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The natural carbon cycle is immensely intricate to fully understand its sources, fluxes
and the processes that are responsible for their cycling in different reservoirs and their
balances on a global scale. Anthropogenic perturbations add another dimension to
such a complex cycle. Therefore, it is necessary to update the global carbon cycle
by combining both natural and anthropogenic sources, fluxes and sinks along the
land-sea continuum to assess whether these terms are currently in balance or
not. Here, we review the export and burial rates of terrestrial organic carbon in
the oceans to understand the issue of “missing terrigenous carbon” by comparing
data- and model-based estimates of terrestrial carbon fluxes. Our review reveals large
disparities between field data and model output in terms of dissolved and particulate
organic carbon/matter (OC/OM) fluxes and their ratios, especially for Oceania and Arctic
rivers, suggesting the need of additional investigations in these regions to refine terrestrial
OC export budget. Based on our budgeting of global sources and sinks of OC with
updated estimates of marine productivity and terrestrial OM burial rate, we find that
the marginal sediments are key burial sites of terrestrial OM (TOM), which is consistent
with earlier views of Berner (1982) and Hedges and Keil (1995). While about 60-80%
of TOM is remineralized in the margins, the estimated budget further reveals the ocean
derived OM is efficiently remineralized than that of terrestrial OM, emphasizing the need
of further improvements of carbon burial estimation in the marine realm. When we
look back in the past, higher terrestrial OC burial (by ~50%) in the deep ocean during
the glacials than during the interglacials and suggests the subdued role of continental
margins and an efficient transfer and preservation of OM from the shelf to deep sea
in glacials. Based on the review of terrestrial and marine OM burial, we suggest some
critical regions/ways that need to be investigated/addressed further, identification of new
biogeochemical proxies and their grouping to better constrain the global carbon cycle
along the land-deep sea continuum in future.

Keywords: carbon cycle, terrestrial organic carbon, fluvial export, carbon preservation, marine sediments,
glacial-interglacial burial
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BACKGROUND: MISSING TERRIGENOUS
CARBON

A number of natural agents such as rivers, winds, icebergs or
sea ice and submarine groundwater transport dissolved and
particulate material to the world oceans. Among these natural
agents, rivers are responsible for the largest export of dissolved
and particulate forms of terrestrial organic carbon/matter
(OC/OM) to estuaries, and subsequently to continental shelves,
slopes, and deep ocean basins, and act as key link in the global
biogeochemical cycles of carbon and other nutrients (Chen,
2004; Bauer et al., 2013). Rivers export ~0.25 petagrams (Pg)
of dissolved organic carbon (DOC) and 0.15 Pg of particulate
organic carbon (POC) from continents to the ocean annually
(Hedges et al, 1997; ~0.2Pg each of DOC and POC by
Schliinz and Schneider, 2000). Such terrestrially-formed OC
is a heterogeneous mixture of recent vascular plant detritus,
associated soil OC, older fossil OC from meta-sedimentary rocks
erosion, and black carbon (Hedges, 1992; Galy et al., 2007;
Bianchi, 2011). Isotopic and biomarker data of this riverine
OM suggested that much of them are soil-derived, nitrogen-
rich, fine particulate OM (Meybeck, 1982; Hedges et al., 1994).
Nonetheless, the global burial flux of OC within modern marine
sediments is estimated at 0.1-0.2 Pg Cyr~! (Berner, 1989; Hedges
and Keil, 1995), which accounts for ~0.1% of global primary
production (~110 Pg C yr~!), ~0.2% of marine plankton
photosynthesis (~50 Pg C yr~!) and indeed less than half of
the input of total terrestrial OM by rivers alone (Bianchi, 2011).
Consistently, recent calculations also estimated that only ~30-
35% of the OC being buried in marine sediments is of terrestrial
origin (Burdige, 2005; Houghton, 2007). Ninety percent of the
OC burial in the ocean occurs in deltaic and margin sediments
and is associated with mineral particles largely of clay-silt sizes
(Hedges and Keil, 1995). Moreover, this terrestrial OC associated
with fine minerals of large surface area can be exchanged with
marine OM as it enters the coastal ocean (Hedges et al., 1997;
Keil et al., 1997). This export to burial offset of terrestrial OC
implies that most terrigenous OM delivered to the oceans must be
efficiently remineralized, and that the ocean is operating as a net
heterotrophic system, accumulating less sedimentary OC than it
receives via riverine input (Smith and Mackenzie, 1987; Blair and
Aller, 2012). Therefore, the geochemical conundrum of ‘missing
terrigenous carbon’ is still an unresolved issue of the global carbon
cycle (Hedges and Keil, 1995; Hedges et al., 1997; Bianchi, 2011).

Given that improvements of models of biogeochemical cycling
and Earth surface evolutionary processes largely rely on the
understanding of the fate of terrestrial organic carbon that is
delivered to oceans by rivers (Berner, 2004; Blair and Aller, 2012)
and to better understand the above mentioned paradox, here we
review the transport of terrestrial organic carbon fluxes from land
to the ocean and then briefly discuss the global organic carbon
sources and sinks in the ocean. After the introduction (Section
1.1), Section 1.2 provides a short overview of global carbon
cycle briefly addressing its potential sources and sinks with
updates of carbon reservoirs and fluxes. Section 1.3 focuses on
the global riverine organic fluxes by compiling available estimates
with recalculation wherever it is necessary and comparing with

modeled data. Section 1.4 addresses the role of Oceania in
terrestrial organic carbon export and explains why we have
large uncertainties in that region of the world. Section 1.5
addresses global carbon sources and sinks focusing to understand
mismatches in the available budgets in terms of terrestrial sources
and marine sinks. Section 1.6 emphasizes carbon burial in
the marine realm. Section 1.7 provides additional directions of
investigations in the future that might be appropriate to refine
the terrestrial carbon export and burial budgets toward a better
understanding of the global carbon cycle.

GLOBAL CARBON CYCLE OVERVIEW:
NATURAL AND PERTURBED

Biogeochemical cycle of carbon constitutes feedbacks in the
Earth’s Climate System by altering carbon stocks and fluxes in
different reservoirs, i.e., atmosphere, biosphere, hydrosphere,
lithosphere and cryosphere, of the Earth (Hedges, 1992;
Sarmiento and Gruber, 2002; Ciais et al., 2013). The global carbon
cycle can thus be viewed as a series of carbon reservoirs in the
Earth System that are connected via exchange of carbon fluxes
(Figure 1). This cycle consists of two generalized domains: (i)
a fast domain with large exchange fluxes and relatively rapid
reservoir turnovers, which consists of carbon in the atmosphere
(730 petagrams of carbon-Pg C; 1 Pg = 10'° g), the ocean
(38,700 Pg C), oceanic surface sediments (1750 Pg C) and on
land in vegetation (550 Pg C), soils (1950 Pg C), and freshwaters
(1.7 Pg C) (Figure 1). Reservoir turnover times (t), defined as
reservoir mass of carbon divided by the exchange flux, range
from a few years for the atmosphere to decades to millennia
for the major carbon reservoirs of the land vegetation (t =
0 years) and soil (10-10000 years) and the various domains
in the ocean (~400-5000 years); (ii) a slow domain consists
of the huge carbon stores in rocks and sediments (15,000,000
Pg C) and these reservoirs exchange carbon with the fast
domain through volcanic emissions of CO; (0.1 Pg C), chemical
weathering (0.3 Pg C) as well as via erosion and sediment
formation on the sea floor (Sundquist, 1986). Turnover times of
these geological reservoirs are on millennial timescales (10,000
years or longer). Natural exchange fluxes between these two
domains of the carbon cycle are relatively small (<0.4 Pg
C yr~!; Figure1) and constant over the last few centuries
that is similar to the flux exchanges during the Holocene and
beyond.

