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Recent Lake Tanganyika Hg deposition records were derived using '#C and excess 2!°Pb geochronometers
in sediment cores collected from two contrasting depositional environments: the Kalya Platform, located
mid-lake and more removed from watershed impacts, and the Nyasanga/Kahama River delta region,
located close to the lake’s shoreline north of Kigoma. At the Kalya Platform area, pre-industrial Hg con-
centrations are 23 + 0.2 ng/g, increasing to 74 ng/g in modern surface sediment, and the Hg accumulation
rate has increased from 1.0 to 7.2 ug/m?/a from pre-industrial to present, which overall represents a 6-
fold increase in Hg concentration and accumulation. At the Nyasanga/Kahama delta region, pre-industrial
Hg concentrations are 20 * 3 ng/g, increasing to 46 ng/g in surface sediment. Mercury accumulation rate
has increased from 30 to 70 pg/m?/a at this site, representing a 2-3-fold increase in Hg concentration and
accumulation. There is a lack of correlation between charcoal abundance and Hg accumulation rate in the
sediment cores, demonstrating that local biomass burning has little relationship with the observed Hg
concentration or Hg accumulation rates. Examined using a sediment focusing-corrected mass accumula-
tion rate approach, the cores have similar anthropogenic atmospheric Hg deposition profiles, suggesting
that after accounting for background sediment concentrations the source of accumulating Hg is predom-
inantly atmospheric in origin. In summary, the data document an increase of Hg flux to the Lake Tang-
anyika ecosystem that is consistent with increasing watershed sediment delivery with background-

level Hg contamination, and regional as well as global increases in atmospheric Hg deposition.

Published by Elsevier Ltd.

1. Introduction

Mercury contamination from mining activity and fossil fuel
combustion has impacted aquatic ecosystems worldwide
(Fitzgerald et al., 1998). It is generally accepted that there has been
a 3-5-fold increase in atmospheric Hg deposition rates since the
beginning of global industrialization in the late 19th century
(Biester et al., 2007). Quantifying such contamination relies on
evaluation of the accumulation and historical deposition of Hg
(Lamborg et al., 2002; Strode et al., 2009). However, there are
few such studies from the Southern Hemisphere (Lamborg et al.,
2002; Ramlal et al., 2003; Cooke et al., 2009; Kading et al., 2009;
Yang et al., 2010), particularly Africa (Campbell et al., 2003; Kading
et al., 2009; Yang et al., 2010). Previous studies in Africa have sug-
gested that regional sources of Hg, such as artisanal mining, are rel-
atively important compared to global sources (Selin et al., 2008;
Kading et al., 2009), and where unregulated Au mining practices
are common (Taylor et al., 2005).

Lake sediment cores are an important tool for reconstructing Hg
depositional trends in order to determine changes in local, regio-
nal, and global Hg fluxes to the environment. The importance of
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atmospheric Hg deposition and contamination in remote ecosys-
tems as a result of global fossil fuel combustion is well known
(Fitzgerald et al., 1998). In addition, the local and regional effect
of mining and other industrial activities has been documented in
many places (Landers et al., 1998; Lamborg et al., 2002; Cooke
et al., 2009). The modelling of the regional and global effects of
Hg from these emission sources relies on data from sediment cores
(Selin et al., 2008; Strode et al., 2009). Additional data where global
coverage is sparse, such as equatorial Africa, provides a test for glo-
bal atmospheric Hg deposition models and an understanding of the
relative importance of regional sources of Hg to these understudied
areas.

