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Abstract. Branched glycerol dialkyl glycerol tetraethers
(brGDGTs) are bacterial lipids that have been widely used
as environmental proxies in continental paleorecords. An-
other group of related lipids, branched glycerol monoalkyl
glycerol tetraethers (brGMGTs), has recently been proposed
as a potential paleotemperature proxy. Nevertheless, the
sources and environmental dependencies of both brGDGTs
and brGMGTs along the river–sea continuum are still poorly
understood, complicating their application as paleoenviron-
mental proxies in some aquatic settings. In this study, the
sources of brGDGTs and brGMGTs and the potential fac-
tors controlling their distributions are explored across the
Seine River basin (NW France), which encompasses the
freshwater-to-seawater continuum. BrGDGTs and brGMGTs
were analyzed in soils, suspended particulate matter (SPM),
and sediments (n= 237) collected along the land–sea con-
tinuum of the Seine basin. Both types of compounds (i.e.,
brGDGTs and brGMGTs) are shown to be produced in situ,
in freshwater and saltwater, based on their high concentra-
tions and distinct distributions in aquatic settings (SPM and
sediments) vs. soils. Redundancy analysis further shows that
both salinity and nitrogen dominantly control the brGDGT
distributions. Furthermore, the relative abundance of 6-

methyl vs. that of 5-methyl brGDGTs (the IR6Me ratio), the
total nitrogen (TN), the δ15N, and the chlorophyll a con-
centration co-vary in a specific geographical zone with low
salinity, suggesting that 6-methyl brGDGTs are preferen-
tially produced under low-salinity and high-productivity con-
ditions. In contrast to brGDGTs, the brGMGT distribution
appears to be primarily regulated by salinity, with a distinct
influence on the individual homologues. Salinity is positively
correlated with homologues H1020a and H1020b and neg-
atively correlated with compounds H1020c and H1034b in
SPM. This suggests that bacteria living in freshwater prefer-
entially produce compounds H1020c and H1034b, whereas
bacteria that primarily grow in saltwater appear to be pre-
dominantly responsible for the production of homologues
H1020a and H1020b. Based on the abundance ratio of the
freshwater-derived compounds (H1020c and H1034b) vs.
their saltwater-derived homologues (H1020a and H1020b),
a novel proxy, the Riverine IndeX (RIX), is proposed to trace
riverine organic matter inputs, with high values (> 0.5) indi-
cating a higher riverine contribution. We successfully applied
RIX to the Godavari River basin (India) and a paleorecord
across the upper Paleocene and lower Eocene from the Arctic

Published by Copernicus Publications on behalf of the European Geosciences Union.



2228 Z.-X. Zhang et al.: Environmental controls on the brGDGT and brGMGT distributions

Coring Expedition at Lomonosov Ridge, showing its poten-
tial applicability to both modern samples and paleorecords.

1 Introduction

Branched glycerol dialkyl glycerol tetraethers (brGDGTs)
are membrane lipids produced by bacteria, with some of
them belonging to the phylum Acidobacteria (Sinninghe
Damsté et al., 2011; Chen et al., 2022; Halamka et al.,
2023). These compounds were observed to occur ubiqui-
tously in a wide range of terrestrial and aquatic environ-
ments (Schouten et al., 2013; Raberg et al., 2022). The dis-
tribution of brGDGTs (number of cyclopentane moieties and
methyl groups; see the structures in Fig. S1 in the Supple-
ment) has been linked with the pH and temperature in soils
(Weijers et al., 2007; De Jonge et al., 2014; Véquaud et al.,
2022), peats (Naafs et al., 2017; Véquaud et al., 2022), and
lake sediments (Tierney et al., 2010; Russell et al., 2018;
Martínez-Sosa et al., 2021; Raberg et al., 2021; Zhao et
al., 2023). The brGDGT-based proxies (e.g., MBT′5ME) have
been widely applied to reconstruct paleoclimate from sedi-
mentary archives (Coffinet et al., 2018; Harning et al., 2020;
Wang et al., 2020).

In aquatic settings, brGDGTs were initially suggested to
be transported by erosion to the sediments (Hopmans et
al., 2004). Based on this assumption, the branched and iso-
prenoid tetraethers (BIT) index was defined as the abundance
ratio of the major brGDGTs to crenarchaeol (an isoprenoid
GDGT mainly produced by marine Nitrososphaerota). The
BIT index ranges between 0 and 1, with high BIT values
(around 1) reflecting a higher contribution of terrestrial or-
ganic matter compared to marine organic matter (Hopmans
et al., 2004).

In recent years, the BIT index has been broadly used to
quantify the relative contribution of terrestrial organic matter
in aquatic systems (Xu et al., 2020; Yedema et al., 2023) and
to evaluate the reliability of the TEX86 paleothermometer
(Cramwinckel et al., 2018). In addition to terrestrial sources,
brGDGTs can also originate from aquatic settings, including
rivers (e.g., De Jonge et al., 2015; Freymond et al., 2017; Kim
et al., 2015; Zell et al., 2014, 2013), lakes (Tierney and Rus-
sell, 2009), and marine settings (Dearing Crampton-Flood et
al., 2019; Zeng et al., 2023). This adds complexity to the
identification of brGDGT sources in aquatic ecosystems and
to the application of brGDGTs as (paleo)environmental prox-
ies, including the BIT index.

Furthermore, BIT values must be carefully interpreted, es-
pecially considering the potential influence of the selective
degradation of branched vs. isoprenoid GDGTs (Smith et al.,
2012). Thus, complementary molecular proxies for quanti-
fying the input of terrestrial organic matter to aquatic set-
tings are still needed. These proxies may cross-validate other
available terrestrial proxies, such as the δ13C of organic car-

bon (Lamb et al., 2006), heterocyst glycolipids (Kang et al.,
2023), and long-chain diols (Lattaud et al., 2017). Recently,
a machine-learning approach (the BIGMaC model) was pro-
posed to infer the origins of environmental samples (e.g.,
soil, peat, marine, and lake settings) based on their GDGT
distributions (Martínez-Sosa et al., 2023). While such an ap-
proach shows potential for differentiating distinct sources of
GDGTs, its application to aquatic systems has not yet been
extensively explored.

The improvement of chromatographic methods allowed
the separation and quantification of 5-, 6-, and 7-methyl
brGDGTs (methyl groups at the fifth, sixth, and seventh po-
sitions; Fig. S1), which previously co-eluted (De Jonge et
al., 2013, 2014; Ding et al., 2016). This led to the devel-
opment of new brGDGT-based proxies based on these spe-
cific brGDGT isomers (De Jonge et al., 2014). Compounds
eluting later than 7-methyl brGDGTs are tentatively desig-
nated 1050d and 1036d, as their exact chemical structures are
currently unknown (Wang et al., 2021). The fractional abun-
dances of the individual brGDGT isomers were shown to be
influenced by distinct environmental factors. For example,
the relative abundance of 5-methyl brGDGTs was correlated
with temperature, whereas that of 6-methyl brGDGTs was
correlated with pH (De Jonge et al., 2014). In addition, re-
cent studies in lakes observed an influence of salinity on the
relative abundances of 6-methyl and 7-methyl brGDGTs and
their late-eluting compounds (Wang et al., 2021; Kou et al.,
2022). This suggests that salinity could also control the dis-
tribution of these compounds in other systems, like river–sea
continuums, but this assumption has not yet been studied.

Compared with brGDGTs, the branched glycerol
monoalkyl glycerol tetraethers (brGMGTs; also referred to
as H-brGDGTs) are a much less studied group of lipids.
Recent studies have revealed their presence in diverse
environments, including peatlands (Naafs et al., 2018; Tang
et al., 2021), marine settings (Liu et al., 2012; Xie et al.,
2014), rivers (Kirkels et al., 2022a), soils (Baxter et al.,
2021; Kirkels et al., 2022a), and lakes (Baxter et al., 2019,
2021). The brGMGTs are labeled H1020, H1034, and
H1048 (see Fig. S1), with isomers indicated by the presence
of a suffix letter (either “a”, “b”, or “c”, reflecting the order
in which they elute according to Baxter et al., 2019). These
compounds are structurally similar to brGDGTs but possess
an additional covalent carbon–carbon bond between the
alkyl chains, leading to an “H-shaped” structure. The bridge
in brGMGTs was considered to be a primary adaptation
to heat stress (Naafs et al., 2018; Baxter et al., 2019).
Their presumed membrane stability under high-temperature
conditions was inferred from the behavior of isoprenoid
glycerol monoalkyl glycerol tetraethers (isoGMGTs), which
were identified in a hyperthermophilic methanogen (Morii
et al., 1998) and deep-sea hydrothermal vents (Schouten et
al., 2008). Although a rigorous chemical characterization of
brGMGTs is lacking and the source organisms of brGMGTs
are unknown, correlations between the relative abundances
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of brGMGTs and mean annual temperature were observed in
peat soils (Naafs et al., 2018) and lakes (Baxter et al., 2019),
showing their potential as temperature proxies. In addition
to temperature, anoxic conditions may also trigger brGMGT
production in the anoxic zone of peats (Naafs et al., 2018;
Tang et al., 2021), in the anoxic part of the water column
and/or sediments in lakes (Baxter et al., 2021), in regularly
inundated soils (Kirkels et al., 2022a), and in the oxygen
minimum zone in marine environments (Xie et al., 2014).
Furthermore, shifts in microbial community composition in
response to other (unknown) environmental factors seem to
control the relative abundances of brGMGTs in peats and
lignites (Elling et al., 2023). Henceforth, in order to use the
brGMGTs as environmental proxies in sedimentary records,
it is still necessary to understand which factors control
their distributions in riverine and marine water columns and
sediments. This remains poorly understood (Sluijs et al.,
2020; Bijl et al., 2021).

Based on previous studies of brGDGTs and brGMGTs in
terrestrial and marine settings (Dearing Crampton-Flood et
al., 2019; Wang et al., 2021; Kirkels et al., 2022a, b; Kou
et al., 2022), we hypothesize (1) that both brGDGTs and
brGMGTs can be produced in situ in aquatic systems and
(2) that the brGDGT and brGMGT distributions are influ-
enced by surrounding environmental factors and vary spa-
tially along the land–sea continuum. These compounds have
a potential to be used as proxies of riverine organic matter
inputs along estuaries. These hypotheses were tested by ex-
amining and comparing the distributions of brGDGTs and
brGMGTs in soils, suspended particulate matter (SPM), and
sediments (n= 237) collected all along the Seine River basin
(NW France), covering its riverine and estuarine parts. The
aim of the present study was (1) to investigate the sources of
brGDGTs and brGMGTs along the Seine land–sea contin-
uum, (2) to determine the predominant environmental con-
trols affecting the distribution of these molecules, and (3) to
assess the potential of brGMGTs as a riverine runoff proxy.