Nevertheless, since the beginning of the Industrial Era (i.e.,
1750 AD), humans are producing energy by burning the fossil
fuels (coal, oil and gas; Figure 1), a process that is releasing large
amounts of CO; into the atmosphere (Sarmiento and Gruber,
2002). The cumulative total CO, emissions from fossil fuel
burning to the atmosphere amount to 365 & 30 Pg C with a flux of
7.8 4+ 0.6 Pg C yr~! (Figures 1, 2). This rising atmospheric CO,
content seems to induce an effective exchange of fluxes between
the atmosphere and its two major sinks, the land and oceans. The
anthropogenic CO, added to the atmosphere and the way it is
currently apportioned to the land, air, inland water, coastal ocean
and the open ocean, are illustrated in the simple diagram of global
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FIGURE 1 | Simplified diagram of the global carbon cycle. Numbers denote reservoir mass, also called “carbon stocks” in Pg C (1 Pg C = 1015 g C) and annual
carbon exchange fluxes (in Pg C yr‘1) between the atmosphere and its two major sinks, the land and ocean. Black numbers and arrows indicate reservoir mass and
exchange fluxes estimated for the time prior to the Industrial Era, about 1750. Red arrows and numbers indicate annual “anthropogenic” fluxes averaged over the
2000-2009 time period. These fluxes are a perturbation of the carbon cycle during Industrial Era post 1750. Red numbers in the reservoirs represent cumulative
changes of anthropogenic carbon over the Industrial Period 1750-2011. The diagram model is taken from Sarmiento and Gruber (2002) and all numbers of stocks

and fluxes are reproduced from Ciais et al. (2013).
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carbon budget cycle (Figure 2). The average fossil-fuel emissions
during 2000-2010 AD are estimated at 7.9 4= 0.5 Pg C (Bauer
etal,, 2013; Ciais et al., 2013; Regnier et al., 2013). The uptake flux
of anthropogenic CO; by the terrestrial ecosystem is estimated to
be 2.85 Pg C yr~!, of which only 0.9 Pg C yr~! of this carbon sink
is actually sequestered in biomass and soil of land ecosystem, as
1.0 Pg C yr~! is returned to the atmosphere by CO, outgassing
owing to land-use changes, and a similar amount (0.95 Pg Cyr~!)
is exported to the aquatic system (Figure 2). The anthropogenic
carbon delivered to freshwater (inland water and estuary) (1.0 Pg
Cyr~1) is partly outgassed to the atmosphere as CO; (0.55 Pg C
yr~1), partly sequestered in the sediment (0.35 Pg C yr~!), and
partly exported to coastal ocean (0.1 Pg C yr—!). Enhanced rock
weathering due to human perturbation also contributes 0.1 Pg
C yr~! to the freshwater ecosystem. The continental shelf also
contributed to the atmospheric CO, budget (0.2 Pg C yr—! air-sea
uptake, 0.15 Pg C yr—! sequestered in the sediment, and 0.05 Pg C
yr~! in the water column). Therefore, the net land anthropogenic
CO; uptake from terrestrial, freshwater and estuarine aquatic
ecosystems is only about 1.35 Pg C yr~!, while ocean uptake of
anthropogenic CO, is about 2.5 Pg C yr~!, closely similar to a

value of 2.3 Pg C yr~! averaged over the 2000-2009 time period
in Figure 1.

The bulk carbon input to inland water is estimated as 2.8 Pg C
yr~1, and composed of four sources, excluding the source from
physical erosion. They are mainly coming from soil (1.9 Pg C
yr~1), chemical weathering of earth surfaces (0.5 Pg C yr—1),
photosynthetic carbon fixation within inland waters (0.3 Pg C
yr~!) and sewage (0.1 Pg C yr™!). The fate of these sources of
carbon into inland waters are removed through CO, and CHy
outgassing with amount of 1.1 and 0.1 Pg C yr™!, exported to
estuary of 1.3 Pg C yr~! and buried in sediment of 0.6 Pg C yr—!.
In addition to carbon export from upland water, the estuary also
receives the carbon input from adjacent marsh ecosystems with
0.3 Pg C yr— L. Recent studies have suggested that estuaries emit
around 0.25 Pg C yr~! CO; to the atmosphere, while 0.1 Pg C
yr~! is buried in sediment and 0.95 Pg C yr~! is exported to
the continental shelf. The continental shelf acts as a sink as it is
responsible for the net atmospheric CO, uptake flux of 0.2 Pg
C yr~!. This flux, together with the carbon flux from estuary,
is 1.15 Pg C yr~!, of which 0.75 Pg C yr~! carbon is exported
to open ocean and 0.35 Pg C yr™! is accumulated in sediment
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FIGURE 2 | Simplified schematic of the global carbon budget and its anthropogenic perturbation. All fluxes are in Pg C yr=1 rounded to +0.05 PgC yr1
and represent the total carbon fluxes (organic and inorganic carbon). Arrows indicate direction of flux and AC refer to carbon accumulation within each reservoir. The
numbers in the red color are the budget of anthropogenic COo and numbers in the purple color are taken from Bauer et al. (2013). This figure is modified from Regnier

(Figure 2). Based on the above overview, even though we have
the feeling that we fairly understood and resolved both natural
and perturbed stages of the global carbon cycle, it seems obvious
that the well-known caveat in the scientific understanding of
the natural carbon cycle, the “missing terrigenous carbon” in the
sediments of continental margin, persists till date. Nonetheless,
new results available now provide additional clues to narrow the
gap in the caveat between the riverine export of terrestrial organic
carbon and its burial in marine sediments.

GLOBAL RIVERINE ORGANIC CARBON
FLUXES

To understand the organic carbon budgets for the global ocean,
we compiled previously estimated data of terrestrial organic
carbon fluxes from the literature. Table 1 shows global estimates
of dissolved, particulate and total organic carbon (DOC, POC,
and TOC) fluxes from land to the sea through rivers annually.
These estimates vary from 170 to 250 Tg C yr~! for DOC, 150
to 282 Tg C yr~! for POC and from ~335 to 514 Tg C yr~!
for TOC (Table 1). We have not included earlier estimates in
Table 1 and those readers who are interested in estimates prior
to 1990s, please refer to Hope et al. (1994), Ludwig et al. (1996),
and Schliinz and Schneider (2000) and references therein. If
we consider those estimates prior to 1990s, then the TOC flux
for instance varied from 30 to 1000 Tg C yr—! (see Schliinz
and Schneider, 2000 for more details). The mean (& standard
deviation) fluxes of worldwide input of terrestrial DOC, POC,
and TOC to the ocean are 212 (£29), 203 (£41) and 419 (£61)
Tg Cyr~1, respectively (Table 1). These averaged fluxes for POC
and TOC are consistent with estimates made by Meybeck and
Vorosmarty (1999), Schliinz and Schneider (2000), and Huang
etal. (2012) (Table 1).

Although dissolved inorganic carbon (DIC) and particulate
inorganic carbon (PIC) are certainly important fluxes to balance

TABLE 1 | Estimations of the global riverine organic carbon input to the
oceans after 1990s.

References DOC POC TOC Data/Model

Degens et al., 1991 - - 335 Data

Spitzy and Ittekkot, 1991 - - 500 Data

Meybeck, 1993 198 170 368 Data

Ludwig et al., 1996 205 173 378  Model

Hedges et al., 1997 250 150 400 Data

Meybeck and Voérésmarty, 215 205 420  Data

1999

Schliinz and Schneider, 2000 219 215 434 Data

McKee, 2003 250 250 500 Data

Seitzinger et al., 2005 170 197 367  Model

Dai et al., 2012 170 - - Data and extrapolation
Huang et al., 2012 206 188 394  Data and extrapolation
Huang et al., 2012 and 239% 282% 514%  Data and recalculation
Miliman and Farnsworth, 2011

Mean 212 203 419

SD 29 4 61

DOC, dissolved organic carbon; POC, particulate organic carbon; TOC, total organic
carbon. All values are in teragrams carbon per year (Tg C yr='; Tg = 10'2g). $These
numbers have been recalculated based on the POC/TSM data of Huang et al. (2012)
using the revised sediment discharge data of Milliman and Farnsworth (2011).

sources and sinks of the global carbon cycle, in this study to
reconstruct the organic carbon budget, we have used only the
DOC, POC, and TOC and have not included DIC and PIC in
our estimates. For the present review, we reproduced DOC fluxes
from Dai et al. (2012), which is considered as the most recent
DOC flux estimation based on the most up-to-date literature
data. However, different values seen in Table1 (170 vs. 239
Tg C yr’l; see Table 2 for the detailed calculation) are due
to subtraction of ~40 Tg C yr~! adopted toward an annual
DOC removal rate during its transport into the Arctic and
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TABLE 2 | Data-based, continent-wise estimates of terrestrial DOC, POC, and TOC.

Continents Water discharge DOC concentration  DOC flux  Sediment load POC/TSM POC flux TOC flux DOC/POC ratio
(kmS3 yr—1) (mg L) (TgCyr 1) (Mtyr—1) concentration % (TgCyr~') (TgCyr1)
Africa 3596 8.03 +1.89 289 +6.8 1500 1.27 191 48.0 1.51
Arctic 3658 8.36 + 0.72 30.6 + 2.6 150 2.90% 6.0 30.0% 5.10%
Asia 9838 5.32 £ 0.29 52.4+28 5300 1.23 65.2 117.6 0.80
Europe 2162 7.74 £ 0.64 16.7 1.4 850 1.04 8.8 255 1.90
Oceania 592 4.76 +1.60 2.82+0.9 7100 1.44 102.2 105.0 0.03
North America 6271 422 +0.13 26.5+0.8 1900 1.92 36.5 63.0 0.73
South America 14828 547 +1.85 81.1+274 2300 1.92 44.2 125.3 1.83
Global total/ average* 40586 6.27 + 1.02" 239.0 £ 34.2 19100 1.67 282.0 514.4 1.70"

Water discharge, DOC concentration and DOC flux from Dai et al. (2012); Sediment load from Milliman and Farnsworth (2011); POC/TSM concentration from Huang et al. (2012). POC
fluxes are recalculated using %POC/TSM with the sediment load given here. ®Concentrations and fluxes of POC for the Arctic continental rivers are taken from Rachold et al. (2004).