Lake Tanganyika (Fig. 1) is a large, permanently stratified trop-
ical rift lake south of the equator (4-9°S) that supports a rich, di-
verse, and highly endemic aquatic ecosystem (Coulter, 1991). The
lake also supports large fisheries, which are a critical regional
source of food (Reynolds et al., 1999). The importance of the lake
as a biotic and economic resource is widely recognized (Cohen
et al., 1996), and has led to the establishment of the UN-funded
Lake Tanganyika Biodiversity Project (LTBP) to investigate threats
to the lake and its watershed, and more recently the establishment
of the Lake Tanganyika Authority to manage the lake. Because of
the paucity of long-term ecological and limnological records on
the lake, the LTBP recognized the importance of collecting paleoda-



C.H. Conaway et al./Applied Geochemistry 27 (2012) 352-359 353

AFRICA

2°5- =

Area covered by main map

FUGANDA

RWANDA

BURUNDI

Bujumbura -

Geita-Kahama
“..  goldfield

4°S
Area covered by Inset “A”
Lukuga River
6°54 DEMOCRATIC
REPUBLICOF THE
CONGO
8°S+
ZAMBIA
100°S= 100 200 300 400
2 km
KILOMETERS
T T T T
26°E 28°E 30°E 32°E

Fig. 1. Core locations (shown by solid triangles) in Lake Tanganyika, East Africa. Location of MC1 is over the Kalya Platform area of the lake, and LT-98-58 (shown in Inset “A”)
is at the Nyasanga/Kahama River delta. Locations and outlines of nearby important goldfields are taken from Kuehn et al. (1990). The Musoma-Mara goldfield (not shown) lies

further to the east, on the shores of Lake Victoria.

ta from lake-core records to document the timing and magnitude
of anthropogenic disturbance and climate change in the lake and
its watershed (Cohen et al., 2005a). River deltas were recognized
in these studies as key areas for collecting sediment cores in an ef-
fort to understand the history of watershed disturbance. A large
number of lake sediment cores have been collected from river del-
tas as well as more offshore areas in Lake Tanganyika to investigate
the effect of human activities around the lake basin (Cohen et al.,
2005b), and also to investigate the effect of regional and global cli-
mate changes (Cohen et al., 2005b; Tierney et al., 2010).
Large-scale mining and production of Au in the region, utilizing
Hg® for Au recovery, began in the 1930s and continued until the
1970s, resulting in substantial production at the Geita mines and
Musoma-Mara Au field (Kuehn et al., 1990; Foster and Piper,

1993). In the late 20th and early part of the 21st century, Hg’
has also been widely used in artisanal and small-scale Au mining
in the region (Ikingura et al., 1997; Taylor et al., 2005). A study
by Taylor et al. (2005) of watershed inputs from Au mining from
the Geita District, Tanzania, which flows several hundred kilome-
tres via the Malagarasi River into Lake Tanganyika, suggested that
there was little discernable effect of Au mining in the Malagarasi
watershed on Hg concentrations in fish in Lake Tanganyika. This
lack of impact was attributed to the extensive swamps and flooded
grasslands between the Au fields and Lake Tanganyika inhibiting
watershed transport of Hg. There has also been Hg-assisted Au pro-
duction in the Mpanda Au field, which is closer (about 100 km) to
the lake than the Geita District. Despite its proximity, the Mpanda
Au field drains to Lake Rukwa to the SE (Kuehn et al., 1990; Foster
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and Piper, 1993), and not to Lake Tanganyika, thus limiting any po-
tential Hg contamination to Lake Tanganyika from the Mpanda Au
field to atmospheric pathways.

The potential for Hg contamination in the region is not limited
to Au mining sources. Sediment samples taken from where the
Malagarasi River enters Lake Tanganyika are elevated in Hg
(100-660 ng/g) compared to regional background sites (80-
90 ng/g) at Munekesi and Nyamasenga. The relatively high Hg con-
centration in sediment is attributed to differences in sediment
lithology, geothermal springs at Uvinza, and the use of mercuric
soap for skin lightening (Taylor et al., 2005). Skin lightening soaps
can have alarming Hg content (up to 2% as mercury iodide) and are
commonly used by people in the region (Harada et al., 2001). In
addition, there are many industrial facilities at Bujumbura, Burun-
di, including battery production, that are potential sources of met-
als (including Hg) and that discharge wastewater into the northern
end of Lake Tanganyika. There is also potential regional atmo-
spheric Hg contamination from cement production in the Demo-
cratic Republic of the Congo (West, 2001). Biomass burning,
which is widespread in the tropics in general (Crutzen and
Andreae, 1990) and in the Lake Tanganyika region in particular
(Cohen et al., 2005a,b; Palacios-Fest et al., 2005), has been recog-
nized as a substantial regional and global source of atmospheric
Hg (Brunke et al., 2001; Weiss-Penzias et al., 2007; Friedli et al.,
2009) as well as a source of increased, direct Hg released to water-
sheds (Veiga et al., 1994). Atmospheric contamination with Hg has
been documented in nearby equatorial lakes (0°22'N, 29°55’E) in
Rwenzori Mountains, Uganda (Yang et al., 2010). However, that
study did not consider regional atmospheric sources, but rather
emphasized the increase of atmospheric Hg resulting from global
industrialization.

