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ARTICLE INFO ABSTRACT

Keywords: In this study, we evaluate sources of organic matter (OM) in two contrasting tropical coastal environments in

Glycerol dialkyl glycerol tetraethers (GDGTs) Colombia, using a combination of glycerol dialkyl glycerol tetraethers (GDGTs) and n-alkane lipid biomarkers. A

n-alkanes clear difference between the less productive Caribbean Sea and the more productive eastern Pacific is observed,

'éerfsitrial input with higher terrestrial contributions into the eastern Pacific strongly associated with riverine inputs. Although
aribbean

higher land plant-derived n-alkanes can be transported as eolian dust, our results suggest mainly riverine sources
for our samples. When looking at the branched GDGT compositions, in situ production could be identified in
most Caribbean stations and some of the more coastal sites in the Pacific with #ringse.;a index values of above
0.7. The remaining stations in the eastern Pacific display soil-eroded GDGTs inputs associated with river dis-
charges and deposited in the proximity of the coast. Marine production as measured by short chain n-alkanes and
crenarchaeol are also higher in the eastern Pacific. It appears that the terrestrial inputs would bring nutrients as
well as OM fueling both auto- and heterotrophs making the eastern Pacific overall more productive. We also
observe OM of petrogenic origin, albeit in a low amount, especially in coastal Caribbean sites located near main
harbors. This study helps improve the understanding of the complex mixture of OM inputs, origins and transport
mechanisms into Colombian coastal areas. The present work emphasizes the need to integrate climate, geolo-
gical setting and hydrology to fully understand the carbon cycle at a regional scale.

Eastern tropical pacific

1. Introduction particulate load and thus OM (e.g., Schlesinger and Melack, 1981;

Sinninghe Damsté, 2016). Caribbean and Pacific rivers of Colombia

Knowing the fate of terrestrial organic matter in the Oceans is
crucial to understanding the global carbon cycle (e.g., Schlesinger and
Melack, 1981; Zonneveld et al., 2010). The carbon cycle is one of the
main drivers of earth's climate, and in view of the current climate
change it is pressing to constrain not only the sinks but also the sources
and transport pathways. Terrestrial carbon input to ocean is a long-term
sink, and as such, transport of organic matter (OM) from land to ocean
is a significant CO, sequestration mechanism (e.g., Hedges et al., 1997;
Zonneveld et al., 2010; Sinninghe Damsté, 2016). Assessment of OM
sources in marine sediments is thus essential to fully comprehend the
global carbon cycle. Coastal areas with high riverine inputs are key sites
to OM burial in marine environments (e.g., Hedges et al., 1997;
Zonneveld et al., 2010) and tropical rivers typically carry a high

exhibit very high sediment yields due to interplay of high runoff, steep
catchments, low variability in annual discharge, episodic sediment
delivery associated with geological events (mainly earthquakes), cli-
matic anomalies, such as ENSO, and high rates of deforestation
(Table 1; Restrepo and Alvarado, 2011). This makes the coastal areas of
Colombia an ideal setting to study terrestrial inputs associated with
river discharges. Additionally the present contrasting characteristics
allow us to understand the role of climate, geology and hydrology on
OM transport.

The origins of OM in marine sediments are multiple and encompass
eolian, riverine and runoff discharge as well as production in rivers,
marine water column and marine sediments themselves (e.g., Hedges
et al., 1997). Both allochthonous and autochthonous OM can also be
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Table 1

Descriptive parameters for the main rivers in the study area. Parameters are
length (L), catchment area (C), slope (S) calculated as the ratio between max-
imum height and length, average discharge (Qav.) and annual sediment yield
(Y). Modified from Restrepo and Alvarado (2011).

L(km) C(km®  S(%) Qu m’s™)  Y(tkm ?yr ")
Pacific Coast
Mira 317 9530 1.56 868 1018
Patia 415 23,700 1.10 1490 1500
San Juan 352 16,470 1.11 2550 1150
Caribbean Margin
Atrato 700 35,700 0.45 2740 815
Sind 300 14,700 1.12 373 589
Magdalena 1612 257,440 0.20 7232 560

transported laterally by ocean currents. Natural sources of OM can be
further distinguished from petroleum-related OM; petrogenic organic
carbon (OC) will have a strong impact on natural environments af-
fecting not only local and regional communities, but the whole food
web and ultimately the overall equilibrium of the carbon cycle.

