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Abstract Studies on the influence of CN on Hg
methylation rates in aquatic systems draining gold
mining (artisanal and small-scale) communities in
Africa are rare. The study assessed the influence of
CN on Hg methylation in aquatic sediments of two
major river systems draining artisanal and small-scale
gold mining (ASGM) communities of the Prestea-
Huni Valley district, Southwestern Ghana. The min-
ers extract gold (Au) through exclusive amalgam
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e The environmental influence of CN on Hg solubility,
mobility, and bioavailability and subsequent impact on Hg
methylation rates in river sediments have scarcely been
published.

o The presence of Hg, CN, and Hg(CN), in river
sediments draining artisanal and small-scale gold mining
communities have significant impact on Hg methylation.

o The presence of CN in Hg-contaminated river sediments
influences/enhances Hg solubility, mobility, bioavailability,
and subsequent methylation.

o Hg-contaminated CN-loaded river sediments have high
methylation rates due to high Hg solubility, mobility, and
bioavailability.
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[Hg-Au] formation or cyanidation of Au-rich Hg-
contaminated tailings, or a combination of both tech-
niques. Hg water solubility and probable mercuric
compounds in sediments of Hg-contaminated CN-
loaded (River Aprepre) and Hg-contaminated non-CN
(River Ankobra) aquatic systems within the district
were investigated. THg was determined by CV-AAS
after HF/HNOs/HC1 digestion. MeHg in sediments
were extracted with H,SO,/KBr/CuSO,-CH,Cl,;
followed by aqueous-phase propylation, preconcen-
tration-on-Tenax, and GC-CV-AFS. River Aprepre
showed 4.58-14.83 ngMeHg/g as Hg (1.4-3.7% THg
as MeHg), with 241-415 ngTHg/g, and 0.05-0.21
mgCN/kg. For River Ankobra, MeHg ranged 0.24—
1.21 ngMeHg/g (0.08-0.35% THg as MeHg) with
162-490 ngTHg/g dw and CN < 0.001 mg/kg. There
was positive correlation (” = 0.5974; p < 0.01)
between MeHg and CN in River Aprepre. The water-
soluble fraction of Hg in sediment from both riv-
ers was< 1% of THg. Hg in sediments from River
Aprepre were generally more soluble than that from
River Ankobra, indicating that Hg in sediments from
River Aprepre were potentially more bioavailable for
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methylation. Accordingly, the presence of CN in Hg-
dominated river sediments potentially influences and
enhances the solubility and mobility of Hg, resulting
in increased Hg methylation rates.

Keywords Methylmercury - Mercury water
solubility - Cyanide - Gold mining - Hg-contaminated
tailings - Southwestern Ghana

Introduction

Gold has been one of the mainstay of Ghana’s socio-
economic development, contributing about 6% of Gha-
na’s gross domestic product (GDP). The gold mining
sector is a major economic driving force and the big-
gest single contributor to government revenue, as well
as leading source of export earnings. Globally, Ghana
is among the top ten leading gold-producing nations.
On the African continent, Ghana and South Africa are
the top two gold producing nations (Ghana Chamber
of Mines, 2019). Ghana’s gold output of 4.8 million
ounces in 2018 surpassed South Africa’s 4.2 million
ounce total for the first time (Theafricareport, 2019).
Ghana’s mining industry contributes around 37% to
the country’s total exports, 38.3% of total corporate tax
earnings, and 27.6% of government revenue in recent
years. Gold exports from Ghana constitute about 90%
of total mineral exports (Ghana Chamber of Mines,
2019). Artisanal and small-scale gold mining (ASGM)
has contributed significantly to Ghana’s gold produc-
tion; and gold exports over decades. Gold production
from ASGM accounted for 35% of total national gold
production in 2019 (Ghana Chamber of Mines, 2019).
Over one million people are engaged in artisanal
and small-scale gold mining (ASGM) in Ghana. Arti-
sanal and small scale represents a significant source
of employment and means of livelihood for rural and
poverty-driven population in the gold mining commu-
nities. ASGM populary called ‘GALAMSEY’ (mean-
ing ‘gather and sell’) in Ghana has been a vibrant
indigenous industry for over a century (Hilson, 2002;
Hilson & MsQuilken, 2014; Wilson et al., 2015).
ASGM has grown extremely in recent years with
the rising unemployment rate, endemic poverty, and
deregulation of artisanal gold mining (Hilson and Potter,
2005). ASGM is undertaken by individuals, group of
individuals, workers laid-off by large scale gold mining
(LSGM) companies, or co-operatives with weak mon-
etary base with little or no mining expertise. Reports on
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extensive damage to farm lands (cocoa, food crops, and
rubber plantations) as well as contamination of water
bodies are widespread (Mensah et al., 2015).

Southwestern Ghana, the gold mining hub in
Ghana, has seen intense gold mining activities over
the years. The artisanal and small-scale miners extract
gold through exclusive Hg amalgamation or cyanida-
tion of Hg-contaminated tailings, or a combination of
both techniques. During mining operations, mercury
released during amalgamation, water-soluble Hg-CN
complexes released with cyanidation tailings along
with Hg in solution are discharged into nearby rivers
(Castilhos et al., 2006; Marshall et al., 2018; Seney
et al., 2020). The presence of Hg(CN), in the aquatic
environment leads to significant increase in the solu-
bility and mobility of Hg. This makes Hg more bio-
available for methylation (Velasquez-Lopez et al.,
2011; Veiga et al., 2006; Coles & Cochrane, 2006)
or directly bioaccumulated (Marshall et al., 2020;
Velasquez-Lopez et al., 2011). Studies conducted on
Hg in aquatic environments of Southwestern Ghana
due to ASGM activities have concentrated on THg in
sediments and other environmental media. Few stud-
ies done on Hg speciation have focused mainly on
fish. The limited work conducted on Hg speciation in
sediments from gold mining communities in Ghana
and Africa at large did not look at the influence of CN
on Hg solubility, mobility, and subsequent impact on
Hg methylation. The solubility of Hg is directly pro-
portional to CN concentration, and the influence of
CN increases mercury methylation.

