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Mercury (Hg) in seawater is subject to interconversions via (photo)chemical and (micro)biological processes that
determine the extent of dissolved gaseous mercury (DGM) (re)emission and the production of mono-
methylmercury. We investigated Hg speciation in the South Atlantic Ocean on a GEOTRACES cruise along a 40°S
section between December 2011 and January 2012 (354 samples collected at 24 stations from surface to 5250 m
maximum depth). Using statistical analysis, concentrations of methylated mercury (MeHg, geometric mean 35.4
fmol L’l) were related to seawater temperature, salinity, and fluorescence. DGM concentrations (geometric mean
0.17 pmol L™1) were related to water column depth, concentrations of macronutrients and dissolved inorganic
carbon (DIC). The first-ever observed linear correlation between DGM and DIC obtained from high-resolution
data indicates possible DGM production by organic matter remineralization via biological or dark abiotic re-
actions. DGM concentrations projected from literature DIC data using the newly discovered DGM-DIC rela-
tionship agreed with published DGM observations.

dimethylmercury (DMeHg) (Compeau and Bartha, 1987; Matsuyama
et al., 2021).

1. Introduction

Mercury (Hg) is a toxic global contaminant, with enhanced surface
ocean concentrations due to elevated anthropogenic Hg emissions and
subsequent deposition in the oceans (Mason et al., 1994). Two main
groups of reactions affecting Hg speciation in the marine environment
are redox and methylation/demethylation reactions. The reduction of
oxidized Hg species in the surface ocean can result in (re)emission to the
atmosphere (Costa and Liss, 1999; Gardfeldt et al., 2003; Mason et al.,
1994), while methylation produces monomethylmercury and
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The production of dissolved gaseous mercury (DGM; mostly
composed of dissolved elemental Hg — dHg®) in surface waters is mostly
due to photochemical Hg" reduction (Monperrus et al., 2007). Sea sur-
face temperature has been used as a seasonal proxy for dHg® production
in near-surface waters (Chen et al., 2020). DGM production has also
been related to photodegradation of methylated mercury (MeHg) (M.-K.
Kim et al., 2016), bacterial Hg reduction under dark conditions (Fan-
tozzi et al., 2009; Joshi et al., 2021), phytoplankton photosynthetic
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activity (Poulain et al., 2004), and degradation of labile terrestrial
organic matter (Oh et al., 2011; Schartup et al., 2015).

Photochemical reduction occurs through the homolysis of Hg com-
plexes with dissolved organic matter (DOM) or through secondary re-
actions with reactive reductants via highly reactive radical
intermediates (Zheng and Hintelmann, 2010). Phototrophs might be
involved in Hg" reduction via their photosynthetic machinery or
through the release of photoreactive compounds (Grégoire and Poulain,
2014). Phototrophs can also use HgII as an electron sink to maintain
redox homeostasis (Grégoire and Poulain, 2016). Turnover of labile
terrestrial organic matter can reduce the stability of Hg bound to DOM,
which enhances HgII reduction rates (Schartup et al., 2015). HgII in the
dark ocean can be reduced by reactive oxygen species (produced by
marine heterotrophs) or by Mn'"™ in seawater (Lamborg et al., 2021). In
anoxic (micro)environments, HgII can be effectively reduced in the
presence of small amounts of humic acid (Gu et al., 2011) by electron
transfer from the reduced quinone moieties (semiquinone or hydroqui-
none) (Zheng et al., 2012; Zheng and Hintelmann, 2010).

Hg methylation in the upper ocean has been linked to organic carbon
remineralization and heterotrophic microbial activity (Cossa et al.,
2009, 2011; Heimbiirger et al., 2010; Sunderland et al., 2009). Carbon
remineralization rates are enhanced during sinking of fresh material
from decaying picocyanobacterial bloom (Bach et al., 2019). Organic
particles formed at the surface serve as a sink for Hg that is not (re)
emitted to the atmosphere (Cossa et al., 2009; Strode et al., 2010). At
depth, Hg is released during remineralization. The participation of Hg in
the biological pump has been used to predict the vertical distribution of
anthropogenic Hg in the ocean (Strode et al., 2010). However, the ef-
fects of organic matter remineralization on the reduction of inorganic
Hg" and DGM production are not well documented.