2 Material and methods

2.1 Study area

The Seine River basin (the Seine River and its estuary;
Fig. 1a) is more than 760 km long and drains through the
greater Paris region (over 12 million inhabitants) to the En-
glish Channel (Flipo et al., 2021). The Seine Estuary is a
macrotidal estuary, given its large tidal range, small depth,
and morphology. The maximum flows are generally observed
in winter (over 700 m3 s−1; Fig. 1b), whereas the minimum
flows are observed in summer (below 250 m3 s−1; Fig. 1b).
The tide influences the estuary up to the city of Poses (site
5 at KP 202 in Fig. 1a; “KP” represents “kilometric point”,
defined as the distance in kilometers from the city of Paris),
where a dam constitutes the boundary between the river and

the estuary. Based on spatiotemporal variations of salinity,
the estuary can be divided into two major parts. The upstream
estuary corresponds to the freshwater tidal sector (KP 202 to
KP 298; from site 5 to site 12; Fig. 1a and Table 1), and
the downstream estuary is influenced by a salinity gradient
(starting at KP 298; from site 12 to the coastal area; Fig. 1a
and Table 1) (Romero et al., 2016; Druine et al., 2018).

2.2 Sampling

From June 2019 to March 2021, water samples (n= 102)
were collected across the Seine River (Fig. 1a). Sub-surface
water (ca. 1 m depth) samples were collected in high-flow
(over 250 m3 s−1) and low-flow (below 250 m3 s−1) periods
from the three zones (the river, upstream estuary, and down-
stream estuary) of the Seine River basin (Table 1). At five
sites (sites 4, 6, 10, 13, and 15; Fig. 1a and Table 1), both sub-
surface and bottom-water (2.2–16 m depth) samples were re-
trieved using a pump and placed into precleaned 20 L fluo-
rinated high-density polyethylene (FLPE) Nalgene carboys.
Estuarine water samples (at sites 6, 10, 13, and 15; Fig. 1a
and Table 1) were collected at three tide periods (high tide,
low tide, and mid-tide). For these sites, 0.25–43 L of wa-
ter was immediately filtered using pre-combusted Whatman
GF/F 0.7 µm glass fiber filters. After filtration, the filters were
freeze-dried, scratched, and stored frozen at −20 °C prior to
analysis.

Additional SPM samples (n= 16; Table 1) used in this
study for brGDGT and brGMGT analysis were collected
from the upstream and downstream estuary (at sites 5, 7, 13,
15, 17, 18, and 19; Fig. 1a and Table 1) in 2015 and 2016, as
detailed by Thibault et al. (2019). Sediments (n= 68) from
seven cores (10 cm depth) were collected using a UWITEC
corer, as described by Thibault et al. (2019), in the river chan-
nel at the same sites as the SPM samples taken in 2015 and
2016 (Table 1). These sediments were further sliced (1 cm
thickness) and freeze-dried. For each core, 10 samples were
analyzed for brGDGTs and brGMGTs, except for the core
collected at site 17 in April 2016, where no lipids were de-
tected between 4–5 and 5–6 cm depth. Surficial soils (n= 9)
were collected in the lateral area of the upstream section of
the Seine River in 2021 (sites A, B, and C; Fig. 1a and Ta-
ble 1) and freeze-dried. Additional wetland soils and mudflat
sediments (n= 42) were collected in the downstream estuary
in 2018, 2020, and 2021 (sites D and E; Fig. 1a and Table 1);
these represented allochthonous material transported into the
estuary by tidal effects. These samples were collected at low
tide using a plexiglass® core (4.5 cm depth) and taken back to
the laboratory, where they were homogenized, freeze-dried,
and ground using a ball mill (model MM400, Retsch®).

https://doi.org/10.5194/bg-21-2227-2024 Biogeosciences, 21, 2227–2252, 2024



2230 Z.-X. Zhang et al.: Environmental controls on the brGDGT and brGMGT distributions

Table 1. Locations of the sampling sites along the Seine basin, along with the types of samples collected.

Site Name Longitude (°) Latitude (°) KP Zone Date
(yyyy-mm)

Type

1 Marnay sur
Seine

3.56 48.51 −200 River 2020-11 Sub-surface SPM
(n= 1)

2 Bougival 2.13 48.87 40 River 2020-11 Sub-surface SPM
(n= 1)

3 Triel sur Seine 2.00 48.98 80 River 2020-11 Sub-surface SPM
(n= 1)

4 Les Andelys 1.40 49.24 175 River 2019-06; 2019-07;
2020-09

Sub-surface and bottom
SPM (n= 6)

5 Poses 1.24 49.31 202 Upstream
estuary

2016-04; 2020-11 Sub-surface SPM
(n= 2)

6 Oissel 1.10 49.34 229.4 Upstream
estuary

2019-06; 2019-07;
2020-09

Sub-surface and bottom
SPM (n= 18)

7 Rouen 1.03 49.43 243 Upstream
estuary

2016-04 Sub-surface SPM (n= 1);
sediments (n= 10)

8 Petit Couronne 1.01 49.38 251.3 Upstream
estuary

2020-09; 2021-02;
2021-03

Sub-surface SPM
(n= 3)

9 Haulot Sur
Seine

0.98 49.36 255.6 Upstream
estuary

2019-06 Sub-surface SPM
(n= 1)

10 Val des Leux 0.92 49.40 265.55 Upstream
estuary

2019-06; 2019-07;
2020-09

Sub-surface and bottom
SPM (n= 18)

11 Duclair 0.87 49.48 278 Upstream
estuary

2020-09; 2021-02;
2021-03

Sub-surface SPM
(n= 3)

12 Heurtauville 0.82 49.45 297.65 Downstream
estuary

2019-06 Sub-surface SPM
(n= 1)

13 Caudebec 0.75 49.52 310.5 Downstream
estuary

2015-04; 2015-09;
2016-04; 2019-06;
2019-07; 2020-09;
2021-02; 2021-03

Sub-surface and bottom
SPM (n= 24)

14 Vatteville-La-
Rue

0.67 49.47 318 Downstream
estuary

2019-06 Sub-surface SPM
(n= 1)

15 Tancarville 0.47 49.47 337 Downstream
estuary

2015-01; 2015-04;
2015-09; 2019-06;
2019-07; 2020-09;
2021-02; 2021-03

Sub-surface and bottom
SPM (n= 24);
sediments (n= 20)

16 Berville-Sur-
Mer

0.37 49.44 346 Downstream
estuary

2019-06 Sub-surface SPM
(n= 1)

17 Fatouville 0.32 49.44 350 Downstream
estuary

2015-04; 2015-07;
2015-09; 2016-04

Sub-surface SPM
(n= 4); sediments
(n= 28)

18 Honfleur 0.23 49.43 355.8 Downstream
estuary

2015-04; 2015-09;
2019-06; 2020-09;
2021-02; 2021-03

Sub-surface SPM
(n= 6)

19 La Carosse 0.03 49.48 370 Downstream
estuary

2015-07; 2016-04;
2016-04

Sub-surface SPM
(n= 2); sediments
(n= 10)
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Table 1. Continued.

Site Name Longitude (°) Latitude (°) KP Zone Date
(yyyy-mm)

Type

A n/a 3.72 48.56 n/a Soil (around
the river)

2021-09 Soil (n= 1)

B n/a 3.23 48.43 n/a Soil (around 2021-09 Soil (n= 5)
3.26 48.42 the river)

C n/a 3.11 48.83 n/a Soil (around 2021-10 Soil (n= 3)
3.13 48.85 the river)

D n/a 0.38 49.47 n/a Soil (around 2021-03; 2021-09 Soil (n= 8)
0.38 49.46 the downstream
0.38 49.45 estuary)

E n/a 0.41 49.44 n/a Soil (around 2018-02; 2018-06; Soil (n= 34)
0.41 49.45 the downstream

estuary)
2018-08; 2018-10;
2020-09; 2021-03

n/a – not applicable.

2.3 Elemental and isotopic analyses

Elemental and isotopic analyses of the soils (surficial soils
and mudflat sediments, n= 51) and SPM (n= 102) collected
from 2018 to 2021 were performed following the method de-
scribed in Thibault et al. (2019). The samples were split, and
one aliquot was decarbonated. Briefly, 40 mg of SPM and 1 g
of soil/sediment samples were firstly decarbonated by adding
10 mL of 3 M HCl for 2 h with magnetic stirring at room tem-
perature. Subsequently, these samples were rinsed using ul-
trapure water and centrifuged until a neutral pH was reached.
The obtained decarbonated samples were stored at −20 °C
and freeze-dried. Both decarbonated and non-decarbonated
samples (∼ 6 mg for SPM and ∼ 20 mg for soils) were en-
closed in a tin capsule. The total organic carbon (TOC) con-
tent and stable carbon isotopic composition (δ13C) were mea-
sured in decarbonated samples using an elemental analyzer
coupled with an isotope ratio mass spectrometer (Thermo
Fisher Scientific Delta V Advantage) at the ALYSES plat-
form (Sorbonne University/IRD, Bondy, France). The to-
tal nitrogen (TN) and nitrogen isotopic composition (δ15N)
were measured in non-decarbonated samples, as acidification
could impact the N contents (Ryba and Burgess, 2002). The
isotopic composition (δ13C or δ15N) was expressed as the
relative difference between isotopic ratios in samples and in
standards (Vienna Pee Dee Belemnite for carbon and atmo-
spheric N2 for nitrogen). Additional elemental and isotopic
data based on SPM and sediments collected in 2015 and 2016
(n= 84) were obtained from Thibault et al. (2019).

2.4 Lipid extraction and analyses

The lipids from surficial soils and mudflat sediments (4–
20 g, n= 51) and from SPM samples (∼ 150 mg, n= 102)
were extracted ultrasonically (3×) with 20 to 40 mL of
dichloromethane (DCM) /methanol (MeOH) (5/1, v/v) per
extraction. Lipids from the SPM and sediment samples (n=
84) collected in 2015 and 2016 were previously extracted
by Thibault (2018) following the same method. The total
lipid extracts were then separated into fractions of increas-
ing polarity on an activated silica gel column (ca. 10 mg) us-
ing (i) 30 mL of heptane, (ii) 30 mL of heptane /DCM (1/4,
v/v), and (iii) 30 mL of DCM /MeOH (1/1, v/v) as elu-
ents. An aliquot (30 %) of the third (polar) fraction contain-
ing GDGTs and GMGTs was dried, re-dissolved in heptane,
and passed through a 0.2 µm polytetrafluoroethylene (PTFE)
filter (Ultrafree-MC; Merck). C46 glycerol trialkyl glycerol
tetraether (GTGT) was used as an internal standard (Huguet
et al., 2006); 5 µL of this standard (0.01025 mg mL−1) was
typically added to 45 µL of sample.