In the present study we use of biomarkers and their ratios to obtain
information on the transport and deposition of different OM sources.
Originally, branched glycerol dialkyl glycerol tetraethers (brGDGTs)
were thought to be exclusively produced by soil bacteria, and were then
used to derive terrestrial temperature and pH (e.g., Weijers et al., 2007;
Schouten et al., 2013). While they have been postulated to be produced
by Acidobacteria (Sinninghe Damsté et al., 2011, 2014), the specific
source has so far not been identified. Initially described as nine che-
mical structures (e.g., Weijers et al., 2007) it was recently discovered
that most of those present isomers, and that the relative abundance of
the isomers is dependent on the brGDGTs origin (de Jonge, 2014, De
Jonge et al., 2015). These compounds were used to define a whole suite
of new indices, helping discriminate between different sources of OM
(e.g., Sinninghe Damsté, 2016). Crenarchaeol is an Archaea membrane
isoprenoid GDGT, and in contrast to the brGDGTs, one of isoprenoid
GDGTs (isoGDGTs), can be directly linked to nitrifying Archaea be-
longing to the Thaumarchaeota group (e.g., Sinninghe Damsté et al.,
2002). It has thus been used as the marine end member for the Bran-
ched versus Isoprenoid tetraether (BIT) index, a proxy of terrestrial soil
input (see Hopmans et al., 2004 for details).

An additional type of lipids, n-alkanes, are leaf waxes and as such,
insoluble, present low volatility, and are resistant to biodegradation
making them excellent biomarkers. The n-alkanes can be eroded from
leaf surfaces by wind so they can be transported, however very often
they will be washed out by rain and transported to the ocean by rivers
instead (e.g., Eglinton and Eglinton, 2008). The n-alkanes can range
from 15 to 40 carbons and natural alkanes will be mainly odd num-
bered, while petrogenic ones will be even numbered. The different
chain lengths are depending on their source organism, with shorter n-
Cis5.10 belonging to aquatic plants and n-Cys.35 to higher terrestrial
plants (e.g., Brassell et al., 1978). The n-alkanes are also major com-
ponents of petroleum (e.g., Brassell and Eglinton, 1980; Eglinton and
Eglinton, 2008) and thus they were used to measure petrogenic origin
in the marine sediments.

Understanding the complex mixture of OM in terms of its origins
and transport mechanisms is the target of the present study. Here we
present results from surface sediments taken from the southern
Caribbean Sea and the eastern tropical Pacific (Equator-16°N, and
62°W-85°W, Fig. 1) in order to understand the terrestrial and marine
influence on coastal environments with different physico-chemical
characteristics. We use biomarkers of both bacterial and archaeal
origin, brGDGTs and isoGDGTs, respectively (Schouten et al., 2013 and
references therein) as well as n-alkanes (e.g., Brassell and Eglinton,
1980; Eglinton and Eglinton, 2008) to assess terrestrial OM inputs and
marine productivity in two contrasting study areas.
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2. Material and methods
2.1. Study area

The study area is in northwestern South America and comprises
both the eastern tropical Pacific and the southern Caribbean coasts off
Colombia. This is an area with complex climatological setting, differ-
ential terrestrial input and contrasting marine systems (Poveda et al.,
2006). The hydro-climatology of the area is dominated by seasonal
latitudinal shifts in the Intertropical Convergence Zone (ITCZ) re-
sponsible for a bimodal rainfall pattern that regulates the dynamics of
main drainage basins (Poveda et al., 2006). Additionally, mesoscale
atmospheric features such as the Caribbean and the Chocé low-level
jets, transport large amounts of water vapor, which modify the rainfall
and wind patterns creating a salinity gradients between the Pacific and
the Caribbean waters (Poveda et al., 2014). The study area presents six
main rivers, three in each marine basin (Fig. 1). The rivers exhibit very
different characteristics in the two sides, the Pacific rivers being gen-
erally shorter, steeper and with very high discharges relative to their
size (Table 1). Meanwhile rivers in the Caribbean are longer and have
larger catchment areas, but the sedimentary yields are smaller than the
ones in the Pacific (Table 1).

In the Caribbean coast, the Caribbean jet carries moisture away
from the Colombian coast and across the Panama Isthmus supporting a
marked precipitation gradient along the coast with annual rates ranging
from 250 mm in the northernmost Guajira peninsula to ca. 2000 mm in
the limits with Panama (Whyte et al., 2008; Poveda et al., 2014). In the
Pacific, the Chocd low-level jet (Fig. 1) has the opposite effect, pushing
warm moist air masses towards the western Cordillera where they are
uplifted and cooled (Poveda et al., 2006), resulting in much higher
precipitation.