*Global average.

estuaries/coastal ocean by Dai et al. (2012). On the other hand,
we reestimated the POC flux using data given in Table 1 of Huang
et al. (2012). We applied the same method described in Huang
et al. (2012) for the estimation of the POC flux by correlating
the %POC in TSM with the concentration of TSM using the
formula: POC% = 71.66 x TSM (10'% g yr~1)~%78 for 32 tropical
rivers. Huang et al. (2012) have interpolated their estimate
for tropical rivers to global rivers based on the continent-wise
sediment load. Nevertheless, we recalculated POC fluxes with
updated continental sediment loads published in Milliman and
Farnsworth (2011). In Huang et al. (2012), the sediment fluxes
were calculated using the water balance and transport model of
the University of New Hampshire (WBM/WTM,; Syvitski et al.,
2005). The global sediment load determined using WBM/WTM
model was 12,610 Mt yr—!, which is equal to only 66% of the
revised sediment load estimate of Milliman and Farnsworth
(2011) (19,100 Mt yr~!; Table 2). We do separate Americas into
North America and South America using different sediment
loads, but with a similar %POC/TSM data (see Table 2).

Since Huang et al. (2012) have not included fluxes from
the Arctic rivers in their study, the concentration of POC and
its flux for the Arctic rivers were taken from Rachold et al.
(2004) (Table 2). Because of this recalculation, global as well
as continental POC and TOC fluxes show differences between
Huang et al. (2012) and our study. The mismatch comes mainly
from ~102 Tg C yr~! of POC obtained for Oceania because of a
difference in sediment loads adopted in these two studies (485 vs.
7100 Mt yr~!; Table 2). Interestingly, this is the highest POC and
TOC discharges obtained for Oceania so far and therefore this
value needs a relook (see Section Role of Oceania in Terrestrial
OC Export for more discussion). Figure 3 shows the magnitude
of the different forms of carbon fluxes, expressed in relation to
the major continental drainage regions. For the DOC transport,
the order is South America > Asia > Africa > North America >
Europe > Oceania and for POC transport, the order is Oceania
> Asia > South America > North America > Africa > Europe
(Figures 3A,B). Note that the values represent natural averages
and do not account for human impact and the POC retention in
reservoir. When compared to previously reported continent-wise

DOC and POC transport by Degens and Ittekkot (1985), the
order for DOC transport is the same over the last ~30 years with
the top transport being from South America and the least coming
from Oceania; but the order do show a change with Oceania
taking a top position for the transport of POC with Asia being the
second highest (Figure 1B). One potential reason is the higher
dam/reservoir POC trap in Asia than in Oceania (Vorosmarty
et al, 2003; Walling, 2009), where short, steep mountainous
rivers expedite almost 100% sediment and POC discharges to the
surrounding ocean (Lyons et al., 2002; Selvaraj et al., 2015).

Seitzinger et al. (2005) used NEWS (Global Nutrient Export
from Watersheds) models to estimate global nutrient export
at the mouth of 5761 exoreic river basins, as a function of
natural biogeophysical properties (such as land use, nutrients
inputs, hydrology, etc.). The advantage of NEWS models is
that these models enable comparison of riverine nutrient export
by nutrient element, form, and source at regional, continental
and global scales. To understand how far the data-based flux
measurements can represent the terrestrial DOC, POC, and TOC
export to the oceans, we compared fluxes estimated based on
the measured data with that of the NEWS modeled output
for different continents (Figure 3). Continent-wise DOC fluxes
for example reveal that fluxes calculated using the measured
river data are always lower than that of DOC fluxes predicted
from NEWS models (Figure 1A). Except for Europe, for all
remaining continents, the model predicted approximately 2-
6 times higher than the data-based fluxes (Figure 3A). This
mismatch is the highest for South America and Asia is the
second highest, implying either that the measured field data
of DOC concentrations currently available for flux estimate are
likely insufficient to represent the continental-wise DOC fluxes
or NEWS models may have overestimated DOC fluxes for all
continents or both. Nevertheless, our recalculated POC fluxes
for most continents lie within 20-30% of the NEWS model
prediction (Figure 3B). In addition, data-based POC fluxes are
more or less similar for continents such as Africa, Europe and
South America, whereas Asia, Oceania and North America show
comparatively higher POC fluxes than that of model prediction
(Figure 3B).
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predicted fluxes of NEWS (Global Nutrient Export from Watersheds) models from Seitzinger et al. (2005) (blue); (B) spatial distribution of particulate organic carbon
(POC) fluxes recalculated from Huang et al. (2012) (dark red) compared with the NEWS predicted values from Seitzinger et al. (2005) (dark yellow); (C) DOC/POC
fluxes ratios from the measured data (dark green) compared with similar ratios of NEWS models (light green); (D) spatial distribution of total organic carbon (TOC)
fluxes recalculated in this study (dark red) compared with the POC fluxes predicted by NEWS models (dark orange). AF, Africa; AS, Asia; EU, Europe; OC, Oceania;
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Conversely, global fluxes of DOC and POC (170 and 197 Tg
Cyr~!) predicted by NEWS models are consistent with the recent
estimation of DOC discharges by Dai et al. (2012) and DOC
and POC discharges by Huang et al. (2012) (Table 1), indicating
that estimations using both river measured data and subsequent
regional scale extrapolation and model predictions are consistent
and supportive of each other, particularly on global scale. It
is also evident from DOC/POC ratios of the measured data
(1.13) and NEWS model prediction (0.97) because both maintain
around one at global scale (without Arctic), but these ratios
varied from 0.03 (Oceania) to 1.90 (Europe) in the measured
data and 0.39 (Oceania) to 1.48 (South America) in the NEWS
model prediction at continental scale (Figure 3C). The lowest
DOC/POC ratio of Oceania in the measured data is consistent

with the lowest water discharge (592 km? yr=!), but the highest
sediment load (7100 Mt yr~! against the global sediment flux of
19,100 Mt yr—!; Table 2), whereas the highest DOC/POC ratios
of Arctic (5.10) and South America (1.83) are likely related to
higher DOC than the POC fluxes of the Arctic rivers and the
enormous discharge of Amazon, respectively, but such ratio with
Europe perhaps attributed to low content of %POC/TSM (1.04%,
which is a global mean mentioned in Huang et al., 2012) applied
for the recalculation of POC flux in the present study (Table 2).
Seitzinger et al. (2005) noted through NEWS-modeling of global
fluxes of different forms of carbon that export of DOC and
POC was roughly equal at both global and continental scales
(Figure 1), though Oceania, Asia and Australia showed a higher
proportion of POC than other continents and South America
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showed a higher proportion of DOC, consistent to the estimated
flux from the measured data (Dai et al., 2012; Huang et al., 2012)
and interpretations made here.

Similar to global and continental POC fluxes, TOC fluxes also
show higher fluxes than previous estimates for Oceania, Asia
and South America. The global TOC estimate of 514 Tg C yr~!
obtained through recalculation in this study is similar to previous
estimates published by Spitzy and Ittekkot (1991) and McKee
(2003) (Table 1). However, our estimation is ~120 Tg C yr*1
higher compared to Huang et al. (2012) (394 Tg C yrfl). NEWS
model also predicted TOC export of 367 Tg C yr~!, which is
similar to that of Ludwig et al. (1996) (380 Tg C yr_l) which was
based on global spatial DOC and POC models. Closely similar
TOC fluxes have also been obtained from the measured river
data by Meybeck (1982) (395 Tg C yr~!) and through non-
spatial estimate of 396 Tg C yr~! by Mackenzie et al. (1993).
The consistency among these previous estimates implies that
our recalculation somehow overestimated the global TOC flux
in general, and Oceania, Asia and South America in particular
(Figure 3D).

The Arctic Ocean receives ~10% of the global river
discharge from six large rivers (the Yukon and Mackenzie
in North America and the Yenisey, Ob/, Lena and Kolyma
in Eurasia) those draining a land area of approximately 20.5
million km? (Rachold et al., 2004; McClelland et al., 2016).
These rivers transport massive quantities of dissolved and
particulate materials that reflect watershed sources and impact
biogeochemical cycling in the ocean. In a previous study, Dittmar
and Kattner (2003) estimated (DOC reaches concentrations of
up to 1000 pM C) the total amount of DOC discharged by
rivers into the Arctic Ocean to be 18-26 Tg C yr~! and the
number was similar to that of the DOC export from Amazon.
The discharge of POC was however much lower with 4-6 Tg
yr~!. Based on 9 years of depth-integrated, seasonally explicit
sampling, McClelland et al. (2016) presented new estimates of
particulate OC and nitrogen fluxes for the major Arctic rivers.
They estimated that the six largest Arctic rivers export ~3.1 Tg
of POC annually and their interpolation of this estimate for the
entire pan-Arctic watershed to be ~5.8 Tg of POC, consistent
with the previous estimates of Rachold et al. (2004) (Table 2).
However, we have not included estimates for the Arctic rivers in
Figure 1 mainly because of the following reasons: (a) although
Arctic rivers transport huge quantities of DOC (21.3 Tg C yr™%;
Table 2), it has been suggested that DOC in Arctic rivers is mostly
refractory with little or no evidence of loss of DOC as it traverses
the continental shelf (Dittmar and Kattner, 2003) and thus plays
insignificant role in the biogeochemistry of the Arctic Ocean;
(b) when calculated DOC fluxes for global rivers (Tables 1, 2),
Dai et al. (2012) have subtracted ~20 Tg of DOC toward DOC
removal during its transport into the Arctic.