The present study assessed the influence of CN on
Hg methylation in sediments from two major river
systems draining gold mining communities within the
Prestea Huni-Valley district of Southwestern Ghana:
a Hg contaminated-CN loaded (River Aprepre) and a
Hg contaminated non-cyanide (River Ankobra). River
Aprepre receives effluent/tailings containing Hg as
well as Hg-CN complexes (from cyanidation of Hg-
rich gold-tailings), whereas River Ankobra receives
effluent/tailings containing predominantly Hg from
ASGM operations through the exclusive use of Hg
amalgamation. The study in addition evaluated the
Hg water-soluble fraction of the Hg-contaminated
sediments from the two rivers (resulting from extrac-
tion of Hg using water). Measurement of Hg water-
soluble fraction in sediment is an important tool for
the assessment of the potential biological uptake or
bioavailability of Hg (Wahle & Kordel, 1997; Reis
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et al., 2014). The probable mercuric compounds pre-
sent in the sediment from the two rivers were also
identified using temperature fractionation.

Gold extraction by ASGM in Southwestern Ghana

Mercury amalgamation is the predominant gold
extraction technique for ASGM (Veiga et al., 2006;
Rajaee et al., 2015). The miners add metallic mercury
to the impure gold dust obtained to form a mercury-
gold amalgam. The ‘gold dore’ obtained is recovered
through amalgam roasting in open fire to volatize Hg.
ASGM have no system for Hg recovery to reduce
Hg releases into the environment; resulting in the
discharge of large amount of liquid Hg and gaseous
elemental Hg into the environment during the process
of amalgamation and roasting of the amalgam respec-
tively (Rajaee et al., 2015). Accordingly, aquatic envi-
ronments within ASGM communities have become
Hg-contaminated.

Previously regarded as a gold extraction technique
solely used in large-scale gold mining, cyanidation
has been introduced into ASGM operations as a sup-
plement to mercury amalgamation. Though the min-
ers recognize the beneficial, simple, and less tedious
nature of amalgamation; its gold recovery efficiency
of about 30% is considerably lower compared with
alternate process like cyanidation which has about
90% efficiency (Veiga et al., 2009). Cyanide process-
ing is not preferred among smaller miners due to the
large capital investment required for gold extraction
(Sousa et al., 2010; Sulaiman et al., 2007).

The artisanal and small-scale miners use exclusive
amalgamation, or a combination of amalgamation
and cyanidation (Velasquez-Lopez et al., 2011; Veiga
et al., 2014). The miners first employ amalgamation,
and subsequently, the Au-rich Hg-contaminated tail-
ings are subjected to cyanidation to extract residual
gold. The use of cyanide mostly occurs at gold pro-
cessing centres and larger AGSM operators within
gold mining communities (Velasquez-Lopez et al.,
2011; Veiga et al., 2014). Central Processing Centres
in AGSM communities are facilities where miners
send their gold-bearing ores or tailings to be extracted
by dedicated operators for a fee. Accordingly, the
miners do not invest in costly equipment to crush,
grind, concentrate, and amalgamate the gold (Veiga
et al., 2014). The processing centres purchase Au-rich

Hg-contaminated tailings from the miners and subse-
quently use cyanide to extract residual gold.

Furthermore, miners in Southwestern Ghana sell
the Au-rich Hg-contaminated tailings to processing
centres or larger ASGM operators within the commu-
nity and other parts of Ghana for reprocessing with
cyanide. The miners in addition sell their mercury-
laced tailings to ASGM agents from bordering West
African nations like Cote d’Ivoire and Burkina Faso
(Veiga et al., 2014; Macdonald et al., 2014).

Materials and methods

The Prestea Huni-Valley District

Geographical location, geology, and drainage

The study was conducted in the Prestea-Huni Valley
District (5° 58’ 0" North, 1° 55’ 0" West) of South-
western Ghana (Fig. 1). The Prestea Huni Valley
Municipality is a major gold mining hub in Ghana
and one of the Administrative Districts in South-
western Ghana . Lying about 300 km west of Accra
(capital city of Ghana), the municipal is rich in gold
and cocoa, timber, and manganese. The area cov-
ers a land area of about 1376 km?. It has four major
towns namely Prestea, Huni Valley, Aboso, and
Bogoso (district capital); with about 29 villages and
small-towns. Notable among the small-towns are the
popular gold mining towns, Damang and Dumasi.
Gold mining takes place in all four major towns of the
municipality.

The geology of the study area is dominated by
Birimian and Tarkwaian formations (Kesse, 1985).
Gold deposits from the Birimian metavolcanic and
metasedimentary rocks contain more quartz lodes that
consist of quartz vain type and desseminated sulphide
type. The gold occurs in lens sulphide-bearing quartz
veins, mainly in carbonaceous phylillite as dissemi-
nated sulphides in the metavolcanics, or as oxidised
derivatives of the two types in the Birimian rocks and
in conglomeritic horizons as free milling gold in the
Tarkwaian (Akabzaa & Yidana, 2011). Gold depos-
its of the Tarkwaian are in most cases considered as
paleo-placers, which is the source of ‘alluvial gold’ in
Ghana (Milesi et al., 1991).
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Major rivers draining the municipality are the
Ankobra (which flows through Ashanti Region into
the Ankobra River of Ankobra Town-Prestea), Mansi
(flows from Ashanti Region into Ehyireso River
and joins Ankobra), Peme (flows from Pemeso into
Mansi), Opong (flows from Opong Valley into Anko-
bra), Huni (flows from Huni Valley into Ankobra),
and River Aprepre at Dumasi.

