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ABSTRACT: Monomethylmercury (MMHg) is a neurotoxicant that biomagnifies
in marine food webs, reaching high concentrations in apex predators. To predict
changes in oceanic MMHg concentrations, it is important to quantify the sources
and sinks of MMHg. Here, we study mercury speciation in the California Current
System through cruise sampling and modeling. Previous work in the California
Current System has found that upwelling transports mercury-enriched deep waters
to productive surface waters. These upwelled waters originate within the California
Undercurrent water mass and are subsequently advected as a surface water parcel
to the California Current. Between the two major water masses, we find that
compared to the California Current, the California Undercurrent contains elevated
dissolved total mercury (THg) and dimethylmercury (DMHg) concentrations by 59 and 69%, respectively. We explain that these
differences result from losses during advection, specifically scavenging of THg and DMHg demethylation. We calculate a net DMHg
demethylation rate of 2.0 ± 1.1% d−1 and build an empirically constrained mass budget model to demonstrate that net DMHg
demethylation accounts for 61% of surface MMHg sources. These findings illustrate that DMHg is a significant source of MMHg in
this region, challenging the current understanding of the major sources of marine MMHg.
KEYWORDS: California Current, mercury biogeochemistry

■ INTRODUCTION
Monomethylmercury (MMHg) is a neurotoxicant of global
concern that biomagnifies in marine food webs.1 Humans are
predominately exposed to MMHg through the consumption of
seafood. The California Current System (CCS) is a highly
productive fishery accounting for 0.5 billion dollars in seafood
revenue in 2019.2 This fishery is supported by seasonal
upwelling of nutrient-enriched deeper waters to the surface
that sustain biological activity primarily in the spring and
summer.3

One potential source of MMHg is dimethylmercury
(DMHg) demethylation, and previous research in the CCS
focused on the impact of upwelling on mercury (Hg)
speciation, specifically DMHg. In 2009, Conaway et al.
measured high DMHg concentrations during the upwelling
season, and they proposed that microbial degradation
associated with remineralization favors DMHg production.4

Years later, Coale et al. measured elevated DMHg concen-
trations in upwelling mesoscale eddies throughout the CCS.5

These studies concluded that upwelling impacts the upper
water column total Hg (THg) and DMHg concentrations by
transporting Hg-enriched deep waters to the surface, but they
did not address how DMHg demethylation impacts MMHg
concentrations within the water column.
Here, we propose that the demethylation of upwelled

DMHg is a major source of surface MMHg in the CCS. We
followed two surface water parcels and sampled a transect to

investigate Hg speciation within the major water masses of the
region. Typically, upwelled waters originate within the
California Undercurrent water mass6 and are advected to the
California Current water mass over the course of 40−80 days.7
Collecting and analyzing samples during water parcel
advection allowed us to compare these two water masses to
create a “natural laboratory” to quantify rates for in situ Hg
biogeochemical transformations. These rates can then be
incorporated into a regional mass balance model to evaluate
the major sources and sinks for each Hg species.
Within a water mass, THg concentrations reflect the balance

of the sources and sinks of Hg. Removal of dissolved THg can
occur through scavenging of inorganic divalent Hg (HgII) and
MMHg or evasion of elemental Hg (Hg0) and DMHg.5,8,9 HgII
is considered the main substrate for MMHg production,10,11

and MMHg formation is enhanced in oxygen minimum zones
globally12−15 due to its production by anaerobic or micro-
aerophilic microbes in water and on particles.16−20 While it is
unclear how DMHg is formed in the ocean, one study reported
DMHg formation from both HgII and MMHg in unfiltered
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seawater,21 and a laboratory experiment showed DMHg
formation from MMHg on reduced sulfide mineral surfaces.22

