetra > 0.7 is used as a cut-off to indicate
unequivocal marine in situ production based on the fact that
#ringstetra is always < 0.7 in the global soil calibration set. This
index subsequently formed the base for an end-member method
that enabled disentangling marine and soil-derived brGDGTs in
the Pliocene section of the Hank borehole from the North Sea,
and to correct the continental air temperature record for the over-
print of marine in situ produced brGDGTs (Dearing Crampton-
Flood et al., 2018). This successful test case encourages the wider
application of the brGDGT paleothermometer to coastal marine
sediments to generate more Pliocene terrestrial temperature
records.

Here, we aim to reconstruct terrestrial temperatures for two of
the world’s largest river catchments using brGDGTs preserved in
Pliocene sediments relatively near the Mississippi (Ocean Drilling
Program, ODP Site 625) and Amazon River outflows (ODP Site
2

925). We specifically target the mid-Piacenzian Warm Period
(mPWP; 3264–3025 ka), as its warmer (DT = +2–3 �C; Haywood
et al., 2020) climate is often considered as an analogue for near-
future climate (Masson-Delmotte et al., 2013; Burke et al., 2018).
The Mississippi and Amazon have a modern annual sediment dis-
charge of 6.2 � 1011 kg (Coleman, 1988) and 7–8 � 1011 kg
(Martinez et al., 2009), respectively. Previous studies have indi-
cated that both rivers were active during the Pliocene (Coleman,
1988; Figueiredo et al., 2009). The influence of the Pliocene Missis-
sippi River on sediments on the continental shelf and slope of the
Northern Gulf of Mexico (GoM) is supported by the presence of
pollen in Miocene to Pleistocene sediments from offshore Louisi-
ana (Elsik, 1969). We improve stratigraphic constraints at ODP Site
625 by generating a record of benthic foraminifer oxygen isotope
ratios (d18O), which we correlate to the dated stack of Lisiecki
and Raymo (2005). A 30 Myr BIT index record for ODP Site 925,
which has a highly resolved stratigraphy (Wilkens et al., 2017)
reveals substantial input of fluvially discharged soil material dur-
ing the Pliocene (van Soelen et al., 2017). This should support the
application of the brGDGT paleothermometer at both sites.
2. Materials and methods

2.1. Study sites

2.1.1. Mississippi River delta
In the modern GoM, the surface Loop Current transports rela-

tively warm and salty water through the Yucatán Channel from
the Caribbean Sea, eventually exiting through the Florida Strait
(Fig. 1). The extension of the Loop Current into the basin depends
on the Intertropical Convergence Zone (ITCZ), which migrates sea-
sonally (Nürnberg et al., 2008).

ODP Site 625 (28�49.90N, 87�09.60W; water depth 889 m) is
located on the west Florida continental slope in the North Eastern
Gulf of Mexico, approximately 200 km southeast from the current
mouth of the Mississippi River (Fig. 1A). Modern influence of the
Mississippi River discharge to the site is determined by lower sea
surface salinity values compared to the western GoM (Nürnberg
et al., 2008). We sampled the interval at 129–165 m below sea
floor (mbsf) of Hole B, which consists of marly nannofossil ooze
and calcareous mud (Rabinowitz et al., 1985). Based on the prelim-
inary biostratigraphic age model of Joyce et al. (1990), the chosen
interval should cover the period from ~2.5–4.0 Ma. The interval
was further dated using benthic d18O stratigraphy.
2.1.2. Amazon River delta
ODP Site 925 (4�12.2480N, 43�29.3490W;water depth 3040m) is

located on the Ceará Rise, approximately 800 km northeast from
the current mouth of the Amazon River (Fig. 1B). In modern and
near-recent times, Site 925 receives a large amount of terrestrial
material from the Amazon River, evidenced by organic and inor-
ganic proxies (van Soelen et al., 2017). The relative positions of
the Ceará Rise and South America did not change significantly over
the Cenozoic (Curry et al., 1995). However, the discharge of the
Amazon River is postulated to have intensified after its transconti-
nental connection to the Andes at ~9 Ma (van Soelen et al., 2017;
Lammertsma et al., 2018).

We studied the 75–133 mbsf interval of Hole B, which consists
of nannofossil ooze (Curry et al., 1995), and spans 2.3–5.3 Ma
according to the orbitally tuned age model of Wilkens et al.
(2017). Fourteen sediment samples within this interval were
selected for GDGT analysis and complemented with nine addi-
tional data points previously reported by van Soelen et al. (2017).



