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ABSTRACT: Anthropogenic activities have fundamentally changed the chemistry of the Baltic
Sea. According to results reported in this study, not even the thallium (T1) isotope cycle is
immune to these activities. In the anoxic and sulfidic (“euxinic”) East Gotland Basin today, Tl
and its two stable isotopes are cycled between waters and sediments as predicted based on
studies of other redox-stratified basins (e.g, the Black Sea and Cariaco Trench). The Baltic
seawater Tl isotope composition (£*°°T1) is, however, higher than predicted based on the results
of conservative mixing calculations. Data from a short sediment core from East Gotland Basin
demonstrates that this high seawater £2°T1 value originated sometime between about 1940 and
1947 CE, around the same time other prominent anthropogenic signatures begin to appear in the

same core. This juxtaposition is unlikely to be coincidental and suggests that human activities in
the surrounding area have altered the seawater Tl isotope mass-balance of the Baltic Sea.

KEYWORDS: thallium isotopes, Gotland Basin, euxinia

1. INTRODUCTION

The Baltic Sea is the largest anthropogenically induced hypoxic
area on Earth. Hypoxic settings, also referred to as Dead
Zones, are defined by bottom water dissolved oxygen (O,)
concentrations less than 2 mg L™"."* The hydrography of the
Baltic Sea makes it susceptible to hypoxia; North Atlantic
seawater must pass two shallow sills before entering the semi-
isolated basin.>* Baltic seawater is brackish as a result, and has
a near-permanent salt-gradient, or halocline, that prevents
efficient mixing of surface and deep waters. Human activities
have compounded these hydrographic effects since at least
~1950.> Warming surface waters in the Baltic Sea negatively
impact water column mixing and O, solubility.” And high
nutrient loading drives eutrophication, in turn promoting large
amounts of bottom water O, consumption during microbial
respiration.” Deep basins are the locus of hypoxia in the central
Baltic, most prominently those near the Islands of Bornholm,
Faro, and Gotland, as well as the Landsort Deep. Conditions
are so reducing in some of these “deeps” that bottom waters
are anoxic and rich in hydrogen sulfide (H,S), conditions
referred to as “euxinic”.’

Our focus in this investigation is the post-transition metal
thallium (T1). Thallium has a high toxicity: it is the most toxic
metal for mammals, with an estimated minimal lethal dose for
humans of 10 mg/kg’ The bioavailability of Tl in nature
therefore has important implications for human health.'’ Some
anthropogenic activities are strong point sources of Tl An
estimated ~2000 tons of TI are released annually as
atmospheric emissions during coal combustion, cement
production, and pyrite roasting.'"'* Due to its low melting
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point, T1 is volatilized during these high-temperature processes
and thereafter, upon cooling, condenses on the surface of ash
particles."> Ash produced during these anthropogenic
processes can be highly enriched in TI, by up to a factor of
10 compared to the raw materials."”'* Thallium can
accumulate to very high abundances in environments near
anthropogenic point sources, greatly increasing the risk of TI
poisoning to neighboring communities.'

We set out to better understand how TI and its two stable
isotopes, 2*T1 and *°*T1, are today and were in the recent past
cycled in the Baltic Sea. Thallium isotope ratio differences are
reported in epsilon (¢) notation relative to the NIST—997 Tl
standard as
- 205/203.

sample

205 205/203
25Tl = (P%/2%T1 NisT-997 — 1)

x 10, 000

Dissolved Tl abundances (Tly,) are very low in natural

waters today, and especially low in anoxic waters where they
~11617 .

average around 1 ng TI L™ Accurate and precise TI

isotope ratio measurements require a few ng of Tl under

typical analysis conditions,'® which means that the collection

of many liters of water is oftentimes required to generate
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Figure 1. Baltic Sea sampling locations and meta data.

reliable data. Because of these methodological challenges, very
few studies to this point report dissolved Tl isotope ratio data
for natural waters.”~*' Especially few data exist for anoxic
waters. '’

To help inform our understanding of modern TI cycling, T1
concentration and isotope ratio data were generated for
samples collected from the Baltic Sea during two expeditions
aboard the research vessel Elisabeth Mann Borgese (Figure 1).
According to these data, some of the same anthropogenic
activities contributing to expanded Baltic Sea hypoxia play an
important role in local Tl isotope mass-balance.