GDGTs and GMGTs were analyzed using a Shimadzu
LCMS 2020 high-pressure liquid chromatograph coupled
with a mass spectrometer with an atmospheric-pressure
chemical ionization source (HPLC-APCI-MS) in selected
ion monitoring mode, modified from Hopmans et al. (2016)
and Huguet et al. (2019). Tetraether lipids were separated
with two silica columns in tandem (BEH HILIC columns,
2.1× 150 mm, 1.7 µm; Waters) thermostated at 30 °C. The
injection volume was 30 µL. The flow rate was set at
0.2 mL min−1. GDGTs and GMGTs were eluted isocratically
for 25 min with 82 % A / 18 % B (A is hexane; B is hex-
ane / isopropanol 9/1, v/v), followed by a linear gradient
to 65 % A / 35 % B in 25 min, a linear gradient to 100 % B
in 30 min, and back to 82 % A / 18 % B in 4 min, maintained
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Figure 1. (a) Geographical locations of sampling sites in the Seine River basin (KP: kilometric point, the distance in kilometers from the city
of Paris (KP 0)). The sampling sites in the upstream estuary and downstream estuary are shown in the zoomed-in figure. Sub-surface SPM
was collected at sites 1 to 18, while both sub-surface and bottom SPM were collected at sites 4, 6, 10, 13, and 15. The map was generated
based on the layer from the Agence de l’Eau Seine-Normandie. (b) Mean monthly water discharge for the Seine River at the Paris Austerlitz
station from 2015 to 2021 (data from https://www.hydro.eaufrance.fr/, last access: 12 October 2022). Circles indicate sampling periods in
the high-flow (> 250 m3 s−1: blue) and low-flow (< 250 m3 s−1: red) seasons.

for 50 min. Identification of the different brGMGT isomers
was achieved by comparison of the peak retention time with
those of known brGMGTs in Baxter et al. (2019) and Kirkels
et al. (2022a). Semi-quantification of GDGTs and brGMGTs
was performed by comparing the integrated signal of the re-
spective compound with the signal of a C46 synthesized in-
ternal standard (Huguet et al., 2006), assuming their response
factors to be identical.

The detection limit was set at a signal-to-noise ratio (SNR)
of 3. Peaks with a lower SNR (< 3) are not distinguishable

from the background noise and were considered to be below
the limit of quantification.

2.5 Calculation of GDGT proxies

The index IR6Me represents the proportion of 6-methyl
brGDGTs vs. 5-methyl brGDGTs and was calculated accord-
ing to Eq. (1) (from De Jonge et al., 2015; the Roman num-
bers refer to the structures in Fig. S1):

Biogeosciences, 21, 2227–2252, 2024 https://doi.org/10.5194/bg-21-2227-2024
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IR6Me =
IIa6+ IIb6+ IIc6+ IIIa6+ IIIb6+ IIIc6

IIa5+ IIb5+ IIc5+ IIa6+ IIb6+ IIc6+ IIIa5
+IIIb5+ IIIc5+ IIIa6+ IIIb6+ IIIc6

. (1)

The index IR7Me represents the proportion of 7-methyl
brGDGTs and late-eluting isomers calculated according to
Eq. (2) (from Wang et al., 2021):

IR7Me =
IIIa7+ 1050d + IIa7+ 1036d
IIIa5+ IIIa6+ IIIa7+ 1050d
+IIa5+ IIa6+ IIa7+ 1036d

. (2)

The index IR6+7Me represents the average of IR6Me and
IR7Me according to Eq. 3 (from Wang et al., 2021):

IR6+7Me =
IR6Me+ IR7Me

2
. (3)

The Archaeol Caldarchaeol Ecometric (ACE) index was cal-
culated according to Eq. (4) (from Turich and Freeman,
2011):

ACE=
Archaeol

Archaeol + GDGT-0
× 100. (4)

The BIT index, which includes the 6-methyl brGDGTs, was
calculated according to Eq. (5) (from De Jonge et al., 2015):

BIT =
Ia+ IIa5+ IIa6+ IIIa5+ IIIa6

Ia+ IIa5+ IIa6+ IIIa5+ IIIa5+ crenarchaeol
. (5)

Based on replicate injections of three different samples, the
averaged standard deviations were 0.004 for IR6Me, 0.005 for
IR7Me, 0.003 for IR6+7Me, 8.54 for ACE, and 0.032 for BIT.

2.6 Water quality measurements

Water turbidity was measured by a CTD probe from Sea-
Bird Scientific. Water temperature, dissolved oxygen, salin-
ity, and pH were measured using an automated YSI 6000
multi-parameter probe (YSI Inc., Yellow Springs, OH, USA).
Chlorophyll a (Chl a) concentrations in water samples were
measured after filtration through Whatman GF/F 0.7 µm
glass fiber filters, which were stored frozen (−20 °C) be-
fore analysis. Chl a was extracted using filters with incuba-
tion in 10 mL of 90 % acetone for 12 h in the dark at 4 °C.
After two centrifugations (1700 g, 5 min), Chl a concentra-
tions were measured using a Turner Designs fluorometer ac-
cording to the method of Strickland and Parsons (1972), as
described in the reference protocol of SNO SOMLIT (Ser-
vice d’observation du Milieu Littoral). Water quality mea-
surements were performed at the Laboratoire Ecologie Fonc-
tionnelle et Environnement (Université de Toulouse) as well
as at UMR BOREA (Université de Caen Normandie).

2.7 Statistical analyses

All statistical analyses were performed using the R software
(version 4.2.1). Non-parametric statistical tests were used

due to the non-normal distribution of the dataset (tested by
the Shapiro–Wilk normality test; p values< 0.05). Specifi-
cally, Spearman’s correlation was used to investigate poten-
tial correlations among different features (environmental pa-
rameters, fractional abundances of brGDGTs and brGMGTs,
and proxies derived from these compounds), and the un-
paired two-sample Wilcoxon test (also known as the Mann–
Whitney test or Wilcoxon rank-sum test) was used for two
independent group comparisons. The significance level is in-
dicated by asterisks: ∗ indicates a p value< 0.05; ∗∗ indicates
a p value< 0.01; ∗∗∗ indicates a p value< 0.001; ∗∗∗∗ indi-
cates a p value< 0.0001; and ns (not significant) indicates a
p value> 0.05.

A principal component analysis (PCA) was performed on
the fractional abundances of brGDGTs and brGMGTs us-
ing the R packages factoextra and FactoMineR. The different
groups of samples were highlighted by adding 95 % concen-
tration ellipses. The proportion of the variance in brGDGT
and brGMGT compositions that can be explained by differ-
ent groups was evaluated by permutational multivariate anal-
ysis of variance using distance matrices (adonis) performed
by the adonis2 function of the R package vegan using the
Bray–Curtis distances and 999 permutations.

A redundancy analysis (RDA) was performed using the R
package vegan to investigate the relationships between envi-
ronmental parameters and the brGDGT or brGMGT distri-
bution in SPM. The angles between brGDGTs or brGMGTs
and environmental factors were used to identify the potential
relationships. Right angles (90°) reflect a lack of linear corre-
lations, whereas small or straight angles (close to 0 or 180°,
respectively) imply positive or negative linear correlations,
respectively. Compounds that were close to each other were
assumed to be strongly linked, representing similar distribu-
tion patterns and comparable responses to the environmental
conditions. To evaluate the relative importance of each ex-
planatory variable (environmental parameter) to the brGDGT
or brGMGT distribution, a hierarchical partitioning method
implemented in the R package rdacca.hp was used. Briefly,
this approach suggests that shared variance can be decom-
posed into equal components based on the number of predic-
tors (environmental factors) involved, which allows the esti-
mation of the relative importance of each predictor by adding
its partial R2 to the sum of all allocated average shared R2.
While most selection procedures, such as forward selection,
use predictor ordering to assess variable importance, hierar-
chical partitioning calculates individual importance (the sum
of unique and total average shared effects) from all subset
models, generating an unordered assessment of variable im-
portance (Lai et al., 2022).

Spatio-temporal variations in environmental factors and
proxies derived from brGDGTs and brGMGTs were as-
sessed after applying a locally estimated scatterplot smooth-
ing (LOESS) method. This method identifies nonlinear data
patterns and buffers the effect of aberrant data and outliers.

https://doi.org/10.5194/bg-21-2227-2024 Biogeosciences, 21, 2227–2252, 2024



2234 Z.-X. Zhang et al.: Environmental controls on the brGDGT and brGMGT distributions

LOESS was implemented by the geom_smooth function of
the R package ggplot2.

2.8 Machine learning

The BigMac model, developed by Martínez-Sosa et
al. (2023) based on the brGDGT and isoGDGT distribution,
was applied. Subsequently, using the same algorithm (ran-
dom forest), we developed our own model based on either
brGDGTs or brGMGTs.

For independent models, our lipid dataset was split into
a training set (75 %) and a test set (25 %). We then used
a supervised machine-learning algorithm (random forest) to
train models. This algorithm was applied to classify the
downstream estuary and soil samples based on brGDGTs or
brGMGTs as input and was implemented using the scikit-
learn library (https://github.com/scikit-learn/, last access:
2 December 2023) (Pedregosa et al., 2011) in Python (ver-
sion 3.10.12). Hyperparameter tuning was conducted using a
randomized search approach implemented through the Ran-
domizedSearchCV function in scikit-learn.

SHapley Additive exPlanations (SHAP) is a game-
theoretical method used to interpret machine learning mod-
els (Lundberg et al., 2020). SHAP analysis was applied to
identify which compounds were important for the classifica-
tions and was implemented by the SHAP library in Python.
A higher SHAP value indicates a more substantial contribu-
tion of the feature (brGDGTs or brGMGTs) to the predicted
outcome (downstream estuary or soils).