Fig. 1. Locations of: (A) ODP Site 625 and DSDP Site 94 in the Gulf of Mexico, and (B) ODP Site 925 on the Ceará Rise. The modern watersheds of the (A) Mississippi and (B)
Amazon Rivers are shaded in yellow. The position of the Loop Current (LC) in the Gulf of Mexico during austral summer (red) and fall/winter (blue) is shown. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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2.2. Site 625 oxygen isotope analysis and stratigraphy

Site 625 was previously roughly dated by obliquity tuning of
planktonic foraminiferal d18O (Joyce et al., 1990). The early Pleis-
tocene (90–120 mbsf) was later revisited using benthic d18O
stratigraphy by Shakun et al. (2016), who arrived at ages ~100–
200 kyr older than Joyce et al. (1990). Here, we revisit the late Plio-
cene interval between ~130–160mbsf using benthic d18O stratigra-
phy, which corresponds to 2570–3460 ka on the age model of Joyce
et al. (1990). However, in accordance with the Pleistocene interval
(Shakun et al., 2016), we expect to arrive at somewhat older ages.

Samples were taken at ~15 cm intervals from cores 625B-16H to
625B-19H, freeze-dried, wet sieved, and oven dried overnight at a
low temperature. From each sample, we typically picked four mod-
erately to well-preserved specimens of Cibicides wuellerstorfi from
the > 250 mm size fraction. Isotope analyses were performed at
the Faculty of Geosciences, Utrecht. Samples between 129.98 and
149.03 mbsf were analysed with a Thermo-Finnigan Kiel IV auto-
mated preparation system coupled to a Thermo-Finnigan MAT
253 Plus mass spectrometer. Samples between 149.18 and 159.1
mbsf were analysed with a Thermo Finnigan GasBench-II carbon-
ate preparation device coupled to a Thermo Finnigan Delta-V mass
spectrometer. Analytical precision was 0.03‰ for d18O and 0.05‰
for d13C on the GasBench system. The Kiel setup was new at the
time and incidentally less precise as a consequence, with a repro-
ducibility of 0.23‰ for d18O and 0.11‰ for d13C. The data were cal-
ibrated to the international standard (VPDB) and the d18O record
was corrected with + 0.64‰ following Shackleton (1974).

Cores 625B-18H and 625B-19H overlap by 1.73 m on the mbsf
depth scale. Because the Pliocene was only recovered from Hole B,
a splice is not available. We assume that this overlap is related to
sediment expansion and applied a correction of + 2.0 m to samples
from cores 625B-19H and 625B-20H. We report the data on a
revised mbsf (rmbsf) scale. The age model was constructed by
visual correlation of the benthic d18O record on the rmbsf scale
to the LR04 benthic isotope stack (Fig. 2; Lisiecki and Raymo,
2005).

2.3. Lipid biomarker extraction and analysis

Sediments from ODP Site 625 (n = 177) and Site 925 (n = 14)
cores were freeze dried and powdered prior to extraction (3 � )
using a dichloromethane (DCM):methanol (9:1, v/v) solvent mix-
3

ture in an accelerated solvent extractor (ASE 350, Dionex). The
ASE extraction method consisted of a 5 min extraction at 100 �C
and 7.6 � 106 Pa. The total lipid extract (TLE) was dried under
nitrogen and separated into apolar, ketone, and polar fractions
using activated Al2O3 in a small column using hexane:DCM (9:1,
v/v), hexane:DCM (1:1, v/v) and DCM:methanol (1:1, v/v) as elu-
ents, respectively. Polar fractions were prepared for GDGT analysis
first by the addition of a known amount of an internal standard
(C46 glycerol trialkyl glycerol tetraether, GTGT; Huguet et al.,
2006), then by dissolving the (dry) fraction in hexane:isopropanol
(99:1, v/v) prior to filtering using a 0.45 mm PTFE filter.