Gold mining in Prestea Huni Valley District

The district has about 156 galamsey sites (informal
artisanal mining) with over 1130 individual opera-
tions (Owusu-Nimo et al., 2018). Also, there are
about 89 registered and actively operating small-scale
gold mining companies (Ghana Statistical Service,
2014). The district also boasts a reasonable number of
ASGM processing centres. The artisanal and small-
scale gold miners in the district mine gold from three
main sources: gold-bearing rock ore, tailings from
large scale gold mining, and gold-rich sediment of
water bodies (alluvial mining). The miners basically
use exclusive Hg amalgamation for gold extraction or
cyanidation of Hg-contaminated tailing, or a combina-
tion of both techniques. Mercury released (amalgama-
tion, amalgam roasting, and amalgam squeezing) dur-
ing mining operations are discharged into nearby water
bodies/environment. The post-amalgamation tailings
are Au-rich but Hg-contaminated. The miners sell the
post-amalgamation tailings to processing centres or
ASGM agents from other areas. Some miners after
using the services of the processing centres leave the
Au-rich Hg-contaminated tailings behind as payment.

The processing centres as well as larger ASGM who
purchase the Au-rich Hg-contaminated tailings oper-
ate close to River Aprepre in Dumasi and its catchment
areas. The Hg-contaminated tailings are subjected to
cyanidation to extract residual gold. The net tailings
contaminating Hg and Hg(CN), complexes are dis-
charged finally into nearby River Aprepre, resulting in
Hg-contaminated CN-loaded river sediments.

Miners along the Ankobra River apply solely
amalgamation and subsequently sell the Hg-contam-
inated tailings to ASGM agents who convey them
to processing centres several kilometres away from
River Ankobra for cyanide processing. Accordingly,

the section of the Ankobra River within the catch-
ment area of the study has only Hg inputs from the
mining operations.

Rivers used for the study

Two major rivers (River Aprepre and the Ankobra
River) within the district were used for the study.
River Aprepre is located at Dumasi (a village about
3 km from Bogoso, on the Bogoso-Prestea main road).
Dumasi is regarded as one of the hubs of ASGM
activities in the district, and Southwestern Ghana as
a whole. Historically, Dumasi village has been known
to be an active Artisanal and Small-Scale Gold Min-
ing (ASGM) community. The Aprepre River which
drains Dumasi flows from the eastern to the western
part of the village. Tailings/effluents from artisanal/
small-scale gold mining activities (both amalgama-
tion and cyanidation of Hg-contaminated tailings) are
discharged directly into River Aprepre. Thus, River
Aprepre receives effluents containing CN and Hg
(largely as Hg(CN),) and considered a Hg-contami-
nated CN-loaded aquatic environment.

The Ankobra River (Fig. 1) which flows through
Ankobra Town-Prestea is about 20 km from Dumasi
township and 3.8 km from the Centre of Prestea
township. The Ankobra River receives mine-impacted
water (Hg-contaminated) predominantly from Artisa-
nal and small-scale miners (alluvial and gold-bearing
mineral ore mining) operating along the banks of the
river and within the catchment area. A survey con-
tacted during the study revealed that no processing
centre engaged in cyanidation of Hg-contaminated
tailings operates close to River Ankobra within the
catchment area of Ankobra Town (samples from
River Ankobra where collected from this town). This
made the Ankobra River flowing through Ankobra
Township a probable Hg-contaminated non-cyanide
aquatic ecosystem. This accounted for the selection of
Ankobra River along the Ankobra Township stretch.

Sample collection and processing
All Teflons, glass, and high-purity polyethylene wares
for sampling and sample processing were thoroughly

acid cleaned using procedure described by Horvat
et al. (1993a, b).
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Sampling plan

The two water bodies were divided into three main
zones (up-stream, mid-stream, and down-stream), and
seven (7) sampling stations were chosen: four stations
(Stations A to D) on the Aprepre River and three sta-
tions (Stations E to G) on the Ankobra River. The
choice of the sampling stations was due to the bulk of
human activities (mainly gold mining) happening at the
banks and/or within these water bodies and their effect
on the aquatic environment. Station A, the reference sta-
tion, had no ASGM activities involving amalgamation;
however, there was an ASGM processing centre where
cyanidation of Au-rich Hg-contamination tailings are
undertaken. These processing centres purchases Au-
rich Hg-contaminated tailings from the ASGM and
subject the tailings to cyanidation. Four (4) sediment
samples were randomly collected at each Station. Addi-
tional samples were collected in suspected hotspots. A
total of 57 sediment samples were collected from the
two rivers, processed, and analysed. Detailed descrip-
tions of the sampling locations are presented in Table 1.

Collection of sediment samples

Surficial river sediment samples were collected at
the upper 4-cm depth with a pre-cleaned plastic

Table 1 Description of sampling stations

shovel on board a locally manufactured canoe (Ser-
for-Armah et al., 2006; Beldowski et al., 2015).
Samples were transferred into pre-cleaned tightly
covered plastic containers and stored in polyethyl-
ene bags with hermitic seals. No preservatives were
added to the samples (Serfor-Armah et al., 2006).
Samples were transported to the laboratories of the
Ghana Atomic Energy Commission in thermally
insulated polyethylene containers for processing
and shipment to Slovenia for analysis.