3 Results

3.1 Distribution of bulk parameters from land to sea

The total organic carbon (TOC) content was significantly
higher in the upstream estuary (4.64± 1.42 %, based on SPM
and river channel sediments) than in the downstream es-
tuary (3.30± 1.69 %, based on SPM and sediments), soils
(3.03± 3.49 %, based on surficial soils and mudflat sedi-
ments), and the river (2.88± 1.14 %, based on SPM) (Ta-
ble S1 in the Supplement). The total nitrogen (TN) content
was higher in the upstream estuary (0.51± 0.17 %, based on
SPM and sediments) than in the river (0.37± 0.15 %, based
on SPM), downstream estuary (0.31± 0.14 %, based on
SPM and river channel sediments), and soils (0.24± 0.17 %,
based on surficial soils and mudflat sediments) (Table S1).
Lower C/N values were observed in the river (8.04± 4.31,
based on SPM) and upstream estuary (9.42± 3.67, based
on SPM and sediments) compared to the downstream estu-
ary (10.73± 3.59, based on SPM and sediments) and soils
(11.59± 4.79, based on surficial soils and mudflat sedi-
ments) (Fig. 2). Much lower values of δ13Corg were observed
in the river (−31.30± 1.91 ‰, based on SPM) and upstream
estuary (−30.62± 1.66 ‰, based on SPM and sediments)
than in the downstream estuary (−26.45± 1.34 ‰, based on

SPM and sediments) and soils (−26.55± 1.13 ‰, based on
surficial soils and mudflat sediments) (Fig. 2). In addition, no
significant differences in δ15N were observed along the river
basin (Fig. 2).

3.2 Distribution of brGDGTs from land to sea

The brGDGTs (IIIa5, IIIb5, IIIc5, IIa5, IIb5, IIc5, IIIa6,
IIIb6, IIIc6, IIa6, IIb6, IIc6, IIIa7, IIIb7, IIa7, Ia, Ib, Ic,
1050d, and 1036d) were all detected in all studied sam-
ples. The brGDGT chromatograms from upstream samples
(SPM and river channel sediments) differed markedly from
downstream-estuarine samples (SPM and sediments). For ex-
ample, 6-methyl brGDGTs were much more abundant than
5-methyl brGDGTs in the river (SPM) and upstream estu-
ary (SPM), whereas the strong predominance of 6-methyl vs.
5-methyl brGDGTs decreased in the downstream-estuarine
SPM samples (Fig. S2). Furthermore, the peaks from the re-
cently described 7-methyl brGDGTs and their late-eluting
isomers (i.e., 1050d) were more pronounced in the down-
stream estuary than in the rest of the Seine basin (Fig. S2).

The relative abundances of the brGDGTs were determined
all along the Seine River basin (Figs. 3 and S3, S4). The
6-methyl brGDGTs (IIIa6, IIa6, IIIb6, IIb6, and IIIc6) were
significantly higher in the river (SPM) and upstream estu-
ary (SPM and river channel sediments) than in soils (surfi-
cial soils and mudflat sediments) and the downstream estuary
(SPM and river channel sediments). In addition, the relative
abundances of 7-methyl brGDGTs (IIIa7 and IIa7) and their
late-eluting compound (1050d) were significantly higher in
the downstream estuary (SPM and river channel sediments)
and soils (surficial soils and mudflat sediments) than in the
river (SPM) and the upstream estuary (SPM and river chan-
nel sediments).

The concentration of total brGDGTs also showed dif-
ferences along the land to sea continuum (Fig. S5a).
The total brGDGT concentration decreased from the river
(10.51± 5.91 µg g−1 organic carbon (Corg), based on SPM
samples) to the upstream estuary (7.52± 5.09 µg g−1 Corg,
based on SPM and sediments) and the downstream estuary
(4.95± 4.09 µg g−1 Corg, based SPM and sediments). The
concentration of total brGDGTs in soils from all around the
Seine basin (1.55± 1.61 µg g−1 Corg, based on surficial soils
and mudflat sediments) was significantly lower than that in
SPM and sediments (Fig. S5a).

A principal component analysis (PCA) was performed to
statistically compare the fractional abundances of brGDGTs
(based on SPM and sediments collected in the river chan-
nel) from different locations (the river and the upstream and
downstream estuary), which explained 54.1 % of the vari-
ance in the first two dimensions (Fig. 4a). The first axis
(PC1) explained 40.9 % of the variance, with negative load-
ings for most of the 6-methyl brGDGTs and positive load-
ings for the remaining brGDGTs (Fig. 4a). Samples from
the downstream estuary clustered apart from those from the
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Figure 2. Distribution of bulk parameters (C/N, δ13Corg, and δ15N) from soils (surficial soils and mudflat sediments) as well as river,
upstream-estuary, and downstream-estuary samples across the Seine River basin. Box plots of upstream- and downstream-estuary samples
are based on SPM and sediments, whereas those of river samples are based only on SPM. Boxes show the upper and lower quartiles of the
data, and whiskers show the range of the data. The boxes and whiskers are color coded based on the sample type (river in red, upstream
estuary in yellow, and downstream estuary in blue). The center line in each box indicates the median value of the dataset. Statistical testing
was performed using a Wilcoxon test (∗ p< 0.05; ∗∗ p< 0.01; ∗∗∗ p< 0.001; ∗∗∗∗ p< 0.0001; ns, not significant, p> 0.05).

Figure 3. Relative abundances of selected individual brGDGTs – cyclopentane-containing tetramethylated brGDGTs (Ib and Ic), 6-methyl
brGDGTs (IIa6, IIIa6, IIb6, IIIb6, and IIIc6), 7-methyl brGDGTs (IIa7 and IIIa7), and brGDGT 1050d – with respect to 20 brGDGTs (IIIa5,
IIIb5, IIIc5, IIa5, IIb5, IIc5, IIIa6, IIIb6, IIIc6, IIa6, IIb6, IIc6, IIIa7, IIIb7, IIa7, Ia, Ib, Ic, 1050d, and 1036d) from soil (surficial soils and
mudflat soils or sediments, n= 51), river (n= 9), upstream-estuary (n= 56), and downstream-estuary (n= 121) samples across the Seine
River basin. Box plots of upstream- and downstream-estuary samples are based on SPM and sediments, whereas those of river samples
are based only on SPM. Boxes show the upper and lower quartiles of the data, and whiskers show the range of the data. The boxes and
whiskers are color coded based on the sample type (river in red, upstream estuary in yellow, and downstream estuary in blue). The center
line in each box indicates the median value of the dataset. Statistical testing was performed using a Wilcoxon test (∗ P < 0.05; ∗∗ P < 0.01;
∗∗∗ P < 0.001; ∗∗∗∗ P < 0.0001; ns, not significant, P > 0.05).
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river and upstream parts. Specifically, the brGDGT distri-
bution was dominated by 6-methyl brGDGTs (IIIa6, IIIb6,
IIIc6, IIa6, and IIb6) in river and upstream-estuarine sam-
ples, whereas in the downstream estuary, it was driven by 5-
methyl brGDGTs (III5, IIa5, IIc5, IIb5 and IIIb5), tetramethy-
lated brGDGTs (Ia, Ib, and Ic), 7-methyl brGDGTs (IIIa7,
IIa7, and IIb7), and their late-eluting compounds (1050d and
1036d). The brGDGT distributions of soils (surficial soils
and mudflat sediments) were included in the PCA biplot gen-
erated for SPM and river channel sediments. This revealed
that the brGDGT distribution in soils mostly overlaps with
those in downstream-estuarine SPM and river channel sedi-
ments (Fig. 4a).

A redundancy analysis (RDA) was performed to investi-
gate the influence of the environmental factors (TOC, TN,
temperature, water discharge, and salinity) on the brGDGT
distributions in SPM samples (Fig. 5a and Table 2). It al-
lowed 39.79 % of the variability to be explained through two
dimensions. The RDA triplot (Fig. 5) showed how these fac-
tors correlate to the distributions of individual brGDGTs.
The first axis of the RDA explained 33.16 % of the vari-
ability and was primarily correlated with salinity and TN,
whereas the second axis explained 6.63 % of the variability
and was associated with temperature, water discharge, and
TOC (Fig. 5a and Table 2). Based on hierarchical partition-
ing, salinity and TN were the two most important variables in
explaining the brGDGT variations (with an individual impor-
tance of 14.97 % for salinity and 13.47 % for TN; Fig. 5b and
Table 2). Compared with the salinity and TN, other available
parameters had much lower individual importance (3.68 %
for water discharge, 3.6 % for temperature, and 2.12 % for
TOC; Fig. 5b and Table 2).

3.3 Distribution of brGMGTs from land to sea

The brGMGTs (H1020a, H1020b, H1020c, H1034a,
H1034b, H1034c, and H1048) identified by Baxter et
al. (2019) were detected in the samples collected across
the Seine River basin. H1034a is the least-abundant iso-
mer and is below the detection limit for most of the SPM
and sediment samples in the Seine River basin (Figs. S6
and S7). The chromatograms revealed distinct distributions
of brGMGTs in the different parts of the basin (SPM and
sediments), with, e.g., a higher intensity for the homologue
H1020c in the river samples (SPM) than in the samples from
the upstream estuary (SPM) and downstream estuary (SPM)
(Fig. S2). These spatial variations were apparent when calcu-
lating the fractional abundances of the individual brGMGTs
(Figs. 6 and S5, S6). The relative abundances of H1020a and
H1020b increased from the river to the downstream estu-
ary, whereas those of 1020c and H1034b decreased (Fig. 6).
In SPM and river channel sediments, the total brGMGT
concentration was observed to be slightly (but not signifi-
cantly) higher in the riverine part (0.26± 0.24 µg g−1 Corg)
than in downstream-estuary (0.20± 0.13 µg g−1 Corg) and

upstream-estuary (0.17± 0.18 µg g−1 Corg; Fig. S5b) sam-
ples. All over the basin, the total brGMGT concentrations
were lowest in soils (surficial soils and mudflat sediments;
0.07± 0.09 µg g−1 Corg; Fig. S5b).

The PCA analysis based on the brGMGT relative abun-
dances (Fig. 4b) explained 70 % of the variance in the first
two dimensions, which separated samples from different
parts of the basin. The first axis explained 54.9 % of the vari-
ance, separating downstream-estuarine samples from riverine
and upstream-estuarine samples, with negative loadings for
two brGMGTs (H1020a and H1020b) and positive loadings
for the remaining brGMGTs (H1020c, H1034a, H1034b,
H1034c, and H1048). The second axis explained 15.1 % of
the variance and mainly separated the riverine and upstream-
estuarine samples, with higher relative abundances of the
compounds H1020c and H1034b observed in riverine sam-
ples (Fig. 4b). The soil brGMGT distributions were passively
added to the PCA biplot based on SPM and sediments, re-
vealing that the soils largely overlap with the SPM and sedi-
ments collected in the downstream estuary (Fig. 4b).

