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Branched glycerol dialkyl glycerol tetraethers (brGDGTs) are membrane lipids produced

by bacteria usually ascribed to soil and peat deposits. The presence of brGDGTs in

marine sediments can thus be used to track terrigenous organic matter inputs to the

continental margin and to infer the local continental mean annual air temperature (MAT)

and soil pH. The proxy rationale is based on the degree methylation and cyclization

of the brGDGTs from terrestrial bacteria, but recently evidence was found of river

and oceanic production of brGDGTs with similar configuration, indicating the necessity

to better constrain the applicability of the soil brGDGTs in the marine realm. Here

we considered crenarchaeol and brGDGTs obtained in 46 core-top sediments from

cross-margin transects in the Campos Basin in the Southwest Atlantic, with the goal

to evaluate the effectiveness of the brGDGT-associated proxies in a region in the

southeastern tropical Brazilian continental margin influenced by upwelling events and

low terrigenous inputs. The separation of the 5- and 6-methyl brGDGTs proved to be

essential for a better evaluation of the sources of brGDGTs in the environment. Direct

evidence of input of terrigenous organic matter by the medium-sized Paraíba do Sul River

and other small rivers in the region were observed. More importantly, the high proportions

of ring-containing brGDGTs—and the consequent increased values of the #ringstetra–in

the sediments deposited between 75 and 400m water depths (mid-shelf to upper slope)

were clear evidence of marine in situ production of brGDGTs. In some stations deeper

than 1,900m, an increase in the acyclic 6-methyl hexamethylated compounds can also

be ascribed to in situ production. Our results revealed that the initial soil signal is lost

during transport and after river discharge in the Campos Basin, which compromise the

use of brGDGTs to reconstruct the soil pH and MAT of the nearby land area.

Keywords: organic matter, terrestrial biomarker, soil pH, MAT, Paraíba do Sul River, Campos Basin, in situ
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INTRODUCTION

Glycerol dialkyl glycerol tetraethers (GDGTs) are lipids present
in the cell membranes of Archaea and bacteria and occur in
the environment in the isoprenoid (isoGDGTs) and branched
(brGDGTs) forms (Schouten et al., 2013). While isoGDGTs
are most likely to occur in the terrestrial aquatic and marine
environments, brGDGTs are attributed to anaerobic and
heterotrophic bacteria present in peat and soil (Pancost and
Sinninghe Damsté, 2003; Weijers et al., 2006a, 2007b). Therefore,
to evaluate the input and distribution of terrigenous OM in
the continental margin, brGDGTs can be used as alternative
proxies to the more common tracers derived from higher plants
(Hopmans et al., 2004).

BrGDGT structures vary in the degree of methylation (4-
6) and cyclization (up to 2 cyclopentane rings) (Weijers et al.,
2006a, 2007b, Figure 1). The relative abundance of the individual
forms of brGDGTs in the lipid membranes varies as a function
of different environmental conditions, which could possibly
be ascribed to a necessity to maintain the bacterial cellular
structure and its vital functions. Weijers et al. (2007b) found
a significant correlation between the cyclic brGDGTs and the
pH of terrigenous materials, and between the methylation of the
brGDGTs and both soil pH and the mean annual air temperature
(MAT), leading to the definition of the cyclization of branched
tetraethers (CBT), and methylation of branched tetraethers
(MBT) indices. The MBT was later simplified by Peterse et al.
(2012) to the MBT’ index. Both indices are widely used in
paleoenvironmental studies to evaluate soil pH and MAT, based
on regional and/or global calibrations. When applied to marine
sediments, brGDGT-reconstructed MAT usually corresponds
well with temperatures from the nearby land (Weijers et al.,
2007b; Rueda et al., 2009) in areas with a relatively high amount
of terrestrial OM input (Peterse et al., 2009). However, even
though the brGDGTs are predominantly terrigenous, it was
demonstrated that they can potentially be derived from in situ
production in the river (Zell et al., 2013a, 2015; De Jonge et al.,
2014b) and in the marine realm (Peterse et al., 2009; Zhu et al.,
2011; Hu et al., 2012; Liu et al., 2014; Zell et al., 2014a,b;
Sinninghe Damsté, 2016), which may constrain the use of the
MBT’/CBT proxies.

Recently, a new chromatographic method developed using
two HPLC silica columns enabled the separation of the 5- and
6-methyl compounds (De Jonge et al., 2013, 2014a; Hopmans
et al., 2016, Figure 1). This new method revealed that the 6-
methyl isomer can be present in the water column and sediment
from a lake, even if not detected in the soil of the lake’s
catchment (Weber et al., 2015). Moreover, the predominance
of 6-methyl brGDGT in suspended particulate matter from a
Siberian river was not consistent with the soil characteristics from
the watershed (De Jonge et al., 2014b). Based on the evidences
that in situ production of brGDGTs can only be ruled out by
the separate quantification of the 5- and 6-methyl isomers, as
well as on the observation of a good correlation between the
abundance of 6-methyl brGDGTs with soil pH, De Jonge et al.
(2014a) proposed the new MBT’5ME and CBT’ indices. The first

FIGURE 1 | Chemical structure of brGDGTs and crenarchaeol with the

correspondent masses (m/z) of the protonated molecules.
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excludes the 6-methyl brGDGT from the equation and removes
the pH dependency from the MAT global calibration reducing
the residual mean error from 5 to 4.6◦C, whereas the second
includes the 6-methyl and reduces the error from 0.8 to 0.5 in
soil pH reconstructions (Peterse et al., 2012; De Jonge et al.,
2014a). The BIT index (Hopmans et al., 2004) was proposed to
infer the contributions of soil OM to the ocean. It is based on
the ratio of the continentally derived brGDGTs and the marine
crenarchaeol, an isoprenoid GDGT produced by cosmopolitan
pelagic Thaumarchaeota. In addition to the characterization of
soil OM, the BIT index also provides information about the
applicability of the GDGT-derived proxies in a particular region
(Zhu et al., 2011). As there is evidence for limited terrestrial
sources of crenarchaeol, confidence in the BIT values requires
evaluation of the relative contributions of allochthonous and
autochthonous sources to the total isoprenoid GDGTs, which are
derived from archaea, in continental margin sediments (Weijers
et al., 2006b).