Reanalysed suspended particulate matter (SPM) samples from
Zell et al. (2013a) and samples from ODP Site 925 were analysed
for GDGTs at the Royal Netherlands Institute for Sea Research
(NIOZ). All samples from ODP Site 625 were measured at Utrecht
University (UU). At both institutes, brGDGTs were analysed follow-
ing the method described by Hopmans et al. (2016). In short, an
Agilent 1260 Infinity ultra high performance liquid chromatogra-
phy (UHPLC) instrument coupled to an Agilent 6130 single quadru-
pole mass detector was used for analysis. Two silica Waters
Acquity UPLC BEH Hilic columns (1.7 mm, 2.1 mm � 150 mm) at
30 �C and a guard column was used for chromatographic separa-
tion. The solvent program, for which hexane (A) and hexane:iso-
propanol (9:1, v/v) (B) were used, followed isocratic elution at a
flow rate of 0.2 ml/min with 82% A and 18% B for 25 min, followed
by a linear gradient to 70% A and 30% B for 25 min. 10 mL of sample
was injected. Ionisation of GDGTs was achieved using atmospheric
pressure chemical ionisation (APCI) using the following source
conditions: gas temperature 200 �C, vaporizer temperature
400 �C, capillary voltage 3500 V, nebulizer pressure 25 psi, drying
gas (N2) flow 6 L/min, corona current 5.0 mA. Selected ion monitor-
ing (SIM) was used to identify the GDGTs using their [M�H]+ ions:
m/z 1292, 1050, 1048, 1046, 1036, 1034, 1032, 1022, 1020, 1018.
The internal GTGT standard was identified using m/z 744. GDGTs
were integrated using Chemstation software B.04.02.

A selection of apolar fractions from Sites 625 and 925 were
analysed for plant leaf epicuticular waxes using gas chromatogra-
phy with flame ionization detection (GC-FID). Samples were desul-
furized and analysed using manual injection (1 lL) on a Hewlett
Packard 6890 series GC system equipped with a 0.53 mm pre-
column and CP-Sil 5 fused silica capillary column (25 m � 0.32 m
m; film thickness 0.12 lm). The samples were initially held at
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Fig. 2. Top: Site 625 benthic d18O record (blue: Kiel method; orange: Gasbench method) and the LR04 tuning target (Lisiecki and Raymo, 2005; black). Bottom: sedimentation
rates (green) calculated with the rmbsf depth scale. Grey shaded intervals indicate core gaps. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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70 �C (1 min), ramped to 130 �C (20 �C min�1), ramped to 320 �C
(4 �C min�1), and held for 25 min.

2.4. GDGT proxy calculations

The MBT05Me index was calculated using the following equa-
tion (De Jonge et al., 2014a):

MBT05Me ¼ Ia½ � þ Ib½ � þ ½Ic�
Ia½ � þ Ib½ � þ Ic½ � þ IIa½ � þ IIb½ � þ IIc½ � þ ½IIIa� ð1Þ

Mean annual air temperatures were calculated using the most
recent soil and peat calibration based on Bayesian methodology
(Dearing Crampton-Flood et al., 2020) and brGDGT data from De
Jonge et al. (2014a) and Naafs et al. (2017), with a prior mean of
15 �C and prior standard deviation of 15.

BIT indices were calculated according to the following equation,
adjusted to include both 5- and 6-methyl GDGTs (Hopmans et al.,
2004);

BIT ¼ Ia½ � þ IIa½ � þ IIa0� �þ IIIa½ � þ ½IIIa0 �
Crenþ Ia½ � þ IIa½ � þ IIa0½ � þ IIIa½ � þ ½IIIa0 � ð2Þ

where Cren refers to crenarchaeol.
The isomer ratio (IR), which expresses the relative proportion of

6-methyl brGDGTs over the total sum (De Jonge et al., 2015), was
calculated as follows:

IR ¼
IIa0� �þ IIb

0h i
þ IIc0� �þ IIIa0� �þ IIIb

0h i
þ ½IIIc

IIa0½ � þ IIb
0h i
þ IIc0½ � þ IIIa0½ � þ IIIb

0h i
þ IIIc0½ � þ IIa½ � þ IIb½ � þ IIc½ �

Numbers refer to structures of brGDGTs in Supplementary
Fig. S1.

The number of rings of tetramethylated brGDGTs was calcu-
lated according to the following (Sinninghe Damsté, 2016):

#ringstetra ¼ ð½Ib� þ 2� ½Ic�Þ
ð½Ia� þ ½Ib� þ ½Ic�Þ ð4Þ
3. Results and discussion

3.1. Mississippi River basin

3.1.1. ODP Site 625 age model
The benthic d18O record is plotted in Fig. 2. The Marine Isotope

State (MIS)-M2 glacial clearly stands out between 144.40 and
144.83 rmbsf (Supplementary Table S1) and was used as the initial
tie point with the LR04 stack. There is generally good coherence
4

between the Site 625 isotope stack and LR04, particularly in the
younger part of the record. However, the interval prior to M2 does
not display particularly outstanding isotope events. In combination
with several intervals with unrecovered sediment, such as a 1.2 m
gap around ~150 rmbsf in section 625B-18H-4, there is consider-
able uncertainty in the tuning, and alternative correlations to the
LR04 stack could be made. The sedimentation rate varies around
an average of 3.1 cm/kyr on average, similar to the Pleistocene
interval (Shakun et al., 2016).