Consequently, given the extensive local and regional sources of
both watershed and atmospheric Hg, historical deposition of Hg
was investigated in sediment cores collected from two sites on
the eastern side of Lake Tanganyika. These cores were dated using
14C and excess 21°Pb geochronometers and analyzed for Hg concen-
tration. The objective of this study was to document past and cur-
rent anthropogenic contributions of Hg to the lake, and to examine
possible regional differences within the lake that might constrain
Hg sources.

2. Methods

For the current study, material from two cores taken for previ-
ous studies with reliable excess 2!°Pb chronology collected in areas
of relatively low disturbance from local anthropogenic activity was
used. Core MC1 (6.5525°S, 29.9747°E) was collected in 309 m
water depth (below the oxycline) from the Kalya Platform area
(Tierney et al., 2010) in the south-central part of the lake, near
the Mahale Mountains, which are sparsely populated and show lit-
tle influence of anthropogenic activity. Core LT-98-58 (4.6883°S,
29.6167°E) was collected in 76 m water depth (typically dysoxic
conditions) from the Nyasanga/Kahama delta region in northern
Tanzania, offshore from Gombe Stream National Park (McKee
et al.,, 2005). The watershed regions of the Nyasanga/Kahama del-
tas are entirely within Gombe Stream National Park and there is
no knowledge of any Au mining activity that has occurred in that
area. Detailed methods and results of paleobiological, sedimento-
logical, geochemical and geochronological analyses on core LT-
98-58 are presented in a series of papers introduced by Cohen
et al. (2005a).

The geochronology and mass sedimentation rate is presented
and discussed in detail in Tierney et al. (2010) for MC1, and in
McKee et al. (2005) for LT-98-58. In both cases, an age model
was derived using a constant rate of supply (CRS) method addition-

ally constrained by accelerator mass spectrometry '“C data. Both
cores showed an exponential downcore decrease in unsupported
21%ph activity, readily interpretable as a constant sediment accu-
mulation rate (0.05cm/a in MC1, 0.15 cm/a in LT-98-58). Ultra-
modern '“C age dates (i.e., more recent than the 1950 onset of
nuclear testing) for LT-98-58 are consistent with the 2!°Pb age
model (McKee et al., 2005). One '“C age determination (290 a
B.P.) on a plant fragment at 18-19 cm in LT-98-58 is not consistent
with the 2!°Pb age model, presumably because the organic mate-
rial dated represents older, reworked material. However, a 14C de-
rived calendar age of 1759 on a plant fragment collected at 37-
38 cm is in good agreement with the 2!°Pb age model.

Charcoal analyses were also previously performed on samples
collected from a parallel multi-core barrel for LT-98-58 (Palacios-
Fest et al., 2005), and on samples collected from the same core
for MC1 (Tierney et al., 2010). In both cases, charcoal abundance
was estimated by disaggregating and wet-sieving samples
(125 pm mesh size for MC1, and 106 pm for LT-98-58) and count-
ing the charred particles retained on the sieve using a stereomicro-
scope. The determination of abundance based on this relatively
coarse (>100 pm) fraction of charcoal provides a good indication
of local, within watershed production rather than long-distance
aerial transport (Palacios-Fest et al., 2005).