Processing of samples

Processing of sediment samples was done at the
laboratories of the Ghana Atomic Energy Commis-
sion, Accra. Macro-organisms, organic debris, stones,
and shelly fragments were gloved hand-picked from
the sediment sample (Horvat et al., 2003; Tulasi
et al., 2013; Reis et al., 2014). The samples were
then placed in pre-cleaned plastic bowls and frozen
at — 20°C. Subsequently, the frozen samples were
placed on the stacks of the Thermo Scientific Super
Modulyo freeze dryer and lyophilized at —40°C and
120 mbar (Adotey et al., 2011). After lyophilization,
the samples were homogenized by milling and siev-
ing at a pore size of 100 um. Precautions taken during
sample preparation were according to the methods

River Sampling station

Description of sampling location

Aprepre

Station A (reference station) Up-stream of River Aprepre in Dumasi. About~ 500 m away from an ASGM Processing

Centre. ASGM activities at this station involve exclusive cyanidation of Au-rich Hg-

contaminated tailings

Station B

Mid-stream of River Aprepre. ASGM operations site (situated at the river bank). Both

amalgamation and cyanidation of Au-rich Hg-contaminated tailings were in operation

Station C
Station D

Between mid and downstream of River Aprepre (~ 100 m from Station B)
Down-stream of River Aprepre. Two ASGM operation sites situated close to the river bank.

About 300 m from Station B

Ankobra® Station E

Upstream of River Ankobra at Himan (a suburb of Prestea). Evidence of ASGM activities

(Aluvial gold mining employing exclusive amalgamation)

Station F

About 300 m down-stream of Ankobra River. Evidence of ASGM activities (Aluvial gold

mining employing exclusive amalgamation)

Station G

Down-stream River Ankobra (at Ankobra* a suburb of Prestea). ASGM operation site situ-

ated at the river bank. Evidence of Aluvial gold mining using Hg. Close to the Bogoso-

Prestea main road

*Ankobra is a suburb/settlement of/in Prestea, named after River Ankobra

kK ASGM activities along the sections of River Ankobra used for the study were amalgamation based. The resultant Hg contaminated
tailings are sold to processing centres several kilometres away. Accordingly, there was no processing centre within the catchment

area of the Ankobra River used for the study
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described by Horvat et al. (2003). The lyophilized
homogenate sediment samples were stored in hermiti-
cally closed polyethylene bags and kept in a freezer
until shipment by courier to the Jozef Stefan Institute
, Ljubljana, Slovenia.

Analysis of samples

Analysis of samples was done at the laboratories of
the Department of Environmental Sciences, Jozef
Stefan Institute, Ljubljana, Slovenia.

Chemicals used were of analytical grade. Standard
solutions and all other solutions were prepared with
ultra-pure water (resistivity, 18.2 MQ cm) obtained
from a Milli-Q purification system (Millipore Co.,
Bedford, MA, USA). Stock solutions of standard inor-
ganic mercury (1 pg/mL and 5 pug/mL as Hg*" in 5%
(v/v) HNO;) were prepared from NIST SRM 3133
(Mercury Standard Solution, 10 g/mL) for calibration.
Individual stock solutions of standard organomercury
chloride (1 pg/mL as Hg) were prepared from meth-
ylmercury chloride (CH;HgCl,> 98%) and ethylmer-
cury chloride (C,HsHgCl,> 97%) in 5% (v/v) HNO,
respectively. The organomercury compounds were
purchased from Merck, Darmstadt, Germany. Mixed
working standard (1 ng/mL) of MeHg and EtHg were
prepared by appropriate dilution of the stock standard
solutions (1 ug/mL) in 1% HNO; daily.

Total mercury analysis

THg levels in sediment were determined according to
the methods described by Horvat, et al. (1986, 1991).
The method involves the oxidation of all Hg species
in the sediment to Hg(II) by acid digestion, followed
by reduction of oxidized Hg (ionic Hg) to Hg® and
detection by cold vapour atomic absorption spectrom-
etry (CVAAS).

Digestion About 200 mg of the lyophilized homog-
enized sediment sample was transferred into a Teflon
digestion vessel. This was followed by the addition
of 5 mL HNO4/HF (2:1) and 1 mL HCI; the vessel
was tightly closed, and the mixture was left at room
temperature for 1 h. Digestion was completed by heat-
ing the mixture overnight (720 min) on a hot plate at
100°C. The digested sample was cooled and diluted
to the mark (25.8 mL) with 5% H;BO; to neutralize
excess HF.

A blank, two standard solution digests (made up
30 and 20 pL of 1 and 5 pg/mL standard Hg solu-
tion respectively) and certified reference materials
(CRM): BCR-320R (Channel Sediment) and BCR-
580 (Estuarine Sediment)) were analyzed together
with the samples. The results obtained for twelve
(12) independent replicates of the CRM were compa-
rable to the certified values: BCR-320R (Measured:
0.79 + 0.01 mg/kg; Certified: 0.85 + 0.09 mg/kg);
BCR-580 (Measured: 131 + 1.43 mg/kg; Certified:
132 + 3 mg/kg).

Reduction and detection Detection of THg in the
digest was carried out using a HG-201 Semi-automated
Mercury Analyzer (Sanso Seisakusho Co., Ltd, Tokyo,
Japan), after reduction (using 10% (w/v) SnCl,-2H,0
in 10% HCI) (Horvat et al., 1991; Akagi, 1997; Voeg-
borlo & Akagi, 2007). The limit of detection of the
procedure was calculated on the basis of three times
the standard deviation of the sample processing blank
(0.05 ng). The limit of quantification (1.2 ng/g) was
calculated as five times the limit of detection divided
by the sample mass. The repeatability and reproduc-
ibility of the entire analytical procedure expressed
as the relative standard deviation for four replicate
measurements from parallel analysis was 3 to 5%.

Methyl mercury analysis

MeHg was determined according to Horvat et al.
(1993a, b), Liang et al. (1994), and Bloom et al.
(1997). The method involves acid leaching of MeHg
from sediment, extraction into organic phase, and
back extraction into aqueous phase. Derivatization
by aqueous phase propylation, pre-concentration on
Tenax, heat desorption, GC separation, and detection
using cold vapour atomic fluorescence spectropho-
tometry (CVAFS). The reproducibility of the entire
analytical method was 5 to 10%.