In the younger part of our studied interval, the benthic d18O val-
ues are similar to the LR04 stack (Lisiecki and Raymo, 2005), con-
sistent with the Pleistocene interval of Shakun et al. (2016).
However, around 3100–3200 ka, the Site 625 oxygen isotope
record shifts (D18O = 0.8‰) towards lower values. This shift is
not related to the switch in experimental setup from Kiel to Gas-
bench at ~3431–3434 ka. Because the study site is relatively shal-
low (889 m), it is more susceptible to regional oceanographic
changes than the majority of the deep ocean records from which
LR04 was constructed. The d18O shift may instead be explained
by local changes in circulation, temperature and/or salinity.

3.1.2. Temperature reconstruction for the Mississippi River basin
GDGTs are present throughout the studied interval of Site 625

sediments, where the isoGDGT crenarchaeol is always more abun-
II
dant than brGDGTs. Of the brGDGTs, the most abundant compound
is Ia (average fractional abundance 28.6 ± 4.5%), followed by Ib (10.
0 ± 1.1%). BrGDGTs IIIc and IIIc0 were below the detection limit in
all but two sedimentary horizons. The BIT record (Fig. 3B) indicates
that the pool of GDGTs at Site 625 is dominated by marine OM
throughout most of the Pliocene interval since average BIT values
(i.e., 0.04 ± 0.02) are low (Hopmans et al., 2004; Schouten et al.,
2013 and References therein). However, variations in BIT can be
driven by changes in the abundance of brGDGTs and of crenar-
chaeol. As a result, the BIT can be low when there is high crenar-
chaeol production due to increased nutrient input from land,
even though the absolute amount of brGDGTs may be high. For
example, a dominance of marine OM manifested by low BIT values
(< 0.2) was also observed at the Hank borehole located in the Plio-
cene North Sea (Dearing Crampton-Flood et al., 2018). However,
the presence of other indicators for terrestrial input, such as pollen
(bisaccate and non-bisaccate), confirmed that the Hank site



Fig. 3. Proxy records for the Pliocene ODP Site 625 sediments in the Gulf of Mexico. (A) #ringstetra, (B) BIT, (C) MAAT, and (D) ODP 625 (black) and LR04 benthic d18O records
(grey) plotted against age. Samples analysed for pollen (red circles) and n-alkane composition (black circles) are shown on top of the age axis. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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received substantial terrestrial input, validating the reconstruction
of temperatures from (terrestrially derived) brGDGTs.

In contrast, plant leaf wax biomarkers and pollen (not shown)
are virtually absent in Site 625 sediments, confirming the BIT
results that indicate that the input of terrestrial material was min-
imal at this site. The distance of Site 625 to the mouth of the Mis-
sissippi may have played a role in the low BIT indices, as the
concentration of brGDGTs in modern continental margin sedi-
ments rapidly decreases with increasing distance from the coast
at the Tagus River outflow, the East Siberian Arctic Shelf, and the
Berau delta in Indonesia (Zell et al., 2015; Sparkes et al., 2015;
Sinninghe Damsté, 2016). In addition, a higher sea level (~13–
25 m) during the mid and late Pliocene documented by models
(e.g., de Boer et al., 2017) and ‘‘backstripped” estimates (Grant
et al., 2019) would have positioned the Mississippi River mouth
relatively further away from Site 625, contributing to a low abun-
dance of terrestrially derived brGDGTs at the more distal site.

Interestingly, a previous study on a sediment core from the cen-
tral GoM (DSDP Site 94; Fig. 1A) reported carbon and hydrogen iso-
topic compositions of terrestrial leaf waxes over the last 35 Myr
(Tipple and Pagani, 2010), thus indicating that terrestrial material
did reach the central basin during the Pliocene. DSDP Site 94 is
located 300 km further away from the mouth of the Mississippi
River than Site 625, hence the lack of plant waxes at Site 625 is
startling since terrestrial material should pass by Site 625 before
reaching the central GoM. This suggests that in contrast to a higher
5