The average precipitation in the pacific region is 5000 mm per year
but it can reach values of up to 12,000 mm per year in certain areas
(Alvarez-Villa et al., 2011). Associated to the Chocé stream and the
ocean circulation in the area, two main upwelling areas are located in
the eastern side of the Pacific coast (orange shaded areas; Fig. 1) with
peaks of production in March and November. This is coupled to en-
hanced primary production due to high nutrient inputs (Rodriguez-
Rubio and Stuardo, 2002). The southern Caribbean experiences strong
seasonal upwelling (orange shaded area; Fig. 1) from January to May
coupled to strong westerly winds (Rueda-Roa and Muller-Karger,
2013). Colombia has five major seaports, four in the Caribbean and one
in the Pacific, which are indicated by stars in the map (Ministerio de
Industria y turismo, 2013, Fig. 1). In terms of anthropogenic activity
and ship transit, the Caribbean vastly surpasses the Pacific coast.

2.2. Sample extraction and purification

A total of 25 core top samples were used in present study; 14 in the
Pacific coast and 11 in the Caribbean coast (Fig. 1). Details of sample
code, sample name (ID), sample location, depth and repository where
they were obtained from, can be found in Table S1. Sediment samples
were freeze dried, ground with a pestle and mortar, weighted and
placed in 8ml glass vials. A mixture of 250 ug 5-a-androstane and
1000 pg of C46 GDGTs per 100 pl was added to the samples, as internal
standards for the quantification of n-alkanes and GDGTs, respectively
(see Huguet et al., 2006 and Kim et al., 2017 for details). Samples were
extracted using dichlormethane (DCM): Methanol (MeOH) (2:1, V:V).
Solvent was added in a proportion of 2vol per volume of sediment
sample, sonicated for 15min and centrifuged for 2 minat 2500 rpm,
and then the supernatant was collected with a glass pipette and placed
in a glass vial for further processing. The extraction cycle was repeated
3 times. During the last cycle sonication was reduced to 5 min. The total
lipid extracts obtained were then dried under N to start fractionation.

Samples were fractioned over a silica column using solvents of in-
creasing polarity. Fraction 1, which includes n-alkanes, was separated
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Fig. 1. Map showing the study area with sample locations and main ocean currents (blue arrows) and air streams (White arrows): HC (Humbolt Current), PBG
(Panama Bight Gyre), PCG (Panama Colombia Gyre), CC (Caribbean Current). Main harbors are indicated by yellow stars as 1-Puerto Bolivar, 2-Puerto de Santa
Marta, 3-Puerto de Barranquilla, 4-Puerto de Cartagena and 5-Puerto de Buenaventura. Shaded orange areas indicate main upwelling areas. Main rivers have been
highlighted in light blue. Plot modified from OceanDataView. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web

version of this article.)

using hexane. Fraction 2, containing alkenones, was separated using
hexane:DCM (1:1, V:V). Finally fraction 3, containing sterols, diols and
GDGTs, was separated using DCM:MeOH (1:1; V:V). Fraction 1 was
then transferred to GC glass vials and diluted in hexane before injection
to measure n-alkanes (e.g. Kim et al., 2017). Fraction 3 was dissolved in
hexane:isopropanol (99:1; V:V) and filtered through a 0.45um PTFE
filter and placed in glass vial for analysis of GDGTs (e.g. Huguet et al.,
2010).

2.3. Measurements of glycerol dialkyl glycerol tetraethers

The polar fraction was analyzed for GDGTs using an Agilent 1260
UHPLC coupled to a 6130 quadrupole MSD high performance liquid
chromatography-atmospheric pressure chemical ionization-mass spec-
trometry (HPLC-APCI-MS) using a method enabling the separation of 5-
and 6-methyl brGDGTs (Hopmans et al., 2016). To improve separation,
two UHPLC silica columns (BEH HILIC columns, 2.1, 150 mm, 1.7 1 mm;

Waters) in series, fitted with a 2.1, 5mm pre-column of the same ma-
terial (Waters) were used. Detection was via selected ion monitoring
(SIM; Schouten et al., 2013) using m/z 744 for the internal standard, m/
z 1302, 1300, 1298, 1296, and 1292 for isoprenoid GDGTs including
crenarchaeol and m/z 1050, 1048, 1046, 1036, 1034, 1032, 1022, 1020
and 1018 for brGDGTs. Agilent Chemstation software was used to in-
tegrate peak areas in the mass chromatograms of the [M + H]™" ions.
Concentrations of GDGTs were calculated using the known concentra-
tion of the internal standard (c.f. Huguet et al., 2006) and assuming a
similar mass spectrometric response for the isoprenoid and branched
GDGTs measured. The GDGTs were also used to calculate ratio to es-
timate the amount and origin of terrestrial input as shown below. We
used a range of indices to evaluate the distribution of brGDGTs based on
their fractional abundance (indicated by using square brackets). The
roman numbers refer to the different structures found in Fig. S1. The
BIT index (Hopmans et al., 2004) was calculated with the inclusion of
6-methyl brGDGTs (De Jonge et al., 2014) as:
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Fig. 2. Spatial distribution of biomarkers in sediments for a) acyclic brGDGTSs (Ug/gsea), b) crenarchaeol (1g/gseq), C) BIT index, and D) #Ringseira- Main rivers have
been indicated in light blue. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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The index of #ringsietra (Sinninghe Damsté, 2016) was calculated as
an indication of sediment in situ production of brGDGTs, as follows:

[b] + 2 x [Ic]
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2.4. Measurements of saturated hydrocarbons

The n-alkanes in the saturated hydrocarbon fraction were identified
with a Shimadzu GC-2010 gas chromatograph interfaced to a Shimadzu
GCMS-QP2010 plus using a DB-5 fused silica capillary column (30 m,
0.25 mm, film thickness of 0.25 mm, J&W Scientific) with helium as a
carrier gas. Mass scans were made in the range of m/z = 40-600 with
0.1 scan per second and an ionization energy of 70 eV. Samples were
injected in the splitless mode. The temperature for both the injector and
the detector was 310 °C. The oven program initiated at 70 °C and in-
creased at a rate of 20 °C/min to 130 °C and subsequently by a rate of
4°C/min until 320 °C. The final temperature of 320 °C was held for
25 min. Compound identifications were based on a comparison of re-
lative GC retention times and mass spectra of the n-alkane mixture (n-

Cs-C40) analytical standards (Supelco 502065, AccuStandard, USA).
The n-alkane peaks with carbon lengths from C;5 to C35 were integrated
using Agilent Chemstation software (Kim et al., 2017). The n-alkane
absolute abundances were calculated relative to the internal standard 5-
a-androstane and then normalized to grams of sediment since no TOC
data was available. The abundance of odd n-Cys5.,9 as indicator of
aquatic production and odd n-C,s 35 as marker for higher plants was
calculated. Additionally a series of indices using n-alkanes were cal-
culated to estimate the amount and type of terrestrial input. The
average chain length (ACL; e.g., Cranwell, 1984):

25X Cys + 27X Cy; + 29X Cy9 + 31 X C31 + 33 X Cx3
Cys + Cyp + Cy + C31 + C33

ACL =

3)

The carbon preference index (CPI, Bray and Evans, 1961) was cal-
culated using alkanes from 25 to 35 carbons as follows:



C. Huguet, et al.

CPI:l
2

y (Czs + Cy + Cp + G5 + C33)
Cu + Gy + Cp3 + C39 + Cx

+(C'25 + Gy + G + Gy + C33)]

Cy + Cg + C3 + C3p + C ()]

2.5. Statistical analyses

The fractional abundances of brGDGTs (Ia-Illc) and n-alkane (n-Cs-
C3s5) compounds were obtained by normalizing each concentration to
the summed concentration of all homologues considered (Appendix
Tables S2 and S3). Principal Component Analysis (PCA) was performed
on the fractional abundance to provide a general view of the variability
of the distribution of brGDGTs and n-alkanes by using the R program
(Pinheiro et al., 2015).

3. Results
3.1. Biomarker abundances

A clear difference is observed not only on terrestrial matter inputs
but also in the production of the two studied basins. Biomarker con-
centrations are overall higher in the Pacific with values up to one order
of magnitude greater. Higher acyclic brGDGT concentrations, related to
soil input, were found in the Pacific coast related to river outlets, and
lower values are measured in offshore Caribbean (Fig. 2a).

Acyclic brGDGTs ranged between 0.04 and 1.0 ug/gsq in the
Caribbean (Figs. 2a) and 0.1-2.4 1g/gsq in the Pacific (Fig. 2a). Cre-
narchaeol concentrations, which would indicate marine Archaea pro-
duction, are also higher in the Pacific (ranging from 0.2 to 14.2 ug/gseq;
Fig. 2b) than in the Caribbean (ranging from 0.006 to 1.8 Ug/Zsed;
Fig. 2b). Unlike the terrestrial input, crenarchaeol concentrations are
highest in the southernmost samples and station P1 both in the Pacific
(Figs. 1 and 2b).

The odd numbered n-C,s5_35 n-alkanes, also used as a terrestrial input
marker, ranged from 0.6 to 3.6 1g/gsq in the Caribbean, reaching much
higher values 0.7-13.7 ug/gseq in the Pacific (Fig. 3a) confirming the
acyclic brGDGT distribution. The odd numbered n-alkanes n-Cis.i9
concentrations, which indicate algal and photosynthetic bacteria in situ
production, were between 0.04 and 4.1 ug/gs.q and between 0.3 and
7.9 Ug/gseq in the Pacific (Fig. 3b). In the case of the n-alkanes the two
ranges displayed contrasting patterns with higher continental input
detected offshore and increased algal production closer to the coast
(Fig. 3a and b). In contrast, the Caribbean presents lower biomarker
abundances even in stations close to the coast (Figs. 2a and 3a).