Sediment total Hg analyses for this study were conducted by
digesting sediment (0.3 g) in boiling HNO3/H,S04 (7:3), followed
by 12-h oxidation with BrCl, SnCl,-reduction, Au-amalgamation,
and detection by CVAFS (Bloom and Crecelius, 1987; Gill and Fitz-
gerald, 1987). Analyses (n = 5) of MESS-3, a marine sediment certi-
fied reference material from the National Research Council of
Canada, yielded a mean (x+o0) concentration of 0.094 +
0.003 pg g~ ! (certified value 0.091 +0.009 pg g !). The analytical
detection limit, calculated using three times the standard deviation
of the procedural blanks (n=6), was 0.0026 pg g~'. For MC1, all
samples were digested and analyzed in duplicate, and the relative
percent difference (RPD) between paired results was better than
8%, with a mean RPD of 6%. For core LT-98-58, the RPD on sample
digestion duplicates (n = 3) was 3 + 4%, and the RPD on sample ana-
lytical duplicates (n=3) was 2 + 1%.

3. Results and discussion

As discussed elsewhere, both of the coring sites show little local
anthropogenic watershed impacts related to nutrient and sediment
pollution, such as deforestation or agricultural activity (Cohen
et al., 2005b; Tierney et al., 2010), which have been detected at
other locations in the lake region (Cohen et al., 2005a,b). The esti-
mate for mass accumulation rates at the MC1 coring site is 0.002-
0.01 g/cm?/a (Fig. 2), with an average of about 0.006 g/cm?/a below
5cm depth (representing about 1910 in the age model), and
increasing from about 0.006 to 0.01 g/cm?/a from 5 cm depth to
the surface. The mass accumulation rate at the LT-98-58 coring site
(0.1-0.2 g/cm?/a) is over an order of magnitude higher than the
MC1 coring site (0.002-0.01 g/cm?/a), which reflects the greater
distance to shore and so to riverine sediment sources of MC1 com-
pared to LT-98-58 (McKee et al., 2005; Tierney et al., 2010). Differ-
ences in the two sites likely reflect varying degrees of sediment
focusing, watershed size, watershed sediment delivery, and water
column O, concentrations. The Nyasanga/Kahama delta region
(i.e., LT-98-58) lies in closer proximity to both the high human
population densities and regional burning associated with the
extensive deforestation of the northern part of the lake basin than
does Kalya Platform area (MC1), which lies far from any significant
population centers.

Below a depth of 8 cm (model age 1830 AD), Hg concentrations
in MC1 are a relatively low 23 + 2 ng/g (Figs. 3 and 4). Between 6
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Fig. 2. Mass accumulation rates (g/cm?/a) in cores MC1 and LT-98-58.
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98-58.

and 8 cm (model age 1830-1870), Hg concentrations increase
slightly. This initial increase potentially corresponds to the begin-
ning of global Hg contamination from the industrial revolution in
the late 19th century (i.e., contamination from coal burning world-
wide). Between 3 and 6 cm (model age 1870-1930) sediment Hg
concentrations are 34 +5 ng/g. A large increase of sediment Hg
concentration (>50 ng/g) above 3 cm (model age 1930) is consis-
tent with Hg profiles in dated cores from Lake Victoria (Campbell
et al,, 2003; Ramlal et al., 2003) and South Africa (Kading et al.,
2009), and with the onset of large-scale Au production and other
development in the region in the 1930s. Although this link to re-
gional Au mining sources is consistent with the idea that local
and regional sources of Hg may be more important than global
Hg sources in some parts of Africa (Kading et al., 2009), it is diffi-
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Fig. 4. Age model of total Hg concentration (ng/g) in cores MC1 and LT-98-58.

cult to distinguish such a trend from the overall 20th century in-
crease in atmospheric Hg deposition that is generally attributed
to the global rise in anthropogenic emissions (Fitzgerald et al.,
1998; Lamborg et al., 2002; Biester et al., 2007).