Elevated DMHg concentrations found in the Peruvian
Upwelling System oxygen minimum zone13 suggest that low
oxygen conditions favor both DMHg and MMHg formation.
Within the California Undercurrent, remineralization fueled by
surface productivity depletes oxygen concentrations below 100
m depth.23,24 These conditions of high particle and low oxygen
concentrations within the California Undercurrent could be
favorable for the formation of MMHg and DMHg at depth.
With seasonal upwelling, MMHg and DMHg are trans-

ported to the surface from depth and can convert into HgII and
MMHg through photodemethylation and biological (or dark)
demethylation.20,25−30 MMHg demethylation has been studied
globally to determine rates through field incubation experi-
ments.15,20,26−31 Conversely, DMHg demethylation to MMHg
has only been studied in the laboratory,25,32 and these rates
have not been measured in the field. Environmentally
representative Hg transformation rates are necessary for global
biogeochemical models to predict the balance of Hg speciation
within the ocean, and current models can be improved by
incorporating region-specific DMHg formation and degrada-
tion rates.33,34 Thus, expanding global DMHg measurements
and studying DMHg formation and degradation mechanisms
in situ are essential to effectively quantify the sources of
MMHg.
To quantify the contribution of DMHg demethylation to the

MMHg pool in surface (<200 m) waters, we measured
dissolved THg, MMHg, Hg0, and DMHg concentrations in 16
profiles and 12 benthic boundary layer (BBL) samples during
the 2021 California Current Ecosystem Long-Term Ecological
Research (CCE LTER) Process Cruise. We analyzed changes
in Hg speciation between the two major water masses of the
CCS, and we constructed an empirically constrained mass
budget and used it to model the sources of MMHg in surface
waters in the region.

■ METHODS
Sampling Plan. This study was conducted during the CCE

LTER P2107 Process Cruise from July 10th to August 8th,
2021, on board the R/V Revelle, where we sampled two water
parcels and a seven station transect. Water parcels were
sampled during a Lagrangian-style process study using drifter
floats modeled after previous CCE LTER cruises.35,36 During
these process studies, an upwelled water parcel from the
California Undercurrent water mass was identified by satellite
temperature and chlorophyll-a (chl-a) concentrations. We
followed the upwelled water parcel for 11 days and a water
parcel at the eastern edge of the oligotrophic gyre for 3 days
(Figure 1). Profiles for dissolved Hg concentrations, including
THg, DMHg, MMHg, and Hg0, were taken every other day
during the process studies. A seven station transect from
stations S1−S7 was conducted across the California Current
water mass, and profiles for THg, DMHg, and Hg0 were taken
for all stations in the transect. A MMHg profile was taken only
for Station S4 in the transect. Stations are colored based on
their corresponding water mass in Figure 1, and water masses
are categorized by the temperature−salinity plots in Figure 2.
Profiles for Hg speciation typically covered the upper water
column to 200 m. BBL stations are locations where the
continental shelf drops off and can have high levels of
suspended sediments within the water column.37 Samples at

BBL stations were taken at one depth around 40−70 m
identified as 5 m above the sea floor.37

Sampling Methods. Vertical dissolved Hg profiles were
sampled using 5 L X-Niskin bottles (Ocean Test Equipment)
mounted on a trace metal rosette (Seabird) deployed on a
nonmetallic hydroline38,39 and triggered automatically by
pressure on upcasts using a Seabird Auto Fire Module. BBL
samples were collected using a 30 L Teflon-coated GO-Flo
bottle (General Oceanics) deployed on a nonmetallic hydro-
line and triggered with an acid-cleaned Teflon messenger.40

The Niskin or GO-Flo bottles were transported into a
dedicated Class 100 laboratory van under trace metal-clean
conditions.39 Samples were pressure-filtered (N2 gas, 99.99%)
directly from the Niskin or GO-Flo bottles through 0.2 μm
capsule filters (Acropak 200, Pall Laboratory) into 2 L acid-
cleaned Teflon bottles.
An aliquot of sample was transferred from the 2 L Teflon

bottle into 0.25 L precleaned borosilicate glass bottles (I-
Chem) for THg analysis and oxidized with 0.04% bromine
monochloride at least 12 h prior to analysis.41

