
Environmental
Science
Processes & Impacts

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
oa

ja
ge

m
án

nu
 2

02
5.

 D
ow

nl
oa

de
d 

on
 2

02
5-

11
-0

1 
12

:2
8:

51
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Environmental d
aDepartment of Environmental Science, Sto

jonsson@aces.su.se
bScripps Institution of Oceanography, Unive
cDepartment of Chemistry, Grinnell College,

† Electronic supplementary informa
https://doi.org/10.1039/d4em00636d

Cite this: Environ. Sci.: Processes
Impacts, 2025, 27, 401

Received 22nd October 2024
Accepted 7th January 2025

DOI: 10.1039/d4em00636d

rsc.li/espi

This journal is © The Royal Society o
rivers of monomethylmercury
photodegradation along the land-to-ocean aquatic
continuum†

Sonja Gindorf, a Johannes West,ab Andrew Graham c and Sofi Jonsson *a

In surface waters, photodegradation is a major abiotic removal pathway of the neurotoxin

monomethylmercury (MMHg), acting as a key control on the amounts of MMHg available for biological

uptake. Different environmental factors can alter the rate of MMHg photodegradation. However, our

understanding of how MMHg photodegradation pathways in complex matrixes along the land-to-ocean

aquatic continuum respond to changes in salinity, dissolved organic carbon (DOC) concentration and

dissolved organic matter (DOM) composition is incomplete. In a set of laboratory experiments

combining several artificial and natural waters, we demonstrate that the interplay of DOC concentration,

DOM composition, and salinity affects the photodegradation rate of MMHg. The presence of DOM was

found to facilitate MMHg photodegradation, but degradation rates were not altered by varying DOC

concentrations over two orders of magnitude. We found DOM composition to have a stronger effect on

MMHg photodegradation rates than DOC concentration. However, at high DOC levels, where most UV

radiation was lost within the first cm of the reaction vessels, lower MMHg photodegradation rates were

observed. When moving from terrestrially influenced waters, characterized by a high degree of

humification, towards marine conditions with a protein-rich DOM pool, MMHg photodegradation rates

increased. In contrast, salinity had a stabilizing effect on MMHg. Hence, especially in systems with low

salt and DOC concentrations, changes in either salinity or DOC concentration can impact the

photodegradation rates of MMHg.
Environmental signicance

The neurotoxin monomethylmercury (MMHg) poses a concern to human and environmental health due to its biomagnication, especially in aquatic ecosys-
tems. Besides the formation of MMHg, its environmental degradation processes play a key role in controlling the amounts of MMHg available for biological
uptake. This work improves our understanding of how the interplay of different environmental drivers affects MMHg photodegradation rates along the land-to-
ocean aquatic continuum represented by both, natural and articial waters.
1. Introduction

The biomagnication of monomethylmercury (MMHg) in
aquatic ecosystems poses a concern to wildlife and human
health. In the environment, the availability of MMHg for bio-
logical uptake is controlled by its formation and degradation
processes, among which photodegradation is a dominant
removal pathway within the photic zone.1 However, we still do
not fully understand how changes in salinity, dissolved organic
carbon (DOC) concentration and dissolved organic matter
ckholm University, Sweden. E-mail: so.

rsity of California San Diego, USA

Iowa, USA

tion (ESI) available. See DOI:

f Chemistry 2025
(DOM) quality along the land-to-ocean aquatic continuum alter
MMHg photodegradation rates.

Anthropogenic emissions of Hg (e.g., from fossil fuel
burning) have heavily altered its biogeochemical cycle.2 Once
emitted, Hg can be transported over long distances in the
atmosphere in its elemental form (Hg0) and deposited e.g., in
fresh- or seawater as divalent mercury (HgII) where microbes
can methylate the HgII to the neurotoxin MMHg. It was long
thought that bacterial methylation was a strictly anoxic process,
which led to the understanding that biogenic formation and
photochemical degradation of MMHg would occur in separate
environments. Today, we know, however, that Hg methylation
can also happen in surface waters.3 The concentrations of
MMHg in natural waters typically range up to 5 pM in fresh-
water systems4 and up to 0.5 pM in the open ocean.5 Although
lower concentrations of MMHg are expected in marine waters,
marine harvested seafood is the main exposure pathway of Hg
Environ. Sci.: Processes Impacts, 2025, 27, 401–411 | 401
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in many populations.6 Besides its sources, the environmental
sinks of MMHg along the land-to-ocean aquatic continuum play
a crucial role in determining aqueous MMHg concentrations.
Among these sinks, photodegradation has been identied as an
especially important abiotic removal pathway in sunlit surface
waters.1,7–11 The degradation rate of MMHg through photo-
chemical processes, however, differs among water types as it is
inuenced not only by the intensity and wavelength distribu-
tion of incoming light but also by the properties of the
water.8,12,13