An RDA was performed to investigate the factors that
could explain the variability of the brGMGT distributions in
the SPM samples (Fig. 5c and Table 2). This RDA explained
30.2 % of the variance in the first two axes. The RDA triplot
showed that the first axis, accounting for 23.52 % of the vari-
ability, was associated mainly with salinity and to a lesser ex-
tent TN, while the second axis (6.68 %) was mainly driven by
temperature, TOC, and water discharge (Fig. 5c and Table 2).
Based on hierarchical partitioning, salinity had the highest
individual importance (17.45 %) in explaining the variability
of the brGMGT distribution, followed by TN (4.18 %), TOC
(3.5 %), and water discharge (2.16 %) (Fig. 5d and Table 2).

4 Discussion

4.1 Sources of brGDGTs and environmental controls
on their distribution

4.1.1 Sources of brGDGTs

In order to determine the predominant origin of brGDGTs
in the Seine River basin, the overall brGDGT concentra-
tions and distributions in SPM and river channel sediments
(n= 186) were compared with those in soils (surficial soils
and mudflat sediments, n= 51). The brGDGT concentra-
tions (normalized to Corg) and relative abundances of sev-
eral brGDGTs (i.e., IIIa6, IIa6, IIIb6, IIb6, and IIIc6) in the
SPM and sediments were significantly higher than those in
soils (p< 0.05, Wilcoxon test; Figs. S5a and 3). Such dif-
ferences in brGDGT concentrations and relative abundances
between soils and aquatic settings (SPM and sediments) im-
ply that a portion of the brGDGTs in the water column and
sediments of the Seine River basin are produced in situ. This
is in agreement with previous findings which suggested an in
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Figure 4. PCA analysis of the fractional abundances of (a) brGDGTs and (b) brGMGTs. The coordinates of passive individuals (soils) were
added passively as an overlay. They were predicted based on the information provided by the existing PCA performed on SPM and sediments
(active individuals). Adonis analysis was used to evaluate how the variation can be explained by the variables (999 permutations).

Figure 5. RDA analysis showing relationships between environmental factors (TN, TOC, salinity, temperature, and discharge; red arrows) and
the fractional abundances of (a) brGDGTs and (c) brGMGTs. The individual importance of each environmental factor (TN, TOC, salinity,
temperature, and discharge) explaining the variation in the (b) brGDGT and (d) brGMGT distributions was determined by hierarchical
partitioning analysis. The dataset used for RDA analysis is composed of SPM from the river (n= 6; red), upstream estuary (n= 42; yellow),
and downstream estuary (n= 59; blue). The significance level is indicated by asterisks: ∗ p< 0.05; ∗∗ p< 0.01; ∗∗∗ p< 0.001; ns, not
significant, p> 0.05. p values are derived from permutation tests (999 randomizations).
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Table 2. RDA results.

Variables RDA scores Individual importance (%)

Axis 1 Axis 2

brGDGTs TOC 0.17 −0.49 2.12∗

TN 0.72 −0.23 13.47∗∗∗

Temperature 0.41 −0.82 3.6∗∗

Salinity −0.73 −0.10 14.97∗∗∗

Water discharge −0.30 0.93 3.68∗∗

brGMGTs TOC 0.08 0.68 3.5∗∗

TN −0.34 0.09 4.18∗∗

Temperature 0.04 0.64 1.17 ns
Salinity 0.83 −0.50 17.45∗∗∗

Water discharge −0.17 −0.71 2.16∗

The significance level is indicated by asterisks: ∗ p< 0.05; ∗∗ p< 0.01; ∗∗∗ p< 0.001; ns, not significant,
p> 0.05.

situ aquatic contribution to the brGDGT pool (Peterse et al.,
2009; De Jonge et al., 2015; Dearing Crampton-Flood et al.,
2021; Kirkels et al., 2022b).

More specifically, the fractional abundances of the two
major 6-methyl brGDGTs (IIa6 and IIIa6) are significantly
higher in the Seine River and upstream estuary than in soils
(Fig. 3). This confirms that these brGDGTs are mostly pro-
duced within the river, adding to the growing body of evi-
dence supporting riverine 6-methyl brGDGT production in
the water column and/or sediment (De Jonge et al., 2015;
Bertassoli et al., 2022; Kirkels et al., 2022b). A subsequent
shift in the brGDGT distributions in the downstream es-
tuary compared to the upstream areas is observed in the
Seine River basin. The PCA analysis shows a separation of
downstream-estuarine samples (influenced by seawater in-
trusion) from riverine and upstream estuary ones (without
significant seawater intrusion) (Fig. 4a). This difference is
predominantly driven by the higher abundances of 6-methyl
brGDGTs in riverine and upstream-estuarine samples vs. the
higher abundances of 5- and 7-methyl brGDGTs as well as
compounds Ib and Ic and the late-eluting brGDGTs 1050d
and 1036d in downstream-estuarine samples (Figs. 3, 4a, and
S4). The decrease in the fractional abundance of 6-methyl
brGDGTs from the upstream estuary to the downstream estu-
ary cannot be explained by the dam located at Poses (Fig. 1a).
This dam separates the riverine part of the Seine from the
upstream-estuarine section. Even during the low-flow sea-
son (Fig. 1b), at least part of the water from the Seine River
upstream of Poses flows into the estuary (Romero et al.,
2019). Thus, the dam should not prevent (some of) the river-
ine brGDGTs associated with SPM from reaching the estu-
ary. It cannot be excluded that part of the riverine sediment
is trapped by this dam. Nevertheless, all our estuarine sam-
ples were collected downstream of the dam, implying that
the observed changes in brGDGT abundance and distribution
within the estuary are intrinsic to the biogeochemical func-

tioning of the Seine Estuary and cannot be attributed to the
dam.

Instead, a shift in brGDGTs along the land–sea continuum
may reflect the fact that riverine 6-methyl brGDGTs are more
easily degraded than soil-derived homologues and are only
partially transferred downstream. This hypothesis is based on
a previous study which showed a shift in the brGDGT distri-
bution from the Yenisei River to the Kara Sea (De Jonge et
al., 2015). They interpreted this as being due to a preferential
degradation of labile (riverine) 6-methyl brGDGTs and an
enrichment in less-labile (soil-derived) 5-methyl brGDGTs
during transport (De Jonge et al., 2015). This suggests that
only limited amounts of riverine 6-methyl brGDGTs are
transferred to the ocean, as also shown in other recent stud-
ies (Cao et al., 2022; Kirkels et al., 2022b). Such preferen-
tial degradation of 6-methyl brGDGTs over other brGDGTs
could be attributed to variations in how these molecules are
attached to soil particles (Huguet et al., 2008). Indeed, the
higher degradation of 6-methyl brGDGTs upstream could be
attributed to a difference in their attachment to particles up-
stream compared to downstream. The median diameter of the
SPM was monitored between February 2015 and June 2016
in both the upstream (sites 7 and 10) and downstream (sites
15 and 17) parts of the Seine Estuary (Druine, 2018). The
particle size showed only slight dispersion (80–110 µm) un-
der various hydrological conditions in the upstream-estuarine
section. The homogeneity in particle size in the upstream es-
tuary likely reflects its predominantly continental origin (i.e.,
from the Seine River before the dam at Poses). In contrast,
a large variability in the size of SPM particles was observed
in the downstream estuary (15–20 to 80–90 µm), which was
attributed to the complex flocculation and defragmentation
processes of particles in this part of the estuary (Druine,
2018). Hence, the variability in the size of SPM particles
from upstream to downstream could influence the distribu-
tion of brGDGTs in the Seine Estuary.
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Figure 6. Relative abundances of selected individual brGMGTs with respect to seven brGMGTs (H1020a, H1020b, H1020c, H1034a,
H1034b, H1034c, and H1048) from soils (surficial soils and mudflat soils/sediments, n= 51), the river (n= 9), the upstream estuary (n= 56),
and the downstream estuary (n= 121) across the Seine River basin. Box plots for the upstream and downstream estuaries are based on SPM
and river channel sediments, whereas those for the river are based on SPM. Boxes show the upper and lower quartiles of the data, and whiskers
show the range of the data. The boxes and whiskers are color coded based on the sample type (river in red, upstream estuary in yellow, and
downstream estuary in blue). The center line of each box indicates the median value of the dataset. Statistical testing was performed using a
Wilcoxon test (∗ p< 0.05; ∗∗ p< 0.01; ∗∗∗ p< 0.001; ∗∗∗∗ p< 0.0001; ns, not significant, p> 0.05).

In addition to this hypothesis, a shift in the brGDGT dis-
tribution during downstream transport could be explained
by mixing with autochthonous (i.e., estuarine-produced)
brGDGTs (Dearing Crampton-Flood et al., 2021). The rel-
ative abundances of several brGDGTs (i.e., Ib, Ic, IIIa7,
IIa7, and 1050d) are indeed significantly higher in the down-
stream part of the Seine River basin than in the upstream part
(p< 0.05, Wilcoxon test; Fig. 3), suggesting in situ brGDGT
production in saltwater. Such a saltwater contribution can be
visualized by the PCA based on the brGDGT distribution,
which shows positive scores for the aforementioned com-
pounds on the first axis (Fig. 4a). This axis is dominated by
downstream samples influenced by seawater intrusion in the
Seine Estuary (Fig. 4a).

It should be noted that the brGDGT distributions in soils
were roughly similar to those observed in downstream-
estuarine samples (SPM and river channel sediments) based
on the PCA (Fig. 4a). Additionally, no significant differ-
ences were observed in the fractional abundances of sev-
eral brGDGTs (IIIb6, IIb6, IIIc6, IIIa7, IIa7, 1050d, IIIa5,
IIIb5, IIIb7, IIIc5, IIc6, and Ia) between soils and downstream
samples (Figs. 3 and S4). This similarity in brGDGT dis-
tributions may be due to the influx of brGDGTs from the
downstream soils into the downstream estuary, as 82 % of
the soils were collected downstream (Fig. 1a and Table 1).
Hence, it cannot be excluded that the brGDGTs detected in
downstream-estuarine samples were at least partly derived
from soils of the watershed. Nevertheless, the soil-derived
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brGDGT contribution to the downstream-estuarine samples
is expected to be much lower than the autochthonous one, as
the average brGDGT concentration in soils was ca. 3 times
lower than the one in downstream-estuarine (i.e., SPM and
river channel sediment) samples (Fig. S5a).

In order to further assess whether downstream-estuarine
samples could be distinguished from soils, we applied the
machine learning model (BigMac) developed by Martínez-
Sosa et al. (2023) to our dataset, with isoGDGT and brGDGT
data used as input. Most of our samples (SPM, sediments,
and soils) were predicted to be lake type, with only one soil
sample (soil6) collected at site B predicted to be soil type.
This model suggests that, when considered altogether, the
isoGDGT and brGDGT distributions are similar in aquatic
and soil samples from the Seine Estuary and differ from the
soil-type samples described by Martínez-Sosa et al. (2023).
Since the BigMac model does not include a river-type or
estuary-type category (Martínez-Sosa et al., 2023), further
inclusion of both isoGDGT and brGDGT data from global
riverine or estuarine samples in the BigMac model may help
to enhance predictions for river-type or estuary-type SPM
and sediment samples.