The remainder of the sample in the 2 L Teflon bottle was
analyzed for gaseous Hg0 and DMHg with a purge-and-trap
method.42,43 Samples were purged with Hg-free N2 gas for 60
min at a rate of 0.5 L min−1. Effluent gas was passed through a
soda lime trap to remove water vapor and aerosols, then
DMHg was concentrated onto a Carbotrap (graphitized
carbon black, Sigma-Aldrich) matrix downstream of the soda
lime trap, and Hg0 was concentrated onto a gold trap
downstream of the Carbotrap.43,44 DMHg was thermally
desorbed from the Carbotrap and quantified on board via gas
chromatographic cold vapor atomic fluorescence spectrometry
(GC−CVAFS) on a Tekran 2500.42,45 The detection limit for
DMHg was 2 fM. Hg0 was quantified by dual gold
amalgamation cold vapor atomic fluorescence spectroscopy
(CVAFS) on a Tekran 2600 following thermal desorption
from the gold trap.43,46 The detection limit for Hg0 was 40 fM
(n = 14). Sample concentrations for DMHg and Hg0 were
determined by a calibration curve from a gaseous Hg0 standard
(Tekran 2505 Mercury Vapor Primary Calibration Unit).
Seawater purged of DMHg and Hg0 was transferred into

0.25 L precleaned amber borosilicate glass bottles (I-Chem)
for MMHg analysis, acidified with 1% sulfuric acid (Trace-
Metal Grade, Fisher Scientific), stored at 4 °C, and analyzed at
Scripps Institution of Oceanography within 2 months of
collection.
THg samples were analyzed following U.S. EPA Method

1631 on board the ship.41,44 Samples were reduced to Hg0 with

Figure 1. Sampling sites from the 2021 California Current Ecosystem
Long-Term Ecological Research Process Cruise. Profiles are marked
according to water mass for the California Undercurrent (green),
California Current (blue), oligotrophic gyre (orange), and benthic
boundary layer (BBL) (white crosses).
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20% w/v tin(II) chloride solution (ACS grade, Fisher
Chemical) in 10% hydrochloric acid (ACS grade, Fisher
Chemical). Hg0 was purged onto a gold trap with Hg-free
argon gas and thermally desorbed via CVAFS for detection
using a Tekran 2600 Automated Mercury Analyzer. Sample
concentrations were determined by a calibration curve from a
gaseous Hg0 standard (Tekran 2505 Mercury Vapor Primary
Calibration Unit). The detection limit was 0.22 pM (n = 8
reagent blanks), and the average replicate precision was 6.4%
(n = 73).
MMHg samples were analyzed by ascorbic acid-assisted

direct ethylation following Munson et al. and U.S. EPA
Method 1630.47,48 Samples were adjusted to a pH of 4.8 using
a 2 M acetate/glacial acetic acid buffer (J.T. Baker) in
ultrapure water (Milli-Q, 18.2 MΩ cm−1) and 8 M potassium
hydroxide (J.T. Baker) in ultrapure water (Milli-Q, 18.2 MΩ
cm−1). 2.5% w/v ascorbic acid (J.T. Baker) in ultrapure water
(Milli-Q, 18.2 MΩ cm−1) was added to the samples, and then
samples were ethylated with sodium tetraethylborate (NaTEB)
solution (1% NaTEB in 2% potassium hydroxide, Strem

Chemicals) to convert MMHg to volatile methylethylmercury.
Ethylation was allowed to proceed for 10 min before sample
analysis. Samples were analyzed by GC−CVAFS on a Tekran
2700 Automated Methylmercury Analyzer. Concentrations
were determined by a calibration curve from standards
prepared from a certified 1000 ppm MMHg (II) chloride
standard (Alfa Aesar). The detection limit was 11.3 fM (n = 9
reagent blanks), and ongoing precision and recovery was 98.4
± 7.9% (n = 25). Average replicate precision was 9.2% (n =
18) and matrix spike recovery was 112 ± 13% (n = 15).