Concentrations of Hg in LT-98-58 are lower (20 + 3 ng/g) in the
deeper part of the core (>10 cm depth) compared to the upper part
of the core (Figs. 3 and 4). The depth of 10 cm in this core corre-
sponds to about 1930-1940 in the age model. From 10 cm depth
to the top of LT-98-58, Hg concentrations increase from about 20
to 46 ng/g. As observed in MC1, the onset of increased Hg accumu-
lation beginning in 1930-1940 is consistent with known regional
and global increases in industrial activity and Hg emissions (Kuehn
et al., 1990; Foster and Piper, 1993; Ikingura et al., 1997; Fitzgerald
et al.,, 1998; Lamborg et al., 2002; Ramlal et al., 2003; Hartnady,
2009; Kading et al., 2009).

The sediment mass accumulation rate for MC1 is 0.002-0.01 g/
cm?/a (Fig. 2), and the corresponding Hg accumulation rate is
about 1.2 ug/m?/a below 5 cm, increasing to 7.2 pg/m?/a at the
top of the core (Fig. 5A). This gives a pre-industrial to modern Hg
flux increase to sediment of about 6-fold for the Kalya Platform
area of the lake. In comparison, maximum Hg accumulation rates
observed in sediment cores from Lake Victoria were 80-130 pg/
m?/a occurring around 1960-1980, and the ratios of recent to
pre-industrial Hg accumulation were 2.43-2.46 (Campbell et al.,
2003). The pre-industrial Hg accumulation in MC1 was low com-
pared to pre-industrial Hg accumulation observed in cores from re-
mote lakes of Uganda (Yang et al, 2010), which had (pre-
industrial) sediment deposition rates of about 0.005-0.05 g/cm?/
a, sediment Hg concentrations of 50-150 ng/g, and Hg accumula-
tion rates of 5-30 pug/m?/a. In addition, the MC1 pre-industrial
Hg accumulation rates are low compared to estimates of atmo-
spheric deposition rates for the region based on global atmospheric
modelling (Selin et al., 2008), which are about 9 pug/m?/a.

For LT-98-58, the sediment mass accumulation rates in the core
range from 0.1-0.2 g/cm?/a, with Hg accumulation rates of about
30 ug/m?/a below 10cm, increasing to an average of about
70 pug/m?/a in the upper 4 cm of the core (Figs. 2 and 5B). This gives
a pre-industrial to modern Hg flux increase to the sediment of 2-3-
fold for the Nyasanga/Kahama delta region of the lake, which is
more in line with the 2.4 modern to pre-industrial ratio observed
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Fig. 5. Mercury accumulation rates (pug/m?/a) in cores and flux ratio to background (pre-1850) accumulation rates for (A) MC1 and (B) LT-98-58.

in Lake Victoria (Campbell et al., 2003) than the 6-fold ratio ob-
served at the MC1 location. Based on the measured and modelled
pre-industrial atmospheric Hg deposition rates for the region,
which range within 5-30 pug/m?/a (Selin et al., 2008; Yang et al.,
2010), and considering that the Hg flux here is substantially higher
than at the Kalya Platform area, watershed contribution is likely a
substantial part of Hg flux to the Nyasanga/Kahama delta region.
The lower ratio of modern to pre-industrial Hg flux in LT-98-58,
therefore, can be explained as a relatively small atmospheric Hg
deposition combined with a relatively large watershed Hg contri-
bution. There may be an additional contribution of Hg from con-
taminated fine-grained sediment transported from other nearby
regions of the lake’s catchment, including potential Hg input points
such as the Malagarasi River or the Burundi coast.