ROLE OF OCEANIA IN TERRESTRIAL OC
EXPORT

Estimations of DOC and POC fluxes from Oceania reveal
large uncertainties. For instance, DOC flux based on the mean

concentration of 4.76 + 1.60mg L~! from two rivers data in
Oceania has been calculated as 2.82 + 0.95 Tg C yr~! (Dai et al.,
2012) (Figure 3A and Table 2). Huang et al. (2012) calculated
DOC flux for Oceania with a different water discharge as 4.48
Tg C yr—'. However, NEWS model estimated around four to
seven times higher DOC flux of 22 Tg C yr! for Oceania
(Figure 3A), further suggesting that the sparse availability of
measured DOC data may not be correctly reproducing the DOC
flux for Oceania. Likewise, estimations of POC fluxes had some
extreme values. The earliest study estimated POC discharge
based on the carbon isotopic (3'°C) composition of riverine
POC in Papua New Guinea and then extrapolated to entire
Oceania as 90 Tg C yr~! (Bird et al., 1995), which is almost
40% higher than another estimate of 48 Tg C yr~! of POC by
Lyons et al. (2002). To our knowledge, POC flux data of Taiwan
largely comes from event-associated (typhoon) sampling and
therefore most POC flux is expected to deliver directly into the
deep ocean through narrow/non-existent continental shelves or
through submarine canyons by short, high energy rivers (Kao
et al., 2014; Selvaraj et al., 2015). Interestingly, the Taiwanese
rivers are characterized by hyperpycnal mode of transport and
storm-hyperpycnal delivery may contribute up to 40% of annul
sediment supply, but just within ~1% of time (Kao and Milliman,
2008) and therefore it is difficult to get the true picture of DOC
and POC discharges for Taiwan, which in turn is probably true
for the entire Oceania.

Based on the contents of TOC, '3C and radiocarbon (A*C)
measured in river suspended particles in Taiwan and surface and
core sediment samples in the surrounding marine areas, Kao et al.
(2014) calculated the burial flux of organic carbon that derived
from modern biosphere (OCpjosphere) as 0.5-0.6 Tg C yr_1 in
sediments derived from Taiwan with an OCpjgphere burial yield
of 13-16 Mg C km~2 yr~!. Similarly, the rock-derived organic
carbon (OCpetro, an unique characteristic of rivers draining meta-
sedimentary rocks) that is reburied offshore Taiwan has been
estimated as 0.9-1.1 Tg C yr~!; the amount is comparable to
the total OCpeyo buried in the Bay of Bengal annually (Galy
et al, 2008). These estimates suggest that OCpjosphere burial
from Taiwan may represent approximately 1% of the estimated
total annual OC burial in the oceans (Schliinz and Schneider,
2000; Burdige, 2005) from just 0.02% of Earth’s land surface.
If this amount of terrestrial OCpjosphere content from Taiwan is
recalculated based on the Oceania sediment export of ~7100
Tg yr*1 (Milliman and Farnsworth, 2011), then the terrestrial
OChiosphere burial flux from the mountain islands of Oceania
could be 8-11 Tg C yr~!. On the other hand, as an alternate
estimate, it could be presumed that the OCpjgsphere burial yield
from Taiwan (13-16 MgC km~2 yr~!) holds over the Oceania
area (2.7 x 10° km?), giving a terrestrial OChiosphere burial flux of
35-40 TgC yr~!, which is closely similar to an estimate made by
Lyons et al. (2002), but lower than flux rate (102.2 Tg C yr~!)
recalculated in this study (Table 2). However, the conservative
estimate of OCpjopshere burial by the erosion of Oceania estimated
by Kao et al. (2014) is globally significant, as it represents about
10% of the total OC burial in clastic sediments in the oceans
(Schliinz and Schneider, 2000; Burdige, 2005).
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GLOBAL SOURCES AND SINKS

In order to evaluate the significance of riverine influx of terrestrial
carbon to the ocean, it is essential to distinguish how much
riverine organic carbon is finally stored in marine sediments. To
do this, one should differentiate the amount of riverine terrestrial
OC flux and burial rate from that of the primary production
and burial rates of marine OC (Schliinz and Schneider, 2000;
Burdige, 2005, 2007). Here we therefore compare global sources
and sinks of OC in marine sediments (Table 3). The distinction
between terrestrial and marine OC can be achieved based on
the stable isotopic composition of total organic carbon (813C0rg)
in marine sediments (Burdige, 2005, 2007). The idea behind
the use of 8*Corg for this differentiation is that both marine
primary producers and nearly all land plants use the same Calvin
C3 pathway of carbon fixation, which roughly leads to similar
amounts of carbon fractionation during photosynthesis (e.g.,
Fogel and Cifuentes, 1993). However, differences in the isotopic
composition between these two photosynthetic autotrophs arise
from their carbon sources, mainly oceanic bicarbonate (HCO;)
for marine phytoplankton and atmospheric CO, for land plants.
With the $!3C value of atmospheric CO; in the Holocene (ca.
—7%o) and the 3'3C value of oceanic HCO3 of about 0%o
(Degens, 1969; Galimov, 2006), land plants produce organic
matter with an average 3'3C value of —27%o (range: —25
to —28%o) while marine phytoplankton yield 3'3C value that
average roughly —20%o for marine organic matter (e.g., Fogel and
Cifuentes, 1993; Hedges et al., 1997; Meyers, 2014). Consistent
to this carbon isotope systematics and isotopic ratios of major
sources, studies of deltas and adjacent coastal zones often indicate
sharp offshore increases in 8'3 Corg from values typical of land
plants (—28 to —25%o) to higher values similar to marine
plankton (—22 to —18 %o) (Emerson and Hedges, 1988; Meyers,

1994; Hedges et al., 1997), while sediments of continental margin
fall in between these two equally dominant OC sources, but still
closer to marine algal OM (—23 to —21%o). Carbon isotopic
studies of OC in marine sediments therefore mostly revealed a
dual origin with varying proportions of terrestrial- and marine-
derived OC in sediments of continental margins and adjoining
submarine canyons and troughs (e.g., Hedges et al., 1997; Goii
et al.,, 1998; Burdige, 2005; Kao et al., 2014; Selvaraj et al., 2015).
Marine OM is synthesized mainly by phytoplankton, the
largest ever-known marine OC source, and satellite ocean-color
sensors offer a vast potential to resolve the spatial and temporal
variability of marine primary production (PP) in recent years
(e.g., Carr et al., 2006). From the ocean color-based models for
six months of 1998 (January, March, May, July, September, and
November), these authors estimated a range of global marine PP
~33-71 Pg C yr~! with a mean global PP of 50.7 Pg C yr~!
(Table 3). This amount is roughly consistent with the previous
estimate of the global mean PP of 55 Pg C yr~!, which is based
on the GCM-based models (Field et al., 1998). These mean global
PP values are slightly higher than that of earlier estimates (36.5 Pg
Cyr~! by Antoine et al. (1996); 40 Pg C yr~! by Liu et al. (2000)).
According to Berger et al. (1989), these PP values vary between
25and 50 g C m~2 yr~! in the centers of open-ocean subtropical
gyres to >250 g Cm~2 yr~! in upwelling areas, where the surface
productivity is high owing to the bottom-up supply of nutrients.
Because of its labile nature, after leaving the euphotic zone,
most of the marine OC becomes rapidly recycled during its
descent through the water column and only a small amount is
buried in sediments. Liu et al. (2000) calculated a PP of 7.8 Pg
C yr~! for the coastal ocean and if we take this amount into
account, then a global marine PP for the open ocean is about
42.9 Pg Cyr~! (Table 3). The average burial efficiency of marine
OC in the open ocean and coastal ocean is around 0.03 and

TABLE 3 | Global sources of organic carbon input to the ocean basins and burial rates of organic carbon in the ocean (Tg C yr“).