3.2. Indices of terrestrial input and in situ production

With the exception of site 12P the BIT index was lower in the Pacific
than in the Caribbean (Fig. 2c). Pacific BIT values diminish from coastal
to more open sea samples, with more terrestrial signal associated to the
major rivers in that coast. In the Caribbean instead highest BIT index in
station 10C is not associated to a river outlet (Figs. 1 and 2c). However,
BIT values higher than 0.5 are observed in the Gulf of Uraba where the
Atrato River discharges (Figs. 1 and 2c). In the case of the #ringsSeqra
highest values can be seen in the Caribbean with all values above 0.7
(Fig. 2d). In the Pacific a clear decrease of the #ringseta is Observed as
we move further away from the coast, with coastal values up to 0.9 and
decreasing to 0.3 in the more open water locations (Fig. 2d).

The ACL index ranges between 28.5 and 31, with highest values
found in the Pacific (Fig. 3c). While station 10P shows a value of 31
ACL, all other stations are below 30, with the lowest values found in the
Caribbean Coast (Fig. 3¢). The CPI values were generally higher in the
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Pacific, with very few points approaching zero (Fig. 3d). Lower CPI
values were found in samples close to the coast in some cases related to
the presence of harbors (Figs. 1 and 2d).

3.3. PCA results and cluster analysis

The principal component analysis of the 15 brGDGTs shows a
component 1 that explained 61.6% of the variation and a component 2
that explained 13.9 (Fig. 4a). According to these components, samples
can be divided in 3 clusters, 1 and 2 that separate according to com-
ponent 2 and Cluster 3 separated from the other two in the X axis
(Fig. 4b).

Clusters 1 and 2 plot closer to the coast, while cluster 3 is only found
in more open water samples of the Pacific (Fig. 4c). While brGDGTs
distributions in cluster 1 and 2 mainly differ in the dominance of Ia
(Cluster 2) versus abundance of Ib and Ic (Cluster 1), Cluster 3 presents
a very different distribution (Fig. 4d).

In the case of the PCA of n-alkanes the first component explains
46.1% and the second 22.6% of the variation (Fig. 5a). According to
this components stations plot in 4 clusters, mainly related to the
quadrants of the PCA (Fig. 5b). Cluster 1 includes the lowest n-alkane
chain lengths and Cluster 3 the highest, with Cluster 4 being the most
different (Fig. 5). Cluster 1 is usually found further away from the coast
while others are closer (Fig. 5¢). Cluster 4 can only be found in 2
samples of the Caribbean followed in size by Cluster 2 that only in-
cludes 3 samples, 2 in the Pacific and 1 in the Caribbean (Fig. 5c).
Clusters 1 and 2 show a predominance of low chain n-alkanes (highest
values of n-Cig) and Clusters 3 and 4 display higher n-alkane chains
(highest values n-Cs;; Fig. 5d).

4. Discussion

The two study areas present strong contrast both on OM terrestrial
input and marine production, with the Pacific presenting higher values
for both parameters. The Colombian Pacific coast is characterized by
dense tropical rain forests, active fault systems, steeper slopes and high
precipitation rates (with some areas reaching up to 12,000 mm an-
nually; Aalto et al., 2006; Poveda et al., 2014) and it has already been
described to have higher inorganic sedimentary loads (Restrepo and
Alvarado, 2011). The Caribbean basin is instead oligotrophic mainly
because it has smaller and seasonal upwelling cells, receives less pre-
cipitation, and extensive river floodplains act as sedimentary traps, and
thus a smaller inorganic sedimentary load reaches coastal waters
(Rodriguez-Rubio and Stuardo, 2002; Rueda-Roa and Muller-Karger,
2013; Poveda et al., 2014) all of which result in less nutrients present in
the system and thus diminished in situ production. The aim of the paper
was to analyze the sources, modes of delivery and storage and de-
gradation of OM in the two contrasting coasts and will be discussed in
detail in the following sections.

4.1. Source of biomarkers

There are two main natural sources for the biomarkers in this study,
continental soil and vegetation input, and in situ production in the
water column or sediments. While we tried to quantify terrestrial or-
ganic input using the BIT index (Hopmans et al., 2004; De Jonge et al.,
2014), since crenarchaeol concentrations are up to three times higher
than brGDGTs (Fig. 2), values were dominated by in situ Thaumarch-
aeota production rather than continental input. Problems with the use
of the BIT index in relation to biomarker concentrations have been
previously reported (e.g., Fietz et al., 2011a; Smith et al., 2012).