The pre-1930s Hg concentrations observed in MC1 and LT-98-
58 are fairly low, about 20 ng/g (Fig. 4), similar to some historical
background Hg concentrations in other locations in Africa (Kading
et al,, 2009), but lower than observed in Lake Victoria (Campbell
et al., 2003) or in remote lakes of Uganda (Yang et al., 2010), where
pre-1930s concentrations were greater than 50 ng/g. Modern Hg
concentrations in MC1 and LT-98-58 are similarly low (predomi-
nantly < 50 ng/g) when compared to modern Hg concentrations
at regional background sites (80-90 ng/g) at Munekesi and Nyama-
senga (Taylor et al., 2005) and Lake Victoria (Campbell et al., 2003),
as well as other remote lake sites in Africa (Yang et al., 2010) and
elsewhere, such as Nova Scotia and New Zealand (Lamborg et al.,
2002). In addition to differences in Hg accumulation rate and sed-
iment accumulation rate at these sites, these differences in pre-
1930 and modern Hg concentrations in this study reflect differ-
ences in catchment areas and sediment lithology.

The relative contribution of atmospheric or watershed Hg from
biomass burning to the Lake Tanganyika is difficult to evaluate.
Relatively few studies have specifically investigated the impact of
Hg released from wildfires or biomass burning on historic sedi-
ment Hg accumulation. Whereas Hg concentrations after a fire
may be relatively depleted in soils and resulting ash (Amirbahman
et al., 2004; Biswas et al., 2007; Burke et al., 2010), atmospheric Hg
concentrations increase, predominantly as elemental Hg vapour,
although some fraction of the Hg is bound to particulate matter
(Friedli et al., 2003a,b; Wang et al., 2010). Relative to particulate-
bound Hg, elemental Hg vapour is more widely dispersed in the

atmosphere because of a longer apparent atmospheric residence
time and/or low net atmospheric deposition (Schroeder and Mun-
the, 1998; Gustin et al., 2008). The results of a study of two lakes in
southern California, USA, suggested that high levels of Hg can re-
main in the atmosphere following wildfires and be deposited lo-
cally as particulate Hg, thus influencing Hg accumulation on a
local level (Rothenberg et al., 2010). In addition, it has been sug-
gested that biomass burning is a potential prevailing source of
atmospheric Hg in Africa (Campbell et al., 2003).

There has been substantial land clearing and biomass burning in
areas both north and south of the Nyasanga/Kahama delta region.
Active fire suppression has been practiced within the Nyasanga/
Kahama watershed for about 50 a because both rivers lie within
Gombe Stream National Park (Cohen et al., 2005b; Palacios-Fest
et al, 2005). However, this park covers a very small area
(14 km N-S along the lakeshore by ~2.5 km inland), and inten-
tional burning of pasturage and croplands is a regular practice
immediately outside of these park boundaries, within a few km
of the core site. The charcoal record recovered from the LT-98-58
(which is overwhelmingly dominated by easily-transported
charred grass particles) must, therefore, be viewed as primarily a
reflection of regional activities (extensive and persistent burning)
as opposed to the specific local history of the park (Cohen et al.,
2005b; Palacios-Fest et al., 2005). Charcoal abundance is extremely
high throughout the LT-98-58 core (Fig. 6), with very high values in
both the late 18th/early 19th century and the late 20th century,
and lower values in the mid-19th to mid 20th century, which is
thought to generally track human population and agricultural
intensity in the region (Palacios-Fest et al., 2005). In contrast, Hg
concentrations and accumulation rates measured in LT-98-58 in-
crease from the 18th/early 19th century into the late 20th century,
with no evidence of a broad mid 20th century decrease (Figs. 4 and
5). This lack of correlation between charcoal abundance and Hg
accumulation trends is also seen in MC1. In MC1, the charcoal
abundance and flux decreases from the late 18th century through
the end of the 20th century (Fig. 6), whereas Hg concentrations and
Hg accumulation rate increases (Figs. 4 and 5). Thus, local biomass
burning, inasmuch as it is represented by charcoal abundance, ap-
pears to have little relationship to Hg concentration or Hg accumu-
lation rates. However, Hg released to the atmosphere from forest
fires can easily travel tens to hundreds of kilometres before wash-
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Fig. 6. Charcoal abundance profiles for MC1 and LT-98-58. Data from Palacios-Fest
et al. (2005) and Tierney et al. (2010).

ing out as wet/dry deposition (Brunke et al., 2001; Wang et al.,
2010). Although initial estimates of Hg emissions to the atmo-
sphere from global biomass burning show the dominance of the
equatorial Asia, boreal Asia, and South America, emissions from
Africa are still substantial (Friedli et al., 2009). Consequently, the
importance of Hg deposition from burning on a regional scale
and over longer timescales is less clear.