2. MATERIALS AND METHODS

Waters and sediments used for constraining the modern TI
cycle were collected at three stations during expedition
EMB276 in September 2021. Sediments used for constraining
the TI cycle in the recent past were collected during expedition
EMB201 in December 2018.

2.1. Sample Collection. High-volume water samples (~10
L) were collected via free-flow water bottles (Hydro-Bios) at
three stations in September 2021 during expedition EMB276:
one station near the deepest point of the East Gotland Basin
(TF271, 249 m water depth), one station on the eastern shelf
of the East Gotland Basin (go24, 74 m water depth), and one
station near the deepest point of the Faro Deep (gol2, 203 m
water depth). Shortly after retrieval (no more than a few
hours), each water sample was filtered using a precleaned six-
position Advantec PVC vacuum manifold equipped with 500
mL Nalgene funnels. Precleaned 0.22 pm pore size 47 mm
poly(ether sulfone) (PES) membrane filters (Millipore) were
used during filtering, and all water samples were acidified after
filtering with twice-distilled trace metal free hydrochloric acid
(HCl) to ~1 M HCI in preparation for ion exchange
chromatography.
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Sediments used to reconstruct modern Tl cycling were
collected with a multicorer during expedition EMB276 at site
TF271 in the East Gotland Basin. The short core from station
TF271 was collected near the deepest point of the basin under
euxinic conditions and is comprised of dark organic-rich
sediments. This core was sampled at a three-centimeter
resolution down to 17 cm sediment depth. All sediment
samples collected during expedition EMB276 were frozen soon
after collection and freeze-dried at Woods Hole Oceano-
graphic Institution using a benchtop freeze-dryer with a
polytetrafluoroethylene coated stainless steel collector (Lab-
cono FreeZone). Once dry, each sample was ground to a fine
powder using a FRITSCH Mini-Mill Pulverisette 23 with
zirconium oxide bowl and grinding balls.

To reconstruct TI cycling further back in time, the above-
mentioned short core samples were supplemented with a
longer sediment short core (45 cm sediment depth) collected
near the deepest point of the East Gotland Basin in December
2018 during expedition EMB201 (core EMB201/7-4). Many
complementary data are already published for this high-
resolution core, including data that formulate a robust age
model back to 1840 CE and data that track anthropogenic
activi;cizes in the surrounding area of western Europe since this
time.

2.2. Water Column Redox Classification. Pump CTD
profiles were taken and processed according to Schulz-Vogt et
al.* using electrochemical flow through sensors for oxygen and
sulfide. The sensors were constructed at the Max Planck
Institute for Marine Microbiology, Bremen (Microsensor
group). Total sulfide was calculated using pH profiles detected
with a flow through optode (Pyroscience GmbH, Aachen).

2.3. Metal Concentration Analyses. The contents of Al
and Tl in the short core EMB201/7-4 were measured at IOW
by inductively coupled plasma optical emission spectroscopy

https://doi.org/10.1021/acs.est.4c01487
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Figure 2. Water column data collected from three sampling stations during the EMB276 research cruise. Dashed dissolved oxygen (DO) profiles
were collected via a SBE 911 plus CTD (Sea-Bird), while the solid DO and H,S profiles were determined by microsensors attached to the pump
CTD water flow. “Predicted” lines in the T1 data panels indicate the results of conservative salinity-based mixing calculations. Error bars associated
with the Tl isotope ratio data indicate the 2SD sample reproducibility or the long-term standard reproducibility, whichever is greater.

(ICP-OES, iCAP 7400 Duo, Thermo Fisher Scientific) and
inductively coupled plasma mass spectrometry (ICP-MS, iCAP
Q, Thermo Fisher Scientific), respectively, after acid digestion
of the freeze-dried and homogenized sediment material by a
mixture of HNO,—HF-HCIO,.”* Precision and trueness were
checked by the international reference material TH-2 (NWRI)
and were 3.4 and —2.0% for Al and 1.8 and 4.8% for TI,
respectively.