Auxiliary Parameters. Chl-a and dissolved organic carbon
(DOC) were sampled from the standard CTD rosette cast that
occurred just prior to the trace metal sampling and were
analyzed using standard CCE LTER protocols (https://
ccelter.ucsd.edu/cce-calcofi-methods-manual/).49,50 Depth,
temperature, salinity, and oxygen concentrations were
determined from real-time hydrographic data from the ship’s
rosette (Seabird Scientific, SBE11, SBE-43, and SBE-45).
These parameters are presented in Supplemental Table S1.

Figure 2. Temperature−salinity plots for (A) depth, (B) oxygen concentration, (C) dissolved total mercury (THg) concentration, and (D)
dimethylmercury (DMHg) concentration. The curved gray lines indicate the isopycnals (σ). The California Current (CC) is on the left in lower
salinities, and the California Undercurrent (CU) is on the right in higher salinities.

Environmental Science & Technology pubs.acs.org/est Article

https://doi.org/10.1021/acs.est.4c01112
Environ. Sci. Technol. 2024, 58, 10591−10600

10593

https://pubs.acs.org/doi/suppl/10.1021/acs.est.4c01112/suppl_file/es4c01112_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.est.4c01112?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.4c01112?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.4c01112?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.4c01112?fig=fig2&ref=pdf
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.4c01112?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Wind speed was determined by an ultrasonic anemometer
mounted on the ship’s mast (RM Young, Model 86106).

Data Analysis. Data outliers for THg, MMHg, DMHg, and
Hg0 concentrations were identified using box and whisker

plots, and values greater than 1.5 times the interquartile range
above the third quartile were removed (Supplemental Figures
S1 and S2). Of the 541 data points, we elected to remove 13
(<3%) statistical outliers that clearly stood out in the profiles.

Figure 3. Profiles of dissolved Hg species for the (A, D, G, J) oligotrophic gyre, (B, E, H,K) California Current, and (C, F, I, L) the California
Undercurrent. For the California Current and California Undercurrent, the average concentration of multiple profiles at each depth is plotted as the
dark line, and the range is the shaded area. Detection limits are represented as the black dashed line as (A−C) 0.22 pM for total mercury (Hg),
(D−F) 11.3 fM for monomethylmercury (MMHg), (G−I) 2 fM for dimethylmercury (DMHg), and (J−L) 40 fM for elemental mercury (Hg0).
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Individual daily profiles are presented in Supplemental Figure
S3. To determine the statistical significance of relationships, we
used one-way ANOVA and F-tests with p = 0.05 (Microsoft
Excel Analysis ToolPak).

Mass Budget Model. We developed an empirically
constrained mass budget model for the study region between
the coast and Station S1 between 34°N and 37°N for the
upper 200 m of the water column in MATLAB (Version
R2022a). Processes in the model include (1) atmospheric
deposition of HgII and MMHg and upwelling inputs of all Hg
species, (2) exchange of all Hg species with surrounding
seawater, (3) Hg0 and DMHg air−sea interactions, (4)
chemical transformations through Hg0 and HgII redox
reactions, HgII methylation to MMHg and DMHg, MMHg
methylation to DMHg, MMHg demethylation to HgII, and
DMHg demethylation to MMHg, and (5) scavenging of HgII
and MMHg. We calculated reservoirs for each Hg species using
depth-integrated averages of the data in this study, including
the BBL samples. The conversions between Hg species were
based on published rates from the literature. Our calculated
DMHg demethylation rate (presented in the Results and
Discussion section) was incorporated into this model.
Atmospheric inputs were determined from literature values,
while upwelling inputs were determined from depths between
300 and 600 m from one station in the California
Undercurrent. HgII and MMHg removal from scavenging
was determined from our solids budget (Figure S4) and
suspended and sinking particle data published in Cui et al.
(Preprint).51 Hg0 and DMHg, as dissolved gases, were not
assumed to be present in the particulate phase. Evasion fluxes
were calculated from ship-board wind speeds and upper water
column profiles, and the outflow was based on the hydrology
budget (Figure S4). Mass budgets for Hg0, HgII, MMHg, and
DMHg were used to create a set of coupled first-order
differential equations to simulate changes in speciation over
time.34,52,53 See Supplemental Figures S4 and S5, Tables S2−
S10, and eqs S1−S11 for more information.
We ran the model to steady state with a 12-h time step using