DOM is a key property changing along the freshwater to
marine aquatic continuum, and both DOM quantity and
composition have been shown to play an important role in the
photodegradation of MMHg.14–16 Two main reaction pathways
for MMHg photodegradation in the presence of DOM are dis-
cussed in the literature: direct and indirect photochemical
degradation. Direct photochemical degradation of MMHg relies
on light absorption by the DOM part of the MMHg–DOM
complex. The energy is then transmitted to the Hg atom, and
cleavage of the C–Hg bond is facilitated by the weakening of the
bond due to the complexation of Hg to reduced sulfur sites on
the DOM.17 In a similar way, indirect photochemical degrada-
tion of MMHg is believed to be facilitated by the weakening of
the Hg–C bond by complexation of MMHg to the DOM, but
here, the energy comes from a photochemically produced
reactive intermediate (PPRI) instead of an intramolecular
transfer of energy.18–21 The production of these PPRI is mainly
facilitated by the chromophoric fraction of DOM (CDOM). As
CDOM absorbs light, the triplet excited state 3DOM* is formed,
which is a PPRI itself and also further involved in the formation,
as well as inhibition, of other PPRI, such as carbonate radicals
(CO3

−c) and reactive oxygen species (ROS), including hydroxyl
(cOH), singlet oxygen (1O2), and superoxide (O2c

−) radicals.22

Several studies have demonstrated PPRI to play a major role in
the photodegradation of MMHg.16,21,23,24

In addition to weakening the Hg–C bond and facilitating the
cleavage of the Hg–C bond by directly or indirectly transferring
the energy of incoming light, DOM also limits the depth at
which incoming light may penetrate the water column. Across
natural gradients, both, the concentration and composition of
DOM, can differ greatly. Hence, when transitioning from
terrestrial to marine waters, changes in DOM concentration and
composition accompany a change in light absorption, which
has important implications for the wavelength-dependent
MMHg photodegradation. While UVB and UVA are much
more effective in MMHg degradation than photosynthetically
active radiation9,11,25 (PAR; e.g., relative MMHg degradation
efficiency ratios PAR : UVA : UVB of 1 : 43 : 3100,23 and 1 : 37 :
400, 26 UV radiation penetrates only the uppermost layer of the
water column, whereas PAR can reach deeper down.8,26

Salinity is another water property inuencing the photo-
chemical degradation rate of MMHg along the land-to-ocean
aquatic continuum. In articial solutions where salt has been
dissolved in puried water,27 and across natural gradients with
varying salinity,26 higher salt content has been shown to slow
MMHg photodegradation rates. Two main explanations have
been provided to explain this effect; potential changes in the
402 | Environ. Sci.: Processes Impacts, 2025, 27, 401–411
chemical complexation of MMHg7,19 and the change in PPRIs
produced.28

Despite a large body of research on MMHg photo-
degradation, it remains challenging to relate MMHg photo-
degradation rates to changes in environmental factors, such as
DOC concentration,12,26 DOM composition,8,14,18,29 salinity,26,27,30

and PPRIs.16,24 The interplay of these different environmental
factors may affect MMHg photodegradation along the land-to-
ocean aquatic continuum in ways not observed when studying
these parameters in isolation. However, little attention has been
paid to the broad transect from freshwater to oceanic waters or
how DOC concentration and salinity interact with regards to
MMHg photodegradation. Here, we test the role of DOM
composition and quantity as well as salinity on the photo-
degradation of MMHg using a wide range of waters character-
istic of the whole spectrum from fresh to oceanic waters. In
addition, we tested the most prominent environmental
parameters driving this gradient, salinity and DOC, in isolation
as well as their combined effects. Building on previous work,
this study provides new insights into how salinity and DOM
affect MMHg photodegradation across terrestrially-inuenced
to marine waters.
2. Material and methods
2.1 Natural waters

Seawater from the Arctic Ocean (AOW) was collected in
September 2018 during the SWEDARCTIC cruise (5 m water
depth). The sample was stored frozen at −20 °C until use. Baltic
Sea brackish water (BSW) was collected from the shore of Lilla
Värtan in the Stockholm Archipelago. The pond water sample
(Pond) was collected from Laduviken in Norra Djurgården,
Stockholm. BSW and Pond water samples were collected within
24 hours prior to experiments and stored refrigerated at 4 °C
until use.
2.2 Solutions and standards