Atmospheric carbon dioxide (CO3) and Hg are taken up by the
oceans. Absorbed CO, is incorporated into dissolved organic matter
(DOM) and particulate organic matter (POM), with transfer to depth and
subsequent remineralization providing dissolved inorganic carbon (DIC)
to the deep ocean, and also transferred to the deep sea by the solubility
pump (Hansell and Carlson, 2015). As part of the biological carbon
pump, DIC and inorganic nutrients are converted into organic matter in
the upper ocean, which is exported to the deeper ocean via sinking
particles and physical mixing processes (Giering and Humphreys, 2017).
The organic matter is gradually remineralized, returning DIC and the
accompanying nutrients to solution, and increasing their concentrations
in the deeper ocean (Hansell and Carlson, 2015). Remineralization
consumes oxygen and decreases the pH of seawater. The consumed
amount of oxygen is proportional to the amount of nutrients and DIC
released and represents a fundamental metric of the biological pump
(Lea, 2014).

Microbial and abiotic reactions that cause the production and the
removal of DOM are mutually interconnected. Heterotrophic production
and the microbial loop are mainly driven by labile DOM. Labile DOM
can be produced by photoautotrophs and by photochemical oxidation of
upwelling refractory organic matter (which also produces DIC). Ultra-
violet light can transform DOM to biologically available compounds,
thus facilitating the uptake and remineralization of DOM by heterotro-
phic bacteria (Hansell and Carlson, 2015). Grazing, cell lysis, and
cellular physiological processes can also release additional labile DOM.
The microbial loop consumes labile DOM and converts it into DIC and
inorganic nutrients (Hansell and Carlson, 2015). Different biotic and
abiotic controls on heterotrophic bacteria affect their roles in nutrient
cycling and in the transformation of organic matter. Sorption of DOM
onto sinking particles is another abiotic removal mechanism. Physical
disaggregation of these sinking particles release DOM into deep waters
where it can be enzymatically degraded (Hansell and Carlson, 2015).

On the other hand, deposited Hg (mostly as Hg") can be photo-
reduced in the surface ocean and re-emitted to the atmosphere, incor-
porated within the biological pump, or complexed with sinking organic
matter and possibly reduced to dHg® during organic matter
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remineralization at depth. In addition to these processes, mixing of
oceanic water masses carrying different levels of Hg can cause changes
in ambient Hg concentrations at depth (Sunderland and Mason, 2007);
the same can be observed for DIC concentrations (Humphreys et al.,
2016c).

The main objective of this study was to examine DGM formation in
the South Atlantic Ocean along 40°S. The main questions were (i)
whether environmental variables can be used as a proxy for DGM con-
centration, (ii) what possible mechanisms are involved in DGM forma-
tion, and (iii) whether these proxies can estimate DGM concentrations in
different ocean regions. Using multivariate statistical analysis (principal
component analysis), we determined which variables were correlated
with different Hg fractions. These variables were related to known
processes to explain Hg transformations, specifically Hg reduction in
seawater. To test whether Hg reduction might be associated with
mineralization of organic matter, we used high-resolution DIC data
instead of more commonly used dissolved organic carbon/matter (DOC/
DOM) data. Finally, we assessed the use of macronutrient data as a proxy
for DGM concentrations in the deep sea.

2. Materials and methods
2.1. Study area, analytical methods, and data availability

This research is focused on a zonal South Atlantic cruise transect
along 40°S, between Cape Town, South Africa and Montevideo, Uruguay
(Fig. S1; Supplementary data) and carried out during December 2011
and January 2012 as part of the UK GEOTRACES program. The details
on determination of Hg speciation, macronutrients and other environ-
mental variables have been published by Bratkic et al. (2016) (the
overview of section plots are presented in Fig. S2 for Hg species and
Fig. S3 for macronutrients and temperature). DIC and total alkalinity
(TA) have been reported by Humphreys et al. (2016a). Datasets for Hg
(Bratkic and Vahcic, 2015) and DIC (Humphreys et al., 2016b) used in
this work are publicly available online at https://doi.org/10/629 and
https://doi.org/10/bjgs, respectively.

In brief, concentrations of total mercury (THg) in water were
determined by cold vapor atomic fluorescence spectrometry (CVAFS)
after BrCl digestion, UV irradiation and reduction with SnCl,. DGM was
determined by CVAFS after purging, collection on a gold trap with
subsequent desorption. MeHg (sum of monomethylmercury and dime-
thylmercury) was determined by CVAFS after distillation, aqueous
phase ethylation, collection on Tenax traps, desorption and subsequent
pyrolysis (Bratkic et al., 2016). DIC was extracted from samples as CO;
by the addition of phosphoric acid and determined following transfer
using nitrogen gas of the evolved CO; to a coulometer. TA was deter-
mined by potentiometric titration with hydrochloric acid and calculated
from the titration data using a modified Gran plot approach (Hum-
phreys, 2015; Humphreys et al., 2016a).