The Campos Basin, in the south-eastern Brazilian continental
margin, is of particular ecological and biogeochemical relevance
because of the great diversity in the pelagic and benthic
ecosystems (Falcão et al., 2017) that results from the influence of
large to meso-scale hydrodynamic fronts in the region (Brandini
et al., 2018). An important feature is the coastal and shelf
break upwelling system off Cabo Frio (∼23◦S; Figure 2A), which
supports primary production rates of 0.04–0.45mg C m−2 d−1

(Gonzalez-Rodriguez et al., 1992; Metzler et al., 1997; Brandini
et al., 2014). These values are among the highest measured in
the Brazilian continental margin and contrast with the overall
oligotrophic conditions induced by the warm and nutrient-poor
waters transported by the Brazil Current (Silveira et al., 2017).
As a consequence of the upwelling events, predominance of
autochthonous OM in the basin’s sediments on a regional scale
is observed (Yoshinaga et al., 2008; Carreira et al., 2010; Cordeiro
et al., 2018), a scenario also favored by a relatively low input of
allochthonous OM (Carreira et al., 2015). The major contributor
to continentally-derived materials to the Campos Basin is the
Paraíba do Sul river, located to the north of the basin (Figure 2),
as evidenced by isotopic and molecular markers (Souza et al.,
2010; Albuquerque et al., 2014; Carreira et al., 2015), dissolved
black carbon (Dittmar et al., 2012) and metals (Lacerda et al.,
1993; Carvalho et al., 2002; Araujo et al., 2017). Even though the
Paraíba do Sul River plays a minor role as source of material to
the global oceans when compared to other rivers, the influence
of Paraíba do Sul River is relevant on a regional scale (Carvalho
et al., 2002).

The south-eastern Brazilian continental margin has proved
to be a crucial region for paleoclimate studies (Rühlemann and
Butzin, 2006; de Mahiques et al., 2009; Nagai et al., 2009, 2016;
Souto et al., 2011; Pivel et al., 2013; Chiessi et al., 2014; Cordeiro
et al., 2014; Evangelista et al., 2014; Lessa et al., 2014, 2016; Lazzari
et al., 2018). The particular interest in the region stems from
the relatively low input of continental material and enhanced
autochthonous production due to cold and nutrient-rich deep-
waters, a scenario contrasting with the overall oligotrophic
conditions in the water column (Brandini et al., 2018). Here
we provide for the first-time insights on the use of brGDGTs

related proxies as additional tools in the ongoing research in
the South-Western Atlantic. To do that, we considered the
distribution of crenarchaeol and brGDGTs in core-top sediments
collected along cross-margin transects (25–3,000m water depths,
Figure 2). Our main goal was to investigate the potential marine
in situ production of brGDGTs that may compromise the use
of the GDGT-based proxies to the sediments of the basin and
contribute to the characterization of the OM.

STUDY AREA

The Campos Basin (Figure 2) extends over an area of 100,000
km2, in the south-eastern Brazilian continental margin between
20.5◦S (Vitoria High) and 24◦S (Cabo Frio High). The
continental shelf has an average width of 100 km and the shelf
break water depth varies from 80m in the northern area to
130m in the south. The slope, marked by the presence of several
submarine canyons and channels, extends over 40 km with an
average gradient of 2.5◦ (Viana et al., 1998).

The circulation in the Campos Basin is mainly controlled
by the Brazil Current, formed at 10◦S as a southern branch
of the South Equatorial Current (Peterson and Stramma,
1991). The Brazil Current flows southward following the
200m isobath and transports the oligotrophic warm Tropical
Waters in its upper levels and the nutrient-rich and cold
South Atlantic Central Water (SACW) between 200 and 700m
(Campos et al., 2000). In the southern portion of the basin,
south of Cabo de São Tomé (22◦S), changes in the coastline
orientation affects the Brazil Current flow and favor the
formation of strong cyclonic and anticyclonic frontal eddies.
Those features induce the intrusion of SACW into the photic
zone on the shelf break and the uppermost slope (Campos
et al., 2000; Calado et al., 2010). Near Cabo Frio, wind-
driven intrusions of SACW occur through Ekman transport
during austral spring and summer, when NE winds prevail
(Rodrigues and Lorenzzetti, 2001; Castelao and Barth, 2006).

In the northern Campos Basin, the Paraíba do Sul River
(Figure 2), a medium sized river with approximately 1,145 km
of extension, flows into the ocean and is the major source
of terrestrial material to the basin. The river drains an area
of 55,400 km2 (Figures 2B–D), crossing three of the most
industrialized states of Brazil: Minas Gerais, São Paulo, and Rio
de Janeiro (Carvalho et al., 2002). Other rivers bring in additional
terrigenous material to the Campos Basin throughout the coastal
drainage basins of Rio de Janeiro and Espírito Santo States
(Figure 2B) but drainmuch smaller catchments than the Paraíba.

