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We investigated dual carbon isotopes within the vertical water column at sites
67-1 and 67-2 of the western equatorial Indian Ocean to determine the source
and age of particulate organic carbon (POC) and thus evaluated the contributions
of modern and fossil (aged) POC. The concentration of POC ranged from 7 to
473 ngC L™, 8°Cpoc values ranged from —31.8 to —24.4%., and AY*Cpoc values
ranged from —548 to —111%.. Higher values of 8" *Cpoc and AMCpoc near the
surface indicated an influence of autochthonous POC, whereas decreasing
trends toward the bottom suggested a contribution of aged OC sources to the
total POC pool. The contribution of fossil POC was lower near the surface,
accounting for only 12% and 6% of the total POC at sites 67-1 and 67-2,
respectively; however, in the deeper layers below 1,000 m, the contribution of
fossil POC increased to 52% and 44% of the total POC at the two sites.
Mechanisms for the increased contributions of fossil OC within deeper POC
include the inflow of aged OC from sediments resuspended near slopes, the
adsorption of old dissolved organic carbon in deep water masses, and the impact
of aged OC that may originate from hydrothermal sources. This study highlights
the importance of aged OC in the carbon cycle of the equatorial Indian Ocean.
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1 Introduction

Understanding the ocean’s capacity to absorb and sequester
CO, is crucial for evaluating the impacts of human-driven increases
in atmospheric CO, and is closely linked to the important role of
organic carbon (OC) in the marine environment as a key
component of the global carbon reservoir (Sabine et al., 2004;
Devries, 2022). Atmospheric carbon is fixed by phytoplankton in
the surface ocean, with only a small fraction being transported to
deep waters and then buried in sediments (Volk and Hoffert, 1985;
Honjo et al., 2008). This biological pump drives a variety of oceanic
biogeochemical processes, and within this process, marine
suspended particulate organic carbon (POC) represents a crucial
component of the carbon pool (Volk and Hoffert, 1985; Devries,
2022). It serves as a key link between primary production, carbon
export, and subsequent sequestration in the deep ocean. However,
interestingly, the majority of the marine POC exported from the
surface ocean to the deep ocean shows an older radiocarbon age
(low A™C value) than that expected when considering freshly
produced POC as the sole source (Druffel et al., 1992; Druffel
et al, 1998; Hwang et al., 2010). The stable carbon isotope ratio
(8"3C) has been used to trace the source of POC, and the
radiocarbon isotope provides additional information about the
age and reactivity of POC in the marine environment (Druffel
et al., 1998; Marwick et al., 2015; Kang et al., 2020; Verwega et al.,
2021). Dual carbon isotopes (stable and radiocarbon) are effective
tools for investigating the biogeochemical processes of marine POC,
providing insights into both its source and reactivity.

Various physical and biogeochemical processes that can affect
the global carbon cycle are occurring in the Indian Ocean. The
tropical Indian Ocean is influenced by various water masses,
including tropical surface waters, Arabian Sea highly saline
waters, Bay of Bengal waters, and Indonesian throughflow; and is
bounded by the Asian landmass to the north and the African
landmass to the west (Talley et al., 2011; Emery, 2015; Kim et al.,
2021), which affects its current patterns, nutrient redistribution,
productivity, and biogeochemical properties (Sardessai et al., 2010;
George et al., 2013). The equatorial Indian Ocean is influenced by
the Wyrtki jet, a zonal current system characterized by a narrow,
fast-flowing eastward current at the surface, which makes the
equatorial Indian Ocean less productive than the equatorial
Pacific or Atlantic (Wyrtki, 1973; George et al., 2013). The
tropical Indian Ocean also includes the Seychelles Chagos
Thermocline Ridge (SCTR), an area between 10° S and 5° S
characterized by open ocean upwelling that brings nutrient-rich
waters to the surface, resulting in high biological productivity
(Hermes and Reason, 2008; Dilmahamod et al., 2016; Kang et al.,
2021; Kim et al,, 2022; Lee et al,, 2022). However, only a limited
number of investigations have utilized carbon isotopes for carbon
cycle studies in the Indian Ocean. Most of the stable carbon isotope
composition measurements were conducted in the southern part of
the Indian Ocean during the 1990s (Francois et al., 1993; Bentaleb
et al., 1998; Riaux-Gobin et al., 2006). Subsequently, during the
2010s, research focusing on the tropical Indian Ocean (Soares et al.,
2015; Subha Anand et al., 2018) and the eastern Indian Ocean (Raes
et al., 2022) was reported. Nevertheless, the Indian Ocean remains
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understudied in comparison to other oceans, such as the Pacific and
Atlantic (Close and Henderson, 2020; Verwega et al., 2021).
Although several studies have been conducted on surface POC,
our understanding of deep water POC dynamics remains largely
underexplored, particularly in the Indian Ocean. Additionally, a
noteworthy gap exists in the investigation of the sources and age
characterization of POC within the context of open ocean
conditions in the Indian Ocean. In this study, we investigated the
vertical variability of both concentrations and stable and
radiocarbon isotopes of POC in the western equatorial Indian
Ocean. Our main objectives were to report the dual carbon
isotope composition in the western equatorial Indian Ocean for
the first time, to determine the sources and age of POC, and thus
evaluate the contributions of modern and aged OC.