2.2.1 DOM isolates. Suwanee River Humic Acid (SRHA;
3S101H) and Leonardite Humic Acid (LHA; 1S104H) extracts
were purchased from the International Humic Substances
Society (IHSS). Working solutions were prepared by dissolving
approximately 50 mg of each HA standard in 10 mL 0.05 M
potassium phosphate buffer (in Milli-Q, 18.2 MU cm, #2.2 ppb
TOC) to avoid differences in pH at different DOC concentrations
as humic acid may signicantly impact the pH of waters. The
working solutions were vortexed for 10 minutes and sonicated
at 25 °C for 15 minutes. To separate the material that could not
be dissolved, the working solutions were centrifuged, and the
supernatant was then ltered through 0.2 mm PES lters (Sar-
stedt Filtropur). Baltic Sea DOM (BS-DOM) was extracted from
approximately 55 L of surface water (5 m depth). The water was
collected from six 5 L Niskin bottles at Landsort Deep (58°60 N,
18°23 E) on the 16th of June 2021. The water was sequentially
ltered through 1.6 mm and 0.7 mm lters using a peristaltic
pump and then acidied to pH 2 prior to solid phase extraction
using 50 mL PPE cartridges following Dittmar et al. (2008).31
This journal is © The Royal Society of Chemistry 2025
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Following the same protocol, the DOM extract was stored in
methanol in a 40 mL amber glass vial in a −20 °C freezer. A
working solution was prepared by evaporating the methanol
under an N2 gas stream at a low ow rate (<20 mL min−1). The
solid material stuck to the walls and was dissolved in ultrapure
water by vortexing for 10 minutes and sonication at 25 °C for
15 min. Aerwards, the solution was centrifuged and the
supernatant was recovered as a DOM working solution.

The DOC concentrations and FDOM characterization of the
working solutions were determined using a TOC analyzer and
Horriba aqualog as described below. For use in experiments,
the respective volume of working solution was pipetted into the
reaction asks lled with ultrapure water.

2.2.2 Saltwater. Sodium chloride (NaCl) stock solutions
were prepared by dissolving approximately 35 g NaCl (Merck,
ACS reagent) in 1 L of puried water. On each experiment day,
salinity was adjusted with a salinity meter (HCO 304, VWR). The
water was ltered through 0.2 mm polyethylene syringe (PES)
lters before use.

2.2.3 Buffer. A 0.5 M potassium phosphate buffer was
prepared by mixing 2.33 g K2HPO4 (reagent grade) and 1.58 g
KH2PO4 (>99.5%, Merck) in 50 mL puried water to achieve
a pH of exactly 7.00.

2.2.4 Hg tracers. Isotopically enriched inorganic divalent
Hg (199HgII, 200HgII, 201HgII) were purchased from CortecNet.
MM200Hg and MM201Hg stock solutions were synthesized using
methyl magnesium chloride following Snell et al. (2000)32 and
DM204Hg and DMHg (natural isotopic abundance) were
synthesized using methylcobalamin following West et al.
(2023).33 MMHg calibration standards (natural abundance of
isotopes) were prepared from a certied 1000 ppm MMHg
standard (Alfa Aesar).

CAUTION: DMHg is an extremely toxic and volatile
compound that may quickly penetrate regular laboratory gloves.
2.3 Experimental setup

Table S1† gives an overview of the waters used in each of the
experiments.

The experimental setup in this study was modied from
West et al. (2022).34 Custom-made quartz glass bottles were
placed in boxes that only allowed light to pass through high-
pass lters. The lters have a 50% cut-off at 305 nm, trans-
mitting UV wavelengths in a range close to natural sunlight. The
boxes were xed to a rotating disk (1 rotation per minute)
around a stationary xenon UV lamp (Osram SUPRATEC HTC
400-241). The lamp was cooled using an air stream. MM200Hg
was added to the samples to concentrations of 1.3–4.3 ng L−1 for
all experiments and allowed to equilibrate in the dark for two
hours before initiating the experiments. The inuence of
MMHg concentration on kd MMHg was ruled out as kd MMHg was
independent of MMHg concentration over the concentration
range of 0.2 to 726 ng L−1 (Fig. S1†). Along with the MM200Hg
tracer, 1.3–4.5 ng L−1of DM204Hg was added to the reaction
vessels (photochemical degradation of DMHg will be discussed
elsewhere). Measurement of in-bottle temperature revealed the
sample temperature to be 34.5 °C aer the rst 30 minutes of
This journal is © The Royal Society of Chemistry 2025
light exposure and to reach 54 °C aer 220 minutes. In
a previous control experiment, we observed no loss of MMHg in
dark incubations at 40 °C over the course of 6 hours for several
water types (water from the Arctic Ocean, Baltic Sea, a DOC-rich
stream, articial seawater, and ultrapure water).34 As no degra-
dation was observed in control experiments carried out at 40 °C
for 6 hours, and the changes in concentration of MMHg over the
course of the experiments ts well with the rst order kinetic
model used, we assume that although the temperature excee-
ded 40 °C, the temperature did not play a role for the concen-
trations of MMHg detected.

Upon subsampling, 9.6 mL of the sample was transferred to
a subsample vial lled with puried water, internal standards
199HgII, MM201Hg, and DMHg (natural abundance), and 225 mL
2 M acetate buffer. The three internal standards were used to
quantify the remaining MM200Hg as well as potential products
simultaneously at each timepoint. To preserve the headspace
volume, 9.6 mL of sample water without Hg addition was
returned to the reactor asks, which were then quickly closed.