sea level, the near absence of terrestrial leaf waxes and pollen at
Site 625 is more likely a result of a changed direction of the Missis-
sippi River outflow during the Pliocene. Sedimentological evidence
implies that the axis of the Mississippi outflow pointed more
towards the west during the Miocene/Pliocene than at present,
due to the location of the Pliocene Mississippi GoM depocenters
in the North Western Gulf Margin near the Texas and Louisiana
border, where the shelf edge prograded most rapidly (Woodbury
et al., 1974; Galloway et al., 2011; Bentley et al., 2016). Other sed-
imentological and palynological evidence indicates this was also
the case during MIS6, where variations in dinocysts sensitive to
changing salinity were thought to reflect a change in direction of
the Loop Current during warmer/cooler periods (Fig. 1A;
Tripsanas et al., 2007; Limoges et al., 2014). However, pollen
assemblages in sediments from offshore Louisiana still suggest a
limited influence of the Mississippi River to Site 625 during the
Pliocene (Elsik, 1969). In any case, abundant terrestrial paly-
nomorphs in Site 625 sediments from the late Pleistocene to the
Holocene indicate that the Mississippi outflow was similar to its
present position at that time (Limoges et al., 2014). This suggests
that a change in the location of the Mississippi outflow, perhaps
coupled to the strength and position of the Loop Current, may at
least partly be responsible for the low abundance of terrestrial
material in the Pliocene Site 625 sediments. In any case, the pres-
ence of brGDGTs in the sediment core provides the minimum
requirement for the attempted application of the brGDGT pale-



E. Dearing Crampton-Flood, Carolien M.H. van der Weijst, G. van der Molen et al. Organic Geochemistry 154 (2021) 104200
othermometer in these sediments. Nevertheless, the limited evi-
dence for terrestrial influence at this site indicates that a source
assessment of the brGDGTs is needed to validate the reliability of
reconstructed MAATs.

The source(s) of the brGDGTs that are present in Site 625 sedi-
ments can be evaluated by comparing the relative amounts of the
tetra-, penta-, and hexamethylated brGDGTs with that of global
soils in a ternary plot (cf. Sinninghe Damsté, 2016). The GoM sed-
iments clearly plot offset from the typical soil pattern (Fig. 4), sug-
gesting that a substantial proportion of brGDGTs at Site 625 has a
non-soil origin. Indeed, the #ringstetra, which can be used as a mea-
sure to identify in situ brGDGT production in coastal marine sedi-
ments (e.g., Sinninghe Damsté, 2016), in the GoM sediments ranges
from 0.26 to 0.67 (Fig. 3A). The average of 0.50 ± 0.08 is much
higher than that in global soils (0.21 ± 0.19) and that of the soils
in the modern catchment of the Mississippi, which is 0.34 ± 0.22
(n = 7; De Jonge et al., 2014a), indicating that at least part of the
brGDGTs at this site are produced in situ. The #ringstetra record var-
ies over time and shows a few clear minima and a general trend
toward lower #ringstetra values after 3.0 Ma (Fig. 3A). One of the
minima in the #ringstetra record at 3.65 Ma coincides with a minor
increase of the BIT index from 0.02 to 0.12 and relatively warmer
MAATs (Fig. 3). This trend suggests either: (i) an increased input
of soil-derived brGDGTs, (ii) a reduced marine in situ produced
brGDGT overprint, or (iii) a change in marine in situ brGDGT distri-
butions. The drivers of this variability remain unclear, but may be
related to the direction of the Mississippi outflow or changing cur-
rents driving salinity/temperature gradients in the GoM, or a com-
bination of the two.

As a likely result of marine brGDGT production, MAATs gener-
ated by the Bayesian temperature calibration and the MBT’5Me
index (Dearing Crampton-Flood et al., 2020) exhibit neither a clear
trend with time, nor a change to a cooler climate state in the latest
Pliocene as seen in benthic isotope records (Lisiecki and Raymo,
2005). Moreover, the brGDGT-based MAATs (5.8–15.2 �C; Fig. 3C)
generally underestimate the expected MAATs based on the current
measured MAAT of 18–20 �C in the lower Mississippi catchment
(Harris et al., 2014) and conflict with the general idea that global
(and terrestrial) temperatures were 2–3 �C higher during the Plio-
cene (Haywood et al., 2016). Substantial brGDGT contributions
from the upper catchment, where MAAT is lower, are considered
unlikely based on studies from the modern Danube and Yangtze
Rivers where brGDGT signals at the river mouth represented the
lower catchment rather than an integration of the entire catch-
ment (Li et al., 2015; Freymond et al., 2017). Notably, MAATs are
also underestimated during periods with relatively low #ringstetra
and higher BIT index values indicating a larger contribution of
soil-derived brGDGTs to the site. Taken together, the absence of
terrestrial biomarkers (e.g., leaf waxes) and pollen throughout this
interval, in combination with overall low BIT index and high
#ringstetra values indicates that the terrestrial input (including
soil-derived brGDGTs) is too low to correct for the marine over-
print on the soil-brGDGT signal with reasonable confidence (cf.
Dearing Crampton-Flood et al., 2018). This makes it impossible to
obtain a quantitative temperature record for Southern North
America during the Pliocene based on brGDGT distributions in
the sediments of ODP Site 625.