2 Materials and methods

2.1 Sampling and measurement of
environmental properties

The KIOS22 cruise (23 Jun to 14 Jul, 2022, R/V ISABU) was part
of the Korean contribution to the Second International Indian
Ocean Expedition (2015-2025) in the southwestern Indian Ocean
along the 65° E and 67° E meridions from 7° S to 1° S. Vertical POC
samples were collected during the 67° E transect from stations at 1°
S (station 67-1; 67.0002°E, —=1.0005°S; n=13) and 2° S (station 67-2;
67.0000°E, —-1.9992°S; n=13), where it was expected to have the
characteristics of an open ocean with low productivity and little
influence from SCTR upwelling. (Figure 1A). The vertical
environmental parameters were measured using a conductivity—
temperature-depth (CTD) profiler (SBE 911plus; Sea-Bird
Electronics, USA) mounted on a carousel water sampler. Depth,
temperature, conductivity, dissolved oxygen (DO), and fluorescence
were measured during the cast. DO concentration measured by SBE
43 calibrated onboard using Winkler titration, with a measurement
precision below 1 umol kg™. Water column samples were collected
at each sampling depth using a Niskin rosette sampler. Duplicate
water samples (5 L) were filtered through pre-combusted 25-mm
GF/F filters (Whatman, 0.7 wm) for POC concentration and stable
and radiocarbon isotope analysis, respectively. All samples were
kept in a freezer until analysis.

2.2 Geochemical analysis

The filter samples for POC concentration and stable carbon isotope
analysis were freeze-dried and acid-fumed for decalcification. POC
concentrations and stable carbon isotope values were measured using
an EA-IRMS system (MAT 253-plus connected with Flash IRMS
elemental analyzer, Thermo Fisher, Germany). Stable carbon isotope
ratios were expressed in delta notation (8, %o). The radiocarbon isotope
of the filter samples was decalcified by acid dropping and then
measured using a MICADAS AMS system at the Ocean University
of China (OUC-CAMS) following their standard routines (Wang et al,,
2023). The radiocarbon isotope ratio was expressed as delta notation
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FIGURE 1

(A) A map showing the study area and sampling sites in the Western Indian Ocean. (B) The T-S diagram shows the water masses distribution in the
study area: Arabian Sea Surface Water (ASSW), South Indian Subtropical Underwater (STUW), South Indian Central Water (SICW), Red Sea Overflow
Water (RSOW), Indian Deep Water (IDW), Antarctic Intermediate Water (AAIW) and Circumpolar Deep Water (CDW). (C) Vertical profiles of the

environmental factors measured in the sampling sites.

(A, %o) or Fm. Fm represents the fraction modern, defined by the
deviation of the "*C/"*C ratio of the sample from the modern (AD
1950) value.

2.3 Statistical analyses

All statistical analyses were performed using R. The Pearson
correlation test (r) was performed to determine the relationship
among the different datasets. Probabilities (p) were determined, and
a p value of< 0.05 was considered significant.