2.4. Thallium Isotope Analyses. Dried and finely
powdered sediment samples were treated with dilute nitric
acid (2 M HNO;) on a hot plate overnight in perfluoroalkoxy
alkane (PFA) vials (Savillex). This treatment is shown in
previous work to effectively isolate authigenic (i.e., seawater-
derived) T1 bound primarily to pyrite from TI hosted in detrital
minerals.”® After treatment, authigenic Tl was separated from
detrital Tl by centrifugation and thereafter digested with a
series of high-strength acid attacks (e.g, aqua regia, inverse
aqua regia, concentrated HNO; + H,0,). To avoid the
inadvertent inclusion of quantifiably important amounts of
detrital-bound T1, at no point was hydrofluoric acid (HF) used
in the digestion process. Once completely digested, each
sample was reconstituted in 1 M HCI in preparation for ion
exchange chromatography.

All samples targeted for Tl isotope ratio analysis were
purified following the typical two-step ion exchange
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chromatography protocol.'*® For the high-volume water
column samples, this protocol was upscaled with larger
capacity glassware custom manufactured for these sample
types.

Thallium isotope ratio measurements were performed
following procedures outlined in previous work'®*° using a
Thermo Finnigan Neptune multicollector inductively coupled
plasma mass spectrometer (MC-ICP-MS) located at the
WHOI Plasma Mass Spectrometry Facility. A desolvating
nebulizer system was used during sample introduction (Aridus
II) and measurements were performed in low-resolution mode
using sample-standard bracketing and external normalization
to NIST SRM 981 Pb. NIST SRM 997 was used as the
bracketing standard; all €2%TI data are calculated relative to
this standard. Because each sample was doped with a known
quantity of NIST SRM 981 Pb, authigenic TI concentrations
could be calculated during MC-ICP-MS analysis using
measured 2T1/>®Pb ratios. All samples were analyzed in
duplicate. The average and maximum 2 standard deviation
(SD) reproducibility of these duplicate measurements was 0.2
and 0.8 ¢ units. One USGS shale SCo-1 standard was leached,
purified, and analyzed with each sediment sample set to
monitor accuracy. This standard yielded a &*®Tl, value of
—3.3 + 0.6; 2SD (n = 4), which is indistinguishable from
values reported in previous work (2Tl = —2.9 + 0.1;

https://doi.org/10.1021/acs.est.4c01487
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2SD””). Reported errors are always in 2SD and either equal to
the individual sample’s reproducibility or the SCo-1 reprodu-
cibility, whichever is greater.

3. RESULTS AND DISCUSSION

Dissolved TI profiles are nearly identical at all three stations:
Tlys decrease with depth and dissolved isotope compositions
(e*®Tly,,) are invariant (Figure 2). Dissolved Tl concen-
trations are as high as 33 pM in well-oxygenated surface waters
and as low as 2 pM in sulfide-bearing waters below the
oxycline. All &®Tly,, values are indistinguishable outside of
error, averaging —1.6 + 0.4; 2SD (n = 11).

In the core consisting of dark organic-rich sediment
collected from the currently euxinic East Gotland Basin at
Station TF271 (Figure 3), the concentration of authigenic TI
(Tl,) leached from sedimentary sulfides averages 1.7 ug/g +

1.3; 2SD (n = 6). Authigenic Tl isotope compositions
(e*®Tl,) for the same samples average —1.3 + 0.6; 2SD,
205
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Figure 3. Sedimentary data tracking an abrupt change to the Baltic
Sea TI cycle since ~1940 CE. Data in the upper panels are from a
short sediment core collected from the central Gotland basin during
EMB276 (station TF271). Data in the lower panels are from a longer
core collected nearby in the same basin during EMB201. Blue vertical
shaded region signifies the average dissolved £*°*TI value recovered
from the water column in 2021. Green vertical shaded region signifies
the calculated “natural” water column value assuming conservative
mixing and a seawater salinity between 6 and 11 g kg™' (consistent
with what is observed in East Gotland Basin; see Figure 2). Red
gradient shaded region signifies the inferred transition period. Error
bars associated with the Tl isotope ratio data indicate the 25D sample
reproducibility or the long-term standard reproducibility, whichever is
greater.
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within analytical uncertainty of the £*®Tly values measured
in overlying waters (signified in blue in Figure 3).