In four different waters (ultrapure water with 35 g L−1 NaCl,
AOW, BSW, Pond), the effect of O2 removal was tested. The
waters were purged with N2 gas while heated to a boil and
cooled to room temperature. Less than 20% of water volume
was lost during the heating. The degassed waters were trans-
ferred into the reactor asks under oxygen-free conditions in
a glovebox. Before select experiments, the O2 concentrations
were measured, and over 90% of O2 was found to have been
removed. We tested for the reintroduction of O2 during the
experiments and subsampling and found less than 30% O2

compared to the untreated sample concentrations at the end of
a 4-sampling point experiments.
2.4 Analytical methods

2.4.1 Reagents. Acetate buffer and sodium tetraethylborate
(NaBEt4) were prepared according to previously described
standard protocols.35 Only acids and bases of trace metal grade
were used in the experiments.

2.4.2 Hg. Analysis of Hg species concentrations and
isotopic composition has been previously described.34 The
subsamples for Hg analysis were ethylated with 0.001% w/v
NaBEt4 and analyzed through direct ethylation. On each anal-
ysis day, the internal MM201Hg and 199HgII standards were
quantied with an external calibration on a Tekran 2700
Methylmercury Analyzer. The relative percent difference
(RPD%) of measured MMHg photodegradation rate constants
(kd MMHg) in the different reactor asks was tested in one
experiment and found to be 20% (Fig. S2†).

2.4.3 DOM. Absorbance and uorescence were measured
with a HORIBA AquaLog UV-800 uorometer. Before sample
analysis, we carried out RAMAN water and blank measure-
ments. The samples were transferred into threefold rinsed
10 mm quartz cuvettes for analysis. Natural waters were
analyzed undiluted, while DOM concentrates were diluted up to
900 times. Fluorescence was measured between 200 to 800 nm
at an increment of 3 nm for excitation and between 248 and
827 nm at an increment of 4.66 nm for emission using
Environ. Sci.: Processes Impacts, 2025, 27, 401–411 | 403
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integration times between 1 and 4 seconds depending on the
absorbance of a single-point measurement at 254 nm.

2.4.4 Auxiliary analysis. pH was measured with a pH meter
(Orion Star A214, Orion 8102SC electrode). O2 concentration,
salinity, and UV radiation intensity were measured with hand-
held meters (HQ 400 multi, LDO101 probe), HCO 304 (VWR),
and LUTRON model UV 340A, respectively). DOC concentration
was measured using a total organic carbon analyzer (TOC-L,
Shimadzu). In the following evaluation, we use DOC concen-
tration as a quantitative proxy for DOM.

2.5 Data processing

Hg species concentrations were quantied using internal
standards (199HgII, MM201Hg) and signal deconvolution.36

Under the assumption that photodegradation follows pseudo-
rst-order kinetics, kd MMHg was calculated as the slope from
ln([MM200Hg]t) as a function of time t (per day), following eqn
(1):

[MM200Hg]t = [MM200Hg]0e
−kd MMHgt (1)

In our experiment testing the role of salinity in isolation (NaCl
gradient from 0 to 35 g L−1), T0 samples were only prepared for
0 and 35 g L−1; for other solutions, the average MM200Hg
concentration of these two was used as T0 reference
concentration.

Different DOM uorescence indices were computed using
the dreem toolbox Version 0.6.4 for Matlab. The uorescence
Index represents the ratio of the emission intensities at 470 nm
and 520 nm at 370 nm excitation.37 The freshness index is
calculated from the emission intensity at 380 nm divided by the
maximum emission intensity between 420 and 435 nm at an
excitation wavelength of 310 nm.38 The humication index is
dened as the area under the emission spectra from 435 to
480 nm divided by the emission peak area from 300 to 345 nm
plus the peak area of 435 to 480 nm, all at an excitation of
254 nm.39 The biological index is calculated as the emission
intensity at 380 nm divided by the emission intensity at 430 nm
at 310 nm excitation wavelength.40

The relative loss of actinic ux (total amount of UV lost along
the 6 cm long reaction ask) was calculated using the relative
distribution of different UV wavelengths from the UV lamp
(provided by the manufacturer (Osram SUPRATEC HTC 400-
241)) and UV absorbance measurements for the different waters
(5 nm increments). For SRHA, the relative loss of actinic ux was
modeled by predicting the absorbance of UV radiation at
a specic wavelength from the absorbance measured at 0.026,
0.26, 2.7 and 27 mg C L−1 of SRHA (Fig. 1b).

Statistical analysis to test for signicant differences between
treatments was performed in Matlab (version 2023a) using the
aoctool for ANOVA analysis and multcompare function for post
hoc tests.