Catchment contribution and sediment focusing are difficult to
estimate. The measured unsupported 2'°Pb flux in MC1 was
approximately 100 Bq/m?/a, and 640 Bq/m?/a in LT-98-58. The
atmospheric contribution to this unsupported 2!°Pb flux, however,
has not been measured or modelled. Although there is a model for
longitudinal variation for 2'°Pb flux for 15-55°S in the Southern
Hemisphere (Turekian et al., 1977), this geographic range does
not match the location of the lake (4-9°S), and without measured
or modelled 2'°Pb atmospheric deposition rates a sediment focus-
ing factor cannot be generated. The relatively low 100 Bq/m?/a
unsupported 2'°Pb flux in MC1 compared to reported values from
cores from remote lake sites in Uganda of 377 and 999 Bq/m?/a
(Yang et al., 2010) suggests some difference in sediment accumula-
tion or difference in 2!°Pb accumulation between these systems.

The contribution of anthropogenic atmospheric Hg deposition to
the coring sites was estimated using the focus-corrected mass accu-
mulation rate approach (Perry et al., 2005; Van Metre and Fuller,
2009). This approach uses a background (i.e., pre-industrial, pre-
1850) Hg concentration or background Hg flux rate to yield an
anthropogenic Hg flux value that is then corrected by a focusing fac-
tor. The focusing factor, which accounts for the transfer of sediment
and associated Hg from other parts of the lake and watershed to the
coring site, can be determined using measurements of 2'°Pb depo-
sition. Two variants of this approach were performed for compari-
son: using background sediment Hg concentration correction (Eq.
(1)) and using background Hg flux correction (Eq. (2));

([Hg} - [Hg}background) x MAR
focusing factor

Hg ﬂuxanthropogenic = (1)
Hg flux — (MARbackground x [Hg]

background)
- (2)
focusing factor

Hg ﬂuxanthropogenic =

where Hg flux = Hg accumulation rate, Hg fluXanthropogenic = anthro-
pogenic atmospheric Hg accumulation rate, [Hg] = sediment Hg con-
centration, [Hg]packground = background sediment Hg concentration,
MAR = mass accumulation rate, and MARp,ckground = background
mass accumulation rate. Background sediment Hg concentration
and background mass accumulation rate are calculated based on
the pre-1850 age model data shown in Figs. 2 and 4. Because there
are no measured or modelled 2!°Pb atmospheric deposition rates
for the region, the ratio of 2'°Pb flux measurements for the cores
were used for a relative focusing factor of 6.5 and 1 for LT-98-58
and MC1, respectively. Other values used for the two approaches
are shown in Table 1.

Using the focus-corrected mass accumulation rate approach,
the cores have similar anthropogenic atmospheric Hg deposition
profiles (Fig. 7). Furthermore, the two variations of the approach,
background concentration corrected and background flux cor-
rected, produce a similar result. It is noted, however, that the cal-
culated absolute Hg deposition rate assumes that all atmospheric
Hg falling to the lake surface is deposited in the sediment, and that
there are a limited number of cores in this study and no available
direct measurements of atmospheric deposition of Hg (or 2'°Pb). As
a consequence, if the 2!°Pb accumulation in the cores is low com-
pared to atmospheric 2'°Pb deposition, then the estimated Hg
fluxes will change accordingly. Although loss of Hg from the lake
through re-emission to the atmosphere is possible (Amyot et al.,
1994), and has been observed in stratified tropical lakes elsewhere
(Peretyazhko et al., 2006), a discussion of Hg geochemistry in Lake
Tanganyika is beyond the scope of this study. Also, in some cases,
such as in the Peruvian Andes, the majority of Hg delivered to lake
sediments from the watersheds may originate from atmospheric
deposition, but on a different time scale than direct atmospheric
deposition to the lake (Cooke et al., 2009). Nevertheless, these re-
sults support the current assertion that the relatively low ratio
(2-3-fold) of modern to pre-industrial Hg flux in the Nyasanga/
Kahama delta region of the lake is explained as a relatively small
(anthropogenic) atmospheric component that increases relative
to the larger watershed Hg contribution. The results also suggest
that after correcting for changes in watershed contribution with
background Hg concentration (20-23 ng/g), observed increases in
Hg flux to both sites in the lake can be attributed to increases in
anthropogenic atmospheric Hg sources. Furthermore, this suggests
and that observed Hg flux changes at MC1 are largely a result of an
increase of anthropogenic atmospheric Hg, which is consistent
with the offshore site location, far removed from fluvial influences.