In the EMB201/7-4 short sediment core above 29.75 cm
depth, €*®Tl, values are identical within error to those from
sediments collected at site TF271 (Figure 3). At and below
this depth, a striking and abrupt €*°°Tl, decrease is observed.
The age of this transition is estimated as between ~1940 and
~1947 CE based on the respective inferred ages of the 29.75
cm depth horizon and the horizon sampled immediately
above.”” An abrupt TI, change, mirrored in bulk sedimentary
TI/Al ratios (T1/Al,y), is found at a slightly higher depth
horizon of 26.5 cm with an estimated age of ~1956 CE.
Authigenic Tl average —1.5 + 1.0; 2SD above 29.75 cm
core depth, and —2.7 + 0.6; 2SD at and below. Authigenic TI
concentrations average 2.2 yg/g at and above 26.5 cm, and 0.5
ug/g below.

3.1. Modern Baltic Sea Thallium Cycling. Today in the
deeps of the East Gotland Basin, TI and its two stable isotopes
behave in a manner comparable to previously investigated
euxinic basins. The rapid drawdown of Tl observed in the
Baltic Sea water column in sulfidic waters below the oxycline is
also observed under comparable conditions in the Black Sea,
Cariaco Basin, and a small brackish pond on Cape Cod.'®'” As
is the case in these other environments, interactions with
sulfide minerals are most likely responsible for the rapid
removal of T from the water column. Our study is the first to
target multiple stations in a large anoxic basin, and our data
resolution, while better than most previous investigations, is
still low. Nonetheless, the homogeneous and conservative
nature of our recovered £’%°Tly,, values matches the behavior
observed in the modern open ocean.

The behavior of Tl in recent sediments formed well below
the oxycline in the central Gotland Basin is also comparable to
what is observed in other euxinic settings. Namely, sulfide
minerals that form in these sediments reliably capture the
€Tl value of overlying waters. This is a ﬁndin% replicated in
all other anoxic basins studied to this point,16’17’ 829 and even
in productive upwelling zones where porewater O, penetration
depths are shallow.”” Seawater £2°°T1 capture in these locations
implies some combination of near-quantitative T1 transfer to
sediments'® or partial transfer with no associated isotope
fractionation.'” Seawater 21 capture in EMB201/7-4 seems
to have taken place even during short-lived Major Baltic Inflow
events,” or at least nearly so. Only a few minor sporadic shifts
to higher 2T, values are found in the core, despite potential
short-lived episodes of localized sedimentary Mn oxide burial
during MBIs (perhaps up to +2 ¢ units in one sample aged to
~1978 CE).

Baltic seawater £*°T1 is, however, considerably higher than
predicted based on conservative mixing (visible in Figure 2).
Assuming binary mixing between open ocean seawater (&*°TI
—6.0 + 0.3; 2SD and Tlg, = 65 pMm) and natural
freshwater sources (¢?Tl ~ —2.0 and Tly, = 29 pMZO), the
salinity of Baltic seawater dictates that it should have a £*%T1
value much closer to about —3.6 ¢ units. The value we observe
is about two & units higher.

3.2. Baltic Sea Thallium Cycling in the Recent Past.
Baltic seawater €Tl has been higher than predicted since
about 1940—1947 CE according to the EMB201/7-4 short
sediment core (Figure 3). Seawater £**T1 capture seems likely
throughout the core based on its high organic carbon contents,
which requires persistent localized anoxia during sediment
formation (TOC contents always exceed 3 wt %°>). To iterate,

https://doi.org/10.1021/acs.est.4c01487
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Figure 4. Correlations between Tl isotope ratios and anthropogenic geochemical markers from the EMB201/7-4 short sediment core.”> All
trendlines are logarithmic. Spheroidal carbonaceous fly ash particle (SCP) values of zero are omitted from the first panel. Error bars associated with
the Tl isotope ratio data indicate the 2SD sample reproducibility or the long-term standard reproducibility, whichever is greater.

