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ABSTRACT

Arsenic, antimony, and germanium species concentrations have been determined from five
hydrographic stations along the central axis of the Baltic Sea from the Bornholm Basin to the
Gulf of Finland. Arsenic and antimony concentrations are lower than in the open oceans and in
most rivers. In the oxic waters, the pentavalent species of As and Sb predominate, while in the
anoxic basins, the distribution shifts to the trivalent species and possibly some sulfo-complexes.
Methylated arsenic species make up a large fraction of dissolved As in the surface waters, and
methylated species of As, Sb, and Ge are detectable throughout the water column. Germanic
acid concentrations are about ten times higher than in the ocean and much higher than can be
accounted for by fluvial input. The vertical distributions of arsenic, antimony, and germanium
within the Baltic Sea are controlled by biogeochemical cycling, involving biogenic uptake,
particulate scavenging and partial regeneration. A mass balance including river and atmospheric
inputs, exchange with the Atlantic through the Belt Sea, and removal by sediment deposition
suggests that anthropogenic inputs make a significant contribution to the budgets of all three

elements, with atmospheric fluxes dominating the input of Ge to the Balitic.

1. Introduction

The Baltic Sea is a brackish, landlocked sea
surrounded by highly industrialized countries. It
has been considered to be one of the most seriously
polluted marine areas in the world (Kullenberg,
1981), receiving pollutants from domestic and
industrial sources, from river inputs, atmospheric
deposition, and via inflow through the Danish
Straits (Belt Sea). The lack of systematic informa-
tion on the distribution of arsenic in the Baltic Sea
waters, despite concern about significant contami-
nation, led us to investigate the concentrations
and chemical speciation of arsenic, antimony and
germanium, including the methylated species of
these elements, in vertical hydrographic profiles at
five stations in the Baltic Sea. This paper presents
the results of this study as well as estimates of the
fluxes of these elements in and out of the Baltic.

The circulation in the Baltic is controlled by a
large freshwater input and the existence of a
shallow sill (17 m depth) in the Danish Straits
(Kullenberg and Jacobsen, 1981). Deep water is
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supplied from the North Sea to the Balitic through
the Kattegat in a continuous flow along the bottom
of this strait (Fig. 1); this inflow water is, however,
not saline enough to enter the deepest basins in the
Baltic Sea. Replacement of these bottom waters
occurs only during unusual meteorological con-
ditions, on the average every 2-5 years. In the
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Fig. 1. Chart of the Baltic Sea with station positions.
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intervening periods, oxygen becomes depleted in
these deep basins, especially in the Gotland and
Landsort Deeps, and hydrogen sulfide is formed by
bacterial sulfate reduction (Grasshoff, 1975; Fon-
selius. 1981). This phenomenon presents an oppor-
tunity to investigate the changes in chemical
speciation of arsenic, antimony, and germanium as
a function of the redox state of seawater.

2. Methods

2.1. Sampling

The seawater samples were collected on cruise
no. 75 (June 10-15, 1981) of the R/V Poseidon of
the Institut fiir Meereskunde, Kiel. Acid-cleaned
samplers made from polycarbonate and stainless
steel (COC sampler, Hydrobios, Kiel) were used on
a standard hydrographic wire. The samplers enter
the water closed to prevent contamination from the
sea surface microlayer and by debris from the ship,
and open at a depth of about 10 m. Samples were
drawn from the samplers inside a laminar flow
clean bench. One subsample for the determination
of the reduced arsenic and antimony species was
rapidly frozen by immersion into a dry ice/
isopropyl alcohol bath; another subsample was
acidified with 4 ml conc. HCI (Suprapur, Merck
Inc.) per liter sample. All samples were stored in
polyethylene bottles.

2.2. Analysis

The analytical methods have been previously
described in detail (Andreae, 1977, 1983a; An-
draea and Froelich, 1981; Andreae et al., 1981;
Hambrick et al, 1984). The element species are
selectively reduced with sodium borohydride to the
corresponding hydrides. The hydrides are trapped
at liquid nitrogen temperature; after the reaction is
complete they are revolatilized by heating of the
cold trap and separated by gas chromatography.
They are detected by atomic absorption in either a
quartz tube burner (arsenic and antimony) or in a
graphite furnace modified for gaseous input (ger-
manium). The detection limits of these methods are
about 1 picomole per liter (pM) for the arsenic and
antimony species; the precision at the levels
observed in seawater is between 4% and 10%
depending on the element species. For the ger-
manium species, the detection limits are 8 pM,
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20 pM and 40 pM for inorganic germanium,
monomethylgermanium ion, and dimethyl-
germanium ion, respectively.

3. Results and discussion

Five stations were occupied along the axis of the
Baltic Sea and the Gulf of Finland (Fig. 1) at the
standard station positions established for the Baltic
Year program. Stations BY11 and BY15 are in the
Gotland Deep. The deepest part of this basin had
been anoxic since the last flushing event in 1978
(Fonselius, 1981), with only a small addition of
oxygenated bottom water in 1980 (Nehring and
Franke, 1983). BYS is in the Bornholm Basin
where oxygen becomes occasionally depleted near
the bottom. At the time of sampling, the oxygen
levels in a layer of some 10—15 m above the bottom
had been reduced to 30—40 uM.