The climate in the Paraíba do Sul River drainage area is
subtropical with a well-defined precipitation regime. The MAT
varies from 10.1◦C in the upper basin to 24.1◦C (Figure 2B) in
the lower basin, with an average of 20.1◦C (Fick and Hijmans,
2017). The average rainfall in the river basin is 1,377mm year−1

(Figure 2D) with higher precipitation in the upper and middle
sectors of the drainage basin (maxima of 2,311mm year−1) and
less humidity in the lower basin (minimum of 998mm year−1,
Fick and Hijmans, 2017). Half of the annual rainfall occurs
between November and January, while the period between June
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FIGURE 2 | (A) Map of the Campos Basin with locations of the surface (0–2 cm) sediment sampling stations. Each transect (A, B, G, H, and I) was sampled on

isobaths as follows: 1, 25m; 2, 50m; 3, 75m; 4, 100m; 5, 150m; 6, 400m; 7, 700m; 8, 1,000m; 9, 1,300m; 10, 1,900m; 11, 2,300m, and 12, 3,000m. (B) Map

showing the three drainage basins adjacent to the Campos Basin, their main rivers and location of the two soil samples included in the global soil calibration set

(Weijers et al., 2007b; Peterse et al., 2012; De Jonge et al., 2014a) used as a reference in our study. (C) Mean annual air temperature, (D) annual precipitation (Fick

and Hijmans, 2017) and (E) pH of the 30 cm topsoil (FAO/IIASA/ISRIC/ISS-CAS/JRC, 2012) in the three drainage basins. PSR, Paraíba do Sul River drainage basin;

RJ, coastal drainages of the Rio de Janeiro State; ES, coastal drainages of the Espírito Santo State.

and August is the driest of the year (Carvalho and Torres, 2002;
Dittmar et al., 2012). Several studies in the Paraíba do Sul River
have shown a strong dependence of the river water discharge and
transported material on the rainfall regime (Carvalho et al., 2002;
Souza and Knoppers, 2003; Souza et al., 2010; Figueiredo et al.,
2011; Ovalle et al., 2013). A maximum river flow of 4,380 m3 s−1

is observed during the rainy season, when more than 80% of the
total annual load is transported, decreasing to 180 m3 s−1 in the
dry season (Carvalho et al., 2002; Souza et al., 2010).

The vegetation in the drainage basin of the Paraíba do
Sul River is approximately 70% pastures, 27% agriculture
and reforestation areas, and only 3% of the original Atlantic
Forest (Ovalle et al., 2013), which is distributed over small
patches (Dittmar et al., 2012). The river serves as an
important water source for agriculture, industry and human
use for approximately 13 million people and 5,000 industries
especially in the State of Rio de Janeiro (Ovalle et al.,
2013), but also receives back the sewage, generally without

efficient treatment (Carvalho et al., 2002). Most of the
industries are located in the middle and upper basin sectors,
while extensive sugarcane plantations occupy the lower basin
(Dittmar et al., 2012; Ovalle et al., 2013).

The texture of the soil along the Paraíba do Sul River basin is
mainly silt/clay, with predominance of clay and sand/clay in the
upper basin and clay/sand and clay/silt organic sediments (peat)
in the flood-plain areas (Carvalho and Torres, 2002). The soil pH
varies from 4.8 in the river’s upper basin to 8.0 in the lower basin.
The average soil pH across the entire drainage area adjacent
to the Campos Basin is 6.1 (Figure 2E; FAO/IIASA/ISRIC/ISS-
CAS/JRC, 2012).

MATERIALS AND METHODS

Sampling
Surface sediment samples (0–2 cm) were collected from
five cross-shelf transects (A, B, G, H, and I) along 12

Frontiers in Earth Science | www.frontiersin.org 4 November 2019 | Volume 7 | Article 291

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles


Ceccopieri et al. brGDGTs in the Brazilian Margin

isobaths (25, 50, 75, 100, 150, 400, 700, 1,000, 1,300, 1,900,
2,500, and 3,000m) in the Campos Basin as a part of
the Habitats Project (CENPES/PETROBRAS) in 2008 and
2009 (Figure 2). Undisturbed sediments were collected
with an adapted large volume Van Veen sampler at the
continental shelf stations and with a box corer at the
slope stations.

Lipid Extraction and GDGT Analysis
Fractions of about 5 g (±0.01 g) of freeze-dried and homogenized
samples were extracted by use of an accelerated solvent
extraction system (ASE 200, Dionex), with a mixture of
dichloromethane:methanol 9:1 (v:v) at a temperature of
100◦C and a pressure of 1,000 psi. A known amount of
C46-GDGT was added as internal standard prior to the
extraction. The volume of the bulk extracts was rotary
evaporated under vacuum and saponified for 2 h at 80◦C
with 1mL of KOH (0.1M) in methanol:H2O (9:1; v:v).
The extracts were fractionated into separate fractions using
silica gel column chromatography. The polar fraction
containing the GDGTs was obtained by eluting with
dichloromethane:methanol 1:1 (v:v) and dried under a stream of
nitrogen at 40◦C.

The GDGT fractions were filtered to remove particles
and analyzed using an Agilent 1200 series high performance

liquid chromatography system coupled via an atmospheric
pressure chemical ionization interface to an Agilent 6120
mass spectrometry (HPLC–APCI-MS). A method enabling the
separation of 5- and 6-methyl brGDGTs slightly modified from
the one proposed by Hopmans et al. (2016) was used. In this
method, the GDGTs were separated on two UPLC silica columns
in series (Waters Acquity BEH HILIC, 1.7µm, 150mm ×

2.1mm), with a 2.1mm x 5mm pre-column of the same material
maintained at a temperature of 30◦C. Mobile phases A and B
consisted of n-hexane/chloroform (99:1, v/v) and n-hexane/2-
propanol/chloroform (89:10:1, v/v/v), respectively. After sample
injection (20 µl) and 25min isocratic elution with 18% mobile
phase B, the proportion of B was increased to 50% within 25min,
thereafter to 100% within the next 30min. After 5min at 100%
B and prior to the analysis of the next sample, the column was
re-equilibrated with 18% of phase B for 15min. The flow rate was
0.22mL min−1 and resulted in a maximum back pressure of 220
bar. The total run time was 100 min.