The BigMac model distinguishes the type of sam-
ple using IIa6 and crenarchaeol as the two most im-
portant predicting variables. When accounting for both
isoGDGTs and brGDGTs in the Seine River basin, the frac-
tional abundance of crenarchaeol vs. total GDGTs (i.e.,
isoGDGTs+ brGDGTs) varies significantly, whereas that of
IIa6 does not differ significantly between the downstream es-
tuary and soils (Fig. S8). Hence, the inclusion of isoGDGTs
in the model may greatly reduce the differences between
sample types, as we observe significant differences in the
fractional abundance of IIa6 when it is calculated vs. to-
tal brGDGTs only (Fig. 3). As the BigMac model relies on
both the isoGDGT and brGDGT distributions, with no op-
tion to use brGDGTs alone, we chose to perform an in-
dependent analysis to assess the similarity in brGDGT rel-
ative abundance between downstream SPM and sediment
samples on the one hand and soils from the Seine River
basin on the other hand. This model was developed using
the same algorithm (random forest) as that of Martínez-Sosa
et al. (2023). Binary classification (downstream estuary vs.
soils) was performed based on the fractional abundances of
the brGDGTs. The trained model (Fig. S9) indicated distin-
guishable brGDGT distributions between the downstream-
estuary (SPM and sediments) and soil samples, supporting
the in situ production of brGDGTs in the downstream es-
tuary. Although most of our soil samples were collected
from the downstream estuary and showed similarity with
the downstream SPM and sediment samples in PCA and the
comparison of fractional abundances, we were able to distin-
guish their brGDGT compositions using machine learning.

4.1.2 Environmental controls on the brGDGT
distribution

As several individual brGDGTs are suggested to be preferen-
tially produced either in the riverine or the estuarine parts of
the Seine basin, their distribution might be related to ambient
environmental factors. The RDA (performed on SPM sam-
ples) highlights the relationships between the available envi-
ronmental variables (salinity, TN, TOC, water discharge, and
temperature) and the relative abundances of brGDGTs. Hier-
archical partitioning indicates that salinity is the most impor-
tant factor influencing the brGDGT distribution (14.97 %) in
the Seine River basin (Fig. 5b and Table 2). Salinity is re-
lated to the relative abundances of compounds Ib and Ic, 7-
methyl brGDGTs, and the late-eluting homologs 1050d and
1036d, which scored negatively on the first axis of the RDA
(Fig. 5a). This is in line with the significant positive corre-
lations between salinity and the relative abundances of these
compounds (Fig. S10). This trend also supports the assump-
tion about the aquatic production of ring-containing tetram-
ethylated brGDGTs (Ib and Ic) in Svalbard fjords, which was
thought to be linked to a salinity change (Dearing Crampton-
Flood et al., 2019). The 7-methyl brGDGTs and their late-
eluting isomers were also shown to be much more abundant
in hypersaline lakes than in those of lower salinity (Wang et
al., 2021). Such a salinity-dependent brGDGT composition
has previously been interpreted as being due to membrane
adaptation to salinity changes or a shift in bacterial com-
munity composition (Dearing Crampton-Flood et al., 2019;
Wang et al., 2021). Hence, the significant positive correla-
tions between salinity and these compounds in the Seine
River basin suggest that brGDGT-producing bacteria have
similar physiological mechanisms (i.e., membrane adapta-
tion) to those reported in other aquatic settings (lakes and
fjords) and/or that the diversity of these bacteria changes
along the river–sea continuum. The salinity proxy (IR6+7me)
proposed by Wang et al. (2021) does not show significant
correlations with salinity in this study (p> 0.05, Wilcoxon
test; Fig. S10). This suggests that the IR6+7me index is rela-
tively insensitive in the Seine Estuary, potentially due to the
preferential production of 6-methyl brGDGTs in specific es-
tuarine regions (i.e., KP 255.6–337).

Indeed, a significant negative correlation between the
salinity and the relative abundance of 6-methyl brGDGTs
is observed in the Seine basin (Fig. S10), which suggests
that the bacteria producing 6-methyl brGDGTs are prefer-
entially present in the low-salinity area of the estuary. To ex-
plore this further, we investigated the spatio-temporal vari-
ations of the 6-methyl vs. 5-methyl brGDGT ratio: IR6Me
(Fig. 7). High IR6Me values (0.69± 0.10) are associated with
enhanced in situ production of 6-methyl brGDGTs within
the Yenisei River (De Jonge et al., 2015). In the Seine River
basin, seasonal variation in IR6me is observed. Specifically,
much higher IR6Me values are observed in a specific zone
of the estuary (260<KP< 340) with a low salinity range
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Figure 7. Spatio-temporal variations of IR6Me and several environmental factors, including TN (%), δ15N (‰), Chl a (µg L−1), TOC (%),
turbidity (NTU), pH, and dissolved oxygen saturation (DO, %). The trends showing variations are based on the locally estimated scatterplot
smoothing (LOESS) method with a 95 % confidence interval. KP (kilometric point) represents the distance in kilometers from the city of
Paris (KP 0). The dataset is based on SPM. The shaded area highlights a zone (KP 255.6–337) where IR6Me and several environmental
parameters co-vary.

(1.18± 2.71) during low-flow season (Fig. 7), suggesting
that 6-methyl brGDGTs are preferentially produced in this
zone when water discharge is low. Similarly, the preferential
production of 6-methyl brGDGT at low discharge was previ-
ously observed in other river systems, including the Amazon
River basin (Kirkels et al., 2020; Dearing Crampton-Flood
et al., 2021; Bertassoli et al., 2022) as well as the Black and
White rivers (Dai et al., 2019). It was suggested that the en-
hanced 6-methyl brGDGT production at low flows was due
to a slow flow velocity and reduced soil mobilization. Al-
though these hypotheses could account for the temporal vari-
ation in IR6Me in the Seine River basin, they are unlikely to
explain the substantially high IR6Me values in this specific
zone. Other environmental variables, such as the dissolved
oxygen content (Wu et al., 2021) and pH (De Jonge et al.,
2014, 2015), were previously suggested to have a potential
influence on 6-methyl brGDGT distributions. Nevertheless,
these two environmental factors do not co-vary with IR6Me
in the present study and can be ruled out as causes of vari-
ation in the 6-methyl brGDGT distribution along the Seine
River–sea continuum (Fig. 7). Hence, the production of 6-
methyl brGDGTs in this zone of the Seine Estuary has to be
triggered by other factors, such as the nutrient concentration.

High nutrient levels were shown to favor the production
of 6-methyl versus 5-methyl brGDGTs in the water col-
umn in mesocosm experiments (Martínez-Sosa and Tierney,
2019). As the nutrient concentration is higher in the up-
stream part of the Seine Estuary (Wei et al., 2022), and
this zone is characterized by high proportions of agricul-
tural land use (Flipo et al., 2021), the substantial produc-
tion of 6-methyl brGDGT observed in the aforementioned
zone (260<KP< 340; Fig. 7) during low flows could be
attributed to elevated nutrient (particularly nitrogen) levels
resulting from intensive agricultural activities. This is sup-
ported by the RDA triplot, which shows a strong correlation
of TN with the brGDGT distribution in the Seine basin, with
the major 6-methyl brGDGTs (i.e., IIa6 and IIIa6) plotting
close to TN in the RDA triplot (Fig. 5a). In addition, TN
and δ15N are observed to co-vary with IR6Me and to peak in
the same zone (260<KP< 340; Fig. 7) during the low-flow
season. Nitrate from sewage effluents and manure are gen-
erally enriched in 15N compared to other sources, leading to
strongly elevated δ15N values (10 ‰–25 ‰) (Leavitt et al.,
2006; Andrisoa et al., 2019). Nutrients, in the form of ni-
trogen, can be concentrated at low discharge, thus triggering
phytoplankton blooms (Romero et al., 2019). Hence, the el-
evated TN and δ15N signals in a specific zone of the estuary
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(260<KP< 340) could be attributed to the increased nitro-
gen loading and 15N-enriched nitrate uptake by phytoplank-
ton developing intensively during the low-flow season. The
much higher chlorophyll a concentration in this zone under
low-discharge conditions supports the hypothesis of phyto-
plankton blooms (Fig. 7). This high phytoplankton biomass
might consequently create an environment that accelerates
the growth and production of heterotrophic bacteria, which
can in turn transform phytoplankton-derived organic matter
(Buchan et al., 2014). As the brGDGT-producers were sug-
gested to have a heterotrophic lifestyle (Weijers et al., 2010;
Huguet et al., 2017; Blewett et al., 2022), they may trans-
form phytoplankton-derived organic matter and thus partic-
ipate in N cycling during blooms. Hence, the co-variation
of all the parameters (IR6Me, TN, δ15N, and Chl a concen-
tration), which peak in the low-salinity area during the low-
flow season, suggests that a low salinity range and high phy-
toplankton productivity represent favorable conditions for 6-
methyl brGDGT production.

4.2 Sources of brGMGTs and environmental controls
on their distribution

4.2.1 Sources of brGMGTs

Similarly to the brGDGTs, the brGMGTs can also be pro-
duced in situ within the water column and/or sediments (Bax-
ter et al., 2021; Kirkels et al., 2022a). In previous studies,
brGMGTs were detected in only some of the soils surround-
ing the Godavari River basin (India; Kirkels et al., 2022a)
and Lake Chala (East Africa; Baxter et al., 2021), suggest-
ing limited brGMGT production in soils in comparison to
aquatic settings. Consistently, in the Seine River basin, con-
centrations of brGMGTs in SPM and sediment samples are
significantly higher than those in soils (p< 0.05, Wilcoxon
test; Fig. S5), pointing to their predominant aquatic source.