The hydrographic conditions in the central Baltic
Sea during the study period are discussed using the
example of station BY15 (Fig. 2). A seasonal
thermocline at a depth of 15-25 m is present during
the summer months. Most of the primary produc-
tion occurs in the mixed layer above this ther-
mocline. Salinity is almost constant at approxi-
mately 8 %c down to 50 m (upper isohaline layer),
underlain by a broad halocline down to 150 m, with
a deep isohaline layer (approximately 12 %) below
150 m. This stratification controls the distribution
of oxygen, hydrogen sulfide, and the nutrients
nitrate, phosphate and silicate. Oxygen concen-
trations are near saturation in the surface mixed
layer, decline through the halocline, and become
depleted near 180 m. H,S first occurs near 170 m
and increases in concentration towards the bottom.
The depth interval of co-existing H,S and O,
(170-180 m) is termed the redoxcline. A nitrite
maximum at approximately 160 m lies just above
the sulfide zone. Nitrate concentrations are near
zero in the surface mixed layer and in the anoxic
zone, and show a broad maximum in the suboxic
region of the halocline. Silicate and phosphate are
also depleted in the ischaline upper layer and
increase throughout the halocline and the anoxic
zone. The distributions of the arsenic, antimony,
and germanium species at BY 15 are shown in Fig.
2; antimony and arsenic data for the remaining
stations are given in Fig. 3. The original data
(hydrography, nutrients, and arsenic, antimony,
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Fig. 2. Hydrographic and chemical data from station BY15 (As;: total dissolved inorganic arsenic; As,: total dissolved
arsenic; MeAs: methylarsonic acid; Me,As: dimethylarsinic acid; MeSb: methylstibonic acid; MeGe: mono-
methylgermanium; Me,Ge: dimethylgermanium). The bars between As, and As, represent the sum of the amounts of
methylarsonic and dimethylarsinic acid present.

and germanium species) are tabulated in the

Appendix.

elements,

arsenic(II) and antimony(III),

are

3.1. Inorganic arsenic and antimony species

In the oxic zone, arsenic(V) and antimony(V)
are always the most abundant oxidation states of
these elements. However, the reduced forms of both
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present at detectable levels throughout the water
column (Figs. 2 and 3; antimony(Ill) was
measured only at BY15 and BY26). There is
always a maximum of arsenic(IIl) in the surface
mixed layer, and at station BY15 and BY26 a
surface maximum is evident for antimony(I1l) as
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well. A similar surface layer maximum has been
observed for As(IIl) in the open ocean (Andreae,
1979) and for Sb(IIl) in Saanich Inlet, British
Columbia (Bertine and Lee, 1983). This maximum
is related to the presence of biological activity in
this layer. Andreae and Klumpp (1979) have
shown the ability of marine phytoplankton to
reduce arsenic(V) to arsenic(IIl) in laboratory
cultures. The presence of antimony(III) in marine
macro-algae was shown by Kantin (1983), who
found that up to 30% of the antimony in
Sargassum sp. is in the trivalent form. Direct
evidence for the reduction of arsenic and antimony
to the trivalent form by marine phytoplankton is
shown in Table 1, which reports the results of the
chemical speciation analysis for arsenic and anti-
mony in samples of phytoplankton (largely
diatoms) from the eastern North Pacific. The
extracts were prepared by grinding the plankton
samples with 2 N HCI for 2 min in a tissue grinder.
In all instances, the trivalent species are found to
make up an important fraction of the inorganic
arsenic and antimony in phytoplankton.

Total inorganic arsenic (As,, the sum of As(III)
and As(V)) is significantly depleted in the surface
mixed layer compared to the concentration in the
layer below the seasonal thermocline. Most of this
apparent depletion can be accounted for by the
presence of organoarsenic species (see below), so
that total dissolved arsenic (As,) does not show a
strong gradient in the isohaline region between the
surface and a depth of about 60 m. Below this
zone, arsenate shows an increase in concentration
with depth, comparable to the increase in the
nutrient concentrations. The trivalent species
As(IIT) and Sb(IIl} decrease to very low levels at
the base of the seasonal thermocline, and their
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concentrations remain low down to the sediment/
water interface or the redoxcline, where increases
are observed. At the shallowest stations BY23 and
BY26 in the Gulf of Finland, the oxygen levels in
the water column are not significantly depleted.
Consequently, we only observe a small increase in
As(III) near the sediment interface, which may be
due to the diffusion of As(III) out of the sediments
or to the remobilization of As at the sediment/
water interface. The presence of high concen-
trations of As(III) in sedimentary pore waters and
its diffusion into the overlying water column was
shown by Andreae (1979). On the other hand,
Carpenter et al. (1978) found only a very small flux
of arsenic from the sediments in Puget Sound to the
overlying water column. On the basis of a
comparison between As in suspended particulates
and underlying sediments, Peterson and Carpenter
(1983) have suggested that As is remobilized at the
sediment/water interface. At station BYS in the
Bornholm Basin. oxygen drops to 30-40 M in the
two deepest samples below 70 m depth, but no H,S
is present. Here, As(IlI) increases dramatically in
the O,-depleted zone with only a slight increase in
total dissolved As, suggesting that in situ reduction
of As(V) is taking place. At stations BY1l and
BY15 in the Gotland Deep, As(Ill) remains low
throughout the suboxic zone and increases only a
few meters above the depth where H,S becomes
detectable. In the anoxic zone, it becomes the
dominant arsenic species, but not all of the tota)
inorganic arsenic is present as arsenite. In Saanich
Inlet, an intermittently anoxic fjord on the coast of
British Columbia, Peterson and Carpenter (1983)
have observed similar steep gradients in the
As(111)/As(V) ratio across the redoxcline.
Antimony(1II) shows a behavior similar to