The identification of the GDGTs was performed using single
ion monitoring (SIM) as described by Schouten et al. (2007).
The ion masses (m/z) monitored were 1,050, 1,048, 1,046,
1,036, 1,034, 1,032, 1,022, 1,020, 1,018 for brGDGTs, 1,292 for
crenarchaeol and 744 for the C46-GDGT standard. Contents were
calculated by comparing the peak areas of the GDGTs analyzed
relative to the peak area of the internal standard (C46-GTGT).
Due to the lack of appropriate standards, the individual response
factors of the analyzed C86-GDGTs relative to the C46-GDGTs
standard was not evaluated and the reported contents should

be considered semi-quantitative. The extract of samples A3, G1,
G2, I1, I2, and I3 were lost during handling and no results were
obtained for these samples.

Calculation of the GDGT-Based Indices
The BIT index was calculated according toHopmans et al. (2004),
using the Equation (1) as follows:

BIT =
Ia + IIa+ IIa′ + IIIa + IIIa′

Ia+ IIa + IIa′ + IIIa + IIIa′ + cren
(1)

Here and in all following equations, the roman numerals identify
the different brGDGTs as illustrated in Figure 1, and “cren” is
for crenarchaeol.

The weighted average number of cyclopentane moieties
was calculated for the tetramethylated brGDGTs according to
Sinninghe Damsté (2016) using Equation (2) as follows:

#ringstetra =
Ib + 2 (Ic)

Ia+ Ib+ Ic
(2)

To evaluate the fractional abundance of the 6-methyl
brGDGTs, the isomer ratio (IR) was calculated according
to De Jonge et al. (2015), using Equation (3). The IRpenta

and IRhexa were calculated using only the pentamethylated and
hexamethylated compounds, respectively (De Jonge et al., 2014a).

IR =
IIa′ + IIb′ + IIc′ + IIIa′ + IIIb′ + IIIc′

IIa+ IIa′ + IIb+ IIb′ + IIc+ IIc′ + IIIa+ IIIa′ + IIIb+ IIIb′ + IIIc+ IIIc′
(3)

The most recent CBT’ and MBT’5ME indices were calculated
according to De Jonge et al. (2014a), using the Equations (4) and
(5), below:

CBT′
= log

(

Ic + IIa′ + IIb′ + IIc′ + IIIa′ + IIIb′ + IIIc′

Ia + IIa + IIIa

)

(4)

MBT′
5ME =

Ia+ Ib+ Ic

Ia+ Ib+ Ic+ IIa+ IIb+ IIc+ IIIa
(5)

The calculation of the CBT’-derived pH and the MBT’5ME-
derived MAT were performed based on the global soil
calibrations proposed by De Jonge et al. (2014a), using Equations
(6) and (7), respectively:

pH = 7.15− 1.59 × CBT′ (6)

MAT = −8.57+ 31.45 ×MBT′
5ME (7)

RESULTS

GDGT Distribution and BIT, IR, and
#Ringstetra Indices
The content of brGDGTs in the surface sediments showed
a geographic distribution similar to the total isoGDGTs
(Ceccopieri et al., 2018) and to other lipid biomarkers analyzed
in the Campos Basin sediments (Oliveira et al., 2013; Cordeiro
et al., 2018). Higher contents of total brGDGTs were found
in the slope samples on all transects and in the middle shelf
samples of the CFUS region, which are areas where preferential
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FIGURE 3 | Contents of (A) total brGDGTs (µg gTOC−1); (B) acyclic brGDGTs (µg gTOC−1); (C) crenarchaeol (µg gTOC−1), (D) BIT index; (E) #ringstetra index and (F)

IR. The total brGDGT and crenarchaeol normalized by the TOC were not determined in sample H1 because the TOC content of this sample was below quantification

limit, but the contents in the sediment were comparable to sample H2 (Supplementary Table 1).

accumulation of OM, mostly from autochthonous processes, was
already demonstrated (Oliveira et al., 2013; Albuquerque et al.,
2014; Cordeiro et al., 2018).

Based on the sediment TOC contents reported by Cordeiro
et al. (2018), the total brGDGTs contents varied from 5 to 32
µg gTOC−1, with a sharply decreasing gradient in contents
from the coastal to deeper waters (Figure 3A). A similar
trend can also be observed for the contents of the acyclic
brGDGTs (sum of Ia, Ia’, IIa, IIa’, IIIa, and IIIa’, Figure 3B),
with the highest contents of up to 21 µg gTOC−1 at stations
near to the river mouth decreasing to 3 µg gTOC−1 in

the slope region. Opposite to their content distribution, the
relative abundance of the acyclic compounds increased with
distance from the coast, decreasing the #ringstetra ratio to <

0.4 in the downslope stations (Figure 3E). A few exceptions
to this trend occur in the mid and outer shelf areas,
where the lowest contribution of acyclic brGDGTs (<44%,
Table 1) and the highest #ringstetra values (>0.8, Figure 3E)
were observed.

The tetramethylated brGDGTs (Ia, Ib, and Ic) were the
most abundant in most of the samples with an average
abundance of 51% (Table 1), followed by the pentamethylated
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TABLE 1 | Relative abundance (%) of each group of brGDGT in the surface sediment samples of the Campos Basin.