DGM concentrations used for the comparison are from H. Kim et al.
(2016), Kotnik et al. (2007), and two oceanographic campaigns in the
Mediterranean Sea (unpublished data from Med-Oceanor 2015 and
2017). DGM in these samples was determined using the method
described above.

2.2. Assessment of biological (remineralization) contribution to DIC

In this paper, the relationship between organic matter reminerali-
zation and DGM concentrations was estimated using DIC as a proxy.
Quantification of the biological (remineralization) contribution to DIC
requires correction for the preformed DIC (DICpreformed; DIC present
during the last contact with the atmosphere) (Sabine and Tanhua, 2010).
Biologically mediated changes in DIC (DICy;,) are due to dissolution of
biogenic carbonates and remineralization of organic matter at depth
(Kortzinger et al., 2003). Therefore, DIC;, is the difference between DIC
and DICpeformed> and can be estimated as: DICp;, = 0.798 x AOU + 0.5
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x (TA — TA®), where AOU is apparent oxygen utilization, TA is
measured total alkalinity and TA? is preformed total alkalinity. AOU was
calculated from dissolved oxygen concentrations and oxygen solubility
(Garcia and Gordon, 1992), while TA® was estimated from salinity and
potential temperature (Kortzinger et al., 2003).

Preformed DGM was estimated using the temperature-dependent
Henry’s law (Andersson et al., 2008) for Hg® and assuming the atmo-
spheric DMeHg concentration to be zero. To calculate preformed DGM
in surface waters, we used current values for total gaseous Hg in the
South Atlantic air (6.53 pmol m~3) (Slemr et al., 2003). For deep waters,
we assumed that the atmospheric Hg® concentrations at the time when
these water masses were in the last contact with the atmosphere were
four-fold lower than present-day values. This factor (four-fold) is an
estimation calculated as a geometric mean of the enrichment factors for
present-day-to-preindustrial and present-day-to-natural atmospheric
mercury budgets (Amos et al., 2013). In our analysis, DGM was not
corrected for its preformed values due to several issues. First, estimated
preformed DGM in the South Atlantic was always low and constant
(geometric mean 0.02 pmol L™1). Next, to compare calculated DGM
values with measured DGM values, we would require calculation of
preformed DGM for various water masses across the globe. This would
require information of when and where was a specific water mass last
time in the contact with the atmosphere and what were the corre-
sponding water temperature and atmospheric Hg® concentration. Due to
impracticality/infeasibility of the determination of generally low values
of preformed DGM, we decided not to correct DGM for its preformed
values.

2.3. Statistical analysis

The normality of original and log-transformed data was tested using
the Shapiro-Wilk test. As a normal distribution was not found in either
case (p < 0.05), non-parametric statistical tests were used throughout
the paper. Spearman’s rank correlation coefficient (p) was used to assess
relationships between DGM (MeHg) and environmental variables. Out-
liers in the dataset were removed using the Dixon test.

Principal Component Analysis (PCA) was performed to summarize
the main patterns of variation between three Hg species (DGM, THg and
MeHg) as active variables, and environmental variables as supplemen-
tary variables. These supplementary variables represented the spatial
variability of seawater temperature, salinity, depth, dissolved oxygen,
concentrations of total dissolved inorganic nitrogen, silicic acid and
phosphate, DIC, TA, photosynthetically active radiation and fluores-
cence. The squared cosines of the variables were used to estimate the
best link between each variable and the extracted principal component.
Analyses were performed using the XLSTAT statistical package (version
2015.4.01.21575, Addinsoft).

3. Results and discussion
3.1. Overview of Hg speciation in the South Atlantic

THg (0.40-5.73 pmol L™1), DGM (0.01-0.57 pmol L™!) and MeHg
concentrations (0.01-0.24 pmol L) showed different distributions in
the South Atlantic. Geometric means of THg and DGM concentrations in
the South Atlantic were higher in the western part (1.42 and 0.18 pmol
L}, respectively) compared to the eastern part (1.11 and 0.14 pmol L1,
respectively), while MeHg values were the same (0.04 pmol L~%;
Fig. S2). THg did not show considerable vertical variation. MeHg was
highest in the uppermost 200 m and lowest below 1000 m (geometric
means 0.05 and 0.03 pmol L1, respectively). The geometric mean of the
DGM concentration increased with depth from 0.08 pmol L™} in the
uppermost 200 m to 0.34 pmol L~ at 1000 m, while the greatest values
were found in the deepest waters (0.45 pmol L™* below 4000 m; Fig. S2).
Hg speciation was described in detail by Bratkic et al. (2016).
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3.2. Correlations between DGM (MeHg) and environmental variables