Table 1. Speciation of arsenic and antimony in phytoplankton from the eastern North

Pacific (ng g~! dry weight)

Sample  As(III)  As(V) MeAs* Me,Ast  As;t %org.  Sb(Ill)  Sb(V) Sb,§
001 63 30 5.9 490 590 B84 43 11 54
018 26 94 20 1290 1430 92 N.D. 220 220
033 27 429 27 740 1210 63 18 46 64

* As in the form of methylarsonic acid, CH;AsQ(OH),.

t As in the form of dimethylarsinic acid, (CH,),AsO(OH).

1 Total soluble arsenic (in 2 N HCI).
§ Total soluble antimony (in 2 N HCI).

Tellus 36B (1984), 2
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trivalent arsenic, with low concentrations below the
surface layer, and an increase in the anoxic zone.
The increase in Sb(III} occurs slightly deeper than
for As(III); Sb(IIl) increases only after H,S is
already present. In addition, Sb(III) accounts for
only 44 % of total inorganic Sb in the anoxic zone;
only in the deepest sample does this percentage
increase to 93 %, mostly as a result of a decrease in
Sb, rather than an increase in Sb(III). In the anoxic
zone in Saanich Inlet, Bertine and Lee (1983) also
found that not all of the dissolved Sb was present in
the Sb(Ill) form. In contrast to arsenic, the total
dissolved antimony concentration in the Baltic is
consistently highest in the surface layer and
decreases in the halocline. A slight increase in Sb; is
evident across the redoxcline at BY11 and BY15
and in the deepest sample at BYS.

The true speciation of arsenic and antimony in
the anoxic zone thus remains unclear. While a
sharp gradient in the ratio of the trivalent to
pentavalent species is observed at the redoxcline,
As(III) represents only an average of 56% and
76% of As, at BY11 and BY15, respectively, and
about 90% in Saanich Inlet, and Sb(III) makes up
only 44% at BY15. On the basis of thermo-
dynamic calculations, both elements should be
completely in the trivalent form under anoxic
conditions. The observed disequilibrium speciation
may therefore represent a kinetically controlied
condition as suggested for oxic waters by Andreae
(1978) and for anoxic waters by Peterson and
Carpenter (1983), or arsenic and antimony may be
present in the form of thiocomplexes (thio-
arsenates and thioantimonates) which form in the
presence of sulfide ion (Cotton and Wilkenson,
1972). Bertine and Lee (1983) have found evidence
for the formation of such species when sulfide is
added to seawater. Further work will be necessary
to develop analytical procedures to characterize the
chemical species of arsenic and antimony in anoxic
waters containing hydrogen sulfide.

3.2. Methylated species of arsenic and antimony

Methylarsonic acid (CH,AsO(OH),) and
dimethylarsinic acid ((CH,),AsOOH) are ubi-
quitous in the euphotic zone of the oceans
(Andreae, 1979). The analogous antimony species
(methylstibonic and dimethylstibinic acid) have
also been observed in oceanic and estuarine waters
(Andreae et al., 1981; Andreae, 1983b). In the
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open ocean, the methylated species account for
about 10% of the total dissolved arsenic and
antimony. The methylated antimony species are
present throughout the water column, while the
methylarsenic compounds disappear below the
euphotic zone, In the Baltic Sea, the methyl-
antimony species showed a pattern similar to that
found in the open ocean: the monomethyl species is
more abundant than the dimethyl species, there is a
tendency toward higher levels of methylantimony
species in the surface layer (but methylstibonic acid
is usually detectable throughout the water column),
and the methylated forms make up about 10% of
total antimony (Figs. 2 and 3). A slight secondary
maximum appears in the anoxic zone at BY11 and
BY15.

The methylated arsenic species show very high
concentrations in the surface layer in the Baltic Sea
with both the relative and the absolute concen-
trations increasing in a west-to-east direction (Figs.
2 and 3). In the surface water at BYS5, the
methylated species are 14% of total arsenic
(0.4 oM methylarsonic acid, 0.77 nM dimethyl-
arsinic acid); their concentration is similar to values
observed in the open ocean. At BY23 in the Gulf of
Finland, on the other hand, the methylarsenicals
represent 83 % of total dissolved As. The concen-
trations of 0.38 nM monomethyl and 6.15 nM
dimethylarsinic acid are the highest we have yet
observed in marine waters, three times higher than
in eutrophicated waters of southern California
(Andreae, 1979).