averages of published HgII methylation and MMHg
demethylation rates (Supplemental Table S10 and Supple-
mental Figures S6 and S7) along with the average upwelling
speed determined by the Coastal Upwelling Transport Index
(CUTI)54 for July 2021. To evaluate variability in HgII
methylation, MMHg demethylation, and upwelling speeds,
we created a Monte Carlo simulation with 1000 iterations that
randomly selected HgII methylation and MMHg demethyla-
tion rates within the 95% confidence interval of published
values (Supplemental Table S10). For each combination of
rates, we ran the model to steady state with varying upwelling

speeds from 0 to 2 m d−1, within the range of CUTI values for
2021.

■ RESULTS AND DISCUSSION
Distinct Water Mass THg Concentrations due to

Scavenging in the California Undercurrent. The southern
CCS has two dominant water masses: an oligotrophic water
mass called the California Current and a more eutrophic water
mass known as the California Undercurrent (Figure 1). The
California Undercurrent is a narrow poleward-flowing current
that is the principal source of upwelled waters in the region.6

These are cold, higher salinity, nutrient-rich waters that
stimulate biological productivity once upwelled3 and are
depleted in oxygen at depths greater than 100 m due to
elevated particle formation and subsequent remineralization
(Figure 2).23,24 The upwelled waters form a surface water
parcel that then advects offshore to the California Current in
40−80 days.7 The California Current is an offshore surface
current with an equatorward flow of warm, low salinity waters,
and higher dissolved oxygen concentrations (Figure 2).23

Figure 2C, 2D illustrate clear differences in THg and DMHg
concentrations between the two water masses, and Figure 3
shows the upper water column profiles of all of the Hg species
in each water mass. We find that the California Current has an
average profile THg concentration 59% lower than the
California Undercurrent (p < 0.05; Table 1, Figure 2C).
These differences stem from the influence of upwelling
transporting Hg-enriched deep waters to the surface of the
California Undercurrent and then loss during water mass
advection to the California Current.
Greater biological activity in upwelled nutrient-rich waters

leads to increased particle production and sinking within the
California Undercurrent.3,23,24 The biological particle flux
removes dissolved THg through scavenging and could explain
the difference in THg concentrations between the California
Undercurrent and the California Current. Using ship-board
wind speeds, surface Hg0 and DMHg concentrations,
suspended and sinking particle THg concentrations,51 and
published air Hg0 and DMHg concentrations,56,57 we calculate
that 123 pmol m−2 d−1 of Hg evades and 1621 pmol m−2 d−1

scavenges as the upwelled waters advect offshore and merge
with the California Current (eqs S1−S9). Accounting for these
removal processes, we calculate that it takes 47 ± 4 days for the
dissolved THg concentrations in the upwelled water parcel to
match those in the California Current (Supplemental Figure
S8, eqs S12 and S13, Table S11). Because this time scale is
consistent with the upwelled water parcel travel time of 40−80
days determined by Lagrangian particle trajectory analysis,7 we
conclude that scavenging can explain the majority of the

Table 1. Mean ±1 Standard Deviation (SD) and Range of Concentrations of Dissolved Total Mercury (THg),
Monomethylmercury (MMHg), Dimethylmercury (DMHg), and Elemental Mercury (Hg0) throughout the Upper 200 m in the
Studya

THg (pM) mean ±1 SD
(range)

MMHg (fM) mean ±1 SD
(range)

DMHg (fM) mean ±1 SD
(range) Hg0 (fM) mean ±1 SD (range)