analogous sediments from the adjacent TF271 station forming
under the same conditions capture the overlying seawater
€Tl value today, as do sediments forming under similar
conditions in other locations worldwide,' 7%~

To be sure, increased sedimentary Tl, abundances above
26.5 cm core depth in the EMB201/7-4 short sediment core
were supplemented by the development of strengthened
euxinic conditions in the East Gotland Basin since the mid-
1950s.”" Authigenic T1 concentrations increase by a factor of 4
in the EMB201/7-4 sediment core above this depth horizon,
and this is despite a concurrent two factor increase in
sedimentation rates.”> The net result of these changes is an 8-
fold increase in sedimentary Tl accumulation rates in the
central Gotland Basin. Sedimentary T1 accumulation is strongly
linked to euxinia.'®'” It is for this reason that we rely instead
on the slightly older £*%Tl, change as a more robust indicator
of Baltic seawater Tl forcing.

The £*°°Tl, shift found in the EMB201/7-4 short sediment
core is correlated with many other anthropogenic markers
recovered from the same archive in previous work.”” The most
direct evidence for increased anthropogenic inputs is a strongly
elevated abundance of the coal combustion byproduct
spheroidal carbonaceous fly ash particles (SCPs). These data
are complemented by decreasing 2°>’Pb ratios and increasing
Al-normalized ratios of Pb, Hg, Cu, and Zn (normalized to Al
to minimize dilution effects caused by organic matter and high
abundances of authigenic minerals), all of which can be
attributed, at least in part, to anthropogenic activities in the
area and worldwide strongly increasing in the 1950s.

It would be highly coincidental if the £2°°Tl, increase found
in the EMB201/7-4 sediment core was not associated with the
nearly contemporaneous trends linked to anthropogenic
activities. The €T, values are strongly correlated with
these trends (Figure 4). The Baltic Sea TI cycle changed in a
measurable way starting around 1940—1947 CE. Barring
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coincidence, the most parsimonious driver was anthropogenic
pollution.

Alternative interpretations of the EMB201/7-4 data do exist,
but none are more convincing. An influx of continental detritus
with high £2°T1 values could theoretically explain the observed
isotopic shift. However, and paradoxically, higher TI/Alyy
ratios in this uppermost portion of the core would seem to
indicate a smaller contribution from Al-rich detritus (Figure 3).
Authigenic, seawater-derived Tl comprises the overwhelming
fraction of Tl in these younger samples, especially after ~1956
CE. In theory, Baltic seawater £*°°Tl could have increased
because of the introduction of an output in the basin with a
preference for the lighter-mass TI isotope (**T1). However,
the long seawater residence time in the Baltic Sea of 26—29
years complicates this hypothesis.”” The £2°Tl, increase found
in the EMB201/7-4 core occurs over a much shorter time
frame, perhaps as rapid as just a few years.

Release of isotopically heavy Tl from sediments during Mn
oxide dissolution might also help explain the high Baltic
seawater €Tl values. In sediments formed beneath oxy-
genated bottom waters but with anoxic porewaters, Mn oxide
minerals can form (and reform) near the sediment-water
interface, but ultimately evade long-term burial because they
are unstable under the reducing conditions deeper in the
sediment pile.”**° Thallium can be released back into the
water column during this process,‘%’37 and the expectation is
that this Tl would be enriched in the heavier-mass isotope.'
However, to explain the consistently high seawater £**°T1 value
since ~1940, Mn oxide dissolution (and thereby supply of Tl
via this pathway) would have needed to occur at a quasi-
constant rate for the last ~70 years. This scenario seems highly
unlikely given the large disturbances to the Mn cycle observed
in the Baltic Sea over the same time frame.™”’

3.3. Quantifying and Identifying an Anthropogenic Tl
Source. What fraction of the TI delivered to the Baltic Sea
today and in the recent past comes from anthropogenic
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pollutants? While a lack of data precludes precise quantifica-
tion, there is reason to suspect that anthropogenic point
sources have supplied a significant amount of Tl to the Baltic
Sea since ~1940 CE — perhaps even the majority. The £**°TI
value of the primary anthropogenic pollutant, if it were known,
would allow for a more quantitative contribution estimate.
Consider the following two-component mixing equation