Acid leaching and extraction About 0.2 g of homog-
enized sample was transferred into acid-cleaned Teflon
bottles, and acid leached with 18% KBr, 5% H,SO,,
and 1 M CuSOj, solution. The bottles were agitated over
a shaker for 15 min at 3000 rpm. This was followed by
solvent extraction of MeHgBr into CH,Cl, (15 mL) by
shaking for 15 min, back extracted into 30 mL Milli-
Q water (aqueous phase) by hot plate heating at 80°C
to evaporate CH,Cl, The extract was purged for 5 min
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with Hg free N, to quantitatively remove any traces of
CH,(l,, followed by MeHg measurement.

Compositionally similar certified reference mate-
rial, BCR-580 (Estuarine Sediment), and reference
material, IAEA 433 (Marine Sediment), were ana-
lyzed together with the samples. The results obtained
for twelve (12) independent determinations were in
agreement with the certified and recommended val-
ues respectively: BCR-580 (Measured: 75.7 + 2.5 ug/
kg; Certified: 75 + 4 pg/kg) and IAEA 433 (meas-
ured value: 0.17 + 0.008 ng/kg; recommended value:
0.17 = 0.07 pg/kg).

Determination of Hg water-soluble fraction
Jfrom sediment (solubility test)

The total mercury content of the Hg water-soluble
fraction in the sediment samples was determined after
water-leaching of the soluble Hg, filtration, and acid
digestion of the filtrate.

Extraction of Hg water-soluble fraction Lyo-
philized homogenized river sediment samples were
respectively shaken with 100 mL Milli-Q water and
rain water in an end-over-end mechanical shaker for
24 and 48 h (Rodrigues et al., 2010) followed by cen-
trifugation at 3200 rpm. The supernatant was filtered
through a 0.2-uym pore size nylon filter. THg content
of the Hg water-soluble fraction in the filtrate was
determined by the USEPA Method 1631E (Mercury
in Water by Oxidation, Purge and Trap, and CVAFS).

Identification of mercuric compounds in river
sediment by thermal fractionation

Mercuric compounds in river sediment was established
by thermal fractionation using a Jozef Stefan Institute
‘in-house’ built Hg detection device (Sadlar et al.,
2015). The instrument is an RA-915+Hg Analyzer
with a PYRO-915+ pyrolysis unit used for detection of
Hg. It is developed for direct determination of total Hg
by combustion of samples and detection by cold vapour
atomic absorption spectrometry (CV AAS) with Zeeman
background correction (Sholupov et al., 2004). Detailed

@ Springer

description of the apparatus and the experimental
procedure can be found in Sadlar et al. (2015).

The results for the mercuric compounds detected
in the sediments are depicted as Hg thermo-desorp-
tion curves (TDC); the curve is a plot of Hg released
(ng/m3) versus temperature (°C) (Fig. 5). The mercu-
ric compounds were characterized by the temperature
range at which their thermal-release commences,
through the peak maximum, to the point where the
curve returns to baseline.

Total, free, and WAD cyanide determination

Total, free, and WAD (weak acid dissociation)
cyanide in the lyophilized sediment samples were
determined by Skalar segmented flow auto-analyzer
(Skalar Method 295) after samples have been
digested and solubilized. The method was adopted
from the ‘Standard Methods for the Examination of
Water and Waste Water, 23" Edition (2005), Methods
4500-CN’.

Free cyanide was analysed using Colorimetric
method. WAD cyanide was determined using Col-
orimetric method with distillation step, while total
cyanide was analysed using colorimetric method with
coupled distillation and UV digestion.

For total cyanide determination, cyanide in solution
was released from all cyanide complexes through UV
digestion and distillation. The cyanide was converted
to cyanogen chloride by reaction with chloramine-T,
which subsequently reacts with isonicotinic and barbi-
turic acid to form a blue-coloured complex. The inten-
sity of this complex is concentration-dependent and
measured at 600 nm.

Free cyanide and WAD cyanide were determined
the same way as total cyanide; however, the UV lamb
was switched-off for free cyanide, and instead ZnSO,
solution was added to precipitate any iron cyanide
present. In the determination of WAD cyanide, the
UV digestion lamb was switched off and the samples
were deionized.

Ten (10) sediment samples (six from River
Aprepre and four from Ankobra River) were ran-
domly selected for cyanide determination. The same
samples were used for organic carbon determination
as well as test for Hg solubility in water.
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Organic carbon determination

The dry combustion method using Leco CS844 Car-
bon/Sulphur Determinator was used in the estimation
of the total organic carbon content in the lyophilized
sediments (Santi et al., 2006).

Statistical analysis

To explore the relationship between the parameters
(THg, MeHg, OC, CN, and solubility) determined
with respect to the sampling sites, hierarchical cluster
analysis was used. Hierarchy cluster analysis (HCA)
was performed on mean centred data set using Wards
linkage with squared Euclidean distance between data
for similarity groupings of sampling sites with respect
to parameters. The results obtained are reported as
dendrograms in Fig. 4.

Result and discussion

Total and methyl mercury distribution
in sediment

The concentrations of THg and MeHg in all sur-
face sediment samples from the Aprepre and Anko-
bra Rivers (Stations B, C, D, E, F, and G) varied
from 11 to 624 ngTHg/g (mean range: 147 to

Aprepre River Sediment
350

300 7]
250
200

150 - /r

100

316 ng/g); and 0.07 to 14.8 ngMeHg/g (mean range:
0.11 to 3.45) respectively (Fig. 2). THg concentration
in sediment from the Reference Station (Station A)
ranges from 31 to 80 ng/g with a mean of 50.8 ng/g.
Station A, the reference station, chosen upstream
River Aprepre had no ASGM activities involving
amalgamation, however, there was an ASGM pro-
cessing centre (~ 500 m) where cyanidation of Au-
rich Hg-contamination tailings is undertaken. This
processing centre purchases Au-rich Hg-contami-
nated tailings from the ASGM and subject the tailings
to cyanidation.