2.5.1 MMHg speciation model. The speciation of MMHg
was modeled using the thermodynamic formation constants
(log K) of 5.4 for MMHgCl,41 and 16.1 to 17.4 for MMHg-DOC
(aq.) together with the concentrations of thiols (calculated as
0.15% × DOC), MMHg, and Cl.42,43
404 | Environ. Sci.: Processes Impacts, 2025, 27, 401–411
3. Results and discussion

We observed a decline in MMHg concentrations over the course
of the experiments across all treatments (Fig. 1, 2 and S1–S12†).
As no demethylation of MMHg was observed in dark controls
over 6 hours at comparable temperatures for a collection of
natural and articial waters,34 we attribute the MMHg deme-
thylation in our experiments to photochemical processes. For
our different waters, the sum of recovered tracer (MM200Hg +
200HgII) ranges from 32 to 116% at the last time point (67 ±

18%, relative to T0) (Table S1†). The experiments and sampling
protocols were designed to avoid loss of volatile Hg species (Hg0

and DMHg), and only trace levels (<5% of our tracer) was found
as Hg0 at the end of our experiments (estimation based on the
peak for Hg0 and internal standard used for quantication of
DMHg). The lower recovery observed for some of our waters is
thus more likely attributed to the adsorption of Hg to the
reaction ask walls. Recoveries show a matrix effect, with poor
results primarily in DOM-rich waters. In the same asks,
recoveries for the DMHg tracer were consistently good (57–97%
at the last timepoint averaged per treatment), despite substan-
tial degradation of DMHg to MMHg, suggesting that lowMMHg
tracer recoveries result from poor HgII recovery, not MMHg
adsorption to ask walls.
3.1 Role of DOC concentration

To study the impact of DOC concentration isolated from other
drivers, we compared the rate of MMHg photodegradation in
ultrapure water containing 0 to 26 mg C L−1 of SRHA (Fig. 1a &
S3†). We observed the highest photodegradation rates in the
treatments with low to intermediate concentrations of SRHA
(0.027 to 2.6 mg C L−1), demonstrating that DOC concentration
plays an important role in MMHg photodegradation. Signi-
cantly slower rates of MMHg degradation were measured in the
solution with the highest concentration of SRHA (27 mg C L−1)
and the ultrapure water without SRHA addition.

Many studies have previously demonstrated low or no effect
of DOC concentration on the photodegradation rate of MMHg
(e.g., DOC ranges tested: 0.8–4.6,8 5–30,29 8.5–36.3,14 and 1.5–
11.3 (ref. 26) mg C L−1). In line with these previous ndings, our
study supports that over a wide range (2 orders of magnitude;
0.027–2.6 mg C L−1), DOC concentration does not affect MMHg
degradation rates. By combining the relative contribution of
different wavelengths of our UV lamp and the measured
absorbance of all waters used in this study, we estimate the
integrated actinic ux relative to incoming UV radiation (Table
S2,† Fig. 1b). Despite a partial loss of UV radiation at 2.6 mg C
L−1 (50 and 30% for UVB and UVA, respectively, throughout the
6 cm long reaction ask), the kd MMHg was not statistically
different from the kd MMHg determined at lower concentrations
of SRHA (where less than 7 and 4% of UVB and UVA, respec-
tively, was lost). These ndings agree with those of Black et al.
(2012),26 who only observed small changes in MMHg photo-
degradation rates over DOC concentrations ranging from 1.5 to
11.3 mg C L−1, despite notable loss in the absorption of light
(52% of UVB and 30% of UVA along the optical pathway at DOC
This journal is © The Royal Society of Chemistry 2025
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Fig. 1 (a) Photodegradation of the added MMHg tracer over time in solutions containing SRHA along a gradient from 0 to 27 mg C L−1. DOC
concentrations are in mg C L−1. kd MMHg are in per day. Groups refer to post hoc groups based on ANOVA results (Tukey–Kramer (hsd),
significance level 0.05). (b) Modelled loss of UVA (dark grey) and UVB (light grey) through the 6 cm reaction vessel based on absorbance
measurements. Symbols in (b) represent the concentrations used in our experiments referring to (a). Note the log scale on the x-axis in (b).
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concentration of 11.3 mg C L−1). These observations align with
earlier ideas that DOC concentration does not affect MMHg
photochemical degradation as long as sufficient thiol groups
are available to complex MMHg (and supporting the intra-
molecular charge transfer from 3DOM* to the Hg–C bond).21 At
our highest concentration of SRHA (27 mg C L−1), most of the
UV radiation (97 and 53% of UVB and UVA, respectively) was
lost in the rst cm of the reaction asks optical pathway (total
length of 6 cm), suggesting that absence of UV radiation in
a signicant fraction of the water inside each ask during the
experiment resulted in lower kd MMHg. Additionally, this inhib-
iting effect of high DOM levels on MMHg photodegradation
may be explained by excess DOM diluting the fraction of pho-
tosensitized DOM associated with MMHg. This may also co-
occur with an increased rate of PPRI quenching induced by
DOM, in agreement with the ndings of Klapstein et al. (2018),12

who observed a negative linear relationship between DOC
concentration and photodegradation (DOC range: 3.9–16.4 mg
C L−1). In natural systems, DOC controls the depth at which
light of different wavelengths penetrates. Hence, DOC concen-
tration may control the depth at which photochemical degra-
dation occurs throughout a water column. However, our results
suggest that the photodegradation rate cannot simply be
assumed to follow changes in the UV radiation with depth.
3.2 Role of salinity