Using the #ringeua (Sinninghe-Damsté, 2016) we observe the pre-
valence of in situ production of brGDGTs at the Caribbean side while
only a few coastal stations in the eastern Pacific present values higher
than 0.7 and thus transport of brGDGTs from soils. This would further
explain the lack of correlation between other terrestrial input indicators



C. Huguet, et al.

15°N

10°N

"Ocean Data View / DIVA

15°N

10°N

30

29

"Ocean Data View / DIVA

——— 28.5
76°W

30.5

29.5

Journal of South American Earth Sciences 96 (2019) 102349

15°N 8

-6
10°N
4
5°N g
5
=
| 2
£
EQ s 13 B9
82°W

15°N

10°N

“Ocean Data View ] DIVA

_— 0
82°w 76°W

Fig. 3. Spatial distribution of biomarkers in sediments for a) odd numbered n-alkanes n-Cys_35 (1g/8sea), b) 0dd numbered n-alkanes n-Cys.19 (18/8sea), ¢) ACL, and d)
CPI (n-Cys.35). Main rivers have been indicated in light blue and harbors with grey stars. (For interpretation of the references to colour in this figure legend, the reader

is referred to the Web version of this article.)

and BIT values since in situ production of both BIT endmembers is
taking place (e.g., Fietz et al., 2011a, 2011b and references therein).
We thus used acyclic brGDGTs concentrations as indicators of soil
terrestrial input. They were found to be elevated in coastal areas as-
sociated mainly to river mouths in the Pacific. This terrestrial input
indicator matches known inorganic terrestrial inputs (Rodriguez-Rubio
and Stuardo, 2002; Rueda-Roa and Muller-Karger, 2013; Poveda et al.,
2014) as well as n-alkane distributions of higher plants in the present
study. There is a predominance of acyclic brGDGT Ia especially in the
more coastal samples of clusters 1 and 2. High Ia in tropical soils is
explained by both the low pH that results in the dominance of acyclic
GDGTs and the low degree of methylation associated to higher tropical
temperatures. While cluster 1 has elevated Ia, it contains a higher
proportion of Ib and Ic, indicating a higher degree of cyclisation and
thus higher pH in the Caribbean. This may be due to more basic soils
being washed in the Caribbean area but we think instead it is reflecting
the more basic conditions found in the Caribbean basin itself (e.g.
Molnar, 2008; Poveda et al., 2014), since in situ acyclic brGDGT pro-
duction is high in that area. Cluster 3 with higher proportions of cy-
clized and methylated brGDGTs is only found in the Pacific. The sta-
tions in the cluster are also the ones that show the highest # ringeqa
and thus would be indicating the transported continental soil signal

without overwriting from in situ brGDGT production in the sediments.
They are also the deeper stations in the dataset so a better preservation
of the signal could also take place.

Terrestrial plant input, as recorded by long chain odd n-alkanes, is
also higher in Pacific thus confirming that organic input is coupled to
inorganic matter contribution patterns. Coastal stations in both the
Caribbean and Pacific are clearly dominated by n-C,g, n-C3;, and n-Css
(Cluster 3, Fig. 5), indicating that the main source of hydrocarbons is
continental vegetation. Only three samples fall within cluster 4 that
shows not only high values of n-Cyg, n-C3; and n-Css, but also elevated
n-Cy;, n-Coz and n-Cys abundances. Odd numbered mid-molecular
weight n-alkanes with maximum in n-C,;, n-Co3 and n-Cos are indicators
of freshwater and submerged macrophytes (e.g., Ficken et al., 2000;
Mead et al., 2005). All stations in cluster 4 are at the Caribbean coast
(Fig. 5) and their natural hydrocarbon distribution could be related to
coastal vegetation such as mangroves that can be found in the area
(Gonzalez et al., 2006). As n-alkane distributions for Rhizophora mangle
(Red Mangrove) show increasing abundances from Cpz to Cog9 (Mead
et al., 2005), based on that, this vegetation type can be ruled out as a
source of the observed signal. The ACL index (e.g., Cranwell, 1984) has
been related to the type of terrestrial vegetation where the n-alkanes
come from, with C3 plants showing a ACL of 29 and C4 grasses
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Fig. 4. Results of (a) the Principal Component Analysis (PCA) and b) Hierarchical Clustering on Principal Components (HCPC) based on the fractional abundance of
the 15 brGDGTs compounds, ¢) map showing the spatial distribution patterns of 3 clusters obtained from the HCPC, and d) average brGDGTs distributions of the
corresponding clusters. Roman numerals refer to the structure of brGDGTs (see Appendix Fig. S1).

displaying higher ACL vales around 30.7 (e.g., Bianchi and Canuel,
2011; Rommerskirchen et al., 2006). All the ACL values measured are
below 30.7, so no overall dominance of C4 plants in either basin.
However, some stations at the Caribbean and half the stations at the
Pacific (to the north) display values around 30 indicating a significant
C, grass signal. This is most likely related to the dominance of more arid
and open ecosystems in the Caribbean, and to the trajectory of the
Caribbean low-level jet that carries plant remains from northern South
America and deposits them in the northern corner of the tropical Pa-
cific.