Sources of organic carbon Range (Tg C yr“) Mean (+SD) (Tg C yr“) Burial % Burial rate (Tg C yr“)
Global marine PP 32900-70730 50700 (+2000)

Coastal ocean PP 7800 0.80 62.4

Open ocean PP 42900 0.03 12.9

River input (DOC) 170-250 212 (£29) - -

River input (POC) 150-276 203 (+41) — —

River input (TOC) 335-500 419 (+61) 13.9 58.0 (£8)
Aeolian input 100-320 320 10.0 32.0

Total 165.3
Burial rate of organic carbon Total OM burial rate TOM burial rate
Deltaic sediments 70 47 (£17)
Non-deltaic continental margin sediments 68 11 (£3)

All continental marginal sediments 138 58 (£17)

All marine sediments 160 58 (+18)

Global marine primary production (PP) values from Carr et al. (2006); coastal ocean primary production value from Liu et al. (2000); river discharge DOC, POC and TOC values from
different sources given in Table 1; aeolian input from Romankevich (1984) and Zafiriou et al. (1985); organic carbon burial rates from Hedges and Keil (1995); terrestrial organic matter

(TOM) burial rates from Burdige (2005).
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0.8%, respectively (Berger et al., 1989). While taking these PP
values and burial efficiencies for the coastal and open ocean into
account, then it turns out that annual marine OC burial rate of
about 0.062 Pg Cyr~! and 0.013 Pg Cyr~!, respectively (Table 3).
These burial rates are consistent with the previous estimates
(0.055 and 0.009 Pg) of Schliinz and Schneider (2000), though
they have adopted slightly lower PP values for global (36.5 Pg C
yr~1), coastal (6.9 Pg C yr~!) and open ocean (29.6 Pg C yr—1)
breakouts.

Berner (1982) estimated global OC accumulated in deltaic-
shelf sediments to be 126 Tg C yr~! and based on the global
rate of sediment discharge from rivers multiplied with average
OC content of deltaic-shelf sediments, Berner further subdivided
this amount to terrestrial OC (104 Tg C yr~!) and marine OC
(22 Tg C yr~1); the latter includes OC accumulation in high-
productivity regions (10 Tg C yr~!), shallow water carbonate-
rich sediments (6 Tg C yr!), pelagic sediments (5 Tg C yr—})
and in anoxic basins (1 Tg C yr!). Later Hedges and Keil (1995)
recalculated Berner’s estimate assuming that 33% of the riverine
load is deposited outside of deltas, with twice the average OC
content of deltaic sediments. Accordingly, this estimate amounts
in a burial of 70 Tg C yr~! in deltaic sediments and 68 Tg C yr—!
in shelf sediments (Table 3). Since the total OC content has been
applied in these two studies to estimate terrestrial OC, it has been
criticized that these studies must have overestimated terrestrial
OC, as both depositional systems can also accumulate marine OC
(Schliinz and Schneider, 2000). To overcome this complication,
Burdige (2005) used carbon isotope ratios in deltaic and non-
deltaic continental margin sediments to calculate terrestrial
organic matter (TOM) burial rate. First, he calculated the burial
efficiency (i.e., the burial rate of OM at depth in sediments where
remineralization is inactive divided by the OM input rate) of
TOM in marine sediments and then combined with estimates of
total carbon burial in marine sediments from Hedges and Keil
(1995) to estimate the burial rate of TOM (see original references
for the detailed assumptions of calculation). Accordingly, the
estimated rate of TOM in deltaic sediments is 47 £ 17 Tg C
yr~! and in non-deltaic continental margin sediments is 11 4
3 Tg C yr~! (Table 3). For all continental marginal sediments,
this rate is 58 & 17 Tg C yr~!, indicating that the burial of TOM
is dominated by deltaic sediments and TOM burial seems to
be almost insignificant in other sedimentary depositional realms
(Burdige, 2005). Overall, these rates imply that roughly one third
of the organic carbon (44 £ 13% of total OM) buried in marine
sediments is of terrestrial in origin (Burdige, 2005). Adding this

newly estimated TOM burial rate along with the burial rate of
32 Tg C yr~! for aeolian input (similar to the one adopted by
Schliinz and Schneider, 2000), then the global burial of OC in
marine sediments amounts to ~165 Tg C yr~! (Table 3). Even
though our new estimate using updated marine and TOM burial
rates are slightly higher than the estimates of Berner (1982) and
Schliinz and Schneider (2000), our revised rate is consistent with
the previous estimate of Hedges and Keil (1995) (Table 3) as
well as the upper bound mean burial rate of 157 Tg C yr~! for
whole-ocean sediments calculated earlier (Wollast, 1991).

CARBON BURIAL IN THE MARINE
ENVIRONMENT

The burial of OC in marine sediments is a major process affecting
the amount of carbon storage in the ocean-atmosphere pool, and
therefore drives the oxygenation of the atmosphere on geological
time scales. Therefore, to further understand the burial of OC
in marine sediments, we compiled data of marine PP, rain rate,
remineralization rate, burial rate (Muller-Karger et al., 2005),
POC export (Dunne et al., 2007) and burial efficiency (Burdige,
2007) for all marine sediments, continental margin and deep-sea
sediments (Table 4). Details of these calculations are available
in the above mentioned original references and therefore we
have not elaborated here. However, most estimates collated in
Table 4 are from Muller-Karger et al. (2005), Burdige (2007),
and Dunne et al. (2007). For instance, Muller-Karger et al.
(2005) used satellite data of 1998-2001 to estimate net primary
production, which was attenuated with water column depth
using standard empirical models. This was then applied to global
bathymetry database to determine OC rain rates to continental
margin and deep-sea sediments. Using assumed burial efficiency
(based on those in Figure 2 of Burdige, 2007), OC burial rates
and remineralization rates were estimated. On the other hand,
Dunne et al. (2007) applied a series of algorithms starting with
satellite-based PP and continuing with conversion of PP to
sinking particle flux, penetration of particle flux to the deep sea,
and accumulation in sediments.

From the perspective of carbon burial in the marine realm,
marine PP (47,910 Tg C yr~!; Muller-Karger et al., 2005; Table 4)
is accounted as an overwhelmingly major OC source. This is
because marine PP is approximately 60 times larger than the
terrestrial OC input (739 Tg C yr™!), including both riverine
TOC (419 Tg yr ') and aeolian flux of OC (320 Tg yr~!)

TABLE 4 | Sediment organic carbon budgets in the oceans (Tg C yr‘1 )

Marine PP POC export Rain rate Remineralization rate Burial rate Burial

(TgCyr) (TgCyr) (TgCyr) (TgCyr™) TgCyr ) efficiency (%)
All marine sediments 47910 9600 (£3600) 930 775 155 16.7
Continental margin 8990 1801 (+676) 620 558 62 10.0
Deep-sea/open ocean 38920 7798 (+£2924) 310 217 93 30.0

Global marine primary production (PP) values from Muller-Karger et al. (2005); POC export from Dunne et al. (2007); rain rate, remineralization rate, burial rate and burial efficiency from
Muller-Karger et al. (2005). The burial efficiency is the rate of OC burial divided by rain rate to the sea floor, as discussed in Burdige (2007).
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(Table 3). Among the substantial marine OM synthesizing in
the brighter surface ocean, ~80% is remineralized within the
euphotic zone and ~5% (2629 Tg C yr~!, Burdige, 2007; 2300
Tg C yr~!, Dunne et al., 2007) could escape remineralization
or oxidation, reaching the bottom of water column as marine
rain (Table 4). Nonetheless, only less than 0.5% (~155 Tg yr~!;
Burdige, 2005, 2007) of OC in surface water or ~17% of rain rate
buried ultimately in the sea floor is normally incorporated into
carbon cycle on a longer geologic time scale (Burdige, 2007; Blair
and Aller, 2012). Marine OC is also a major component of total
OC buried in global ocean sediments, with a proportion of 64%
(Burdige, 2005), mainly due to the predominance of marine PP
input. This significant occupation of marine OC seems not to
be consistent with its reactive nature. However, the preservation
efficiency of marine OC (i.e., the ratio of marine OC buried to
that of marine PP OC input; Table 4) is only 0.21% (0.25-1.3%;
Burdige, 2007), more than an order of magnitude lower than
that of 7.7% for terrestrial OC (9-17%; Burdige, 2007). Therefore,
from this perspective, marine OC is more efficiently decomposed
than terrestrial OC. Table 4 shows that, although POC export is
lower for continental margin than deep-sea sediments, higher
rain and remineralization rates facilitate lower burial rate in
continental margin than in the deep-sea. Burdige (2007) noted
that OC remineralization rates and OC rain rates for either whole
ocean, continental margin, or deep-sea sediments vary by only a
factor of ~4-5 and ~3-8, respectively. In contrast to these two
rates, OC burial rates in marine sediments vary by more than
an order of magnitude among the different budget calculations,
ie., ~160-2600 Tg C yr~! for all marine sediments, ~60-2500
Tg C yr~! for continental margin sediments, and ~2-300 Tg
C yr~! for deep-sea sediments (refer to Table 3 in Burdige,
2007). Furthermore, these burial rates are significantly higher
than conventionally referred whole ocean OC burial rates of
~120-160 Tg C yr~! (Berner, 1989; Hedges and Keil, 1995; see
also Table 3). Although several reasons might be responsible for
such discrepancies among these rates, attempting to explain them
is beyond the scope of this work.