The land-to-ocean aquatic continuum is characterized by a large
gradient in salinity. In our experiment exploring the role of
salinity in the absence of DOM, we observed signicantly higher
kd MMHg at lower salinity (0–10 g L−1 of NaCl) than at higher
salinities (20 and 35 g L−1 NaCl; p < 0.001, Fig. 2a & S4†). This
aligns with previous reports of salinity having a photostabilizing
effect on MMHg. For instance, Sun et al. (2013)27 observed
slower MMHg degradation in salt solutions compared to water
without salt. The same study showed no differences in MMHg
degradation when varying the type of chloride salts used (KCl,
NaCl, and MgCl2), illustrating that Cl− is the key driver rather
than the cation.
This journal is © The Royal Society of Chemistry 2025
In all natural waters, DOM is present; hence, the effect of
changes in Cl− concentrations on kd MMHg needs to be studied
in combination with DOM. We investigated the combined effect
of these parameters on MMHg photodegradation in solutions
with different concentrations of SRHA (0.27, 2.6, or 27mg C L−1)
and NaCl (2, 20, or 35 g L−1) (Fig. 2b & S5†). The highest rates of
MMHg photodegradation were measured for treatments with
low and medium DOC and salt concentrations (0.27 mg C L−1,
2 g L−1 NaCl and 2.6 mg C L−1, 20 g L−1 NaCl, respectively). We
observed lower kd MMHg in the low DOC-high salt solution
(0.27 mg C L−1, 35 g L−1 NaCl). MMHg photodegradation was
slowest in the high DOC treatments, regardless of the salt
concentration (27 mg C L−1, 2 or 35 g L−1 NaCl).

The decrease of kd MMHg with a salt concentration in the low
DOC treatments (a 37% decrease in kd MMHg when increasing
NaCl from 2 to 35 g L−1) reveals that salinity can slow down
MMHg photodegradation when DOM is limited. A negative
effect of salinity on the photochemical degradation rates of
MMHg in the presence of DOM has previously been observed by
Black et al. (2012),26 who conducted experiments with three
different DOM extracts combined in different proportions with
articial sea salt (1.5 to 11 mg C L−1 of DOC and 5 to 25 g L−1 of
salt). For all of their DOM extracts, and regardless of DOC
concentration, an increase in salinity from 5 to 25 resulted in
a decrease in the kd MMHg, on average ∼20%. In contrast, Di
Mento and Mason (2017)8 observed an 8% increase in kd MMHg

when raising the Cl− concentration from ∼0.3 to 330 mM
(corresponding to a salinity of around 20 g L−1) in water
collected from Shetucket River (DOC concentration of ca. 2 mg
C L−1).

Chemical speciation of MMHg has previously been dis-
cussed as a potential explanation for the lower photochemical
degradation rates observed in coastal and marine waters. For
example, Zhang & Hsu-Kim (2010)19 interpreted lower photo-
chemical degradation rates of MMHg in marine water to be
related to complexation with Cl−, compared to MMHg com-
plexed to DOM ligands. Recently revised thermodynamic
stability constants for Hg-DOM complexes support, however,
Environ. Sci.: Processes Impacts, 2025, 27, 401–411 | 405
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Fig. 2 Photodegradation of the added MMHg tracer over time in solutions containing (a) NaCl over a gradient from 0 to 35 g L−1. (b) Solutions
containing different combinations of SRHA and NaCl concentrations. Salt concentrations are given in g L−1 and DOC concentrations are stated
in mg C L−1. kd MMHg refers to per day. Groups refer to post hoc groups based on ANOVA results (Tukey–Kramer (hsd), significance level 0.05).
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that DOM is also the main complexing agent for Hg in most
marine waters.41 This was also true for our systems testing the
effect of salinity in the presence of SRHA (thermodynamic
speciation model results presented in Table S3†), as well as for
similar experiments conducted by Black et al. (2012).26 Instead,
the reduced photochemical degradation rates observed at
higher salinities in the presence of DOMmay relate to the PPRIs
present at these conditions. For instance, DOM-chloride inter-
actions may facilitate the photochemical production of
hydrogen peroxide (H2O2),44 a precursor for cOH.45 Chloridemay
also react with both cOH and 3DOM* to create chlorine radi-
cals.46 Our results of MMHg photostabilization at higher Cl−

may thus be explained by e.g., the depletion of 3DOM* by Cl− at
higher salinity.