In situ primary production is higher in the Pacific, coupled to higher
terrestrial and hence nutrient input. While stations far away from the
coast are dominated by in situ production they still record a continental
vegetation signal. The odd short chain n-alkanes (n-Cis.19) have been
used to evaluate algal and/or bacteria productions (e.g., Han and
Calvin, 1969; Meyers and Ishlwatari, 1993, Fig. 3b). Highest production
was found in coastal Pacific stations with concentrations above 6 pg/

gsed in some samples. High algal and/or bacterial production are asso-
ciated to riverine inputs but also show a good correspondence with
upwelling systems (Figs. 1 and 3b). The primary production as in-
dicated by short chain n-alkanes is associated mainly to one of the
upwellings in the area (Fig. 1) which is also reported to display high
chlorophyll levels (Rodriguez-Rubio and Stuardo, 2002). Like riverine
discharge, upwelling will increase the amount of nutrients in the water
column and hence foster higher levels of primary production. At the
Caribbean side, higher values are close to the mouth of the Magdalena
River and at the Gulf of Uraba in the Panama border (outlet of the
Atrato River) most likely associated with high particulate loads and
thus nutrient levels (Rodriguez-Rubio and Stuardo, 2002; Rueda-Roa
and Muller-Karger, 2013; Poveda et al., 2006, 2014). However, like in
the Pacific, stations C10 and C11 may also be influenced by the sea-
sonal upwelling present in that area (Figs. 1 and 3b).

We evaluated the crenarchaeol concentrations as indicator of ni-
trifying Archaea belonging to the Thaumarchaeota group (e.g.,
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Sinninghe Damsté et al., 2002). Thaumarchaeota have been found to
dominate coastal nitrification (e.g. Urakawa et al., 2014). A good cor-
relation was reported between intact isoprenoid GDGTs (including
crenarchaeol) and ammonia oxidation rates (Urakawa et al., 2014).
Crenarchaeol concentrations were found to be up to eight times higher
in the Pacific, in agreement with the nitrate concentrations (Fig. 1S).
Highest values in the Pacific were found close to the equator probably
related to nutrient-rich waters carried by the Humboldt Current (Fig. 1)
from the Peru upwelling area. High crenarchaeol and nitrate are also
coupled to the Pacific Upwelling and input of the San Juan River
(Figs. 1 and 1S). Overall, nitrate and crenarchaeol concentrations were

low in the Caribbean even in coastal or riverine input areas. While a
crenarchaeol and phytoplankton abundance coupling has been ob-
served in several study areas (Fietz et al., 2011b) this is not the case for
the present study.

4.2. Delivery mode of terrestrial OM into coastal environments

The two main ways of transport of terrestrial OM to the marine
environment are eolian transport and water discharge either through
rivers or surface runoff. In order to disentangle the two, we used acyclic
brGDGTs mainly as riverine discharge indicators and n-alkanes as
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eolian input tracers, however, when we compare Figs. 2a and 3a we
observe similar distributions. Which could indicate, despite our initial
premise of differential delivery systems, both enter the ocean through
the same mechanism. Concentration of both are higher in river mouths
especially the Mira and Patia rivers at the Pacific Coast (Figs. 1 and 2a)
which would point to this as the main delivery mechanism for n-alkanes
and brGDGTs. However, stations north of the San Juan River also
present high brGDGTs and that may be related to either smaller rivers
in the area, and/or surface runoff (Figs. 1 and 2a). That coastal area
receives moisture pushed inland by the Chocé jet (Fig. 1) which is then
uplifted and cooled resulting in the Choc6 being one of the wettest
places on Earth (annual average can be as high as 12,000 mm). High
precipitation coupled to the steepness of the terrain favors the forma-
tion of short rivers that discharge great amounts of water, resulting in
great denudation and erosion (Restrepo and Kjerfve, 2000; Restrepo
and Alvarado, 2011). Thus, even though rivers are shorter and present
smaller catchments, the sedimentary loads are highest in the Pacific
region (Table 1; Restrepo and Alvarado, 2011) validating our bio-
marker distributions. The same could explain the elevated n-alkanes of
higher plants (n-Cys.35) in station P10 (Figs. 1 and 3a). However, since
continental n-alkanes can also be transported via eolian dusts (e.g.,
Brassell and Eglinton, 1980; Eglinton and Eglinton, 2008), the winds
from the Caribbean low-level jet should not be ruled out as a possible
transport mechanisms in this particular case. Especially since the ACL
indicates a drier signal in the stations of the north tropical Pacific.
Another way to explain the high concentration of n-alkanes in station
P10 would be related to the Panama Bight Gyre (Fig. 1) funneling
biomarkers to that specific location. This latter hypothesis is supported
by stations P12 and 13 (Fig. 1) also having elevated n-C,535 n-alkane
concentrations (Fig. 3a).