Station Latitude

(◦S)

Longitude

(◦W)

Water

depth (m)

Location %acyclic %1 ring %2 rings %Tetramethylated %Pentamethylated %Hexamethylated %5

Me

%6

Me

Soil 1 −22.75 −43.68 0 Brazil-1 99 1 0 93 7 0 5 2

Soil 2 −21.13 −42.8 0 Brazil-3 98 2 1 97 4 0 3 1

A01 −22.92 −42.01 25 Shelf 49.1 33.1 17.9 53.2 32.5 14.3 22.0 24.8

A02 −22.93 −41.90 50 Shelf 56.2 28.8 15.0 52.5 32.5 15.0 22.5 25.0

A04 −23.14 −41.90 100 Shelf 50.5 32.3 17.3 49.8 34.4 15.8 20.8 29.4

A05 −23.60 −41.36 150 Shelf 42.1 37.2 20.7 52.5 34.2 13.3 21.1 26.4

A06 −23.63 −41.33 400 Upper slope 44.4 36.2 19.4 46.5 37.5 15.9 18.4 35.1

A08 −23.69 −41.27 1,000 Upper slope 58.0 28.0 14.0 52.4 30.4 17.2 14.9 32.7

A09 −23.75 −41.20 1,300 Upper slope 63.0 25.7 11.3 49.4 28.1 22.5 12.3 38.2

A10 −23.87 −41.08 1,900 Down slope 70.2 21.3 8.5 47.1 24.7 28.2 9.0 43.8

A11 −24.02 −40.90 2,500 Down slope 79.0 15.4 5.6 39.7 20.5 39.8 6.8 53.5

B01 −22.70 −41.90 25 Shelf 59.1 27.0 13.9 60.2 30.7 9.1 18.6 21.2

B02 −22.76 −41.76 50 Shelf 52.1 30.9 17.0 52.3 32.9 14.8 20.9 26.8

B03 −23.00 −41.35 75 Shelf 48.2 33.2 18.7 49.9 36.1 13.9 21.1 28.9

B04 −23.17 −41.05 100 shelf 40.0 36.0 24.1 57.9 30.5 11.6 17.5 24.6

B05 −23.19 −41.01 150 Shelf 37.4 38.6 24.0 58.9 30.2 10.9 16.9 24.3

B06 −23.17 −40.95 400 Upper slope 51.7 32.2 16.2 48.9 33.0 18.2 20.4 30.7

B07 −23.22 −40.96 700 Upper slope 52.3 31.4 16.3 52.3 31.9 15.8 18.5 29.2

B08 −23.23 −40.93 1,000 Upper slope 53.2 30.7 16.1 49.7 31.6 18.8 19.6 30.7

B09 −23.25 −40.90 1,300 Upper slope 54.9 30.2 14.9 51.4 31.4 17.2 16.9 31.7

B10 −23.31 −40.79 1,900 Down slope 69.1 21.9 8.9 47.6 26.5 26.0 10.3 42.2

B11 −23.42 −40.60 2,500 Down slope 79.3 15.2 5.5 41.1 21.9 37.0 6.5 52.4

B12 −23.76 −40.00 3,000 Down slope 84.4 12.1 3.6 34.7 21.0 44.4 4.4 61.0

G03 −22.06 −40.17 75 Shelf 35.6 38.2 26.2 62.2 29.5 8.3 16.0 21.8

G04 −22.04 −40.08 100 Shelf 38.6 37.5 23.9 58.9 31.0 10.1 16.5 24.6

G05 −22.10 −40.05 150 Shelf 34.3 40.9 24.9 57.4 33.2 9.4 18.3 24.3

G07 −22.13 −39.90 700 Upper slope 61.0 26.8 12.2 54.7 30.8 14.5 15.1 30.1

G08 −22.12 −39.87 1,000 Upper slope 59.5 27.5 13.0 52.4 31.3 16.3 13.6 34.0

G09 −22.12 −39.82 1,300 Upper slope 64.9 24.6 10.6 51.7 27.3 21.0 11.4 36.8

G10 −22.12 −39.74 1,900 Down slope 73.0 19.7 7.4 51.6 23.7 24.6 8.7 39.7

G11 −22.17 −39.14 2,500 Down slope 84.2 11.5 4.3 39.1 23.6 37.3 6.7 54.2

G12 −22.21 −38.60 3,000 down slope 88.9 10.0 1.2 30.1 17.0 52.9 2.2 67.7

H01 −21.72 −40.53 25 Shelf 62.1 25.8 12.1 55.6 29.2 15.2 14.5 29.9

H02 −21.74 −40.29 50 Shelf 63.5 24.9 11.6 52.5 28.8 18.7 13.2 34.3

H03 −21.72 −40.19 75 Shelf 38.0 37.0 25.0 62.7 29.2 8.1 15.5 21.8

H04 −21.72 −40.17 100 Shelf 34.2 38.6 27.1 60.5 31.2 8.3 16.8 22.7

H05 −21.71 −40.15 150 Shelf 45.0 34.2 20.8 52.4 33.2 14.4 20.2 27.3

H06 −21.74 −40.09 400 Upper slope 46.7 35.0 18.3 47.3 37.2 15.5 18.3 34.4

H07 −21.74 −40.04 700 Upper slope 58.3 28.6 13.1 53.2 31.7 15.1 14.6 32.1

H10 −21.62 −39.60 1,900 Down slope 75.3 18.2 6.5 47.2 24.0 28.8 7.4 45.4

H11 −21.62 −39.05 2,500 Down slope 82.6 12.2 5.2 41.6 20.7 37.6 5.3 53.1

I04 −21.15 −40.27 100 Shelf 45.4 33.1 21.5 58.8 30.9 10.3 16.2 25.0

I06 −21.23 −40.25 400 Upper slope 54.9 30.0 15.1 55.8 30.9 13.2 16.5 27.7

I07 −21.19 −40.21 700 Upper slope 53.6 31.1 15.3 54.3 31.7 14.0 14.8 30.9

I08 −21.19 −40.15 1,000 Upper slope 61.2 26.7 12.1 58.2 28.4 13.4 12.9 28.9

I09 −21.19 −40.05 1300 Upper slope 63.8 25.2 11.1 53.7 28.0 18.3 20.6 25.7

I10 −21.18 −39.66 1,900 Down slope 77.6 16.3 6.1 48.5 21.9 29.6 6.7 44.8

I11 −21.19 −39.08 2,500 Down slope 84.9 10.2 4.9 44.3 24.4 31.3 7.2 48.6

Data from the two soil samples included in the global soil calibration set were taken from De Jonge et al. (2014a).
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(IIa, IIb, and IIc) with 29%. In the soil samples, the
tetramethylated compounds comprised more than 93%
of the total brGDGTs (Table 1, De Jonge et al., 2014a).
The hexamethylated brGDGTs (IIIa, IIIIb, and IIIc) had
an overall lower abundance (average < 20% of the total
brGDGTs) in the Campos Basin sediment samples but are
relatively more representative in the downslope samples
(>1,900m depth, 25–53%).