A notable compositional shift in brGMGT distribution is
observed along the Seine River basin, as revealed by the
separation of riverine, upstream-estuarine, and downstream-
estuarine samples in the PCA (Fig. 4b). The relative abun-
dance of the two brGMGTs H1020c and H1034b gradually
decreases across the basin (Fig. 6) and is significantly cor-
related with those of 6-methyl brGDGTs (Fig. S11). As 6-
methyl brGDGTs are mainly produced in freshwater in the
Seine basin, this suggests that the brGMGTs H1020c and
H1034b and 6-methyl brGDGTs have a common freshwa-
ter origin and that the mixture of freshwater and marine
water along the estuary leads to the dilution of these com-
pounds during downstream transport. H1020c is the domi-
nant brGMGT homologue in SPM from the riverine zone of
the Seine and is one of the most abundant brGMGTs in the
upstream part of the estuary (Fig. 6). Such a trend was also
observed in SPM and riverbed sediments from the upper part
of the Godavari River basin, which was attributed to the in

situ riverine brGMGT production of this compound (Kirkels
et al., 2022a).

The fractional abundances of the homologues H1020a and
H1020b gradually increase along the Seine River basin. This
is consistent with the higher abundances of H1020a and
H1020b previously reported in marine sediments from the
Bay of Bengal (Kirkels et al., 2022a). The predominance of
these compounds in such samples was attributed to their in
situ production in the marine realm. In line with this hy-
pothesis, the relative abundances of brGMGTs H1020a and
H1020b positively correlate with the brGDGTs Ib, Ic, IIIa7,
IIa7 and 1050d (Fig. S11) in the Seine Estuary, suggesting a
similar marine origin.

4.2.2 Environmental controls on the distribution of
brGMGTs

The current knowledge on the parameters controlling the
brGMGT distributions in the terrestrial and marine realms
is still limited, as there is little literature available (Kirkels
et al., 2022a). The correlations between the brGDGT and
brGMGT relative abundances in the Seine River basin
(Fig. S11) suggest that both types of compounds might
be derived from overlapping source microorganisms, with
common environmental factors controlling their membrane
lipid compositions. In the Seine River basin, salinity is
shown to be the main environmental parameter influencing
the brGMGT distribution, as also observed for brGDGTs
(Fig. 5). This is reflected in the significant (p< 0.05) in-
crease in the relative abundances of homologues H1020a
and H1020b with salinity and a concomitant significant neg-
ative correlation between this parameter and the relative
abundances of homologues H1020c and H1034b (p< 0.05,
Wilcoxon test; Fig. 8a–d). Nevertheless, the individual ef-
fect of TN on brGMGT relative abundances is observed to be
much lower compared to that observed for brGDGTs (Fig. 5
and Table 2). This implies that, while they have common
controlling factors, such as the salinity, they are also influ-
enced by distinct parameters (i.e., TN), likely indicating dis-
tinct sources. This is consistent with a recent study showing
that brGDGTs and brGMGTs likely originate from overlap-
ping but not identical origins (Elling et al., 2023).

The shift in brGMGT distribution observed across the
Seine River basin (Fig. 4) could be due to a change in the di-
versity of brGMGT-producing bacteria and/or an adaptation
of these microorganisms to environmental changes occurring
from upstream to downstream. The latter hypothesis seems
unlikely, as a physiological adaptation of a given bacterial
community would make it difficult to explain why the rela-
tive abundances of the three isomers of compound H1020,
which share a similar structure, vary differently in response
to salinity changes. Hence, a shift in brGMGT-producing
bacterial communities across the basin is more likely. Com-
pounds H1020c and H1034b could be predominantly pro-
duced by bacteria that preferentially grow in freshwater, and
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Figure 8. (a–e) The correlations of salinity with the relative abundances of brGMGTs and RIX, analyzed through linear regression. The
shaded areas represent 95 % confidence intervals. Each vertical error bar indicates the mean±SD for samples with the same salinity. The
dataset is based on SPM. (f) Distribution of RIX across the Seine River basin. Boxes show the upper and lower quartiles of the data, and
whiskers show the range of the data. The boxes and whiskers are color coded based on the sample type (river in red, upstream estuary in
yellow, and downstream estuary in blue). The center line in each box indicates the median value of the dataset. The dataset is based on SPM
and sediments. (g–h) RIX plotted versus δ13C and BIT, with the results of linear regression shown. Shaded areas represent 95 % confidence
intervals. (i–k) Spatio-temporal variations in RIX and several other terrestrial proxies, including BIT and δ13C (‰). The trends showing
spatio-temporal variations were based on the locally estimated scatterplot smoothing (LOESS) method with a 95 % confidence interval. KP
(kilometric point) represents the distance in kilometers from the city of Paris (KP 0). The dataset is based on SPM.

homologues H1020a and H1020b by bacteria that preferen-
tially live in brackish or saltwater.

4.3 Potential implications for brGMGTs as a proxy for
riverine runoff in modern systems

The distinct brGMGT distributions in freshwater and saltwa-
ter could be used to trace the organic matter (OM) produced
upstream all along the Seine basin. To trace such a river-

ine runoff signal, we propose a new proxy, the Riverine In-
deX (RIX), based on the fractional abundances of brGMGTs
H1020c and H1034b versus H1020a and H1020b (Eq. 6):

RIX=
H1020c+H1034b

H1020c+H1034b+H1020a+H1020b
. (6)

The rationale for using RIX as a riverine runoff signal is
that, in freshwater environments, the pool of brGMGTs is
dominated by H1020c and H1034b, whereas H1020a and
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H1020b prevail in saltwater environments. This is further
supported by the significant negative correlation between
RIX and salinity (Fig. 8e).

Since the other salinity proxies (i.e., ACE and IR6+7Me)
have shown positive correlations with salinity in previous
studies (Turich and Freeman, 2011; Wang et al., 2021), they
were expected to be positively correlated with salinity and
negatively correlated with RIX in the Seine River basin.
However, the ACE index (Turich and Freeman, 2011) and
IR6+7Me (Wang et al., 2021) do not show significant cor-
relations with salinity in the Seine River basin (p> 0.05,
Wilcoxon test; Fig. S10), and they show weak but significant
relations with RIX (Fig. S13). This could be attributed to the
influence of factors other than salinity on these indices (i.e.,
ACE and IR6+7Me). Indeed, while ACE has been success-
fully applied in hypersaline systems (Turich and Freeman,
2011), it performs less effectively in certain saline settings
due to the complex sources of archaeol and GDGTs (Huguet
et al., 2015) and/or the distinct ionization efficiencies of these
compounds (He et al., 2020; Wang et al., 2021). Similarly,
IR6+7Me may be influenced by the preferential production
of 6-methyl brGDGTs in a specific region of the estuary (KP
255.6–337), which is related to the nitrogen nutrient loadings
there, as discussed in Sect. 4.1.2. Consequently, only RIX
successfully tracks salinity variations in this basin, while
ACE and IR6+7Me show a relative insensitivity to salinity.
However, quantitatively reconstructing salinity with RIX is
an important step forward that warrants further investigation.
This requires comparing brGMGT distributions from various
aquatic environments (e.g., estuaries and lakes) across salin-
ity gradients.

RIX was calculated for the SPM and sediment samples
from the Seine River basin and showed an obvious de-
creasing trend from upstream to downstream (Fig. 8f). RIX
values in river (0.51± 0.06, SPM) and upstream-estuarine
(0.40± 0.07, SPM and sediments) samples are significantly
higher than those in soil (0.21± 0.13) and downstream-
estuarine (0.23± 0.06, SPM and sediments) samples. RIX
values of around 0.50 could therefore be considered to re-
flect the riverine endmember, while those below 0.30 could
represent the saltwater endmember. A significant overlap in
brGMGT distribution between soils and downstream sam-
ples was observed (Fig. 4b). This suggests that a portion
of the brGMGT signal in the water masses of the Seine
may be partially derived from the surrounding soils. In ad-
dition, a large variance in the soil brGMGT concentration
was observed (Fig. S5b), suggesting that further investiga-
tion is needed to better understand the environmental con-
trols on the brGMGT production in soils. As with brGDGTs,
we applied a random forest algorithm to distinguish between
the brGMGT distributions of downstream-estuary and soil
samples. This trained model accurately distinguishes soils
from downstream-estuarine samples (Fig. S12), indicating
the in situ production of brGMGTs in the downstream es-
tuary. Given the significantly low brGMGT concentrations

Figure 9. RIX values in the soil, SPM and sediment samples from
the Godavari River basin (India) and Bay of Bengal sediments (data
from Kirkels et al., 2022a). Statistical testing was performed using a
Wilcoxon test. Boxes show the upper and lower quartiles of the data,
and whiskers show the range of the data. The boxes and whiskers
are color coded based on the sample type (river in red, marine in
blue, and soil in brown). The center line in each box indicates the
median value of the dataset.

in soils (p< 0.05, Wilcoxon test; Fig. S5b) and the distinct
distributions of brGMGTs in soils and aquatic settings iden-
tified through PCA (Fig. 4) and machine learning (Fig. S12),
it can be assumed that the impact of soil-derived brGMGTs
on the observed RIX signal in the water column of the Seine
basin is low.

In order to test the general applicability of RIX, it was
then applied to soil, riverine and marine samples (SPM and
sediments) collected in the Godavari River basin and Bay of
Bengal (Kirkels et al., 2022a). This site represents the only
other river–sea continuum besides the Seine basin for which
brGMGT data are presently available. Significant differences
in RIX between the soil, SPM and sediment samples from
the Godavari River basin are observed (p< 0.05, Wilcoxon
test; Fig. 9). RIX values in soils (0.49± 0.16) around the
Godavari River basin are significantly higher than those in
the marine samples (p< 0.05, Wilcoxon test; Fig. 9). There-
fore, the potential soil contribution would increase RIX in
marine sediments. This is consistent with the observations in
the Seine River basin. However, given the distinct distribu-
tions for soil and aquatic samples and the lower brGMGT
concentration in soils (Kirkels et al., 2022a), the influence of
soil-derived brGMGTs on riverine RIX values may be lim-
ited. In addition, 96 % of the RIX values in riverine SPM
and riverbed sediments from the Godavari basin exceed 0.5,
whereas all of the RIX values observed in marine sediments
from the Bay of Bengal are below 0.3. This suggests that the
RIX cutoff values defined using the samples from the Seine
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basin may be broadly applicable and valid for other river–sea
continuums. This deserves further studies.

Further confirmation of the potential of RIX as a tracer
of riverine OM comes from the significant correlations ob-
served between this index and other proxies commonly used
for tracing OM sources, i.e., BIT and δ13Corg (p< 0.05,
Wilcoxon test; Fig. 8g–h). These proxies show roughly simi-
lar spatial and temporal variations in the Seine River basin. It
is worth noting that another terrestrial proxy (C/N) was not
included because it may be ineffective for tracing terrestrial
OM in this anthropogenic estuary.