3.2. Temperature reconstruction for the Amazon River basin

BrGDGTs are present in all analysed sediments of ODP Site 925
(Ceará Rise) throughout the studied interval of ~5.3–2.3 Ma. In gen-
eral, the most abundant brGDGT is Ia (44.0 ± 12.2%), followed by
the 6-methylated brGDGTs IIa0 (9.7 ± 2.4%) and IIb0 (9.0 ± 5.8%).
In contrast, the least abundant brGDGTs, IIIc, IIc, and IIIb, are all
5-methylated isomers. Considering the depth of the Site 925 (>
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3000 m) and its distance from the Amazon River mouth
(~800 km), an investigation of the brGDGT sources is required to
assess the suitability of this site for MAAT reconstruction.

The Ceará Rise sediments generally have high BIT index values,
ranging from 0.40 to 0.83 (average 0.58 ± 0.11; Fig. 5C), indicating a
dominance of brGDGTs over crenarchaeol, typically interpreted to
be indicative of a high terrestrial input (Hopmans et al., 2004). This
interpretation is supported by the presence of higher plant leaf
waxes synonymous of a vascular plant source (not shown). In addi-
tion, the #ringstetra ranges from 0.12 to 0.59 (Fig. 5B), which is well
below the threshold value of 0.8 that identifies an in situ marine
sedimentary source of brGDGTs (cf. Sinninghe Damsté, 2016),
especially in sediments < 3.6 Ma. Comparison of the average
#ringstetra in this record with the average from soils in the modern
Amazon catchment, which is 0.10 ± 0.10 (n = 39; De Jonge et al.,
2014a; Kirkels et al., 2020), indicates that the majority of the
brGDGTs in the Amazon fan sediments presumably has a soil ori-
gin. Moreover, van Soelen et al. (2017) showed that after 4.5 Ma,
the sedimentation of mineral and organic terrigenous material at
Site 925 increases considerably due to Andean uplift. Similarly,
Lammertsma et al. (2018) identified an increase in terrestrial input
in a marine record from the Amazon fan after the (early) Pliocene.
Given the encouraging values of the BIT and #ringstetra indices, the
reconstruction of a temperature record appears viable at Site 925.

Reconstructed MAAT using MBT’5Me (De Jonge et al., 2014a)
and the recent Bayesian soil calibration (Dearing Crampton-Flood
et al., 2020) in the Ceará Rise sediments ranges from 9.9 �C to
25.9 �C (Fig. 5D). The variability in the MAAT record (5–15 �C) is
remarkable given the supposedly equable climate during the Plio-
cene, especially in the subtropics (Herbert et al., 2010). Comparison
with the modern-day MAAT of the Amazon River catchment (25–
30 �C; Harris et al., 2014) shows that the brGDGT-based tempera-
tures for the Pliocene are lower than today by ~5–20 �C, and thus
most likely underestimate Pliocene temperatures, which are
assumed to be > 2 �C than present (Haywood et al., 2016).

The Ceará Rise sediments plot offset from the global soils in the
ternary plot of tetramethylated, pentamethylated, and hexamethy-
lated brGDGTs (Fig. 4), implying that a proportion of the brGDGTs
in Site 925 sediments is derived from other sources than soils. The
pattern of the Ceará Rise sediments in the triplot is more widely
distributed than that of other marine sediments, which tend to
cluster together (Fig. 4). The distinct position of Site 925 in Fig. 4
may thus suggest a contribution of yet another source of brGDGTs
than those produced in soils or the coastal marine environment to
Site 925 Pliocene sediments.