Dunne et al. (2007) also estimated that 12% of the PP (6.5 +
0.7 Pg C yr~1), 21% of the particle export (2.0 £ 0.7 Pg C yr™1),
71% of the flux to sediments (1.6 £ 0.6 Pg C yr—!) and 85% of
the total burial flux (0.67 £ 0.45 Pg C yr—!) occur on the shelves
with less than 200 m water depths. On the other hand, continental
slope regions of 200-2000m (only 7% of the open ocean area),
accounts for 53% of the open ocean POC flux to sediments,
but it responsible for 89% of open ocean organic carbon burial.
Although this region is responsible for 69% of particle export
out of the surface ocean PP, it has been suggested that interior
recycling of organic carbon allows only 2% of global sediment
burial (Dunne et al., 2007). Dunne et al. (2007) estimated global
organic carbon burial of 0.79 Pg C yr~!, which is higher than
the previous estimate of 0.22 Pg C yr~—! by Muller-Karger et al.
(2005), as the former study included nearshore regions (0-50 m)
in the estimate which accounts for 0.48 Pg C yr~!. This value
is almost two times higher than the global OC burial estimate
of 0.12-0.25 Pg C yr~! the rate that has helped to conceive the
geochemical conundrum of “missing organic carbon” (Hedges
and Keil, 1995; Hedges et al., 1997). Nevertheless, the estimate

of Dunne et al. (2007) is consistent with the estimation of carbon
sequestration at the top of permanent thermocline, i.e., 0.77 Pg C
and also closely fall in the upper end of carbon sequestration at
2000 m (Guidi et al., 2015).

TERRESTRIAL OC BURIAL ON
GLACIAL-INTERGLACIAL TIME SCALES

Over geological time, the burial of organic matter in marine
sediments controls atmospheric concentrations of gases such as
CO,, O, and CHy, regulating the Earth’s climate on glacial-
interglacial time scales. Assuming a river POC discharge of
150-270 Tg C yr~! (mean: 203 & 41 Tg C yr~!) and TOM
burial rate of ~40-85 Tg C yr~! (Table 3), it is evident that
~110-185 Tg C yr~! of terrestrial OC is remineralized annually.
This remineralized amount is analogous to the present-day rate
of total carbon burial in all marine sediments (~160 Tg C
yr~!; Tables 3, 4). By comparing the modern and Last Glacial
terrestrial OC discharge, accumulation and burial rates from
the Amazon River-continental margin-Amazon Fan continuum
(Schliinz et al., 1999; Schliinz and Schneider, 2000), it has been
suggested that there was no significant difference of terrestrial
OC burial between these two climate states, but the depocenters
for land-derived materials thought to be shifted from the shelf
to deep sea fan due to low sea level. However, quantification
of natural variations in the burial of OC in deep sea sediments
over the last glacial cycle by compiling hundreds of sediment
cores indicated ~50% higher OC accumulation rate in the deep
sea during glacial maxima than during interglacial intervals
over the past 150 kyr (Cartapanis et al., 2016). Figure 4 shows
that the global mass accumulation rate of TOC (TOC MAR)
during the Last Glacial Maximum (LGM) was ~118-171% of
the Holocene MAR, with a mean estimate of 147 & 18%. Similar
amplitude of TOC MAR was also evident in marine isotope stage
6 (MIS 6), wherein the burial was ~148-183% of interglacial
MIS 5e (Figure 4). Based on this study, Cartapanis et al. (2016)
estimated that the glacial excess TOC burial in the deep sea might
have removed about 200-500 Pg C from the ocean-atmosphere
system. Earlier, Mollenhauer et al. (2004) also found a 2-3-fold
increased OC accumulation during the LGM compared to mid-
Holocene interval in the South Atlantic sediment cores. These
reconstructions of global OC burial suggested an increased burial
during glacial maxima due to a combination of more rapid export
of OM from the surface mixed layer, more efficient transfer
of OM from the upper ocean and continental margins to the
seafloor, and better preservation of OM in the sediment.

During low sea level glacial times, the absence of significant
continental shelves can facilitate the transfer of both marine
and terrestrial OM from the coastal zone to the deep sea
through downslope transport and nepheloid layers and therefore
bypassing temporary storage and partial remineralization on
shelves, and increasing burial efficiencies (e.g., Keil et al., 1997).
Consistent to this suggestion, enhanced preservation of terrestrial
OC has been noted in sediments accumulated in glacial periods
in the Amazon Fan (Goni et al., 1997; Keil et al., 1997), and in the
Mississippi Cone in the Gulf of Mexico (Newman et al., 1973).
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Indeed, terrestrial organic carbon deposited at the mouth of
the Amazon River under present-day conditions was transferred
almost entirely to the deep-sea fan during the LGM (Schliinz
etal., 1999). Given these mechanisms in favor of the glacial burial
pulses of organic carbon and their correspondence with sea level
and global ice volume (Figure 2 in Cartapanis et al., 2016), it
is clear that deep-sea organic carbon burial is very sensitive to
climate. The excess burial of 200-500 Pg C of OC in deep-sea
sediment during glacial intervals found to be analogous to the
excess carbon stored in land under ice sheets, soil, permafrost
and peat deposits during glacial intervals (Zeng, 2003; Ciais et al.,
2012). Furthermore, the fact that single major deep-sea fan off the
Amazon basin accounts for a significant part of glacial OM burial
points to the need for studies specifically targeting deep-sea fans,
submarine canyons, slopes and troughs for “missing terrigenous
carbon,” though enhanced carbon burial sites are favorable places
of new export production fueled by dust inputs during glacial
intervals rather than shelf or slope sediments (Mollenhauer et al.,
2004; Cartapanis et al., 2016).

The aforementioned terrestrial OC export and burial along
the land-deep sea continuum signify that the well-known caveat
in the scientific understanding of the natural carbon cycle is
the “missing terrigenous carbon” in the sediments of continental
margin. Based on stable carbon isotope and lignin distributions,
it is believed that most of the land-derived OM discharged by
rivers to the ocean is deposited in near shore regions (e.g.,
Gearing et al.,, 1977; Hedges and Mann, 1979). On the other
hand, carbon isotope (Druffel et al., 1986) and lipid biomarker
studies (Zafiriou et al., 1985; Prahl and Muehlhausen, 1989)
indicated the presence of appreciable amounts of terrigenous
OM in the water column and sediments at open ocean sites.
Studying export processes of terrigenous OM to offshore and

open ocean regions, including submarine canyons, fjord, deep
sea environments, is thought to provide some solutions for the
“missing” carbon issue (Tesi et al., 2014; Selvaraj et al., 2015;
Smith et al., 2015). It seems that such studies will not completely
solve the problem, though results of these studies provide
additional insights on the mechanism of OC transport to deeper
parts of the ocean. Major uncertainties therefore still remain
unchanged in our understanding of the natural, undisturbed
carbon cycle of the coastal and open oceans that requires
elucidation of remineralization processes and/or revising the
budgets aided with more observational and analytical data and
model simulations.

As aptly put by Eglinton and Repeta (2014), “in most
cases our understanding of OM in the contemporary ocean
remains far from complete.” These areas are (i) the fate
of terrigenous organic carbon inputs in the ocean, (ii) the
compositions of oceanic dissolved organic matter (DOM), (iii)
the mechanisms of OC preservation, and (iv) new insights
into microbial inputs and processes. To better constrain the
global C cycle in terms of sources and sinks and to distinguish
natural from anthropogenic inputs of carbon in the marine
environment, intensive research efforts are the need of the
hour. Such studies should utilize the modern state-of-the art
instrumental facilities, newly introduced observational systems
and applications of sophisticated models on the biogeochemical
cycles of C and other nutrients (N, P, S, and Fe) in the land-deep
sea continuum. In addition to these general key issues in marine
biogeochemistry, here we focus the following four lines/ways
of investigations that we deem would provide required data to
refine/revise the terrestrial carbon export/marine burial budget
and therefore to bridge the gap in our understanding of the global
C cycle.
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EXTREME PRECIPITATION IN CARBON
EXPORT

Event-based (e.g., precipitation) fluxes of terrestrial DOC and
POC in rivers are important in diverse ecosystems, including
forested watersheds (Raymond and Saiers, 2010) and densely
vegetated mountainous islands (Goldsmith et al., 2008; Hilton
et al., 2008). This is mainly because ~70% of event-based DOC
and POC fluxes occur during the rising hydrograph and during
large rainfall events. Not only the composition of particulate
OM carried by major rivers vary seasonally with the hydrograph,
but also the quantity, source and degradation state of terrestrial
OM are dramatically altered under flooding conditions (Ittekkot
and Arain, 1986; Dalzell et al., 2005). For example, the relative
concentrations of major biochemicals, such as amino acids and
sugars, are highest during periods of low sediment discharge,
whereas biodegraded organic substances predominate at high
discharge (Ittekkot et al., 1985; Ittekkot and Arain, 1986).
Numerous studies now support precipitation as a dominant
effect on these fluxes in the coming decades (Raymond and Oh,
2007; Godsey et al., 2009). Furthermore, rapid river transport
times associated with large hydrological events will result in the
bypassing of terrestrial carbon processing in rivers, which will
have an impact on CO; sequestration, and concomitant episodic
disturbances to coastal carbon budgets (Bianchi et al., 2013) and
lead to shift in the timing of terrestrial carbon delivery to the
coastal ocean under future climate change scenarios.