The methylarsenic species have been shown to
be produced by pure cultures of marine phyto-
plankton (Andreae and Klumpp, 1979). In marine
phytoplankton, methylarsonic and dimethylarsinic
acids (or compounds which very easily hydrolyze
to these species, e.g. the arsenosugars described by
Edmonds and Francesconi {1981)) make up most
of the soluble arsenic content (Table 1). In contrast,
the methylantimony compounds were found neither
by us in marine phytoplankton (Table 1) nor by
Kantin (1983) in macro-algae. Digestion of the
phytoplankton samples with conc. HNO, at 110°
under pressure did not release significant additional
amounts of As or Sb over those measured in a cold
HCI digest. We suggest that the methylantimony
compounds may be formed by bacteria, similar to
the production of methylmercury compounds. This
is in agreement with the observation that the
methylantimony compounds are not as closely tied

Tellus 36B (1984), 2
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to the euphotic zone as the methylarsenic com-
pounds, which are released by phytoplankton.

The reason for the increase in the abundance of
the methylarsenic compounds from west to east in
the Baltic Sea is not clear, especially in view of the
fact that the phytoplankton biomass decreases in
the same direction (from 2.5 ug chlorophyll a 1! at
BYS5 to 1.06 ug Chl a I"! at BY23). Most likely,
these differences reflect the dependence of the rate
of output of methylarsenicals on phytoplankton
species and the physiological state which has been
observed in laboratory cultures (Andreae and
Klumpp, 1979; Sanders and Windom, 1980) as
well as the relative rates of methylation by algae
and demethylation by bacteria which proceed
concurrently in seawater (Sanders, 1979).

A second maximum in the concentration of both
the methylarsenic and the methylantimony species
is present in the anoxic zone (Fig. 3). The absence
of a gradient near the sediment/water interface
makes it unlikely that this is due to biosynthesis of
methylarsenicals in the sediments as described from
arsenic-polluted lakes in Ontario by Wong et al.
(1977). On the basis of the data from the Baltic Sea
presented here, it cannot be established with
certainty whether the methylarsenicals are pro-
duced by bacteria in situ or are simply released as a
consequence of the decomposition of algal matter
sinking from the surface. The latter hypothesis
appears more likely, since methylation of arsenic in
anoxic marine environments has been observed
neither in the pore waters of the Southern Califor-
nia Basins (Andreae, 1979) nor in laboratory
experiments with marine mud (McBride et al.,
1978). In view of the relatively small increase in
methylarsenic levels compared to the increase of
total arsenic across the redoxcline, and of the
normally high proportion of methylated arsenic in
marine plankton, decomposition of sinking
plankton debris can readily explain the observed
profiles of methylated arsenic species in the anoxic
zone.

3.3. Inorganic and methylated

germanium

species  of

Three dissolved germanium species were obser-
ved in the Baltic Sea: inorganic germanium, which
is thought to exist in seawater as germanic acid
(Ge(OH)?), and the organogermanium species,
monomethylgermanium (CH,Ge?**) and dimethyl-
germanium ((CH,),Ge?*). The methylated species
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are likely to be present in the form of the uncharged
hydroxide complexes rather than the free ions, in
analogy with the corresponding methyltin species
(Byrd and Andreae, 1982). Trimethylgermanium
was not found at a detection limit of 10 pM. The
vertical distribution of inorganic germanium (Figs.
2 and 3) follows closely that of dissolved silica,
suggesting congruent removal and regeneration of
these two species. The methylated species, on the
other hand, show only a small degree of vertical
structure. This rules out the possibility of a
significant production of these species in the anoxic
basins of the Baltic. We have found the methyl-
germanium species to behave conservatively in the
oceans and estuaries (within an experimental
precision of approximately 15%) (Froelich et al.,
1983). We have not been able to detect these
species in river waters.

To test for conservative behaviour of the
methylgermanium species in the Baltic, we have
plotted their concentrations against salinity (Fig.
4). In the same figure, we show lines connecting a
freshwater endmember which does not contain
methylgermanium and a seawater endmember
which contains 300 + 40 pM of monomethyl-
germanium and 120 + 40 pM of dimethyl-
germanium, our estimates of the average seawater
concentration of these species based on data from
the Pacific and Atlantic Oceans. In the case of
monomethylgermanium, the points fall reasonably
well within the predicted range. The fit would
be improved if one allowed for a small amount
of monomethylgermanium in the freshwater
input (approximately 10 pM). For dimethyl-
germanium, there appears to be a somewhat more
pronounced deviation from the values predicted on
the basis of conservative mixing, especially in the
less saline samples. This could be due to at-
mospheric input of dimethylgermanium, since we
consistently detect this species at concentrations of
some tens of pM in rainwater. When the effect of
this atmospheric flux, based upon an average
concentration of 26 pM in rainwater, is considered,
the dotted lines in Fig. 4b are obtained, which give
a very good fit to the data.