The PCA was carried out on the data sets for Hg species. The analysis
extracted two factors encompassing Hg species with similar patterns of
spatial and vertical variabilities and explained 79% of the total vari-
ability. The first factor (D1) included high factor loading for DGM and
MeHg and explained 44% of the variability. DGM was highly positively
correlated with nutrients, DIC and depth, while MeHg was positively
related with salinity, fluorescence and temperature. The second factor
(D2) was considerably positively related with THg (the highest loading)
and explained 35% of the variability. However, correlations with envi-
ronmental variables were rather low (Fig. 1 and Table S1).

Positive correlations of DGM with DIC and nutrients (Table S2) might
be due to microbial/abiotic Hg reduction during organic matter remi-
neralization, as DGM and these variables generally all increase with
depth (Fig. S2). Similarly, the observed significant negative correlation
of DGM with temperature is due to corresponding temperature decrease
with depth, as previously observed in the Central Adriatic Sea (Zivkovic¢
et al., 2019). On the contrary, MeHg generally has higher values in the
mixed layer and in the warm surface waters where photosynthetically
active radiation is the greatest. MeHg correlation with fluorescence/
chlorophyll a indicates the possibility that Hg methylation is not linked
only with organic matter degradation, but also with rapidly recycled
fresh organic matter or that phototrophy may be (in)directly involved in
Hg methylation (Bratkic et al., 2016).

Variables (axes D1 and D2: 79.05%)
after Varimax rotation

THg

0.75

0.5

0.25

D2 (35.29%)
o

-1 -075 -05 -025 0 025 05 075 1
D1 (43.76%)

© Active variables O Supplementary variables

Fig. 1. Ordering of three Hg species as active variables obtained by the Prin-
cipal Component Analysis along the South Atlantic transect. Abiotic variables
are superimposed as supplementary variables and plotted as squares. Data used
in graph (from Bratkic and Vahcic (2015) and Humphreys et al. (2016b)) are
from eight stations along a 40°S transect and include 91 observations from
surface to 4900 m depth. (Active variables: concentrations of total mercury,
THg; dissolved gaseous mercury, DGM; methylated mercury, MeHg. Supple-
mentary variables: total dissolved inorganic nitrogen, TIN; phosphate, PO4;
silicic acid, SiO4; dissolved inorganic carbon, DIC; total alkalinity, TA; dis-
solved oxygen, O2; sea temperature, TEMP; ocean depth, DEP; salinity, SAL;
photosynthetically active radiation, PAR; fluorescence, FLUO.)
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3.3. Correlation between DGM and DIC

The reported concentration maximum of the dHg® in the North
Atlantic Ocean indicated its formation by dark reactions at depth
(Lamborg et al., 2021) and may have been related to organic matter
remineralization (Bowman et al., 2015). Therefore, ng0 in deep water
masses might be formed by either an abiotic or a microbial reduction
process (Bowman et al., 2015). Most of the DGM in the deep South
Atlantic waters is present as ngO, as DMeHg represents on average
about 9% of DGM below 1000 m depth along 40°S (Bratkic and Vahcic,
2015). Microbial reduction of inorganic Hg" is a possible pathway for
DGM production in deep waters. Dissolution of settling particulate
organic carbon (POC) and consequent DOC remineralization cause an
increase in DIC concentrations in deep waters (Hupe et al., 2001). Even
though several studies have demonstrated the effects of DOC concen-
tration and quality on DGM (photo)production (Costa and Liss, 1999;
Jiang et al., 2014; Zheng and Hintelmann, 2009), DIC might also be an
appropriate proxy for DGM concentrations. However, direct comparison
of DOC and DIC as proxies for DGM concentrations would be required to
assess which one might be better.

DIC concentrations in the South Atlantic increased with depth until
they reached an average value of 2231 pmol kg~! between 1000 and
2000 m. Below this depth, DIC first decreased and then again increased
towards the bottom (Fig. S3), which is related to the presence of
different water masses (discussed in detail by Bratkic et al. (2016)).
Therefore, DIC seems to be a better proxy for DGM than depth, as ver-
tical profiles show peaks at about 1500 m (Figs. S2 and S3), and the
corresponding correlations with depth are not linear.