The novel 6-methyl brGDGTs represented 21–68% of the
total brGDGTs content (Table 1; Supplementary Table 2). Their
relative abundance and the associated IR index exhibited lower
values (<30% and <0.6, respectively, Figure 3F) in the inner
shelf stations of transects A and B but, on the other hand, higher
values (>40% or >0.8) in the down slope stations. The IRpenta

presented values slightly lower than IRhexa, with averages of 0.65
and 0.75, respectively (Supplementary Table 1).

The contents of crenarchaeol varied between 21 and 153
µg gTOC−1, with higher values in the Cabo Frio coastal
upwelling area and near the Paraíba do Sul River mouth
(Figure 3C). The BIT index values ranged from 0.07 to
0.20 with no clear bathymetric gradient. Only the low
BIT values from the slope samples of transect A were
noticeable (Figure 3D).

CBT’ and MBT’5ME Indices
The CBT’ values varied between −0.17 and 0.39, resulting
in a CBT’-based estimated pH range from 6.9 to 7.8 and an
average of 7.3 ± 0.2 (Figure 4A; Supplementary Table 4).
The MBT’5ME ranged from 0.70 to 0.93, resulting in
MBT’5ME-based MAT varying from 13.6 to 20.8◦C (Figure 4B)
with an average of 16.3 ± 1.8◦C. Both CBT’-based pH
and MBT’5ME-based MAT became lower in the inner
shelf (<75m depth) and higher in the slope stations (>400
m depth).

DISCUSSION

Sources and Fate of GDGTs in the Marine
Environment
The BIT index represents the ratio between the sum of Ia, IIa,
and IIIa branched compounds and crenarchaeol, and provides
information on soil OM contributions to the marine sediments.
The BIT is expected to be near 0 in sediments from the open
ocean and near 1 in soils (Hopmans et al., 2004), and thus
a decreasing trend in the BIT values is usually observed with
distance from the river mouth (Hopmans et al., 2004; Zell et al.,
2014a,b; Sinninghe Damsté, 2016). The data for the Campos
Basin showed no such trend, as all samples exhibited low (<0.20)
BIT values (Figure 3C). Similar behavior was observed in several
systems (Herfort et al., 2006; Schmidt et al., 2010; Fietz et al.,
2011; Smith et al., 2012) and were attributed to a higher influence
of in situ production of crenarchaeol than the continental input
of brGDGTs upon the BIT values, which in turn limit the
application of this index to trace soil organic carbon in the
ocean. In fact, the TOC-normalized crenarchaeol contents were
higher at the shelf stations of both the transects influenced by
upwelling (A and B) and by the Paraíba do Sul River flow (H

and I). This process is favored by aggregation of the small cells
of Thaumarchaeota with phytoplankton and other suspended
matter (Wuchter et al., 2005; Huguet et al., 2006, 2007; Kim et al.,
2008), which seems to also occur in our study region as discussed
in a related previous paper (Ceccopieri et al., 2018).

A gradient of decreasing concentration in brGDGTs is
commonly observed along the river-estuary-coastal ocean
continuum (Hopmans et al., 2004; Kim et al., 2006; Walsh et al.,
2008; Zhu et al., 2011; Hu et al., 2012; Zell et al., 2014a,b;
Sinninghe Damsté, 2016). This may be explained considering
a major production of these compounds by soil bacteria and
later transport by rivers to the sea. The brGDGT content in
the shelf is dependent on the river flow and dilution with other
terrestrial and marine-derived materials. The TOC-normalized
brGDGTs distribution in the Campos Basin show the same
trend, as high content in the shelf samples (depth <75m) and
a gradual decrease toward deeper stations on the slope and rise
in all transects is observed (Figure 3A). Two samples with the
highest contents are close to the Paraíba do Sul River mouth
(25 and 50m depths, transect H), which confirm the role of
this river as the main source of brGDGTs to the Campos
Basin. In addition, relatively high contents of TOC-normalized
brGDGTs (up to 31 µg gTOC−1) were also found at shallow
stations from transects A and B, in the southern basin near
Cabo Frio (Figure 1), suggesting coastal transport of continental
materials delivered by small rivers along the coast, including
contribution from the Paraíba do Sul river, located further north
(Albuquerque et al., 2014).