In the low-flow season, RIX and BIT gradually decrease
while δ13Corg increases across the basin (Fig. 8i–k). Such
trends during the low-discharge periods likely reflect the pro-
cess of continuous riverine OM dilution caused by the mix-
ing of freshwater and marine water masses (Thibault et al.,
2019). The gradual dilution of the riverine OM signal along
the Seine River basin could be due to the increase in seawa-
ter intrusion, and thus marine-derived OM, at low discharges
(Ralston and Geyer, 2019; Kolb et al., 2022). In contrast, dur-
ing the high-flow season, no such gradual dilution trend is
observed. Instead, at high discharges, RIX, BIT, and δ13Corg
remain roughly stable from KP 202 to 310.5 before BIT and
RIX steeply decrease and δ13Corg increases. This trend can
be explained by the fact that, at high flow rates, the limit
of saltwater intrusion in the estuary shifts seaward rather
than landward, allowing the riverine OM to be flushed fur-
ther downstream than under low-discharge conditions. After
this region, the riverine OM is diluted because of the mixing
with marine water masses, as observed during the low-flow
season. The trends observed in the Seine Estuary are con-
sistent with previous studies in other regions, showing that
terrestrial OM was only effectively transported downstream
at high flow rates (Kirkels et al., 2020, 2022b).

Although BIT was successfully used in the Seine River
basin as well as in previous studies to trace riverine (terres-
trial) OM inputs (Hopmans et al., 2004; Xu et al., 2020), this
index can be biased by the in situ production of brGDGTs
in the water column and/or sediments (Sinninghe Damsté,
2016; Dearing Crampton-Flood et al., 2019) and the se-
lective degradation of crenarchaeol vs. brGDGTs (Smith et
al., 2012). Hence, high BIT values do not necessarily in-
dicate higher contributions of terrestrial OM in some set-
tings (Smith et al., 2012). Unlike the BIT index, which is
based on two different families of compounds (isoGDGTs
and brGDGTs), RIX is based on four compounds from the
same family (brGMGTs), which likely have similar degra-
dation rates and are therefore not influenced by selective
degradation. Furthermore, RIX is based on the relative abun-
dances of abundant brGMGTs which are all predominantly
produced in aquatic settings, with two of them (H1020c and
H1034b) being mainly produced in freshwater and two of
them (H1020a and H1020b) mainly in saltwater. Therefore,
RIX is based on compounds which are more specifically
produced in the two endmembers (freshwater or saltwater),

which could avoid the biases encountered with BIT. Over-
all, our work shows that, in addition to BIT and δ13Corg,
RIX successfully captures the spatio-temporal dynamics of
riverine OM in the Seine River basin, making this proxy a
promising and complementary one for tracing riverine runoff
in modern samples.

4.4 Application of RIX to a paleorecord across the
upper Paleocene and lower Eocene

To further test the applicability of RIX as a riverine proxy in
paleorecords, we calculated RIX and compared this proxy
with BIT using the published brGMGT and GDGT data
(Sluijs et al., 2020) from Integrated Ocean Drilling Pro-
gram (IODP) Expedition 302 Hole 4A (see the location in
Fig. S14) across the upper Paleocene and lower Eocene. This
core is considered to record significant changes in terrestrial
inputs (i.e., continental spores and pollen) due to sea level
changes over time (Sluijs et al., 2009, 2006), making it a suit-
able paleorecord for testing runoff proxies.

In the late Paleocene, the relative abundance of terres-
trial palynomorphs (spores and pollen) remains at high lev-
els (Fig. 10a), indicating enhanced terrestrial inputs during
this period. This is consistent with the presence of abundant
amorphous organic matter during this interval, which is pre-
sumed to have originated from terrestrial sources (Sluijs et
al., 2006). The enhanced freshwater contribution is also suc-
cessfully captured by RIX and BIT (Fig. 10b), with values
exceeding 0.3 for both proxies.

Palynomorph assemblages from the body of the
Paleocene–Eocene Thermal Maximum (PETM) are char-
acterized by substantially fewer terrestrial palynomorphs
(Fig. 10a). This indicates a relative decrease in riverine
runoff, which is also evidenced by a drop in both RIX and
the BIT index (Fig. 10b). Such decreased runoff during
the PETM body was previously attributed to a rise in sea
level (Sluijs et al., 2006), which has been recorded in many
other sites worldwide (Speijer and Morsi, 2002; Harding
et al., 2011; Sluijs et al., 2014). During the recovery from
the PETM, increased runoff is reflected by the gradual in-
crease in the relative abundance of terrestrial palynomorphs
(Fig. 10b), which was interpreted as being a consequence of
a drop in sea level (Sluijs et al., 2006). A higher freshwater
influx during this period is also indicated by increases in
RIX and BIT (Fig. 10b).

The relative abundance of terrestrial palynomorphs de-
creases after the termination of the PETM (Fig. 10a). Sim-
ilar decreasing trends are also evident for RIX during the
post-PETM period (Fig. 10b). However, BIT levels remain
high until the pre-Eocene Thermal Maximum 2 (ETM2) in-
terval, showing distinct patterns compared to the terrestrial
palynomorphs and RIX. One hypothesis for this distinction
could be the sedimentary in situ production of brGDGTs (Pe-
terse et al., 2009). Indeed, several studies have indicated that
elevated BIT values may not accurately represent high lev-
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Figure 10. Comparison between (a) terrestrial palynomorphs (%) and (b) BIT and RIX across the upper Paleocene and lower Eocene between
391 and 367 m composite depth below seafloor (mcd) from IODP Expedition 302 Hole 4A. Terrestrial palynomorph data are from Sluijs et
al. (2006, 2009). RIX and BIT were calculated using data from Sluijs et al. (2020). Gray shading represents Eocene Thermal Maximum 2
(ETM2), the pre-ETM2 interval, and the Paleocene–Eocene Thermal Maximum (PETM). The dashed lines represent cutoff values of RIX
(below 0.3 for the marine contribution and above 0.5 for the riverine contribution). Linear regression of RIX (c) and BIT (d) against the
terrestrial palynomorphs. The shaded areas represent the 95 % confidence intervals.

els of terrestrial inputs in marine environments (Smith et al.,
2012). In contrast, the similar trends observed for RIX and
terrestrial palynomorphs highlight the reliability of RIX as a
valuable complementary runoff proxy (Fig. 10b).

At the onset of the pre-ETM2 interval, there is a signifi-
cant decrease in terrestrial palynomorphs (Fig. 10a). Mean-
while, there is a sharp increase in the proportion of nor-
mal marine dinocysts, which was interpreted as a transgres-
sive signal (Sluijs et al., 2008; Willard et al., 2019; Sluijs
et al., 2009). Throughout the pre-ETM2 interval, the relative
abundance of terrestrial palynomorphs remains consistently
low (Fig. 10a). Additionally, the dinocyst assemblages sug-
gest normal marine conditions for this period (Sluijs et al.,
2009). These normal marine conditions are also well docu-
mented by RIX (Fig. 10b), as most of the samples demon-
strate low values (below 0.3). In contrast, the BIT values ex-
hibit some fluctuation, with several samples displaying high
values (Fig. 10b). One potential hypothesis for the variability
in BIT values could be that it is related to the in situ produc-
tion of brGDGTs within sedimentary environments.

During the ETM2 interval, the increase in terrestrial pa-
lynomorphs suggests increased runoff from the continent to
the site (Fig. 10a). The enhanced runoff signal during ETM2
is also supported by the dominance of low-salinity dinocyst
taxa and the presence of massive amorphous organic matter
(Sluijs et al., 2009; Willard et al., 2019). Both RIX and BIT

show increasing trends for this interval (Fig. 10b), indicating
that both indices reflect the runoff signal during this period.

Following ETM2, there is a decline in the relative abun-
dance of terrestrial palynomorphs (Fig. 10a), which indi-
cates a shift toward normal marine conditions. This shift is
also supported by the dominance of normal marine dinocysts
and low concentrations of massive amorphous organic mat-
ter (Sluijs et al., 2009; Willard et al., 2019). Additionally,
this shift towards normal marine conditions is in line with
the lower values (below 0.3) observed for both RIX and BIT
(Fig. 10b).

Overall, RIX and BIT exhibit similar trends to terrestrial
palynomorphs in the late Paleocene and the PETM, ETM2,
and post-ETM2 periods. Both lipid proxies are likely reliable
indicators of riverine runoff for these intervals. However, dif-
ferences between RIX and BIT become more apparent in the
post-PETM and pre-ETM2 periods in particular, when nor-
mal marine conditions prevail and in situ sedimentary pro-
duction of brGDGTs may occur, resulting in high BIT values.
RIX proves to be particularly valuable for these intervals, as
it avoids the possible biases associated with BIT. This in-
dicates that RIX performs better in this core compared with
BIT, which is further supported by the observed higher corre-
lation coefficient between RIX and terrestrial palynomorphs
(0.77; Fig. 10c) compared with that between BIT and terres-
trial palynomorphs (0.4; Fig. 10d).
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5 Conclusions

In this study, the brGDGT and brGMGT concentrations and
distributions in soils, SPM, and sediments (n= 237) across
the Seine River basin were investigated. Higher concentra-
tions and distinct distributions of brGDGTs and brGMGTs in
SPM and sediments compared with those in soils imply that
both types of compounds can be produced in situ in aquatic
settings. The distributions of brGDGTs and brGMGTs are
strongly related to the salinity, but only the brGDGT distri-
butions are significantly influenced by nitrogen nutrient load-
ings. In addition, the covariation of IR6Me, TN, δ15N, and the
Chl a concentration within the low-salinity region suggests
that riverine (6-methyl) brGDGT production is favored by
low-salinity and high-productivity conditions.

In the Seine River basin, salinity correlates positively
with H1020a and H1020b and negatively with H1020c and
H1034b. This indicates that compounds H1020c and H1034b
could be produced by bacteria that preferentially grow in
freshwater, while homologues H1020a and H1020b could be
produced by bacteria that mainly live in saltwater. Based on
this, a novel proxy, the Riverine IndeX (RIX), was proposed
to trace riverine OM input. The average value of RIX for the
riverine samples is 0.51, which is much higher than that in
downstream-estuarine samples (0.23 on average). This sug-
gests that RIX values over 0.5 imply considerable riverine
contributions, whereas RIX values below 0.3 indicate higher
marine contributions. This cutoff value defined for the Seine
River basin also works for the Godavari River basin (In-
dia), which implies that this novel proxy based on brGMGTs
may be broadly applicable to modern samples. Finally, RIX
was applied to a paleorecord across the upper Paleocene and
lower Eocene and showed similar trends to terrestrial paly-
nomorphs. Altogether, this showed the potential of RIX as
a riverine runoff proxy in the modern period and deep time.
Additional studies are needed to test its general applicability
in modern samples and paleorecords.
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