Being a key precursor for ROS as well as an important agent
for quenching 3DOM*, O2 plays a crucial role in controlling the
formation and steady-state concentrations of PPRIs in natural
waters.47 To explore the role of O2 on MMHg photodegradation,
we carried out a set of experiments where oxygen-depleted
waters were compared to untreated controls (Fig. S6–S10†).
Tested waters include ultrapure water with 35 g L−1 NaCl and
natural waters representing a gradient along the land-to-ocean
continuum: pond (DOC: 14 mg C L−1, salinity of 0.6&), BSW
(DOC: 8.1 mg C L−1, salinity of 2.3&) and AOW (DOC:
2.3 mg L−1, salinity of 31&). While we saw no effect in the Pond
and brackish water, we found opposing trends in the 35 g L−1

NaCl water (decrease in kd MMHg with O2 removal) and AOW
(enhanced kd MMHg with O2 removal) (Fig. S10†). While the
identities of the ROS and mechanisms cannot be fully con-
strained from the available data, the observed differences may
be related to different PPRIs dominating in the different waters.
In the two salt-rich waters, we can expect halogen radicals to
play a more important role, which further affect the concen-
trations of other PPRIs (e.g. scavenging of cOH).46 In
406 | Environ. Sci.: Processes Impacts, 2025, 27, 401–411
oligotrophic waters, cOH has been shown to facilitate MMHg
photodegradation.48 That deoxygenation did not affect kd MMHg

in the Pond and BSW samples may hint that direct absorption
dominates the photodegradation process in these waters, as
previously suggested for other terrestrially inuenced
waters.16,49
3.3 Role of DOM source

We tested the effect of different DOM sources on MMHg pho-
todegradation rates using two commercially available DOM
extracts (SRHA and LHA) and DOM we extracted from Baltic Sea
water (BS-DOM). To distinguish concentration and
composition-derived effects, solutions containing the different
extracts were prepared to a concentration of 2.6 mg C L−1. The
comparison was done in two sets of experiments with SRHA
compared to the BS-DOM (Fig. S11†) in the rst set and LHA in
the second (Fig. S12†). Combined, these two sets revealed the
following order for the photochemical degradation rates of
MMHg: kd MMHg BS-DOM > kd MMHg SRHA ∼ kd MMHg LHA
(Fig. S11 and S12†). Although the order of kd MMHg among these
three waters is in agreement with differences in UV light
attenuation (9.5, 48, and 65% loss for UVB and 2.9, 27, and 44%
loss for UVB for the BS-DOM, SRHA, and LHA waters, respec-
tively; Table S2†), the attenuation of light does not appear to
explain the faster kd MMHg observed for BS-DOM. We base this
argument on the fact that the level of UV attenuation in the BS-
DOM treatment is comparable to that in the SRHA treatment at
0.27 mg C L−1 (around 6–10% loss of UVB and 3% loss of UVA
throughout the 6 cm long reaction vessel, Table S2†). Yet, we
observed 2.6 times higher kd MMHg in the BS-DOM compared to
the SRHA solution (at 0.27 mg C L−1) despite comparable UV
loss. In contrast, we do not nd differences in the kd MMHg

among the SRHA solutions over two orders of magnitude of
DOC concentration (0.027–2.6 mg C L−1). Altogether, this
This journal is © The Royal Society of Chemistry 2025
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suggests that the differences in light attenuation alone cannot
explain the order of kd MMHg observed for the BS-DOM, SRHA,
and LHA waters, and that the properties of DOM inuence
MMHg photodegradation.

Characterization of the DOM extracts with uorescence and
absorbance measurements revealed distinct differences
between SHRA, LHA and BS-DOM. The uorescence emission
excitation matrices (Fig. 3) show that in contrast to fulvic and
humic acid-dominated SRHA and LHA, the BS-DOM extends far
into protein-like uorescence (as indicated by the signals in the
lower UV region). These patterns are also demonstrated when
comparing indices calculated from pre-dened uorescence
peaks (Table S4, further discussion in ESI (Section S1†)). Based
on these distinctions, we nd that kd MMHg decreases among the
three DOM extracts from the least to the most humied: BS-
DOM > SRHA > LHA. Our observations are in line with earlier
work from Kim et al. (2018)30 who observed higher kd MMHg

when a DOM extract primarily consisting of microbial DOM
(Pony Lake fulvic acid) was added to articial estuarine water in
comparison to when terrestrially derived humic- or fulvic acids
(SRHA and SRFA) were used. Higher kd MMHg have also been
observed for SRFA in comparison to SRHA by Kim and Zoh
(2013),18 although this was not observed by Kim et al. (2018)30

who compared the same extracts. It is possible that the source
of the water impacted these differences, as Kim et al. (2018)30

dissolved the DOM in articial estuarine water, while Kim and
Zoh (2013)18 used puried water. Water chemistry, including
Fig. 3 Emission excitation matrices of the three different DOM extrac
indicates the intensity in RAMAN Units (RU). However, note that DOC con
C L−1; Baltic extract: 15.23 mg C L−1). Absorbance normalized as mg−1 C