3.4. Cycling of arsenic, antimony, and germanium
in the Baltic Sea

The vertical distribution of arsenic suggests that
it is taken up similarly to the nutrient elements by
biological activity in the surface mixed layer. This
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Fig. 4. Plot of the methylated germanium species versus
salinity (MeGe: monomethylgermanium; Me,Ge: di-
methylgermanium). The lines represent linear mixing
models between seawater and freshwater endmembers
(see text). Error bars are only indicated for the highest
and lowest samples; they are of proportionate size for the
other samples. The dashed lines in Fig. 4a represent the
range of uncertainty of the saline endmember compo-
sition. In Fig. 4b, the range of expected values is drawn in
solid lines for a model without, in dotted lines for a model
with atmospheric input of dimethylgermanium.

is in agreement with our previous observations of
arsenic cycling in the oceans (Andreae, 1979).
Arsenic is then at least partially regenerated at
depth, especially near the anoxic interface. The
arsenic-salinity relationships in the Baltic have been
plotted in Fig. 5. The profile for each station begins
at low salinities and low arsenic concentrations,
and shows an increase of arsenic with depth at
constant salinity, indicating rapid regeneration in
the seasonal thermocline. No consistent deviations
different from linear mixing are evident in the
halocline region. Below the redoxcline (arrow in
Fig. 5) at stations BYIl and BYI1S5, arsenic
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continues to increase at nearly constant salinity as
a consequence of regeneration of arsenic in the
anoxic regime.

The average total arsenic concentrations within
the Baltic (8 nM As at 9% salinity) are much lower
than can be explained by simple mixing of river
waters (0% salinity, 19 nM As) and Atlantic
surface seawater (35 %o salinity, 20 nM As). Thus,
net removal of As must be occurring within the
Baltic, presumably by incorporation of As into
biogenic debris, a portion of which is buried
without regeneration in the underlying sediment.

The highest concentrations of antimony occur at
the surface (low salinity in Fig. 5) and then
decrease with depth in the isohaline layer. This
decrease with depth suggests that antimony is
scavenged by particles throughout this layer.
Antimony, therefore, does not behave like arsenic,
which is taken up by phytoplankton in the surface
layer due to the similarity of the arsenate ion to the
phosphate ion. Phosphorus(V) and arsenic(V) both
form tetraoxo-anions with coordination number 4.
Antimony(V), on the other hand, due to its large
ionic radius and lesser charge density, forms the
hexahydroxo-anion, Sb(OH),, which does not
resemble the phosphate ion and is therefore not
taken up by phytoplankton. The Sb(OH); ion is
expected to have a moderate affinity towards
particle surfaces, as the normally high surface-
affinity of polyhydroxo complexes is opposed by
the electrostatic repulsion from the negative charge
present on estuarine particles.

As was observed for arsenic, no consistent
deviations from conservative behavior are evident
for antimony in the halocline region. Below the
redoxcline (arrows), antimony increases slightly
(with the exception of the deepest point at BY15),
similar to arsenic. The minimum antimony concen-
trations are found at or just above the redoxcline,
suggesting that antimony removal is taking place
here by scavenging onto iron hydroxyoxide pre-
cipitates forming in the suboxic layer above the
sulfide zone. Kremling (1983) has presented
evidence for the redox-regulated removal of several
transition metals in the same zone on samples
collected during the same cruise.

The total antimony concentrations in the Baltic
water column also imply that a significant amount
of removal to particulate phases must be taking
place. Even in the surface waters, the antimony
concentration is lower than can be explained on the

Tellus 36B (1984), 2
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Fig. 5. Plots of total dissolved arsenic and antimony versus salinity.

Table 2. Arsenic, antimony, and germanium concentrations in European and North American rivers

As, nM Sb, nM Ge, pM
Rhein, Bregenz, 12 May 82 10.9 0.66 27
Rhein, Oppenheim, 12 April 81 15-8 1.91 8.8
Rhein, Mainz, 6 December 82 18-8 4.34 233
Main, Frankfurt, 13 April 81 21.7 2.57 111
Donau (Danube), Neuberg, 10 May 82 6-03 <0-03 80
Tejo. Santarem, 30 April 82 54.7 0.84 48
Tejo. Vilafranca, 16 December 82 67.3 1.88 240
Guadalquivir, Coria, 18 December 82 127 4.43 223
Elbe. below Hamburg, 9 June 81 85.5 2.10 1900
Rhone, Arles, 5 September 81 80.0 2.75
Isére, Domeéne, 2 September 81 34.6 2.68
Average, European rivers 46 2.04 110*
(3540) (249) (8.0nglY
Yukon, Pilot Station, AK, average of 8 samples, August 8 1-September 82 6.41 2.73 121
(480) (332) (8.8ngl™Y
St. Lawrence, Massena, NY, average of 5 samples, 7.15 1.62 107
December 8 1-August 82 (536) (197) (7.8 ngl1~Y

* Geometric mean.

basis of mixing of seawater (1.2-1.4 nM Sb:
Andreae, 1983b; Andreae et al., 1981; Bertine and
Lee, 1983; van der Sloot et al.,, 1977) with river
waters, which rarely show concentrations below
1.0 nM Sb (Table 2). In the deep waters of the
Baltic, the dissolved Sb concentration is actually

Tellus 36B (1984), 2

lower than would be expected to result from the
mixing of seawater with a river water totally free of
antimony. These observations are in contrast to our
data on the behaviour of antimony in estuaries
(Andreae, 1983b; Andreae et al., 1983), which
show no evidence for Sb removal by association
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with particles, as well as the work on Sb in the
marine water column (Andreae et al., 1981; Bertine
and Lee, 1983; Brewer et al.,, 1972; and unpub-
lished data), which suggests a conservative
behaviour of Sb in the ocean. The removal of Sb is
probably more pronounced in the Baltic compared
to river estuaries because of a high particle flux and
a longer water residence time.