A number of studies have indicated that brGDGTs can also be
produced within rivers (Kim et al., 2012; Zhang et al., 2012; Zell
et al., 2013a,b; Warden et al., 2016). In particular, the presence of
brGDGTs with phospho- and glyco-headgroups still attached in
SPM from the Amazon River provides strong evidence for brGDGT
production within the river (Zell et al., 2013a), as these headgroups
are presumed to be quickly lost upon cell death (White et al., 1979;
Harvey et al., 1986). Furthermore, in situ production within the
river was also used to explain offsets in brGDGT signals between
soils and SPM from the Lower Amazon (Zell et al., 2013a;
Moreira et al., 2014). Increased influence of in situ produced
SPM-brGDGTs was observed in the rising water season that takes
place from January to February (Zell et al., 2013b). Similarly, offsets
between brGDGT signals in SPM and soils in the Pearl (Zhang et al.,
2012), Yangtze (Yang et al., 2013), and the Yenisei Rivers (De Jonge
et al., 2014b), as well as on a smaller scale in the Carminowe Creek
catchment (Guo et al., 2020), were also attributed to an overprint
by in situ produced brGDGTs. In the latter systems, brGDGTs in
the river were characterized by a relatively high proportion of 6-
methylated isomers. Interestingly, the penta- and hexamethylated
brGDGTs in Site 925 sediments are also dominated by 6-



Fig. 4. Ternary diagram showing fractional abundances of the tetramethylated, pentamethylated, and hexamethylated brGDGTs for global soils and peats (black circles, De
Jonge et al., 2014a; Naafs et al., 2017; Dearing Crampton-Flood et al., 2020), Pliocene Gulf of Mexico sediments (red diamonds), Amazon Fan sediments (green diamonds, this
study and van Soelen et al., 2017), and Amazon River suspended particulate matter (blue squares, Zell et al., 2013a; Kirkels et al., 2020). Mississippi (blue) and Amazon (red)
catchment soils are highlighted. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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methylated brGDGTs. Quantifying their contribution using the iso-
merisation ratio (IR), results in IR values for Site 925 that are con-
sistently high (0.79 ± 0.12) throughout the record (Fig. 5), except
for a few lower values of ca. 0.5 at ~5 Ma and 4.3 Ma, although
these shifts are based on one data point each.

In soils, the IR is positively correlated with pH (De Jonge et al.,
2014b; Ding et al., 2015; Yang et al., 2015). Soils in the Amazon
catchment are generally characterized by a low soil pH (Moreira
and Fageria, 2009). This is reflected in low IR values (0.18 ± 0.18,
n = 39; Fig. 6) for Amazon catchment soils included in the global
brGDGT dataset (n = 13; De Jonge et al., 2014a) and the Madre
de Dios River, an upper tributary of the Amazon River in South
Eastern Peru (n = 26; Kirkels et al., 2020). The large difference in
IR between catchment soils and Cearà Rise sediments (Fig. 6) could
thus be caused by a contribution of brGDGTs produced in the Ama-
zon River. Re-analysis of the SPM samples from Zell et al. (2013a)
using the improved HPLC method (Hopmans et al., 2016) shows
that the IR signature of SPM in the modern lower Amazon River
is 0.38 ± 0.08 (Fig. 6), which is indeed higher than that of the soils.
Similarly, brGDGTs in SPM from the Madre de Dios have an IR of
0.43 ± 0.14 (Kirkels et al., 2020; Fig. 6). Kirkels et al. (2020) also
observed an increase in IR with decreasing altitude toward the
Madre de Dios lowland area, which they attributed to enhanced
riverine brGDGT production in areas with relatively lower turbidity
and flow velocity. In particular, the SPM collected during the dry
season in the Upper Amazon has a high IR (0.56 ± 0.10; Fig. 6),
probably as a result of the decreased turbidity of the river water
in the dry season, which may promote increased production of het-
erotrophic brGDGT-producing bacteria (Kirkels et al., 2020).

The absolute IR values in Site 925 sediments are higher than the
modern river environment (Fig. 6), indicating that riverine brGDGT
production in the Pliocene Amazon River may have been enhanced
compared to present, either through a lower turbidity system pre-
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sent in the lowlands, or a drier climate that would have decreased
soil and riverbank erosion and subsequently the sediment load in
the river. In a modelling experiment using late Pliocene soils from
a global dataset, Pound et al. (2014) determined a decrease in
mean annual precipitation (MAP) of 30 mm month�1 over the
Amazon region based on vegetation records, coinciding with a
decrease in soil moisture. This data could lend credence to the
hypothesis of a decreased sediment load in the Pliocene Amazon
as the driver for high IR values. Alternatively, the offset between
the IR values in Pliocene sediments compared to modern SPM
riverine values may be attributed to brGDGTs produced in the deep
marine environment. Recent studies investigating the brGDGT dis-
tributions in sediments from deep marine trenches (1.6–11 km),
which hardly receive any terrestrial organic matter contribution,
show a clearly distinct brGDGT distribution from other shallower
marine sediments, with relatively higher IR and lower #ringstetra
values (Xiao et al., 2020; Xu et al., 2020). Due to the depth (~3
km) of Site 925, a further contribution from deeper-dwelling
brGDGT-producing organisms to the brGDGT distribution at the
site cannot be discounted, but is unlikely to contribute a major
fraction due to the relatively higher BIT, depleted d13Corg (van
Soelen et al., 2017), and presence of plant leaf waxes in Site 925
sediments. Thus, we consider the bulk of brGDGTs in Pliocene sed-
iments at Site 925 to be derived from the Amazon River.