High THg levels of 624 ng/g, 432 ng/g, and 490
ng/g were found in Stations B, D, and G, respec-
tively. About 75% and 90% of THg levels in sediment
from sampling stations B and D respectively of the
Aprepre River exceeded the USEPA recommended
levels of 0.2 ug/g THg in aquatic sediments; and aver-
age background levels of 50.8 ng/g. The elevated lev-
els of THg in sediment from these 3 stations were as
a result of their closeness (short distance) to ASGM
operation sites, the likely source of Hg contamination
in the area. THg in sediments from Stations C, E, and
F were generally below the USEPA recommended
guideline value of 0.2 pg/g; except one sampling loca-
tion in Station C with THg level (220 ng/g) slightly
above the recommended guide. The observed levels
may be attributed to the relatively long distances of
Stations C, E and F from the source of Hg input.

Ankobra River Sediment
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Fig. 2 Distribution of Mean THg, MeHg, and % THg as MeHg in sediment samples from River Aprepre and Ankobra
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To establish that levels of THg is not the sole
factor influencing levels of MeHg, the relationship
between THg and MeHg was assessed using Pear-
son’s correlation, performed with SPSS 16. The
results showed a positive correlation (r = 0.359, p >
0.001) between THg and MeHg from Rivers Aprepre
and Ankobra. This suggests that there may be influ-
encing contributions from other factors like CN, OC
and solubility; in agreement with observations by
Kelly et al. (1995).

Statistical analysis (THg: p > 0.001; MeHg:
p < 0.01) using one-way ANOVA by SPSS confirmed
that there is no significant difference in the means
of THg and MeHg levels between the Aprepre and
Ankobra Rivers. However, there is significant differ-
ence in THg and MeHg levels between the two water
bodies. Hence, the positive correlation (¥ = 0.359;
p > 0.001) between THg and MeHg in all the sedi-
ment samples from both Rivers is an evidence that
mercury methylation factors may influence methyla-
tion differently between the two water bodies. Addi-
tionally, different methylation parameters may exist
between the Aprepre and Ankobra Rivers.

Effect of cyanide on methylmercury levels

The levels of THg, MeHg, percentage (%) THg as
MeHg, organic carbon, and cyanide levels obtained in
the ten (10) randomly selected sediment samples (sam-
pling points S1 to S6; and SA to SD from the Aprepre
and Ankobra rivers respectively) are presented in
Table 2. Sampling points S1 to S6 represent samples
taken from Stations D of the Aprepre River (known
to receive effluent from ASGM activities (through
application of both amalgamation, and cyanidation
of Hg-contaminated tailings)). SA to SD are samples
taken from Station G of the Ankobra River (close to
ASGM operation site (exclusively amalgamation), but
several kilometres away from processing sites engaged
in cyanidation of Hg-contaminated tailing). MeHg
levels in sediment from River Aprepre (S1 to S6) vary
between 4.58 and 14.83 ng/g (1.41 to 3.65% of THg as
MeHg; with 241 to 415 ng/g dry mass of THg). MeHg
from the Ankobra River (which is kilometres away
from processing sites engaged in cyanidation of Hg-
contaminated tailing (SA to SD)) ranged from 0.24 to
1.21 ng/g (0.08 to 0.35% of THg as MeHg; with THg
levels ranging from 162 to 490 ng/g).

@ Springer

Free cyanide, weak acid dissociation (WAD) cya-
nide, and total cyanide (TCN), levels in sediment
from the Aprepre River varies from 0.05 to 0.21, 1.05
to 3.90, and 4.76 to 13.9 mgCN/kg sediment respec-
tively. About 60% of measured free cyanide (rang-
ing from 0.11 to 0.21 mg/kg) were above the USEPA
(1977) sediment standard of 0.1 mg/kg and within
0.1 to 0.25 mg/kg USEPA (1977) sediment standard
for moderate pollution. Hence, sediment from the
Aprepre River is contaminated with cyanide. This
may be due to the continuous increasing number of
processing sites engaged in cyanidation of Au-rich
Hg-contaminated tailings. Free, WAD, and TCN lev-
els were all below the instrumental detection limit of
0.001 mg/kg in the Ankobra River. The insignificant
levels of cyanide in River Ankobra may be attributed
to the absence of processing sites engaged in cyani-
dation of Hg-contaminated tailings around the catch-
ment area of River Ankobra where the study was
undertaken.

It was therefore observed that samples from the
Aprepre River with high cyanide levels (compared
with the Ankobra River) show higher MeHg levels,
as well as high %THg as MeHg. This could possibly
be attributed to the high formation or presence of
Hg(CN), making Hg more soluble and bioavailable
(Marshall et al., 2020) for methylation (Velasquez-
Lopez et al., 2011; Veiga et al., 2006; Coles &
Cochrane, 2006). Guimaraes et al. (2011) reported
low MeHg in free cyanide contaminated streams.
This is contrary to what was found for this study,
probably due to relatively low free cyanide (about
an average of 6.3% of WAD), with about 40% of
free cyanide (in samples) below the USEPA (1977)
guideline value.

MeHg levels in the river sediments showed a posi-
tive relationship with free, WAD, and total cyanide
(Free-CN: 12 = 0.5974, p < 0.01; WAD: / = 0.632,
p < 0.05 (Fig. 3); TCN: 7* = 0.788, p < 0.0 1) Also,
the percentage of THg as MeHg shows a positive
relationship with all the cyanide species (Free-CN:
P = 0.773, p < 0.01; WAD: »* = 0.749, p < 0.05;
TCN: # = 0.777, p < 0.01) in all the selected sedi-
ment samples from both rivers.