2.4 Isotope mixing model

Fossil OC (Fgs1) introduction to the POC pool using a binary
isotope mixing model based on the equation as follows:

Ffossil = (Xsample - Xmodern)/ (Xfossil - Xmodern) x 100% (1)

where Xgmple is the AM™C value of the measured sample and
Xmodern and X¢ssii are the modern and fossil POC end-member
values, respectively.
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3 Results
3.1 Environmental parameters

At site 67-1, potential temperature ranged from 1.8 to 29.5°C,
salinity ranged from 34.7 to 35.5 psu, and DO ranged from 44.3 to
186.6 umol L™, Site 67-2 displayed comparable trends, with potential
temperature between 1.4 and 29.2°C, salinity from 34.7 to 35.5 psu, and
DO from 48.9 to 187.3 umol L., Both sites showed similar trends of
high potential temperature and salinity at the surface and decreasing
values to the bottom (Figure 1C). DO exhibited an oxygen minimum
zone near 150 m and 1,000 m, respectively (Figure 1C). Fluorescence
ranged from 0.0044 to 0.3352 mg m™ at site 67-1 and from 0.0013 to
0.9413 mg m™ at site 67-2, with maximum values observed near 75 m
and 50 m from the surface due to the high primary productivity at both
sites and minimum values observed at the bottom (Figure 1C).

3.2 Geochemical parameters

POC concentrations ranged from 7 to 26.7 ugC L™ and 13.6 to
473 ugC L' at 67-1 and 67-2, and particulate nitrogen (PN)
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concentrations ranged from 0.8 to 4.7 ugN L™ and 0.8 to 5.7 ugN
L™, respectively (Supplementary Table 1). Concentrations of POC
and PN were generally higher in the upper water column (~100 m)
than at deeper depths, and both POC and PN values exhibited a
rapid decreasing trend down to 100 m depth and then decreased
slightly toward the bottom (Figure 2). However, the concentration
change was relatively rare and almost uniform. The C/N ratio
showed an increasing trend with depth, with values of 6.8 to 15.8 at
67-1 and 6.9 to 19.5 at 67-2 (Figure 2). At both sites, the 3"Cpoc
values were highest at the surface, with values of -25.6 + 1.2%o and
-24.5 + 0.1%o at 67-1 and 67-2 (Figure 2), respectively. The
A"Cpoc values were also high at the surface, with values of -
164.5%o0 at 67-1 and -133.6 + 32%o at 67-2 (Figure 2). Subsequently,
a rapid decrease in both stable and radiocarbon isotopes was
observed from the surface to approximately 100 m. However,
beyond this depth, a slight increase followed by a gradual
decrease was noted toward the bottom. Notably, the lowest
8 Cpoc values of -30.9 + 0.9 and -30.1 + 0.3 and A™Cpoc
values of -494.7 + 48.9 and -412.4 + 87.6 in 67-1 and 67-2,
respectively, were observed at depths below 1,000 m.

+

4 Discussion

4.1 Vertical distribution of biophysical and
geochemical parameters

The water mass properties at the study sites were identified by
potential temperature, salinity, and DO concentration (cf. Kim
et al,, 2020a; Kim et al, 2021) (Figure 1B). Arabian Sea Surface
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Water (ASSW; T: 24.0-30.0°C, S: 35.5-36.8; Emery, 2015) and
South Indian Subtropical Underwater (STUW; T: 8.2-21.1°C, S:
35.4-35.7, DO: > 150 umol kg~ '; O’Connor et al,, 2005) with high
salinity were at the upper part of the study sites. South Indian
Central Water (SICW; T: 9-25°C, S: 34.6-35.8; Emery, 2001) was in
the subsurface (200-300 m) of the study area, and Red Sea Overflow
Water (RSOW; T: 5.0-14.0°C, S: 34.8-35.4; Talley et al., 2011) was
detected below 300 m. Indian Deep Water (IDW; T: 1.6-9.37°C, S:
34.78-35.01; You, 2000; Sengupta et al., 2013), Antarctic
Intermediate Water (AAIW; T: 2.0-10.0°C, S: 33.8-34.8; Emery,
2015), and Circumpolar Deep Water (CDW; T: 1.0-2.0°C, S: 34.62-
34.73; Emery, 2015) with lower temperature and salinity values
existed in the deeper part of the water column below 1,000 m. The
water masses defined in this study were consistent with those of
previous research (e.g., Kim et al., 2020a; Kim et al., 2021).