Lastly, consideration is given to what the results of the study
imply for the risk and management of Hg in biota in Lake Tangany-
ika. Methylmercury, which is produced in freshwater systems as a
result of the activity of SO, and Fe-reducing bacteria (Benoit et al.,
2003; Kerin et al., 2006), is biomagnified in the food web in Lake
Tanganyika. In a study of fish purchased from fish landings and
fishing villages in the north-eastern region of the lake (Campbell
et al., 2008), most fish species tested were low in Hg (>0.2 ug/g
wet weight). These relatively low Hg concentrations are consistent

Table 1

Values used for focus-corrected mass accumulation rate approach to calculate
anthropogenic atmospheric Hg accumulation in cores. Background (i.e., pre-indus-
trial) Hg accumulation rate is calculated from pre-1850 age model sediment Hg
concentrations and mass accumulation rates shown in Figs. 2 and 4.

LT-98-58 MC1 Units

Background sediment Hg concentration 20 23 nglg

Background mass accumulation rate 0.15 0.0053 g/cm?/a
(sediment flux)

Background Hg accumulation rate (Hg flux) 29 1.2 ug/m?/a

Focusing factor 6.5 1
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Anthropogenic fallout mercury accumulation rate (ug/m2/a)
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Fig. 7. Anthropogenic atmospheric Hg accumulation rates (pg/m?/a) in cores MC1 and LT-98-58 calculated by the focus-corrected mass accumulation rate approach using (A)
background concentration and (B) background flux corrected variations. Negative Hg accumulation rates are plotted as having a value of zero.

with the so-called “tropical African mercury anomaly”, where con-
centrations of Hg in fish from across tropical Africa are lower than
those typically reported for fish from freshwater ecosystems else-
where globally (Black et al., 2011). However two commonly eaten,
higher trophic level fish in the Campbell et al. (2008) study were
relatively high in Hg (>0.5 pg/g wet weight): Lates microlepis
(0.54-0.78 ng/g wet weight) and Polypterus congicus (1.3 pg/g
wet weight). Previous studies of the sources of Hg to fish in Lake
Tanganyika concluded that there are no identifiable point sources,
such as Hg from Au mining (Taylor et al., 2005; Campbell et al.,
2008). The results presented in the present study are consistent
with that idea, and demonstrate that aside from background-level
Hg contributions from the lake watersheds, the predominant
source of Hg to Lake Tanganyika is anthropogenic and atmospheric
from regional and global sources, making watershed management
of Hg a difficult task from a local perspective.

4. Conclusions

In summary, differences in Hg accumulation in the two “low-
disturbance” areas of Lake Tanganyika are attributed to differences
in watershed contribution (Kalya Platform area is more distal from
a terrigenous sediment source) of background levels of sediment
Hg. After correcting Hg accumulation rates for this background
sediment flux, and correcting for relative sediment focusing be-
tween sites, the anthropogenic atmospheric Hg components are
the same at the two sites. Thus, Hg accumulation profiles in the
sediment cores can be explained by considering variable sediment
accumulation rates and an increasing atmospheric Hg flux related
to both regional and global anthropogenic sources of Hg, which
have increased overall from the 19th Century to the present.
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