To the best of our knowledge, this study is the first demonstration
that DGM concentration increases linearly with increasing DIC con-
centration in the ocean (Fig. 2, Eq. (1)). This correlation indicates that
either microbial/dark abiotic reductions produce DGM in deep waters,
and/or that similar processes govern the behavior of DGM and DIC in
seawater (e.g., similar processes in their respective solubility pumps or
co-emission from active hydrothermal fluids in volcanic areas through
diffuse degassing (Bagnato et al., 2018)).

There seems to exist a certain equivalence/similarity between Hg

0.6

0.5

0.4

0.3

0.2

DGM (pmol L™)

0.1

'O.l T T T T T
2000 2050 2100 2150 2200 2250 2300

DIC (umol kg™)

Fig. 2. Linear correlation between dissolved inorganic carbon (DIC) and dis-
solved gaseous mercury (DGM) in South Atlantic waters (r? = 0.844). Units for
DGM and DIC are those most commonly used in their respective literature. Data
(from Bratkic and Vahcic (2015) and Humphreys et al. (2016b)) are from
twenty stations along a 40°S transect and include 342 observations from surface
to 5240 m depth (7 residual outliers were removed using the Dixon test).
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reduction in seawater and in terrestrial soils. Hg® can be significantly
correlated with CO3 in soils (which are respective equivalents to marine
dHg® and DIC). A fraction of Hg® may be emitted from soils to the at-
mosphere following reduction of Hg" during carbon mineralization
(Obrist et al., 2010), while the rest is emitted upon photoreduction of
HgII (Costa and Liss, 1999). Therefore, the correlation between DGM and
DIC found in the ocean water might be due to the in situ Hg" reduction
and not because of the solubility pump similar to that of COs.

DGM (pmol L") = 0.00185 kg L™' x DIC (umol kg™') — 3.756 pmol L™
(€))

Reduction of Hg" during remineralization of organic matter as a
probable explanation for the observed DGM-DIC relationship should be
taken with reservations. Hydrothermal inputs could also explain the
high DGM concentrations observed in deep waters. However, no DGM
maxima were observed in the deepest layer (except at one station;
Fig. S2). Also, there is a possibility that Hg® is bound to particulate
matter (non-purgeable Hg®), presumably due to high affinity of Hg®
adsorption on solids (Wang et al., 2015), and might be released upon
remineralization. Literature data also suggest that DMeHg can represent
a larger fraction of the DGM in deep waters (Mason and Fitzgerald,
1993, 1990), contrary to what was found in this study. Demethylation of
MeHg or DMeHg might present an additional pathway for dHg® pro-
duction, as indicated by a negative correlation between DGM and MeHg
(Table S2). This contribution might affect the linearity of DGM-DIC
relationship and its use for the estimation of DGM concentrations in
seawater.

3.4. Correlation between DGM and biological (remineralization)
contribution to DIC

DIC is comprised of carbon originating from various sources (Sabine
and Tanhua, 2010). To estimate how much DIC is derived from bio-
logical (remineralization) contributions without the effects of the solu-
bility pump, preformed DIC needs to be subtracted (as described in
Materials and Methods). DGM shows a significant correlation with
remineralization contribution to DIC (DICp,; Fig. 3) indicating that
carbon remineralization is possibly the driving force for the reduction of
HgH.

DGM (pmol L") = 0.00257 kg L™ x DICy, (pmol kg™") +0.0532 pmol L™
(2

The assessment of Hg reduction potential is usually estimated using
DOC (DOM) concentrations. Schartup et al. (2015) showed that degra-
dation of labile terrestrial organic matter reduces the stability of Hg
bound to DOM, which enhances HgII reduction rates. DICpj, cannot
explain any Hg-related transformations that might occur in seawater
other than remineralization itself. As both DICy;, and possibly DGM are
products of organic carbon remineralization, their use for describing Hg
reduction in seawater might be more appropriate than comparing a
reactant (DOM) and a product (DGM). Based on the slope of DIC};,—~DGM
relationship (Eq. (2)), 390 pmol kg ™! of DOC has to be remineralized to
DIC to create 1.0 pmol L™} of DGM in seawater.