The vertical profiles of germanium at all stations
(Figs. 2 and 3) resemble those of dissolved silica,
displaying low concentrations in surface water, and
high concentrations in the deep and bottom waters.
This distribution is similar to that observed in the
open ocean and in estuaries (Froelich and Andreae,
1981) and is presumably due to uptake from
surface waters by Dbiological activity, and
regeneration of the falling biogenic particulates in
the deeper water. We have previously proposed
that in the open ocean, siliceous organisms in-
corporate dissolved Ge as a fortuitous surrogate for
Si (a “superheavy stable isotope”), since the
chemistries of the two elements are so similar, and
Ge is in such low concentrations compared to Si.

This hypothesis is supported by the results
obtained in the Baltic. The close linear correlation
between Ge and Si (2 = 0.95, n = 59, P < 0.001)
suggests congruent removal and regeneration of
these elements (Fig. 6). There is no clear systematic
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Fig. 6. Dissolved germanic acid versus dissolved silica in
the Baitic Sea. The regression line is shown with 95%
confidence limits for the regression.
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change in the mole ratio Ge/Si in either the
horizontal or the vertical dimensions; the best-fit
value for this ratio in the Baltic is 4.8 x 107%. A
similar ratio (=3.2 x 107%) has been observed in
Pettaquamscutt Fjord, a small, anoxic estuary in
southern Rhode Island, where atmospheric inputs
also must be expected to play an important role in
the supply of Ge. In the open oceans, Ge and Si are
correlated to a similar high degree but the Ge/Si
ratio is much lower, about 0.7 x 10~% (Froelich and
Andreae, 1981). As we show below, the high Ge/Si
ratio results from an atmospheric Ge input to the
Baltic about 10 times higher than that of the river
input. Presumably, biological recycling within the
Baltic reflects the average ratios in the inputs of Ge
(mostly atmospheric) and Si (mostly rivers) which
are very different from the ocean.

3.5 Input flux estimates

The Baltic receives its supply of arsenic, anti-
mony, and germanium predominantly through the
rivers entering it from the surrounding countries
and by atmospheric transport and deposition. Since
there are no available data on the concentrations of
arsenic, antimony and germanium in the rivers
discharging into the Baltic, we used data obtained
in our laboratory on the concentrations of these
elements in rivers from Europe and North America
(Table 2). To represent the rivers entering the
Baltic from the Scandinavian shield area, we
selected the composition of the Yukon River,
Alaska. The Yukon drains a region rich in siliceous
rock of Paleozoic and Precambrian age (with
considerable mineralization high in As) and in a
climate zone similar to northern Scandinavia. The
St. Lawrence River, which drains the Great Lakes,
was used to estimate the composition of the Neva
River, which drains Lake Ladoga. For the rivers
entering the Baltic along its southern periphery, we
used the average of the European rivers in Table 2.
The river discharge data were taken from
Grasshoff (1975), who estimates a total discharge
into the Baitic of approximately 450 km?® yr~'.
Estimates for the average concentrations of As, Sb,
and Ge in the rivers entering the Baltic and the river
inputs obtained on this basis are shown in Table 3.

The estimate of atmospheric inputs is based on
measurements of the atmospheric concentrations of
arsenic and antimony (3.0 and 1.4 ng m73,
respectively) at a lighthouse off Kiel, Germany.
The values used in Table 3 represent the averages
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Table 3. Inputs of arsenic, antimony, and germanium to the Baltic Sea

Atmospheric deposition

Rivers
Aerosol Dry Dry depos. Total Atmos-
Av.conc.*  Flux conc. depos.  flux Washout  Wet atmospheric pheric/
(nglh (10gyr~) (ngm™3) velocity (10%gyr~!) ratio depos.  depos. fluvial flux
As 1440 648 3.0 0.37 130 0.22 151 281 0.43
Sb 269 121 1.4 0.15 24 0.16 51 75 0.62
Ge 8.1 3.6 0.6 0.25 18 0.2 28 46 12.8

* Weighted mean of rivers representing geochemically similar regions in Europe and North America.