The relative contributions of acyclic and cyclic compounds
showed marked differences along the sedimentary provinces in
the margin. The acyclic compounds represented more than 50–
60% of the total brGDGTs in most of the samples at all depths
in all transects (A, B, G, H, and I; Table 1). Also in Table 1

the two soils from the Paraíba do Sul River drainage basin
included in the global calibration of De Jonge et al. (2014a),
with more than 97% of brGDGTs being acyclic. Contrary to this
general predominance of acyclic compounds, however, in several
samples at 75–150m (mid to outer shelf) and at 400m (upper
slope) water depths, the acyclic compounds were <40% of the
brGDGTs, and consequently the #ringstetra exhibited the highest
values (Figure 3E). In fact, the abundance of the correspondent
cyclic compounds was higher in these samples compared to the
shallow stations, closer to the coast and more influenced by
the continental discharges of cyclic brGDGTs (Table 1). This
points out to an autochthonous production of cyclic brGDGTs
in the intermediate water depths (75–400m) of the Campos
Basin. The same process was also observed at intermediate water
depths (i.e., 50–500m) in many other margins worldwide, like
the East China Sea (Zhu et al., 2011), the Portuguese Margin
(Zell et al., 2015), the Berau Delta (Sinninghe Damsté, 2016),
and the Svalbard fjords (Peterse et al., 2009; Dearing Crampton-
Flood et al., 2019). However, the exact process inducing the in
situ production of brGDGTs is still unclear (Dearing Crampton-
Flood et al., 2019). In some places they appear to be derived
from heterotrophic bacterial activity thriving in the alkaline pore
waters of productive sediments (Peterse et al., 2009; Zhu et al.,
2011; Weijers et al., 2014; Zell et al., 2015; Sinninghe Damsté,
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FIGURE 4 | (A) CBT’-derived pH (De Jonge et al., 2014a); (B) MBT’5ME-derived MAT (De Jonge et al., 2014a) in the Campos Basin surface sediments.

FIGURE 5 | Contents of acyclic 6-methyl hexamethylated brGDGTs (µg

gTOC−1).

2016; Dearing Crampton-Flood et al., 2019). The sediments in the
depth-range where in situ production of brGDGTs seems to occur
(75–400m) are also enriched in labile organic matter (Cordeiro
et al., 2018), which could support an enhanced bacterial activity
in these sediments of the Campos Basin.

It is also noteworthy that the contribution of cyclic
compounds (one or two rings, i.e., Ib, IIb, IIb’, IIIb, IIIb’, and
Ic, IIc, IIc’, IIIc, and IIIc’) decreases for the stations from mid
to the lower slope (Table 1). This was reflected in the lowering
of the index #ringtetra of these deep-water samples (Figure 3E).
In the stations from 1,900 to 3,000m, the acyclic compounds
(Ia, Ia’, IIa, IIa’, IIIa, and IIIa’) represented more than 69% of
the total brGDGTs. Moreover, the TOC-normalized contents
of the acyclic 6-methyl hexamethylated brGDGT (IIIa’) were
higher in the lower slope stations in all transects (Figure 5;
Supplementary Table 3). Similarly increased proportions of
acyclic brGDGTs were observed in the anoxic and OM-rich
sediments of the Black Sea and Cariaco Basin (Liu et al., 2014),
but for the oxic sediments and the water column of the Campos
Basin further research is needed to understand this process.

The separation and individual quantification of the 5- and 6-
methyl brGDGTs provided new insights about the production
and sources of autochthonous and allochthonous brGDGTs in
aquatic systems (De Jonge et al., 2014a, 2016; Weber et al., 2015;
Dang et al., 2016; Naafs et al., 2017). In particular, the relative
abundance of 6-methyl brGDGTs showed potential to be used
as an indicator of aquatic in situ produced compounds to the
brGDGT signature in continental margin sediments (De Jonge
et al., 2015, 2016; Sinninghe Damsté, 2016). In the Campos
Basin surface sediments, the 6-methyl brGDGT predominates
over the 5-methyl brGDGTs in all stations, including the ones
close to the river mouth, representing on average a contribution
to total brGDGTs of 34 and 15% (Table 1), respectively. These
are values much higher than the fractional abundance found
by De Jonge et al. (2014a) in the two soils from the global
calibration considered here (average of 4% for the 5-methyl and
2% for the 6-methyl isomers, Table 1). From the cyclization
and methylation degree perspective, the brGDGT distribution
in the shallow stations near the river outflow were also strongly
different from the soil samples (Table 1), as can be clearly seen
in the ternary plots of Figures 6C,D. This means that the soil
signal is lost before the river discharge into the ocean and a
considerable riverine in situ production of brGDGTs is possibly
occurring inside the Paraiba do Sul River. Additionally, IR values
(>0.8, Figure 3F) of the down slope sediments, coupled to an
increase in the TOC-normalized contents of the acyclic 6-methyl
hexamethylated brGDGT (Figure 5) in the same stations, as
previously shown, seem to support the idea of a local marine in
situ production at deeper stations. This means that the 6-methyl
brGDGTs is probably related to aquatic in situ production not
only in lakes or river systems, but also in themarine environment.
It is important to highlight that IRpenta and IRhexa correlate (R=

0.82), which indicates a common source of the 6-methyl isomers
for both penta- and hexamethylated brGDGTs.

Applying Ward’s hierarchical clustering method (Ward,
1963) with the dataset of relative distribution of brGDGT
allowed the division of samples in four groups (Figure 6A).
This statistical approach confirmed the previous observations
on the distribution of brGDGTs. Group 1 comprised the
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FIGURE 6 | (A) Distribution of groups using Ward’s hierarchical cluster analysis based on the brGDGTs relative abundance. Group 1 is characterized by samples with

predominance of tetramethylated and acyclic brGDGTs; group 2 represents the samples with predominance of cyclic over acyclic brGDGTs and the highest #ringstetra;

group 3 represents the samples that are more influenced by the riverine input; group 4 represents the lower slope and rise samples (>1,900m) with predominance of

non-cyclic brGDGTs and relevant contribution of 6-methyl hexamethylated compounds. (B) Cross plots of the relative abundance of the 5- and 6-methyl brGDGTs.