In both 67-1and 67-2, the concentration of POC was high in the
upper water column (suface to 100 m), with values of 27.0 + 3.1 ugC
L™ and 40.5 + 6.0 ugC L™". The C/N ratio and §"C values,
indicative of OC sources within this depth were close to the range
of typical C/N ratio and 8">C values of marine phytoplankton (6 to
10 and -24%o to —16%o, respectively) (Peterson and Fry, 1987;
Lamb et al., 2006). In upper water column, DO concentration was
relatively high, and fluorescence was also elevated within this depth.
This suggested the introduction of autochthonous POC into the
upper water column by marine phytoplankton. Both high POC
concentration and high fluorescence value in upper water column
further supports this observation (Figure 1C). However, low R
values between POC isotopes and fluorescence at most sites
(Supplementary Figures 1C, D) suggested that factors other than
primary production primarily influenced the vertical distribution of
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FIGURE 2

Vertical profiles of the (A) POC concentration (ugC L), (B) PN concentration (ugN L), (C) C/N ratio, (D) §-*Cpoc (% VPDB) and (E) A¥*Cpoc (%) in

the two sites.
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geochemical parameters. Since salinity distributions provide
information about the transport and mixing of different water
masses (Kim et al., 2020a; Kim et al., 2021), significant positive
correlations between salinity the carbon isotopes at both sites
(Supplementary Figures 1A, B) suggest that the vertical
distribution of POC sources in the water column is likely
controlled by hydrological distributions, such as the mixing of
different water masses. Indeed, the slopes of the linear regressions
were similar at both sites, implying that similar hydrological effects
impact both sites (Supplementary Figures 1A, B). Accordingly, the
vertical distribution of the carbon-related parameters in the study
area is controlled primarily by the mixing of different water masses,
but also by the input of autochthonous POC.

To the best of our knowledge, no A"Cpoc profile has been
reported for the water column of the tropical Indian Ocean. A
previous study on the suspended POC pool demonstrated a vertical
distribution of A" Cpoc values ranging from 43 to 139%o in the
North Central Pacific and -92 to 162%o in the Sargasso Sea in the
Atlantic Ocean (Druffel et al., 1992), indicated that most of the POC
in the water column was derived from recently produced POC by
primary production in the surface ocean (McNichol and Aluwihare,
2007). On the other hand, recently reported A"Cpoc results in an
open ocean transect of Cape Blanc (Fm ranging from ~0.6 to 1.0)
emphasized the potential presence of POC with low *C values,
which is indicative of sediment resuspension-derived input in the
deeper water column (Druffel et al., 2022). Overall, the radiocarbon
isotope values in the western equatorial Indian Ocean measured in
our study were much lower than those measured in the Pacific and
Atlantic Ocean. Since sinking POC contains more material from the
surface than suspended POC (McNichol and Aluwihare, 2007),
assuming that recently produced POC mainly sinks from the
surface, the input of aged POC in our study is likely associated
with the inflow of older OC originating from resuspended
sediments near continental margins or slopes (Druffel and
Williams, 1990; Hwang and Druffel, 2006; Kim et al., 2020b). The
Mascarene Plateau is located in the southwestern part of the study
area and consists of an arcuate series of wide, shallow banks with
small islands (Mart, 1988; Sreejith et al., 2019). These features are
bounded by steep scarps that commonly slope to depths exceeding
3,000 m (Mart, 1988). Moreover, the study site is located on the
Central Indian mid-ocean ridge, which is steep and the site of many
earthquakes (Mart, 1988; Iaffaldano et al., 2018). On these slopes,
particles are transported from continental shelves to slopes as
nepheloid layers, and earthquake-induced resuspended sediment
also plays a role in sediment supply (McCave, 1986; Lorenzoni et al.,
2009). On the upper continental slope, ranging from 500 to 1,000 m
water depth, resuspended sediment from the shelf/slope break is
prominent at shallower depths, and local sediment resuspension
and lateral transport along the slope become significant in the
2,000-3,000 m range (Kim et al., 2020b). Accordingly, the decrease
in A"Cpo values observed in the deep ocean in this study may be
associated with the inflow of sediment introduced from the
surrounding continental slope, along with the subsequent
introduction of aged POC.