20571 ) + €211

natural Vpatural

pollutant (fpollutant )

= 2T

measured

where €Tl . signifies the Tl isotope composition of
natural Baltic seawater (estimated via salinity and assuming
conservative mixing), f;‘ZOSTlpouutant signifies the Tl isotope
composition of the pollutant, €Tl ,ueq Signifies the TI
isotope composition of Baltic seawater today, and fx signify the
fractions of natural and pollutant Tl in Baltic seawater. We
perform the calculations using £*%T1, o values of —3.3 and
—4.0, corresponding to a Baltic seawater salinity between
about 6 and 11 g kg™ (consistent with what is observed in East
Gotland Basin; Figure 2). Reassuringly, this range of
€29°T1 ,ora Vvalues is similar to what is found in the
EMB201/7-4 core before ~1940, when anthropogenic TI
inputs were much less prominent (green shaded region in
Figure 3). As summarized in Figure S, the fraction of TI in

100
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—-4.0 11
§ 60 -
ké 40 -
20 -
0
0 +5  +10  +#15 420
SZOSTIpollulant

Figure 5. Percentage fraction of Baltic seawater Tl coming from
anthropogenic pollutants for a given pollutant £*®°T1 value. Two
calculations are performed, with only minor change in the results: one
assuming a Baltic seawater salinity of 6 g kg™' (purple line) and
another assuming a salinity of 11 g kg™' (orange line).

Baltic seawater from anthropogenic pollutants negatively
correlates with the EZOSTIPOHutemt value; a lower EZOSTlpollutant
value corresponds to a higher fraction of TI from pollutants,
and vice versa. A reasonable suspicion is that the SZOSTIPOHutam
value is, at most, only slightly positive; anthropogenically
sourced TI in materials analyzed to this point rarely exceed +5
& units.”® If this suspicion is correct, then more than ~20% of
the TI delivered to the Baltic Sea comes from anthropogenic
sources.

What is the identity of the primary anthropogenic pollutant?
The answer to this question is complicated by unique TI
isotopic ratios for individual anthropogenic sources and
phases.””*” Targeted work is ultimately required to test the
various possibilities. However, there is reason to think that
regional cement production may play an important role.

According to ice-core data from the French alps, together with
past coal emission data and the results of atmospheric aerosol
transport modeling, atmospheric Tl emissions from coal
burning in the region were especially high between ~1920
and 1965."" This time frame precedes the positive £2°Tl, shift
found in EMB201/7-4. Regional cement production, on the
other hand, was enhanced considerably later, after the end of
World War II and closer to the inferred age of the Tl
shift.*' Knowing the important role of cement production as
an anthropogenic Tl source,'"'” it is not unreasonable to
assume that this process has introduced large amounts of TI to
the Baltic Sea. Cement kiln dust collected in the late 1970s
from a cement plant near Lengerich, Germany has a &**°TI
value of —0.2 + 0.4.*” If anthropogenic Tl delivered to the
Baltic Sea has a similar £?°°T1 value, then this would imply a
substantial amount of Tl comes from this source, at least
~60%.

Despite seemingly large anthropogenic Tl inputs, the
abundance of TI in Baltic seawater today remains low and
comparable to other natural bodies of water (a few to a few
tens of pM**). Sulfide accumulation plays a very important role
in stunting Tly,, accumulation, by efficiently stripping TI from
the water column below the oxycline. Notwithstanding, more
Tl delivered to the Baltic Sea equates to a greater TI toxicity
risk. Bioaccumulation and biomagnification, for example, have
the potential to concentrate T1 to more hazardous levels in fish
at higher trophic levels, including those commonly consumed
by humans (e.g, lake trout™*). If sulfidic conditions ever
weaken in the Baltic Sea, for example because of more frequent
inflow of oxygenated North Atlantic seawater,” T1 would be
less efficiently removed from the water column and also less
likely to be retained in sediments. Both changes would lead to
an increase in the size of the dissolved Baltic seawater TI
reservoir. An understanding of these dynamics will help
improve predictive models of TI cycling and availability in the
face of continued climate change and anthropogenic forces.
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