California Undercurrent 0.64 ± 0.22 (0.24−1.21) 32.2 ± 13.9 (11.3−73.5) 84.0 ± 51.9 (14.5−215.3) 71.1 ± 42.2 (BDL − 161.8)
California Current 0.27 ± 0.12 (BDL − 0.67) 35.6 ± 10.5 (25.7−53.9) 29.5 ± 33.4 (2.3−137.6) 65.4 ± 45.9 (BDL − 193.9)
Oligotrophic gyre 0.25 ± 0.12 (BDL − 0.53) 28.1 ± 8.2 (14.5−45.8) 15.0 ± 18.6 (BDL − 66.8) 101.6 ± 73.2 (BDL − 230.8)
Benthic boundary layer 0.79 ± 0.23 (0.53−1.30) 44.5 ± 19.4 (16.8−75.6) 50.0 ± 30.6 (5.4−83.9) 53.5 ± 27.3 (BDL − 95.4)
All data 0.48 ± 0.27 (BDL − 1.30) 33.8 ± 14.9 (11.3−75.6) 56.5 ± 50.9 (2.3−215.3) 72.5 ± 48.6 (BDL − 230.8)
aBDL is the measured concentration below our detection limit. Concentrations are consistent with other measurements in the CCS and Pacific
Ocean.5,8,13,55 See Supplemental Table S1 for the calculated percent total methylated mercury values.

Environmental Science & Technology pubs.acs.org/est Article

https://doi.org/10.1021/acs.est.4c01112
Environ. Sci. Technol. 2024, 58, 10591−10600

10595

https://pubs.acs.org/doi/suppl/10.1021/acs.est.4c01112/suppl_file/es4c01112_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.4c01112/suppl_file/es4c01112_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.4c01112/suppl_file/es4c01112_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.4c01112/suppl_file/es4c01112_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.4c01112/suppl_file/es4c01112_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.4c01112/suppl_file/es4c01112_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.4c01112/suppl_file/es4c01112_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.4c01112/suppl_file/es4c01112_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.4c01112/suppl_file/es4c01112_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.4c01112/suppl_file/es4c01112_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.4c01112/suppl_file/es4c01112_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.4c01112/suppl_file/es4c01112_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.4c01112/suppl_file/es4c01112_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.4c01112/suppl_file/es4c01112_si_001.pdf
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.4c01112?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


difference in THg concentrations observed between the two
water masses.
The cycle of upwelling, scavenging, and particle remineral-

ization traps most of the THg within the highly productive
California Undercurrent. Figure 4 illustrates this with the sharp
difference between Stations S6 and S7 where the two water
masses meet, demonstrating that most of these losses occur
within 200 km of the coast. These dynamics have also been
observed in the Peruvian Upwelling System, where upwelling
increases surface THg concentrations close to the coast that do
not persist offshore.13 One explanation is that increased
scavenging and remineralization results in increased rates of
Hg accumulation within sediment cores, which is correlated
with marine productivity.58 In these systems, elevated THg
concentrations are sustained within the source waters for
upwelling, and due to the elevated productivity in the region,
we hypothesize that these upwelling regions are a prime
location for Hg incorporation into food webs.

DMHg Is Upwelled to Surface Waters in the
California Undercurrent and Demethylates During
Water Parcel Advection. Little is known about the
formation of DMHg in the ocean; however, it has been
found in high concentrations in suboxic (<50 μmol kg−1)
conditions.4,5,13,14 Here, we find an inverse relationship
between DMHg and oxygen concentrations (R2 = 0.42, n =
121, p < 0.05, Supplemental Figure S9), which suggests that

the low oxygen concentrations present in the California
Undercurrent favor DMHg formation or preservation (Figure
2B). Below 200 m, the California Undercurrent is further
depleted in oxygen (<50 μmol kg−1),23 implying that DMHg
concentrations could be considerably higher at depth. Once
upwelled, the low oxygen and high DMHg deeper waters are
diluted by oxic and low DMHg surface waters that are subject
to losses from photodemethylation and evasion. These
processes inhibit DMHg accumulation in the majority of the
global surface ocean.5,25 Within the surface water masses that
we studied, we find that the California Undercurrent contains
69% higher DMHg concentrations than the California Current
(p < 0.05, Figure 2D). We attribute this difference to the
continuous supply of DMHg to surface waters from the
upwelling of DMHg-enriched deeper waters in the California
Undercurrent. Then, during surface advection to the California
Current, DMHg evades to the atmosphere or demethylates
into MMHg, which explains depleted concentrations in the
California Current.
We calculated in the previous section that dissolved THg