Another possibility is the absorption of old dissolved organic
carbon (DOC). Older OC is incorporated into the POC through the
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sorption of aged DOC from depth (Druffel and Williams, 1990). It is
worth to note that mixing of different water masses may control the
vertical distribution of POC sources in this region, as discussed
earlier. Bercovici et al. (2018) revealed radiocarbon isotope values of
DOC spanning the South Indian Ocean (56°S to 29°S), with deep
CDW AMCpo values of 491 + 13%o0 and IDW A" Cpoc values of
—503 + 8%o (Bercovici et al., 2018). The water mass properties of the
study sites identified by potential temperature, salinity, and DO
concentration revealed that the CDW and IDW affect the deep
water of the study site (Figure 1). Thus, absorption processes
involving aged DOC in deeper water masses might offer a
mechanism for diminishing A'*C values in suspended POC
within this region (Druffel and Williams, 1990). To elucidate the
increase in aged POC resulting from aged DOC sorption in deeper
water column from different water masses, further research on the
variation in DOC/POC ratio and stable isotopes of DOC is needed.

4.2 Contribution of fossil POC to
suspended particles

The POC concentrations were positively correlated with
8"Cpoc and A™Cpoc at both 67-1 and 67-2 (r = 0.77, p< 0.05
and r = 0.87, p< 0.05, respectively) (Supplementary Figure 2). As
discussed above, high 8" Cpoc values and higher concentration of
POC in the upper layer of the water column indicate a greater input
of in-situ produced POC. It also suggests that the higher POC
concentrations in the study area are associated with greater inputs
of in-situ produced POC with higher A" Cpoc values. This
correlation can also be explained by a mixing between two
components, fossil POC (POCygi) and recently produced POC
(POChodern), Where POCy is radiocarbon free with an Fm value
of 0 (A™C = -1000%o). Given the recent fixation of modern OC
with a young radiocarbon age, it becomes possible to estimate the
proportion of fossil OC (Fyssi1) introduction to the POC pool using
a simple mixing model using Equation 1. For this calculation, we
assumed A'™C end-member values of A™Ciet = —1000%0 and
AM™Coodern = +50%o (cf. Wang et al., 2012; Yoon et al., 2016). This
calculation indicates that the total suspended POC pool is a mixture
of approximately 15-57% of fossil OC and 43-85% of modern OC.
However, due to the variability in the age of POCdern (Fm > 0),
influenced by its residence time (Galy et al., 2008), the accuracy of a
simple mixing model could be compromised. Hence, we also
applied a binary mixing model to estimate the proportions of
fossil (i.e., petrogenic) and modern (i.e., biospheric, modern
biomass, and pre-aged carbon) OC. The end-members of
POCi0dern and POC,q can be calculated using a binary mixing
model, as follows Equations 2 and 3 (cf. Galy et al., 2008; Li et al,,
2015):

meodern X Cmodern + meossil X Cfossil = Fmx Ctotal (2)

Cmodern + Cfossil = Ctotal (3 )

where Fm, Fm,ogern, and Fmygy are the radiocarbon
compositions of bulk POC, POC,,ogern, and POCrysi1, and Cioals
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Cinodern> and Crossit are the concentration of bulk POC, POC,, oderns
and POCy,, respectively. Here, POCy, is radiocarbon-dead
(Fmyossi = 0). The POC collected along the depth profile
represented in Figure 3 defines a linear trend between the
concentrations of modern POC (Coqern = POCiorar X Fm) and
that of bulk POC. The POC contents from each water depth thus
have an identical amount of POCy (Galy et al., 2008). The dashed
lines show the best fit (Y = 0.9714 X - 5.2648, r* © 0.98), with the
slope revealing an Fmy,, value of 0.9714 (Figure 3A). As a result, the
fossil OC (i.e., POCyygqi1) corresponded to 8-53% of the total POC
pool (Figure 4).