(C) Ternary diagram of the relative abundance of the tetra-, penta- and hexamethylated brGDGTs. (D) Ternary diagram of the relative abundance of the acyclic and

cyclic (with 1 and 2 cyclopentane rings in the structure) brGDGTs.

coastal upwelling samples of transect A and B, the upper
slope samples of transect B and some of the outer-shelf and
upper slope samples of transect I, which is characterized by
predominance of tetramethylated (Figure 6B) and acyclic
compounds (Figure 6D). Group 2 represents all the samples
that contain a predominance of cyclic over acyclic brGDGTs
(Figure 6D) and, consequently, the highest #ringstetra. Therefore,
group 2 encompass the intermediate water depths samples
(75–400m) where in situ production of cyclic compounds
occurs, as previously discussed (see previous discussion). Group
3 comprises both the samples most strongly influenced by

continental inputs (H1 and H2) and the upper slope samples
of transects A, G and I. These samples are characterized
by high IR values with 6-methyl brGDGTs representing
more than twice the amount of the 5-methyl brGDGTs
(Figure 6B). Group 4 includes the lower slope and rise
samples (>1,900m) that contain a predominance of acyclic
brGDGTs (Figure 6D) with considerable contribution of
6-methyl (Figure 6B) and hexamethylated (Figure 6D)
compounds, with a particular increase in the content of the
IIIa’ compound, probably caused by a marine in situ production
at deeper stations.
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Implications for Soil pH and Continental
MAT Reconstructions in the Campos Basin
Sediments
The brGDGTs in the marine sediments were first assumed to
represent an integrated signal of the entire river basin fromwhere
the soil brGDGTs derive (Weijers et al., 2007a). However, it has
been shown that the reconstructed MAT and soil pH can be
biased toward a certain area and/or period of increased input of
brGDGTs to the river (Freymond et al., 2017). In addition, the
hydrodynamics and microbial activity during fluvial transport
might influence the distribution of brGDGTs along the river (Zell
et al., 2013a,b, 2014a; De Jonge et al., 2014b, 2016), and the
marine in situ production of brGDGTs may affect the original
signal of the soil-derived material (Peterse et al., 2009; Zhu et al.,
2011; Hu et al., 2012; Liu et al., 2014; Zell et al., 2014a,b; Sinninghe
Damsté, 2016). These effects must be considered in the evaluation
of whether or not theMBT’5ME and CBT’ proxies reflect theMAT
and soil pH of the adjacent drainage basins.

The CBT’-based pH (6.9–7.8, Figure 4A) values for all
analyzed samples in the Campos Basin were within the same
range of the topsoil pH measured along the Paraíba do Sul
River drainage basin and along the states of RJ and ES (4.8–
8.0, Figure 2E). The same can be observed when comparing the
MBT’5ME-based estimated MAT (13.6–20.8◦C; Figure 4B) with
the MAT of the Paraíba do Sul River drainage basin (10.1–
24.1◦C, Figure 2B). The estimated pH of 7 for both H1 and
H2 samples, the nearest to the Paraíba do Sul River, seems to
reflect the soil pH from the lower basin of this river, while the
MAT of 16.6◦C for these samples agrees more with the upper
basin temperatures. The Paraíba do Sul River discharge and the
associated transport of terrigenous/riverine materials is marked
by a seasonal rainfall regime, with most of the precipitation
measured in the summer in the middle-upper lands (Carvalho
and Torres, 2002; Ovalle et al., 2013). Therefore, our data
suggest that in addition to the flow regime, factors like erosional
patterns along the river bank and intermediate storage of
materials may also influence the transport of terrigenous/riverine
material along the Paraíba do Sul River drainage basin and
final export to the coastal ocean. Additionally, and perhaps
more importantly, the evidence of in situ marine production
of brGDGTs in the Campos Basin revealed that the initial soil
signal is overprinted by a marine brGDGT signal, especially
in the zones between 75 and 400m depth and >1,900 depth
(Figure 6A). This means that reconstructed soil pH and MAT
values from the marine sediments probably do not represent
the actual conditions in the catchment soils. Nonetheless,
our brGDGTs data and associated proxies provided useful
baseline information regarding the transport and distribution
of terrigenous biomarkers in offshore sediments for a relevant
portion of the SE Brazilian continental margin.

CONCLUSIONS

The highest brGDGTs contents were found near the Paraíba do
Sul River outflow, which confirmed this river as the main source
of soil brGDGTs to the study region. The BIT seems to be more

strongly influenced by the contents of crenarchaeol rather than
brGDGTs and no trend from coast to open ocean was observed,
which limits the use of brGDGTs as proxy for input of soil organic
carbon in the study region.

The spatial heterogeneity observed for our brGDGTs
highlights the existence of different sources and post-
depositional effects that compromise the use of brGDGTs
to reconstruct the soil pH and MAT of the nearby land area.
The strong variation in the estimated pH and MAT along the
cross-margin transects might be ascribed to the occurrence of
two distinct zones of in situ marine production of brGDGTs:
the first takes place between 75 and 400m depth, where the
brGDGTs with cyclopentane moieties are more abundant relative
to the adjacent areas; and the second occurs on a smaller scale
at the down slope region >1,900m depth, where an increase
in the contents of acyclic 6-methyl hexamethylated brGDGTs
is observed.

Therefore, our data contribute to the general observation that
the application and interpretation of brGDGTs-estimated MAT
and soil pH in marine records must consider the limitations of
the proxies. Finally, analyses of soil and water samples from the
Paraíba do Sul River drainage basin could provide new insights
regarding the potential riverine in situ production of brGDGTs
in the Paraíba do Sul River.
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