This journal is © The Royal Society of Chemistry 2025
trace elements and salt constituents can alter the formation and
quenching of the PPRI44,46,50,51 and thus the photodegradation of
MMHg in natural waters. Kim et al. (2018)30 also attribute the
accelerated rates of MMHg degradation in microbial DOM
compared to SRFA to PPRIs, as microbial DOM typically results
in higher steady-state concentrations of 1O2 and 3DOM*.52–54

Recent work in the eld of DOM photochemistry has revealed
that based on the source and humication state of DOM, two
different photochemical processes occur: photo-humication of
protein-rich DOM and photo-bleaching of humic substances.
These two processes can occur simultaneously in the water
column and affect the reactivity and PPRI interactions of the
respective DOM. While in photo-humication 3DOM* is the
dominant PPRI involved, ROS are the most critical species in
photo-bleaching.55 Hence, we hypothesize 3DOM* to be an
important driver for higher kd MMHg in the BS-DOM solution
compared to the waters with the two humic acid extracts.
3.4 Environmental drivers of MMHg photodegradation
along the land-to-ocean continuum

Building on previous work, we here further advance our
understanding of the role that different environmental drivers
play in the photochemical degradation of MMHg along the
terrestrial freshwater to marine aquatic continuum (Fig. 4). In
all of the presented experiments, photochemical degradation
was studied using radiation from a UV lamp (further described
in West et al. 2022).34 Although the lamp simulates solar
ts: SRHA, LHA, Baltic (upper panels from left to right). The color bar
centrations during analysis differed (SRHA: 3.53 mg C L−1; LHA: 2.8 mg
(lower panels).
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Fig. 4 Conceptional illustration of environmental drivers (Env. Drivers) altering the photochemical degradation rates of MMHg along the land
(left) to ocean (right) continuum with changes in DOM concentration, quality and salinity (top), environmental drivers (middle) and dominant
photochemically produced reactive intermediates (PPRIs) (bottom) along the gradient presented as expected based on Vähätalo et al. (2022).50
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radiation based on the emitted wavelength spectra, the rates
reported are not necessarily representative of the rates expected
under natural sunlight. However, we demonstrated in one of
our previous studies that our experimental setup is appropriate
for mechanistic studies of photochemical degradation of
methylated Hg species by comparing the results to experiments
in natural sunlight.34

In line with earlier work, our data supports DOM to play
a central role in the photochemical degradation of MMHg in
natural waters. At high DOC concentrations, where almost all
UV radiation is lost due to light attenuation, the shielding of
incoming light limits the demethylation rate. However, at lower
DOC concentrations, DOM facilitates the photochemical
degradation of MMHg. As long as the loss of UV radiation is low
or moderate (in our experiment, around 50% for UVB),
increasing DOC concentration does not appear to affect the kd
MMHg. Along the gradient from terrestrial to marine systems, the
transition from a humic-like, highly degraded DOM pool to
a more labile, protein-rich DOM pool promotes photo-
degradation of MMHg. While the properties of humic-like DOM
in terrestrial systems may impact MMHg photodegradation, the
effect of DOM composition is small compared to when tran-
sitioning from humic-like terrestrially derived to aquatic in situ
produced DOM. In marine systems, where low concentrations
of DOC are expected, photo-humication of protein-rich DOM
may facilitate the photochemical degradation of MMHg.
Although the salinity typically does not alter the chemical
speciation of MMHg (as it remains complexed to DOM),
increased salt concentrations lower the rate of MMHg photo-
degradation. We suggest that our experiments testing the
effects of salinity and DOM represent a shi in dominant PPRI
from CO3

−c and cOH in the high saline–low DOC (or no DOM)
waters to 1O2 and 3DOM* in the DOC-rich waters (Fig. 4).50

Overall, MMHg photodegradation is driven by a complex
408 | Environ. Sci.: Processes Impacts, 2025, 27, 401–411
interplay of environmental drivers, including DOC concentra-
tion, DOM composition, and salinity, and when isolating these
drivers, the effects they express when combined may be missed.
Our results support, along with previous studies, that in
systems with low to intermediate salt and DOC concentrations,
changes in one of the two can alter the kd MMHg. This might have
especially relevant implications for the management of estua-
rine and coastal regions, which are also the areas expected to
change most drastically due to land use and climate change
when it comes to input of terrestrial DOM and Hg. For instance,
browning of coastal waters, may result in a more humic-like
DOM pool, which also may result in lower MMHg degradation
rates. While browning of freshwaters may not necessarily alter
the net photochemical degradation of MMHg, it could have
a signicant impact in clear lakes by reducing the depths of UV
light penetration.56
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