In addition to annual precipitation and temperature, it is now
clear that hydrologic events such as extreme rainfall from tropical
storms are disproportionately important to riverine sediment and
organic carbon transport (Bianchi et al., 2013; Selvaraj et al.,
2015). The erosive power of these storms is responsible for most
POC export from watersheds to the coastal ocean, especially in
mountainous regions where short rivers are traversing (Hilton
et al., 2008). Increases in riverine DOC concentrations and hence
in annual riverine DOC export to coastal systems can also result
from these events. For example, a single tropical storm can be
responsible for more than 40% of average annual riverine DOC
export (Yoon and Raymond, 2012). On decadal time scales, single
large flood events can export 80-90% of POC from mountainous
regions (Hilton et al., 2008).

ORGANIC-INORGANIC LINK

Even though OC and mineral breakdown are spatially separated
in the Earth’s Critical Zone, studies of OC turnover in soils
and sediments have started to discuss the mechanisms for the
coupling of mineral and biogeochemical cycles via organic-
mineral interactions, which prevent the oxidation of OM by
stabilizing humic substances in soil and sedimentary systems
(e.g., Hedges and Keil, 1995; Keil and Mayer, 2014). Sorption
processes play an important role in transforming labile DOM
into stable soil OM (Guggenberger and Kaiser, 2003). Substrates
may also slow the process of carbon remineralization if they
are adsorbed onto particles (e.g., clays) or form complexes
with macromolecules (e.g., humic substances) (Mayer et al,
2004; Burdige, 2007; Arnosti, 2011). The smectite-bearing shelf

sediments derived from Deccan Trap shown to contain enriched
carbon isotope values, even richer than marine organic matter
(Kurian et al., 2013). It is also known that most OC is rapidly
metabolized and/or photolysed and returned to the atmosphere
as COy (Cole et al,, 2007), when they are not adsorbed onto
mineral particles. Selective degradation over the residence time
of the estuarine and river systems may leave more recalcitrant
material OM, resulting in pre-aging material before reaching
the oceans (Raymond and Bauer, 2001). Therefore, the rate of
erosion, delivery, and mixing of fresh mineral surfaces with
fresh OM could likely control watershed to global-scale C
sequestration fluxes over both current and geological time scales
(Hedges, 1992; Kennedy and Wagner, 2010).

However, a number of studies have evaluated the organic-
inorganic link separately with less attention paid to assess the
mineral adsorption and the significance of organic-inorganic
interaction. This organic-mineral interaction provides a clue to
the missing carbon mystery, as 90% of the OC burial in the ocean
occurs in estuarine, lagoonal, deltaic and margin sediments and is
associated with mineral particles largely of mud size (Hedges and
Keil, 1995; Cowie et al., 2014). This terrigenous OC associated
with minerals seems to be exchanged with marine OM once it
enters the coastal ocean (Nuwer and Keil, 2005; Selvaraj et al.,
2015); one of the potential reasons why we do not see as much
terrigenous carbon as expected from riverine inputs (Bianchi,
2011). As mentioned in Keil and Mayer (2014), “despite more
than 100 years of research, we are still only scratching the surface
of understanding regarding the ways in which organic matter and
minerals interact in the natural world.”

Oceanic islands in the tropical and subtropical regions,
especially those located in the Pacific and Indian Oceans (e.g.,
Taiwan, the Philippines, Indonesia, Sri Lanka, etc.) have rarely
been investigated for their roles on sediment and nutrients export
both in the normal season and during extreme (tropical storm)
events. These islands with their diverse lithology and mineral
dissolution rates can produce characteristics clay minerals
through physical erosion and chemical weathering and may
provide an unknown link between mineral and organic matter
export and burial in the regional marine depositional center,
but yet to be investigated in detail. Notably, almost there is no
information on quality and quantity of terrestrial OM export
from the Philippines and Sri Lanka, two islands often smashed
by tropical storms in the low-latitude region. Therefore, such
climatically-vulnerable areas should be focused to understand
the influence of erosion on the global carbon cycle and organic-
inorganic interactions.

BIOGEOCHEMISTRY OF HADAL WORLD

The largest carbon pool resides in the intermediate and deep
ocean (ca. 37,100 Pg C; Figure 1), which includes the hadal
ecosystem; the largest living but dark space on Earth. Nonetheless
and importantly, C (and N) dynamics in this dark world remain
completely elusive. Until today, relatively little is heard about
the biogeochemistry of hadal trenches (e.g., Glud et al., 2013;
Nunoura et al, 2015). These studies believed that patterns
of food supply in hadal environments are affected by the
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physical topography, as the steep slope of trenches facilitate
a downward transport and subsequent accumulation of POC
along the trench axis, making the supply of nutrients to trench
systems fundamentally distinct to that on the flat neighboring
abyssal ecosystems. Furthermore, compared to abyssal plains,
a faster attenuation of oxygen (O;) concentration and high
rates of microbial C turnover in sediments have been noted at
Challenger Deep due to an intensified O, consumption within
trench sediments (Glud et al., 2013). Since the hadal microbial
ecosystem is distinct and driven by the endogenous recycling
of OM (Nunoura et al,, 2015), tracking the pulsed sources
of OM to these ecosystems would provide new insights into
the biogeochemical cycles of C and N and other nutrient-like
elements.

Until today, much of the research on microbial ecology
and biogeochemistry has been done on the sunlit layer of the
upper ocean water column (<200m). Nonetheless, the dark
ocean characterized by the absence of light, high pressure, low
temperature, and elevated inorganic nutrient concentrations is
less focused, though it contains around 98% of the ocean’s
dissolved inorganic carbon (Gruber et al., 2004) and a significant
fraction of the ocean’s prokaryotic biomass (Whitman et al,
1998). The estimates of metabolic activity in the dark ocean
seem to have exceeded the influx of organic materials. This is
either because of the existence of unaccounted sources of organic
carbon and/or that metabolic activity in the dark ocean is likely
overestimated due to sampling constraints. In addition, most
hadal trenches are located in close proximity to a productive
coastal-open ocean interface. The lateral transport and turbidities
are regarded as two most important ways of pulses of sediment
and elemental transport to hadal zones, leading to substantial
deposition of organic matter in trenches. Hadal trenches are
important ecosystems of deep sea environments of the Pacific
linked to the “Ring of Fire.” Among the 37 deep-sea tranches
in the world, 9 deepest are located in the Pacific (Jamieson
etal., 2010). Interestingly, the western Pacific receives the largest
effect of tropical storms due to an average of ~20 typhoons
per year and also acts as a hot spot for global sediment
production due to a combined climate-tectonic effect (Milliman
and Syvitski, 1992; Milliman and Farnsworth, 2011). Hence,
studies of biogeochemical cycles in hadal settings in the world
ocean in general and in the western Pacific in particular would be
ideal for tracking carbon transport to the darker oceanic world
and associated biogeochemical transformations laterally along
the land-deep sea continuum.

Though the abyssal plain sediments are known to be poor in
organic carbon, sparse benthic population feeding on sediments
seems to depend on food reaching in pulses. The seasonality
of fluxes and episodes of higher organic matter supply seems
to be major sources. There is hardly any estimate or seasonal
changes in supply for the deep-abyssal areas. Sediment traps
provide the only source of in situ data on deep POC flux
(Henson et al., 2012). Settling flux information with season/time
through the installation of sediment traps may help and certainly
bring new insights into biogeochemical cycles of C both in
dissolved and particulate forms. Therefore, systematic 3'3C and
815N investigations in hadal environments may shed some

lights about whether the dark ocean is an environment of
substantial terrestrial C pool or not. In addition, radiocarbon
(*C) measurements of particles and sediments in hadal trenches,
similar to studies made from other river and marine realms
(Bauer et al., 1992; Raymond and Bauer, 2001; Goii et al.,
2013), may provide additional constraints on age, fate and
reactivity of OM and therefore provide clues about the transport
mechanism and the nature of particles and sediments in the
dark ocean.