removal in the advecting water parcel takes 47 ± 4 days, and
we apply this transit time to calculate DMHg removal due to
evasion and demethylation. We estimate evasion losses of 96 ±
16 pmol m−2 d−1 using ship-board wind speeds, average surface
DMHg concentration, and published air DMHg concen-
tration56 (Supplemental eqs S1−S9, Table S6). Assuming no

Figure 4. Section plots for the 7-station transect, including a profile from the oligotrophic gyre (OG) water mass. (A) Temperature, (B) total
mercury (THg) concentration, (C) salinity, (D) elemental mercury (Hg0) concentration, (E) oxygen concentration, (F) dimethylmercury
(DMHg) concentration, (G) Chlorophyll-a concentration, and (H) full water column salinity with bathymetry from the World Ocean Circulation
Experiment (WOCE).59
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settling or other inputs of DMHg, we calculate a net DMHg
demethylation rate of 2.0 ± 1.1% d−1 that is needed to close
the DMHg budget (Supplemental Figure S10, eqs S14−S17,
and Table S12). This approach allows us to estimate a region-
specific dark and photolytic DMHg degradation rate. Estimates
of photodemethylation exist; for example, West et al. reported
a rate of 0.15 ± 0.01% d−1 (when corrected for shortwave
radiation exposure; Supplemental eq S18, Table S13).25

However, dark DMHg demethylation rates are unknown and
could range from 0.003 to 44% d−1 if DMHg behaves like
MMHg.15,20,26−31 Thus, our approach constrains the DMHg
demethylation rate in the CCS before applying it to a mass
budget model to evaluate how this process impacts the supply
of MMHg.

DMHg Demethylation Is a Substantial Source of
Surface MMHg in Upwelling Conditions. In contrast to
THg and DMHg concentrations, dissolved MMHg concen-
trations are the same in the California Undercurrent and the
California Current (p > 0.05, Table 1, Figure 3). As the water
parcel moves from the California Undercurrent, we would
expect MMHg losses from scavenging,51 photodemethyla-
tion,25 and dark demethylation.15,20,26−31 The lack of apparent
change in MMHg concentrations between the water masses
suggests a resupply of MMHg through atmospheric deposition,
upwelling, HgII methylation, or DMHg demethylation. To
quantify the relative contribution of each source of MMHg to
surface waters, we developed an empirically constrained mass
budget model that encompasses both the productive California
Undercurrent and the oligotrophic California Current.
Figure 5A presents the mass budget incorporating our

calculated DMHg demethylation rate to visualize the trans-
formations between the Hg species. Net DMHg demethylation
and upwelling are the two largest inputs of MMHg
contributing, respectively, 2.3 and 1.3 mol d−1. Photo-
demethylation and net MMHg demethylation to HgII remove
1.5 and 1.7 mol d−1 of MMHg, respectively. We find that
within these surface waters, net DMHg demethylation is a
source of MMHg while there is no net source of MMHg from
HgII methylation. As a result, DMHg degradation is the major
source of MMHg, accounting for 61% of the MMHg supply.
Using this model, we can evaluate the relative importance of

the processes impacting Hg speciation within the system. HgII
methylation is typically considered to be the main source of
MMHg, while DMHg demethylation is overlooked. Figure 5B
presents the mass budget of the system without demethylation
of DMHg into MMHg. In this scenario, the main source of
MMHg is from net HgII methylation, at a rate of 1.3 mol d−1.
Without DMHg demethylation, the balance between Hg
species is shifted and requires net HgII methylation, which is
unlikely to occur in oxygenated and illuminated surface waters.
On the other hand, DMHg demethylation can supply enough
MMHg to sustain net MMHg demethylation.25

The literature is unclear whether DMHg is formed from
MMHg, HgII, or both. Field incubations from Lehnherr et al.
showed DMHg formation from MMHg and HgII,21 whereas a
laboratory study indicated that DMHg forms from MMHg but
not HgII.22 Figure S11 shows that removing the HgII to DMHg
methylation pathway results in less than a 10% decrease in the
transformation rates between Hg species and does not impact
the reservoir sizes. Because of this lack of significant impact, we
chose the conservative approach and included DMHg
formation from MMHg and HgII in our model.