of 12 samples collected from May to October 1981
(Schneider [Institut fir Meereskunde, Kiell, per-
sonal communication, 1982). They are in agree-
ment with data from other sites in northern Europe:
the average As and Sb concentrations from a large
number of samples from northern Europe (north
and central Norway, Denmark, Shetland, and the
North Sea: Rahn, 1976) are 3.1 and 1.3 ng m—>.
These sites have been selected to represent areas
remote from sources of these elements. No data on
the atmospheric germanium concentrations in the
Baltic region were available. We estimated this
concentration on the basis of the Ge/As ratio
observed in urban aerosols (0.21 ng m~3: Rahn,
1976) and the arsenic concentrations measured at
Kiel lighthouse. We considered two modes of
deposition of atmospheric particulates to the Baltic:
dry deposition, estimated on the basis of the
deposition velocities given by Slinn et al. (1978),
and wet deposition, which we calculated on the
basis of the washout ratio (rainwater concentration
divided by aerosol concentration) given by the
same authors. The area of the Baltic was taken to
be 370,000 km? (Grasshoff, 1975) and the annual
rainfall amount 229 x 10'* 1 (Rodhe et al., 1980).
The resulting fluxes are given in Table 3. In view of
the uncertainties in the estimates of the atmospheric
concentrations, the deposition velocities and the
washout ratios, the resulting fluxes must be
considered rough estimates only. In order to obtain
a check on the validity of these flux estimates we
calculated an emission inventory for arsenic and
antimony for the countries which represent the
source regions for air pollutants to the Baltic:
Belgium, Denmark, Finland, East and West Ger-
many, Ireland, the Netherlands, Norway, Poland,
Sweden, and the United Kingdom (Rodhe et al.,
1980). The emission rates for the different countries
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Table 4. Comparison of emissions in airmass
source areas with deposition in Baltic (10% g yr=')

% deposited
Emissions Deposition to Baltic  in Baltic
As 2,423 281 11.6
Sb 367 75 20
Ge 180 46 26
Ca 1,084 80 1.4
Pb 38,800 2,400 6.2
Ni 4,722 700 15
Cu 4,524 1,400 31
Zn 33,470 6,000 8
Cr 6,518 270 4.1
\% 10.408 600 5.8

were based on the compilation of Pacyna (1982).
For comparison, we calculated the emission rates
for the same countries for cadmium, lead, nickel,
copper, zinc, chromium and vanadium.

The emissions of germanium from the European
countries were not estimated by Pacyna (1982).
Since most of the atmospheric germanium input is
from the combustion of coal, we used the amount
of coal burned in the states listed above (520
million tons per year in 1977: Wilson, 1980), the
emission factor for the production of flyash (0.014:
National Academy of Sciences, 1981), and the
content of germanium in flyash (25 p.p.m.: Smith et
al., 1979) to predict the germanium emission. The
results of these calculations are summarized in
Table 4. Comparison of the amounts emitted in the
airmass source regions to the Baltic and the
deposition estimates of Rodhe et al. (1980) shows
that between about 4% and 30% of the emitted
heavy metals end up in the Baltic. Our deposition
estimates represent a similar proportion of the As,
Sb, and Ge emissions being deposited in the Baltic.
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It must be recognized of course that all the
estimates given in Tables 3 and 4 represent only the
order of magnitude of the flux (the values in Tables
2-4 have not been rounded only to prevent the
introduction of numerical errors in subsequent
calculations).

The ratio between the atmospheric and riverine
fluxes shows a progression from arsenic, for which
the flux to the Baltic is carried mostly by the rivers,
to germanium, for which the atmospheric transport
predominates. This strong atmospheric component
in the transport of germanium may explain the
anomalously high Ge/Si ratios in the Baltic. The
average Ge concentration in the European rivers in
Table 2 is 8.0 ng 1=' (110 pM). Using the average
silicate concentration in rivers from the north-
eastern U.S. and Alaska (approximately 70 uM:
Briggs and Fickes, 1977), we estimate the molar
Ge/Si ratio of the riverine input to be about
1.6 x 10 % A significant atmospheric input of Ge is
therefore required to raise the Ge/Si ratio in the
Baltic to the observed value of about 5 x 107

Since the atmospheric flux makes a significant
contribution to the input of all three elements into
the Baltic, and since practically all of the at-
mospheric burden of these elements in this region is
anthropogenic, we must conclude that anthro-
pogenic inputs are an important component in the
mass balance of arsenic and antimony, and
probably are dominant in the case of germanium.
The anthropogenic component in the river trans-
port of arsenic, antimony, and germanium is also
likely to be considerable, but cannot be documen-
ted on the basis of present data.

3.6. Mass balance

We can further test our input model by attempt-
ing a mass balance for As, Sb, and Ge in the Baltic.
The fluxes we will consider here are the river and
atmospheric inputs discussed above, exchange
through the Belt Sea with Atlantic Ocean surface
water, and removal by sedimentation within the
Baltic. The box model in Fig. 7 depicts our
simplified idea. River flow into the Baltic is about
450 x 10" 1 yr~! (Grasshoff, 1975). Since the
Baltic has an average salinity of 9% (Kullenberg
and Jacobsen, 1981), we take the export as this
salinity. Salt balance then requires that input to the
deep Baltic of Atlantic surface water (at 35 %) be
116 x 10'21yr—, and export of Baltic water (at 9%0)
on the surface be about 566 x 1012 [ yr~. It must
be emphasized that these fluxes do not represent the
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ATMOSPHERIC
DEPOSITION
BALTIC WATER «——— <}——RIVER WATER
S = 9% S = 0%
- BALTIC SEA -
S = 9%
SEAWATER Lo oo
S = 35%, J

SEDIMENTATION
Fig. 7. Simplified one-box model for the mass balance in
the Baltic Sea.

actual exchange of water across a given section,
e.g. through the Kattegat, but rather the flux of the
endmembers of the mixing process in a simple
one-box model. They are therefore appropriate for
the net transport of solutes rather than for the gross
water exchange.