The generally high IR signature of the Ceará Rise sediments
(Fig. 6) most probably indicates a substantial riverine brGDGT
overprint that disqualifies this site for the creation of an absolute
MAAT record for the Pliocene Amazon Basin. Notably, a previous
attempt to reconstruct paleotemperatures for the last deglaciation
using brGDGTs in the Amazon River fan also resulted in a severe
underestimation (~10 �C) of Holocene temperatures (Bendle
et al., 2010), similar to the offset observed in our Pliocene record.
Bendle et al. (2010) explained their underestimated temperatures



Fig. 5. Proxy records for the Pliocene ODP Site 925 sediments on the Ceará Rise: (A) IR, (B) #ringstetra, (C) BIT, (D) MAAT, and (E) LR04 benthic d18O record plotted against age.
Including 9 data points from van Soelen et al. (2017). Samples analysed for n-alkane composition (black circles) are shown on top of the age axis.
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by an increased input of soil material from the high Andes, mobi-
lized by melting glaciers. Although their brGDGT data were gener-
ated using the older HPLC method that does not separate 5- and 6-
methyl isomers, our data suggest that a contribution of brGDGTs
produced in the Amazon River may be responsible for their under-
estimated reconstructed temperatures instead. Where Zell et al.
(2014) advised that brGDGT paleothermometry should only be
applied to marine sediments under a heavy river influence, we sug-
gest that even the river influence itself can overprint the soil signal
and obscure the resulting reconstructed temperatures.
4. Conclusions

The generation of reliable Pliocene terrestrial air temperature
records based on brGDGTs in marine sediments from the Gulf of
Mexico (ODP Site 625) and the Ceará Rise (ODP Site 925) was ham-
pered by contributions of brGDGTs from different sources over-
printing the initial soil signal discharged by the Mississippi and
Amazon Rivers, respectively. In the GoM, low BIT and high values
of #ringstetra indicate that Site 625 did not receive sufficient terres-
trial material, perhaps due to the different direction of the Missis-
sippi River outflow during the Pliocene. The primarily marine
8

source of the brGDGTs, coupled with near absence of pollen and
leaf waxes, prohibited any correction method to remove the
in situ brGDGT overprint and rendered these sediments unsuitable
for brGDGT paleothermometry. Although the brGDGTs recovered
from the Ceará Rise sediments have high BIT index and low
#ringstetra values, implying a primarily soil-origin of the brGDGTs
at this site, reconstructed MAATs underestimate the temperatures
of the modern Amazon Basin by 8–20 �C, suggesting unrealistically
low Pliocene temperatures for this area. We show that the large
proportion of 6-methylated brGDGTS in the Ceará Rise sediments
does not match the typical signature of modern soils from the
Amazon watershed. Instead, the IR in the Ceará Rise sediments is
closer to that of modern river SPM collected during the dry season,
reflecting a contribution from riverine production. We postulate
that a riverine contribution to the brGDGT pool in Amazon River
fan sediments may have also complicated earlier attempts that
used brGDGTs to generate temperature records for the Amazon
Basin. This study shows that a mixed terrestrial/riverine/marine
brGDGT source in marine sediments complicates the use of the
soil-based brGDGT calibration in these settings. Therefore, future
studies that aim to reconstruct temperature changes on the conti-
nent using these biomarkers should focus on establishing (i) terres-



Fig. 6. Comparison of IR values across ODP Site 925 (Pliocene, this study and van
Soelen et al., 2017), and modern Amazon River catchment soils (De Jonge et al.,
2014a; Kirkels et al., 2020), Upper Amazon River SPM (wet and dry season; Kirkels
et al., 2020), and Lower Amazon River SPM reanalysed from Zell et al. (2013a).
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trial input in marine sediment sequences, and (ii) employing meth-
ods to disentangle relative contributions of brGDGT sources (cf.
Dearing Crampton-Flood et al., 2018).
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