In the initial model run, we set the DMHg demethylation
rate to 2.0% d−1 based on our calculations and used averages
for the HgII methylation rate (0.25% d−1), MMHg
demethylation rate (6.2% d−1), and upwelling speed for July
2021 (0.9 m d−1).54 These rates account for most of the
variability in model outputs for MMHg concentrations,
sources, and sinks based on our model sensitivity analysis.
HgII methylation and MMHg demethylation rates are based on
published values and cover wide ranges of sampling locations
and conditions; 0.007−5.17% d−1 for HgII methyla-
tion15,19−21,26−31 and 0.003−44% for MMHg demethylation
(Supplemental Table S10).15,20,26−31 Another source of large
variability in the model is the upwelling speed, as it is
seasonally driven by wind speeds, with average monthly
upwelling speeds ranging from 0.2 to 2.0 m d−1 in 2021.54

Finally, our calculated DMHg demethylation rates range from
0.9 to 3.1% d−1. To test the validity of our main finding that
upwelled DMHg demethylation is the major source of MMHg
in surface waters in the CCS in the context of these large
uncertainties, we ran the model while changing DMHg and
MMHg demethylation and HgII methylation rates.
Figure 6A shows the sources of MMHg as the DMHg

demethylation rate increases from 0 to 3% d−1. We see that
with a rate as low as 0.4% d−1, net DMHg demethylation still
accounts for 30% of the MMHg in the system. Net HgII
methylation is only a source of MMHg in the system when the
DMHg demethylation rate is between 0 and 0.3% d−1. DMHg

Figure 5. Steady-state mass budget (A) with DMHg demethylation
and (B) without DMHg demethylation. Rates represented by the
arrows are given in mol d−1. Hg0 reservoir, fluxes, and redox reactions
are included in the model but not pictured here. Arrows are scaled to
the magnitude of the rates, and each process is represented by a
different color.
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exceeds 50% of the source of MMHg when the DMHg
demethylation rate is 0.9% d−1. This supports the idea that
DMHg represents a substantial source of MMHg across a wide
range of DMHg demethylation rates.
To assess the impact of varying HgII methylation and

MMHg demethylation rates reported in the literature, we ran
the model 1000 times with different upwelling speeds. During
each iteration, the model randomly selected rates within the
95% confidence interval of published values. Figure 6B shows
the modeled net MMHg production from HgII methylation
(orange) and DMHg degradation (blue) plotted against the
upwelling speeds. Without upwelling, the model shows a
median MMHg production rate of 0.8 mol d−1 from HgII
methylation alone. However, the model likely overestimates
MMHg production in these surficial waters because we use
rates from deeper waters and from studies that did not
differentiate between MMHg and DMHg formation. Thus, we
expect very low to no MMHg production in the absence of
upwelling. During upwelling events, under the most likely rates
(dark shading), net DMHg demethylation surpasses the
average contribution of MMHg from net HgII methylation at
an upwelling speed of roughly 0.2 m d−1. With the least likely

HgII methylation and MMHg degradation rates (light
shading), net DMHg demethylation again delivers most of
the MMHg to the system above an upwelling speed of 0.4 m
d−1, which is common throughout the year. Therefore, we
conclude that in the CCS and possibly other locations where
upwelling supplies DMHg to surface water, DMHg demethy-
lation rather than HgII methylation is the main source of
MMHg to the epipelagic zone.
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mercury production from net HgII methylation (orange) and net
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