3.5. Testing equation on independent datasets

Independent datasets were used to test the robustness of Eq. (1) and
the DGM-DIC relationship. DGM was calculated from DIC data from the
Weddell Sea (Southern Ocean, near the Antarctic peninsula) (Wedborg
et al., 1998) and compared with observed DGM values (Nerentorp
Mastromonaco et al., 2017). Water column DIC values were uniform
between 200 and 4000 m depth, and ranged from 2250 to 2260 pmol
kg_1 at station 62 (locations of all discussed stations are provided in
Table S3) (Wedborg et al., 1998). Using Eq. (1), DGM concentrations of
0.40-0.44 pmol L~! can be calculated (Table S4). The average value
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Fig. 3. Linear correlation between remineralization contribution to dissolved
inorganic carbon (DICp;,) and dissolved gaseous mercury (DGM) in South
Atlantic waters (r* = 0.871). Units for DGM and DIC are those most commonly
used in their respective literature. Data (from Bratkic and Vahcic (2015) and
Humphreys et al. (2016b)) are from twenty stations along a 40°S transect and
include 318 observations from surface to 5240 m depth (8 residual outliers
were removed using Dixon test).

(0.42 + 0.12 pmol L) found at the nearby station 516-1 (Nerentorp
Mastromonaco et al., 2017) falls within this range.

On the other hand, DGM results from the meridional cruise in the
South and equatorial Atlantic Ocean (Mason and Sullivan, 1999) do not
seem to follow Eq. (1) when compared to calculated DGM values from
the data in the South Atlantic Ocean along 40°S. The average measured
DGM concentration at station 10 (label from Mason and Sullivan (1999))
was 1.01 £ 0.36 pmol L™}, which is significantly higher than calculated
DGM values at the nearby stations 17 and 18 (label from current study,
Fig. S1) (0.28 + 0.14 pmol L’l, Table S4) (Humphreys et al., 2016b).
Nevertheless, these measured DGM and THg values were much higher
than recent measurements along 40°S and in the Weddell Sea (Bratkic
etal., 2016; Nerentorp Mastromonaco et al., 2017), indicating that other
factors might also influence DGM production in these ecosystems.
However, the most likely factor might be the analytical advance in Hg
measurements.

DGM values calculated from DIC concentrations (Tilbrook et al.,
2013) were also compared with directly measured concentrations in the
Southern Ocean (DGM values were extracted from graphs) (Cossa et al.,
2011). The ratio between the calculated and measured DGM values was
on average 1.67 (17% RSD) below 1000 m depth (Table S5). MeHg
profiles in the Southern Ocean indicate that DGM is mostly present as
ng0 (Cossaetal., 2011), as in the South Atlantic. Therefore, methylated
mercury should probably not be included into DGM when considering
correlation with DIC, as dHg® contributes to the majority of DGM.
However, DGM is a method-dependent Hg fraction and it cannot be
separated into constituent species.

In addition to the relatively constant ratio between DGM and DIC in
deep ocean waters, the greatest DGM peak observed at 100 m depth
(0.59 pmol L™Y) (Cossa et al., 2011) at station N-04 coincides with an
extremely elevated (though discarded) DIC concentration (4384 pmol
kgfl) (Tilbrook et al., 2013). However, the DGM-DIC relationship at this
station does not follow Eq. (1), possibly due to greater DGM degassing to
the atmosphere from the upper ocean (greater concentration gradient)
or more probably, due to a real error during DIC determination. Further
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issues can arise from different experimental procedures for the deter-
mination of DGM in seawater.

3.6. Testing equation on independent datasets using modeled DIC values

As the availability of DIC data simultaneously determined alongside
DGM measurements are scarce, we also used modeled DIC data.
Modeled DIC values from Goyet et al. (2000a, 2000b) were previously
determined at 1° x 1° resolution from surface to bottom waters for
world oceans between 66.5° N and 66.5° S. Calculated DGM concen-
trations were determined by applying our obtained DGM-DIC relation-
ship (Eq. (1)) to these values. Measured DGM values from the
Mediterranean Sea (data from two oceanographic cruises from Kotnik
et al. (2007) and unpublished data from two oceanographic cruises
during 2015 and 2017) were compared with geographically closest
calculated DGM concentrations. Calculated and measured DGM values
were in a good agreement (Fig. 4; all four aforementioned cruises),
especially below 1500 m depth where calculated DGM values were
within +25% of the measured DGM values. The exceptions were usually
surface values (due to photochemical reduction (Monperrus et al.,
2007); Fig. 4E, F and H) and bottom values (due to tectonic activity
(Kotnik et al., 2007); Fig. 4L). DGM determined at coastal sites were left
out from this analysis as the comparison with calculated DGM at the
nearest point at 1° x 1° resolution almost never gave comparable results
(not shown), probably because Eq. (1) was derived from open ocean
measurements. The greatest discrepancies between calculated and
measured DGM values were between the photic layer and 1000 m where
DIC concentrations rapidly increase with depth (Fig. S3). This indicates
that DGM-DIC relationship obtained from the South Atlantic might not
be the same in all waters. However, all models that depend on profiles of
DIC, nutrients, and other physical parameters suffer from uncertainties
and model-model/model-data disagreements between each other (Key
et al., 2004; Murnane et al., 1999; Séférian et al., 2013).