MeHg correlated positively (* = 0.8803; p < 0.001;
n = 10; Fig. 3) with organic carbon in all the ten (10)
randomly selected sediment samples from the Aprepre
and the Ankobra rivers. The Aprepre River sediments
are characterized by relatively higher organic carbon
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content (0.9 to 1.73%) compared with the Ankobra
River (0.21 to 0.48%). Several studies have also
reported a corresponding increase in MeHg levels in
sediment with increasing organic carbon (Warner et al.,
2005; Chavon et al., 2011). Sediment from the Aprepre
River (midstream to downstream) recorded signifi-
cantly higher MeHg levels with the highest %THg as
MeHg of 3.7% compared with 0.35% for the Ankobra
River (Table 2).

Normally in sediment, only about 1 to 1.5% of
THg content occurs as MeHg, and even much lower
(typically < 0.5%) in marine and estuarine sediment
(Gobeil & Cossa, 1993; Kelly et al., 1995; Ullrich
et al., 2001).

Though increase in both cyanide and organic car-
bon correlated positively with MeHg levels, organic
carbon is not the main factor for the higher MeHg
level in the Aprepre River. This is because mean
organic carbon level of 0.99% in sediment from the
Reference Station shows no difference from that
obtained in Stations B and D of the River Aprepre.
Thus, the organic carbon levels at the reference sta-
tion and Station B and D were comparable. However,
the Reference Station reported the highest cyanide
level of 0.49 mg/kg which is higher than that reported

for Station B and D by a factor of about 2. Mean
MeHg levels for the Reference Station varies from
0.23 to 1.83 ng/g; with 0.74 to 3.98% of THg occur-
ring as MeHg. Hence, the high percentage of THg
occurring as MeHg shows Hg methylation is highest
at the Reference Station due to high levels of cyanide.
Also normalizing OC with MeHg (MeHg-OC) and
correlating with FCN, WAD, and TCN shows a posi-
tive correlation of 7> = 0.6227, p < 0.05; 1 = 0.747,
p > 001; and * = 0.798, p < 0.01 respectively.
Hence, the presence of cyanide is a major factor for
the high MeHg levels in the Aprepre River.

Mercury water-solubility fraction in sediment

To ascertain the potential biological uptake for Hg
methylation, the Hg water-soluble fractions in sedi-
ment from both Rivers were assessed. The solubil-
ity test was performed using Milli-Q water and Rain
water (Rodrigues et al., 2010; Reis et al., 2014).
Twenty four (24) hours of extraction was selected for
the test. This is because, beyond 24 to 48 h of extrac-
tion, the amount of leachable Hg was the same. The
results obtained for the Hg water-soluble fraction in

4.007

R Sq Linear = 0.632; p<0.05

3.001

2.004

WAD-CN (mg/kg)

1.00+]

0.004 L L

2.007 B

R Sq Linear = 0.877; p <0.001

.00

T T T T T T T
0.00 2.00 4.00 6.00 8.00 10.00 12.00 14.00
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T T T T T T T
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Fig. 3 Correlation of MeHg with a WAD cyanide and b organic carbon
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sediment samples from Rivers Aprepre and Ankobra
are presented in Table 2 (expressed in absolute values
as well as in percentage of total content). The Milli-
Q Hg water-soluble fraction in the sediment ranged
from 0.16 to 1.67 ng/g; for rain water extraction, the
fraction of Hg soluble in rain water ranged from 0.60
to 2.4 ng/g.

A critical assessment of the percentage of Hg
water-soluble leached using Milli-Q and Rain water
(Table 2) shows that in general, solubility of Hg was
slightly higher in rain water than Milli-Q water. On a
whole, the percentage of the water soluble fraction of
Hg in the samples was below 1% (that is 0.09-0.6%).
Milli-Q water is usually used in various schemes
designed to extract water soluble fractions from soils
and sediment. In this study, rain water (obtained
locally) was also used as an extractant alongside
Milli-Q water, because it reflects more realistically
natural conditions. In the case of river sediments, the
influence of rain water is most important after pre-
cipitation events and consequent elevated water levels
of the river that in turn can effect mobility and avail-
ability of Hg.

In addition, due to the presence of various miner-
als and dissolved gases (e.g., CO,), rain water can
be slightly acidic, which might contribute to better
extraction efficiency of Hg compared with Milli-Q

Dendrogram using Ward Linkage
A Rescaled Distance Cluster Combine
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water. This approach was used due to the absence
of clean river water matrix that had no particulates.
In addition, in situ river water was probably already
enriched with Hg.

Positive correlation (r2 = 0.3067; p < 0.05;
n = 10) was observed between MeHg levels and
water soluble mercury content. Also, the percent-
age of THg as MeHg shows a positive relationship
with water-soluble mercury content (#* = 0.2079;
p < 0.01; n = 10). The highest Hg water-soluble
fraction obtained in this study was observed in
sediments from the Aprepre River (0.67-1.67 ng/g
with Milli-Q, and 1.04-2.4 ng/g for rain-water
respectively) with corresponding high MeHg lev-
els. Therefore, Hg would be potentially bioavailable
in sediment from Aprepre River than the Ankobra
River. This is in agreement with a similar observa-
tions by Wahle and Kordel (1997) and Reis et al.
(2014).