IMPORTANCE OF ADDITIONAL PROXIES
AND THEIR COMBINATIONS

Since their inception, mass spectrometers are being used to
measure stable isotopes for the investigation of biogeochemical
cycles in terrestrial and marine ecosystems. Researchers have
frequently employed 3'3C to disentangle the global carbon
cycle, though contemporary cycles of other elements such as
N, P, and S have rarely been investigated in combination. For
instance, the biogeochemical cycles of nitrogen and carbon are
intimately coupled with each other due to their metabolic needs
of organisms. Changes in the availability of one element will
influence not only biological productivity but also availability of
requirements for the other element (Gruber and Galloway, 2008).
Nitrogen exists as two stable isotopes in nature: 14N (99.63%)
and '°N (0.37%). The N cycle in marine environments consists
of several exchange processes among biota, water and sediments
(e.g., Altabet, 2005). The numerous oxidation states of inorganic
nitrogen (—4, 0, 2, 3, 5) and the multiplicity of biological
pathways interconnecting different pools often make it difficult
to identify clearly the key processes controlling nitrogen through
ecosystems, conferring to the whole cycle greater complexity than
other bio-elemental cycles, in particular the carbon cycle. Despite
this complexity, the 1°N/!*N ratio in sedimentary organic matter
has been widely used to investigate relative nutrient (NO3)
utilization in the overlying water column (Francois et al., 1992;
Altabet and Francois, 1994; Farrell et al,, 1995). Wada and
Hattori (1991) demonstrated that 8'°N value of POM depends
on the isotopic composition of the nitrogenous substrate and
isotope fractionation during nitrogen uptake by marine primary
producers. In the euphotic zone, the preferential uptake of
“NO; by phytoplankton produces biosynthate enriched in
14N, leaving the residual dissolved NOj progressively enriched
in 1N (Schubert and Calvert, 2001; Altabet, 2005). Under
nutrient-replete conditions (physical supply of NO; > biological
assimilation), the settling organic detritus is depleted in >N and
thus low 8!°N. In the eastern equatorial Pacific and the Arabian
Sea, where upwelling brings subsurface nutrients to the surface
at concentrations in excess of 5 WM (Pena et al., 1994), bottom
sediment 3'°N values are 5-6%o, and they increase to the north
and south because of isotopic enrichment under low nutrient
conditions (Farrell et al., 1995). This simple relationship can be
complicated in regions of significant denitrification, which leaves
subsurface waters highly enriched in >N (>6%o; Liu and Kaplan,
1989), and in areas where atmospheric N fixation is important,
which produces organic matter highly depleted in the heavy
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isotope (—2%oto +1%o) (Wada and Hattori, 1976). The latter
process also causes a low 3'°N value in soil organic matter.

A recent multi-proxy study showed that 3'3C composition
of terrestrial particles is conserved, while the 8!°N composition
has been altered due to admixing of marine bacteria during
the transport of river-derived particles to deep-sea (~3000 m
water depths) within a week of transit during an extreme
weather condition (Selvaraj et al, 2015). Likewise, another
study demonstrated the need to consider multiple terrigenous
OC proxies at isotope/molecular levels to differentiate the fate
for different allochthonous components in Arctic sediments
(Tesi et al, 2014). Since the terrigenous OC is made of
several allochthonous pools each with distinct reactivity toward
the oxidation, age and carbon loading (Goni et al., 2014;
Tesi et al., 2014), application of just 8'3C composition may
perhaps be inadequate to understand the characteristics of OM
along the river-estuary-shelf-deep sea continuum. Toward this
understanding, recent studies have explored the possibilities of
applying some alternate proxies to investigate OM dynamics in
terrestrial and marine environments (Leri et al., 2010, 2014, 2015;
Leri and Myneni, 2012). These proxies include halogens such as
bromine (Br), chlorine (Cl) and iodine (I) and their relationships
with organic carbon and their biological transformation in
marine sediments. These studies further demonstrated that Br,
Cl and I are mostly associated with organic carbon and marine
organics are relatively enriched by these halogens compared
to terrestrial organics (Mayer et al,, 1981, 2007). As marine
OM is protein-rich and thus enriched in N compared to
N, future studies focusing on the relationship among §!°N
and halogens and their ratios with organic carbon may provide
additional insights of OM sources and its biogeochemical
changes in diverse environments, including abyssal and hadal
ecosystems.

Exploration of geochemistry of halogens and their biological
links with OM is therefore essential to bring new frontiers in
global elemental cycles. Furthermore, geochemical parameters
such as Br, 813C, 3'°N, biogenic silica and other productivity
indicators such as Ba and redox indicators such as Mo play a
key role in distinguishing provenance of sedimentary organic
matter in suspended particles and sediments in the marginal
seas and open oceans; however, the potential usage of this
combination, i.e., what is the relationship between and among
these productivity and redox proxies and their roles in global C
and N cycles, has not been explored in detail. Furthermore, a link
between/among these parameters and clay mineral composition
has also not been explored. Establishing halogen-organic matter
link and see whether halogens have any tight link with other
classical marine productivity indicators and specific terrestrial
and marine environmental biomarkers will be another interesting
line of research. Apart from that linking elemental ratios with
terrigenous vs. marine organic matter/fraction calculated based
on Br/OC ratios to see how inorganic elements (based on XRF
results) play roles in differential burial of these two forms of
carbon and nitrogen would be useful to refine uncertainties
associated with terrestrial carbon in source-to-sink and also can
provide new information on the role of halogens in marine
biogeochemical cycles.

FINAL THOUGHTS

In this review, we revisited the global riverine organic carbon
fluxes and compared the recently estimated data-based fluxes
with that of model-based estimation. Our comparison reveals
large uncertainties in terms of terrestrial carbon export and
subsequent burial in marine sediments. This confirms that
additional biogeochemical studies are required for global hot-
spots of sediment and terrestrial carbon discharges such as
Arctic and Oceania to further revise the global carbon budget.
There are many caveats in our understanding of biogeochemical
processes along the land-deep sea continuum, including hadal
trenches, mainly because of the indistinguishable complexity of
natural and anthropogenic biogeochemical processes that work at
almost all climatic components and interfaces of Earth. As well-
said in Achterberg (2014) and Eglinton (2015), biogeoscientists
in general and marine biogeochemists in particular are in the
forefront to take-up critical research issues that are related
to the current and future global climate changes and climate
mitigations in the coming years, as these groups of researchers
are dealing with elemental cycles and associated atmospheric
gases in diverse land and marine environments from the
pole-to-equator-to-pole. Despite the significant methodological
advances in recent years such as biomarkers and compound-
specific stable and radiocarbon measurements, doubts/problems
of biogeochemical cycles of C, N and other elements are still
persisting and also hard to reconcile different results from diverse
viewpoints and/or methodologies. An integral approach of the
chemical characterization of OM with isotopic, biomarker and
molecular techniques will be essential in our understanding of
biogeochemical cycles of OM and related elements in a changing
climate (Bianchi, 2011; Eglinton, 2015). As prescribed, areas of
regional priority in the future investigations include the Amazon,
the Congo, Yangtze and Yellow riverine basins and their estuaries
and tropical coastal currents. The Ganges River system, the
Bay of Bengal, the Indonesian Archipelago, the Southeast Asian
marginal seas and the Arctic rivers are other critical regions
having significantly large carbon inputs into the coastal seas
(Regnier et al., 2013) and open ocean.

Climate has long been recognized as an important driver
of river carbon supply to the coastal ocean (Bauer et al,
2013; Regnier et al., 2013). Exoreic river basins (i.e., watersheds
draining to the seas/oceans) with high precipitation have higher
riverine discharge rates, and the discharge in turn is the primary
regulator of carbon fluxes (Meybeck, 1982, 1993; Ludwig et al.,
1996). It is well known that the global climate has changed
dramatically and is still changing with a lot of consequences
to the health and survival of 8.74 million species on Earth
(Williams et al., 2010). The continuation of global climate
change may cause significant shifts in rainfall patterns and
storm intensities (IPCC Climate Change, 2013). Based on the
interhemispheric temperature asymmetry and its positive trend
since 1980s, Friedman et al. (2013) suggested changes in tropical
precipitation patterns. They found a tendency to shift tropical
rainfall northward in their model simulations and implicated that
such a shift in tropical rainfall could increase in monsoon weather
systems in Asia or shifts of the wet season from south to north
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in Africa and South America. All these regions are hot spots of
sediment and organic carbon production, together sharing the
largest sediment (~50%) and terrestrial organic carbon (~60%)
exports to the ocean. Climate models and satellite observations
both indicate that the total amount of water in the atmosphere
will increase at a rate of 7% per kelvin of surface warming
(Wentz et al, 2007). As the atmosphere warms, one would
expect an increase in the integrated water column in the tropics
(Knutson et al., 2010), consistent with increased atmospheric
moisture content in recent decades in many regions of the world
(Trenberth et al., 2005). Therefore, rainfall rates are likely to
increase in coming years because of increased intensity of higher
storms. For example, the projected magnitude of rainfall is on
the order of +20% within 100 km of the tropical cyclone center
(Knutson et al., 2010).

As stated above, both a shift in tropical rainfall pattern and
a change in storm intensity under a changing climate can alter
the continental erosion/weathering rates, which in turn affect
riverine exports of mineral particles and DOM and POM to
ocean (Allison et al., 2007). River discharge is dominated by
low-latitude tropical rivers (Schliinz and Schneider, 2000) and
large rivers play a disproportionally important role, as they carry
an excessive percentage of fresh water and particulate materials
to the oceans (the top 25 rivers supply approximately 50%
of the freshwater and 40% of the fluvial sediment) (Milliman
and Meade, 1983; Milliman and Syvitski, 1992; Milliman and
Farnsworth, 2011). Small mountainous rivers in oceanic islands
located on the active margin as well as such rivers flowing on
the edge of transform active margins (e.g., Eel in California) are
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