The increase in DIC and associated increase in DGM are the result of a
combination of increases in anthropogenic COy/Hg taken up by the
ocean and distributed through the solubility pump (currently mainly in
younger water masses), and increases in organic matter remineralization
related to sinking particles (vertical increase) or water mass movement
(horizontal changes)/changes in the amount of sinking particles. How-
ever, the ratio of COy to Hg in younger water masses is probably not
constant due to different anthropogenic burdens. To eliminate these
differences in respective solubility pumps, we tested whether DGM
might be related only with organic matter remineralization in the upper
1000 m. Because of discrepancies between calculated and measured
DGM values, we tested whether the DGM-DICy,;, relationship yielded
better results. To test whether DGM might be related to organic matter
remineralization we calculated DICy;, from the available dataset (Goyet
et al., 2000b), while the corresponding DGM was determined using the
DGM-DICyp;, relation (Eq. (2)) in the upper 1000 m. As this available
dataset and DICy;, are themselves modeled, DGM calculated using this
approach is directly dependent only on four variables: pressure, water
temperature, salinity, and oxygen concentration.

Comparison of calculated and measured DGM concentrations (Fig. 5)
showed much better agreement than when using the DGM-DIC rela-
tionship. Calculated DGM differed from the measured DGM by 13%
(geometric mean) between 150 and 1000 m depth. A station in the Strait
of Sicily (ST4) was not taken into an account due to probably elevated
concentrations of preformed DGM (strong tectonic and volcanic activ-
ity) (Kotnik et al., 2007). The analysis was performed only for depths
down to 1000 m, because in the model for the calculation of total
alkalinity (Goyet et al., 2000b), the water column was divided into two
separate zones: from the bottom of the wintertime mixed layer down to
1000 m and from 1000 m to the bottom. In the Mediterranean Sea, this
caused an abrupt rise in total alkalinity at 1000 m and consequently
corresponding rise in calculated DGM values (not shown) that were
several times greater than the observations.
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Fig. 4. Comparison of vertical profiles of DGM measured in the Mediterranean Sea (data from Kotnik et al. (2007) and two oceanographic cruises during 2015 and
2017; black circles) with DGM values calculated using Eq. (1): DIC-DGM relationship (DIC data from Goyet et al., 2000b; red triangles). Sampling point locations are
presented in Table S3. Error bars represent one standard deviation of parallel measurements (where available). Gaps between black circles are due to excluded data in
the original publication. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Furthermore, calculated DICy;, is influenced by modeled values of
preformed total alkalinity, TA. This variable strongly depends on po-
tential temperature 6 and available models show errors in TA? in cold
deep waters (0 < 5 °C). This is probably another reason for the
disagreement between model and DGM observations in deep waters.
Due to these reasons, we calculated DGM using the DGM-DICy;, rela-
tionship only in the upper 1000 m and using DGM-DIC relation in deep
waters.

It is also necessary to emphasize that the DGM-DICyp;, correlation
(Eq. (2)) was constructed using data from the entire water column
because the obtained p value (<0.001) was much lower than the p value
(0.047) obtained for the corresponding equation constructed using data
only from the upper 1000 m. Nevertheless, the differences between DGM
values calculated using these two equations were marginal (range from
—0.2% to 0.5%, with an average of 0.12%). As these differences were
insignificant compared to differences between modeled and measured
DGM values, we opted for the use of Eq. (2).

The DGM-DICy;, relationship was also tested in the Northwestern
Pacific Ocean, where higher DGM concentrations (> 0.5 pmol LY can
be found compared to the South Atlantic Ocean. These values were not
used for the determination of the DGM-DICy;, relationship and the
corresponding DIGp;, values are out of the used range (0-150 pmol kg ~!;
Fig. 3). Nevertheless, good agreement was obtained when comparing
measured DGM concentrations (H. Kim et al., 2016) with calculated
DGM from modeled DICy;, data (Goyet et al., 2000b) (Fig. S4). Calcu-
lated DGM differed from the measured DGM by 14% (geometric mean)
between 100 and 500 m depth (not taking into account station K4).