Statistical analysis

Hierarchical cluster analysis

The dendrograms obtained using variables (THg,
MeHg, CN, OC, and solubility) and using sampling

B Dendrogram using Ward Linkage
Rescaled Distance Cluster Combine

10 15 20 25
1 1

=

Fig. 4 Dendrogram showing clustering of parameters (a) and sampling sites (b)
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sites show two main clusters at Euclidean distances
of 5 and 15 respectively: Cluster 1 in Fig. 4a consist-
ing of MeHg, CN, OC, and solubility and Cluster 2
consisting only of THg. The grouping of solubility,
MeHg, CN, and OC in Cluster 1 can be attributed to
the influence of CN, OC, and Hg solubility on MeHg
contents. Also, MeHg together with CN shows that
this system is contaminated with both Hg and CN.
Cluster 1 in Fig. 4b consists of sampling sites S1,
S2, S3, S4, S5, S6 (Aprepre River), and SA (Anko-
bra River) which receives effluent containing both CN
and Hg.

The existence of only Hg in Cluster 2 of Fig. 4a
shows that there is no CN contamination in this
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-100
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system and could be attributed to River Ankobra con-
sisting of sampling sites SB, SC, and SD.
Interestingly, sampling site SA in the Ankobra
River clustered with the sampling sites in the River
Aprepre. This could be as a result of the mobility of
CN from River Aprepre into Ankobra River (through
River Mansi, a tributary of Ankobra River). There is
the likelihood that traces of cyanide may be present at
sampling site SA due to its closeness to River Aprepre
before the CN finally degrade completely as it trans-
ports to sampling sites SB, SC, and SD. Cyanide was
below detection limit (Table 2) in the samples from
the Ankobra River, as a result of degradation in the
presence of sunlight as it travel down the stream.
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Fig. 5 Thermograms of sediment samples (Aprepre: a, b; Ankobra River: c, d)
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Table 3 Thermal
dissociation temperatures

Mercury compound

High peak temp. (°C)

Decomposition temp. peak (°C)**

60-180

60-220

60-250; 50-300*
90-350

210-340
120-350; 400-500
200-360; 370-530
190-380; 320-540
200-400; 410-600
500-600
100-220; 250-340
140-360
150-370; 375-520
120-375; 376-500

for the pure mercury Hgl, 100 + 12
;(())rlngounds (Rumayor et al., HeBr, 110+ 9
Hg,Cl, 119+9
HgCl, 138 +4
HgS, red 305+ 12
HgF, 234 +42;449 + 12
HgO red 308 +1;471 £5
HgO yellow 284 + 7,469 + 6
Hg,SO, 295 +4;514+4
HgSO, 583 + 8; 565*
Hg(SCN), 177 £ 4;288 £ 4
*Sadlar et al., (2015) Hg(CN), 267+ 1
*#*Temperatures Hg(NO3), -H,0 215 + 4; 280 + 13; 460 + 25
for commencement Hg,(NO3),-2H,0 264 +35;427 £ 19
and completion of HgCl,04H,0 273 + 1; 475 + 5,590 + 9

decomposition

154-360; 380-510; 520-650

Thermal fractionation of mercury compounds
in sediment

The possible Hg compounds present in the sediment
samples from the two Rivers were determined using
temperature fractionation. The results for thermal
release of Hg compounds from sediment samples are
presented in thermo-desorption curves in Fig. 5. The
Hg compounds and the corresponding temperatures
obtained from this study have been discussed in rela-
tion to the study by Rumayor et al. (2013) on pure
mercury compounds and their temperatures (Table 3).
Generally, the thermo-desorption curves obtained
in this study (Fig. 5) were comparable/similar to the
thermo-desorption curves obtained in the study by
Rumayor et al. (2013) that characterized mercury
compounds using thermal desorption.

The thermograms for all the samples generally shows
two clear distinguishable peaks (Fig. 5). The first peak
on each thermogram (Fig. 5a—d), released at 200-360°C,
with maximum temperature at 270°C for Fig. Sa-b and
220°C for Fig. Sc—d. These suggest the presence of
complexes of Hg with one or a combination of the fol-
lowing: humic material, HgCl,, and Hg(CN), with ref-
erence to thermal desorption temperature by Rumayor
et al. (2013) (Table 3). The second peak for each ther-
mogram (Fig. 5a—d) was released at 420-600°C, with

a maximum peak height at 510°C which is most likely
to contain Hg,SO, (Rumayor et al., 2013) (Table 3). It
was observed that the first peaks on thermograms from
sediment samples from Hg-contaminated cyanide-
loaded areas (Fig. 5a—b) were distinct with a maximum
peak height temperature of 270°C. This is comparable
with the maximum peak height of 267°C reported for
Hg(CN), by Rumayor et al. (2013) (Table 3). Hence,
the composition of the first peaks (Fig. 5a-b) is likely
to contain a high proportion of Hg(CN),. The first peak
on the thermograms for sediment from River Ankobra
occurs at 220°C. This maximum temperature does not
correspond to the temperature for Hg(CN), reported
by Rumayor et al. (2013). This is a confirmation of the
absence of cyanide in the Ankobra River.

Conclusion

The study established high levels of MeHg in the Hg
contaminated cyanide-loaded aquatic environment
(River Aprepre) compared with low levels of MeHg in
River Ankobra (Hg-contaminated non-cyanide aquatic
environment). Primarily due to the use of cyanide (in
addition to the use of Hg) by ASGM to extract gold
from Au-rich Hg-contaminated tailings at processing
centres within the catchment area of River Aprepre.
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Hg in sediments from River Aprepre were gener-
ally more soluble than that from River Ankobra; indi-
cating that Hg in sediments from River Aprepre were
more bioavailable for methylation. Accordingly, the
presence of CN in Hg-contaminated river sediments
quantitatively influences and enhances the solubil-
ity and mobility of Hg; resulting in high rates of Hg
methylation. Thermal fractionation of sediment con-
firmed Hg(CN), as the probable mercuric compound
present in sediments of River Aprepre.

Supplementary Information The online version contains
supplementary material available at https://doi.org/10.1007/
$10661-021-08920-7.
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