In the Caribbean, we observe higher acyclic brGDGT abundances in
the Uraba Gulf, bordering Panama, as compared to the Magdalena or de
Sind discharge areas (Figs. 1 and 2a). This might be because sampling
resolution does not allow for a one to one comparison, but also because
the Atrato River drains one of the wettest catchments in the Pacific, but
flows into the Caribbean. This hypothesis is supported by the Atrato
River delivering the highest sediment yields in the Caribbean area
(Table 1; Restrepo and Alvarado, 2011). The n-alkanes of higher plants
are highest in station 1C (Fig. 1), and since this station is off shore this is
likely not related to either eolian or riverine input. Instead, we believe
that the high n-alkane values are related with the influx of the Car-
ibbean Current (Fig. 1) bringing water masses from further south with a
higher biomarker load.

4.3. Petrogenic signal

Petroleum is a complex mixture of many organic compounds, which
includes preferentially even numbered n-alkanes (e.g., Bianchi and
Canuel, 2011; Wang et al., 1999). Hydrocarbons of petroleum origins
enter the system through anthropogenic processes such as shipping
activity or industrial dumping (e.g., Wang et al., 1999; Kim et al.,
2017). Overall petrogenic contamination was higher in the Caribbean
than in the Pacific due most likely to increased activity in that basin.
The CPI (Bray and Evans, 1961) was calculated to estimate petroleum
inputs into the sediments with expected values above 4 for natural
sources and values of 1 or lower for petrogenic n-alkanes (e.g.,
Simoneit, 1984). Higher CPI values are found in the Pacific than in the
Caribbean (Fig. 3d) indicating less inputs of petroleum-derived n-al-
kanes into that basin. Nonetheless stations 2P, 7P, 12P and 13P display
CPI values below 2 that indicate some petrol contamination (Figs. 1 and
3d). Station 7P is close the Buenaventura Harbour (Fig. 1) with a
transport activity above 12.1 Millions of Tons (MT; Ministerio de
Industria y Turismo, 2013) that would explain elevated petrol con-
centrations in the sediments. In the case of station 2P (Fig. 1), low CPI
values could be related to petrol-contaminated waters from the Patia
River. The other stations may be explained either by dumping of petrol
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form Central American harbors, due to recirculation of water masses in
the Panama Bight Gyre or re-working of sediments by bottom currents.

In the Caribbean, we find values of CPI below 1 in some coastal
stations, especially those related to main seaports (Fig. 1) and 1 at the
Gulf of Urabéa. Not only the Caribbean has higher number of harbors but
also they have much higher activity than the Buenaventura one
(Ministerio de Industria y Turismo, 2013) thus explaining lower CPI
values in that basin. Regarding the Gulf of Uraba (covered in our study
by samples 3C, 5C and 7C; Fig. 1) a previous study reported surface
sediments contamination with Zn (from pesticides) and Ag (from
mining activity in the area) (Toro et al., 2016). While the Gulf of Uraba
presents no harbors, there is very high export shipping activity that
takes place off shore (CH personal observation) and could explain low
CPI values in our samples.

5. Conclusions

Clear differences can be observed in terms of terrestrial input,
marine productivity and diversity between the two study areas high-
lighting the potential of the multipxoy approach to trace back hydro-
logical changes and weathering over the continental tropical South
America as well as its consequences in coastal environments. The
Caribbean study area presents smaller sedimentary loads associated
with lower nutrient levels, which results in lesser productivity and di-
versity in the area. In addition to higher sedimentary load, the Pacific
side is also influenced by the Humboldt Current, which results in fur-
ther enhancement of productivity due to nutrient upwelling in that
setting compared to the Caribbean. We propose that the main source of
terrestrial OM is related to river discharge. Acyclic brGDGT biomarkers
are good indicators of terrestrial OM input even though coastal areas,
especially the Caribbean one show significant in situ production. The
application of n-alkanes allowed to distinguish between OM photo-
synthetic sources and helped confirm mainly riverine continental OM
input. Crenarchaeol was highly correlated to nutrient input and nitrate
as an end result of Thaumarchaeota ammonia oxidation. Petrogenic
contamination was higher at the Caribbean, specially related to main
harbors in that area.
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