A
50
e _
E ¥
< 0= 790
S 7 %
5 30 P
8 20
S i 8
8 10 — gmeodem=0-97
<IN (12 = 0.98)
0 LN L B N B B
0 10 20 30 40 50
POC concentration (ugC L)
B
1.2
0.8 — Ox'8
. | o)
L b
0.4 — x'l'o
-40.1.%s (2= 0.73)
0 '.| 1 T 1 ' ]
45 -40 -35 -30 -25 -20
5™Croc (%o VPDB)
®@ 671 O 672

Scatter plots of (A) POC concentration x Fm and POC
concentration, and (B) Fm and 8*Cpoc (% VPDB). The dashed line
shows the linear regression of the two sites.

Frontiers in Marine Science

10.3389/fmars.2024.1336132

The mean flux of lithogenic material accounts for 25 + 20% and
20 + 19% of the sinking particles globally and in the global abyssal
plain, respectively, as reported in a compilation study of the global
sediment trap (Kim et al., 2020b). In the global compilation study,
values greater than 50% were observed for sinking particles
intercepted within 2,000 m above the seafloor, particularly within
~1,000 m of the seafloor. Similarly, in our study, the highest
proportion of fossil OC was found at depths between 1,000 and
2,000 m from the seafloor. Unfortunately, no sediment trap studies
have been reported for the central Indian Ocean (Kim et al., 2020b),
thus direct comparisons between fossil OC and lithogenic input
were impossible; however, the proportion of fossil OC in the deep
sea was higher than the global average. As discussed previously,
older OC can be incorporated into deeper POC through various
mechanisms. These mechanisms include the assimilation of older
OC derived from sediments resuspended from near margins or
slopes and adsorption of aged DOC (Druffel and Williams, 1990;
Hwang and Druffel, 2006; McNichol and Aluwihare, 2007).

An additional source includes the production of POC from older
OC sources in deeper layers (McNichol and Aluwihare, 2007; Feng
et al., 2021). Fm and 8"Cpoc demonstrated a best-fit linear
relationship of Y = 0.0536 X + 2.192, along with a high correlation
(r* = 0.73) (Figure 3B). Although there is significant variability in the
8Cpoc values of POC samples from the water column (ranging
from -31.8 to —24.4%o; see Figures 2D and 3B), the 8°C end-
member value of the fossil carbon (8" Cogsi) trend within the study
sites converges toward approximately -40.1%o (Figure 3B).
Interestingly, the 8"°C value of this component, which can be
adopted as the end-member value of supplied Cy in the study
area, exhibited the characteristically low 8'*C value of deep-sourced
carbon, including oil (Feng et al, 2021), methane (Petersen and
Dubilier, 2009; Feng et al, 2021), and carbon fixed by a
chemosynthetic pathway (Copley et al., 2016; Suh et al, 2022).
Thus far, 13 vent fields, located from 41° S to 6° N and 49° E to 79° E,
have been confirmed in the Indian mid-ocean ridges (van der Most
et al, 2023). Notably, given that the study site is located on the
Central Indian mid-oceanic ridge (Mart, 1988; van der Most et al.,
2023), there might be an influence of aged OC from hydrothermal
vents. However, our data are not sufficient to discern these potential
sources of aged OC. Additional efforts using high-resolution POC
isotopes are required to constrain the values associated with each of
these potential sources more precisely, which will enable a better
assessment of the diverse origins of aged OC in the western
equatorial Indian Ocean.

5 Conclusion

In this study, we conducted an analysis of dual carbon isotopes
of POC within the vertical water column of the western equatorial
Indian Ocean for the first time. This analysis allowed us to
determine the sources and ages of POC, enabling the evaluation
of the contributions of modern and fossil OC. The §"*Cpoc and
A"Cpoc values clearly demonstrated vertical variability of carbon
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Relative abundance (percentage) of fossil and modern carbon in the two sites

sources, with higher values of both carbon isotopes near the surface,
indicating autochthonous POC as the main source; and a decreasing
trend toward the bottom, suggesting significant contributions of
fossil OC to the total POC pool. The results suggest that a significant
amount of fossil (aged) POC existed in the deeper water column of
the western equatorial Indian Ocean, much greater than those
reported from the Pacific or Atlantic. Fossil (aged) OC can be
incorporated into deeper POC through various mechanisms,
including an influx of old OC derived from resuspended
sediments near slopes, adsorption of old DOC, and an influence
of aged OC of possible hydrothermal origin. Further high-
resolution studies of dual carbon isotopes are needed to
accurately assess the contribution of these potential sources.
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