Calculated DGM concentrations in a zonal section across the North
Atlantic Ocean (GEOTRACES GAO3 cruise) (Bowman et al., 2015;
Lamborg and Hammerschmidt, 2017) yielded contradictory results be-
tween the eastern and western parts. The DGM-DICy, relationship
yielded comparable DGM values (characteristic subsurface maximum of
about 0.5 pmol L™! between 200 and 1000 m; Fig. S5) with measured
values (sum of dHg® and DMeHg) in the eastern part of the zonal section.
This confirms the hypothesis that higher DGM concentrations are related
to dark reactions in oxygen deficient zone and coincident with organic
matter remineralization (Bowman et al., 2015). DGM in deep waters
(about 0.3 pmol L™1), calculated using the DGM-DIC relationship, also
agreed well with measured values in the eastern part. However,
measured and calculated DGM disagreed in deep waters of the western
part, where measured values were two to three-fold higher than calcu-
lated ones. The hypothesis that higher dHg® and DMeHg concentrations
in the western part are due to greater Hg substrate availability or greater
methylation and reduction potentials in younger deep waters (Bowman
et al., 2015) casts questions about robustness of using the DGM-DIC
relationship to predict DGM concentrations. It is possible that deme-
thylation of methylated Hg species (Whalin et al., 2007) might represent
additional pathway of dHg® production in these waters containing
elevated DMeHg concentrations (Cossa et al., 1994). This might explain
why DGM (dHg®) produced by reduction during organic carbon remi-
neralization do not match observations. Furthermore, the solubility
pump may potentially move Hg into these young waters, together with
anthropogenic CO,. However, the ratio of CO2 and Hg in these waters is
probably not the same as in older waters due to anthropogenic burdens,
which could be the cause of the observed differences.

3.7. Estimation of DGM concentrations from nutrients

Including additional variables besides DIC might provide better es-
timates of DGM concentrations. Using multiple linear regression anal-
ysis, DGM concentrations were estimated from various environmental
variables, mainly nutrients. TIN (Fig. S3) was identified as the most
appropriate variable due to the lowest variance inflation factor. The
chosen multiple linear regression (Eq. (3)) had the highest correlation
coefficient (R2 = 0.855) among investigated variables.
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DGM (pmol L™") = 0.00122 kg L™' x DIC (umol kg ™)

(3
+0.00365 x TIN (pmol L™')-2.472 pmol L™

Using this equation, DGM can be estimated within +20% of the
measured value in 50% of the whole dataset. Assuming the predomi-
nance of photochemical reactions on Hg reduction in the surface ocean
waters (Qureshi et al., 2010) over biotic and abiotic reactions, we took
into consideration only values obtained below 200 m. Eq. (3) can esti-
mate DGM within +20% of the measured value in 74% of the data below
200 m and in 80% of the data below 400 m. This demonstrates the
different behavior of Hg and DIC in surface waters where photoreduc-
tion of Hg plays an important role. Therefore, Eq. (3) could be used for
the estimation of DGM concentrations in deep waters.

Bowman et al. (2015) observed an unexpected nutrient-type vertical
profile of dHg? in the North Atlantic Ocean that had not been previously
documented. Bratkic et al. (2016) found the same relationship between
DGM and nitrate in South Atlantic waters (using the same dataset as in
this study; Figs. S2 and S3). Because of the observed correlations be-
tween DGM and both DIC and TIN, we agree that DGM production might
be related to organic matter remineralization and deep water dark
abiotic reactions (Jiang et al., 2014; Oh et al., 2011). Decomposition of
organic matter to DIC and TIN might generate a reducing potential in
anoxic microenvironments of sinking particles (Bianchi et al., 2018)
great enough for the reduction of inorganic Hg.

4. Conclusions

This study demonstrated that DGM concentrations might be calcu-
lated based on DIC and/or nutrients data. Our assessment of DGM values
is intended as a proof-of-concept that other variables might be used as
proxies for global Hg concentrations. The DGM values obtained either
using empirical DGM-DIC or DGM-DICyp;, relationships mostly agreed
with the observations, even when used DIC values are modeled them-
selves. Based on our results, we presume that DGM production was
controlled photochemically in the surface layer, might be associated
with the remineralization of labile organic matter down to about 1000 m
depth, and the remineralization of refractory organic matter in the
deepest waters (related to the highest DIC values). Our results suggests
that DIC might be used as a proxy for DGM, possibly as a consequence of
organic matter remineralization. Future research should experimentally
test whether the DGM-DIC correlation found in the South Atlantic
Ocean is present in other ocean basins. If confirmed, this relationship
could have significant implications for Hg models in open ocean waters.
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