Qur mass balance estimate is shown in Table 5.
The river concentrations and fluxes and the
atmospheric fluxes are taken from Table 3. The
concentrations of As, Sb, and Ge in inflowing
Atlantic surface waters are taken as As = 1.5 ug 1!
(Burton et al., 1983; van der Sloot et al., 1977;
Waslenchuk, 1978; and unpublished data),
Sb = 0.16 ug I-! (Andreae, 1983b; Andreae et al.,
1981; Bertine and Lee, 1983; van der Sloot, 1977),
and Ge < 1 ng I7! (Froelich and Andreae, 1981).
Concentrations of surface waters at station BYS5
are used to represent the composition of out-
flowing Baltic waters. Thus our model predicts the
net flux imbalance for each element, which we take
to represent the predicted sedimentation flux (Table
5).

We estimate the observed rate of removal by
sedimentation (to compare with our predicted
rates) by assuming a sedimentation rate for the
Baltic of 0.5 mm yr~'. Higher rates have been
observed for some areas in Kiel and Eckernforde
Bays (1.2 mm yr~': Erlenkeuser et al., 1974), but
rates of a few tenths of a millimeter per year have
been estimated for the Baltic proper (Hallberg,
1979). The wet bulk density of the sediment is
assumed to be 0.4 g cm~, in agreement with data
quoted by Erlenkeuser et al. (1974). These data
result in an estimate for the sediment deposition
rate in the Baltic of 74 x 10'2 g yr~'. Bostrom et al.
(1983) derived a similar value of 66 x 10'? g yr~!
for the total dry matter deposition of the Baltic.
With concentrations of 15 p.p.m. for arsenic
(average of 163 samples from the Baltic: Hallberg,
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Table 5. Mass balance for arsenic, antimony, and germanium in the Baltic Sea; fluxes are expressed in

units of 10 g yr!
Inputs
Seawater Total Sedimentation predicted Sedimentation
Rivers Atmosphere  inflow* inputs Outflowt from mass balance observedt
As 650 280 170 1100 380 720 1100
Sb 120 75 20 220 50 160 110
Ge 36 45 <0.1 50 1.4 50 ?

® 116 x 10"21yr='; 35%S, 1.5 ug As1=%,0.16 ug Sb1-%, <1 ng Ge 1~
1566 x 10 1yr=!9%S, 675 ng As1-',85ng Sb 1%, 2.5 ng Ge 1",

174 x 10'? g sediment yr~'; 15 ppm As, 1.5 ppm Sb.

1979) and 1.5 p.p.m. for antimony (average
concentration in recent sediments from Puget
Sound: Crecelius et al., 1975), the sedimentation
fluxes presented in Table 5 have been calculated.
The mass balance shows good agreement (better
than a factor of two) for As and Sb in view of the
uncertainties of the individual estimates. There are
no Ge or opaline Si data for sediments in the Baltic,
so our predicted sedimentation flux for Ge cannot
be tested. We would predict on the basis of the
mode! that the non-detrital Ge concentration of
these sediments is about 0.6 p.p.m.

In a study on the mass balance of the major
crustal elements and some trace elements in the
Baltic, Bostrom et al. (1983) found poor agreement
between inputs and sedimentation outputs for the
crustal elements and attributed this to the
remobilization of glacial materials in the shallow
regions of the Baltic and their redeposition in
deeper areas. On the other hand, for copper and
zinc, two elements for which pollutant inputs are
likely to be of importance, they observed a rather
good closure of the mass balance, similar to the
conclusions reached for arsenic and antimony in
this paper.

4. Conclusions

The speciation of arsenic and antimony in the
Baltic Sea is controlled by the biogeochemical
cycling of these elements. Methylated and reduced
species are present in the biologically active surface
layer. in the anoxic basins, both elements are
reduced to a large extent to the trivalent species,
but uncertainty persists with regard to the role of
sulfocomplexes of arsenic and antimony in the
sulfide zone. Germanium is present as dissolved
germanic acid and as mono- and dimethyl-
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germanium species. The methylated species show
essentially conservative mixing behavior with no
evidence of inputs by methylation processes in the
anoxic zone.

Arsenic is removed by biological uptake and
antimony by particulate scavenging in the water
column, they are only partly regenerated in the
anoxic environment. Inorganic germanium follows
very closely the distribution of dissolved silica.
Anthropogenic inputs resulting from atmospheric
transport and deposition make substantial contri-
butions to the budgets of arsenic, antimony, and
especially germanium in the Baltic Sea. In the case
of germanium, the atmospheric input predominates
over the river flux by an order of magnitude.

A mass balance for arsenic and antimony in the
Baltic based on river and atmospheric transport,
exchange with the Atlantic through the Belt Sea,
and sedimentation yields consistent results.
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