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result of the gold-mining activity.

1. Introduction

Estuaries are effective sediment traps due to their particular hy-
drodynamics and to the salinity induced sediment flocculation (Postma,
1967; Allen et al., 1980). Contamination of estuarine sediments is of
broad concern since they represent one of the ultimate sinks for pol-
lutants discharged into the aquatic environment. They reflect the
proximity of the contamination sources and can preserve the fingerprint
of the range of chemical, oceanographic, geological and anthropogenic
factors, which govern the distribution of trace elements (Bryan and
Langston, 1996; Olmos and Birch, 2008; Magesh et al., 2011; Mil-
Homens et al., 2014; Xu et al., 2014). This makes these aquatic en-
vironments of particular interest for assessing anthropogenic impacts
(Pan and Wang, 2012).

Among estuaries, those affected by mining activities are of special
concern since they can be severely polluted aquatic environments
(Lépez-Gonzalez et al., 2006; Doe et al., 2017). One of the major im-
pacts comes from the artisanal and small-scale gold mining, where the
use of mercury (Hg) for amalgamation is common, with associated
yearly discharges to the environment of this metal of 650-1000 tons
(Adjei-Kyereme et al., 2015). In West Africa, Ghana is the most

This study aimed at assessing trace element concentrations in two representative estuaries of Ghana (Pra and Ankobra) affected by gold-mining,
relative to the levels of the unaffected Volta estuary. Surficial sediments (n = 16-17) were sampled at each estuary and analysed by ICP-MS for 25
elements after pseudo-total digestion. The enrichment and geoaccumulation indexes revealed a moderate to significant contamination of As, Ag
and Cu in the Pra and Ankobra estuaries. Spatial maps of concentrations revealed non-localized sources. High As con-centrations were attributable
to runoff transport and sedimentation of gold mining-tailing particles, as suggested by results from granulometric distributions, correlation and
PCA analysis. The probabilities of surpassing the probable effects level (PEL) were 77% for As, 50% for Cr and 27% for Ni in Ankobra; these values
were of 13%, 23% and 10% for the Pra. Results reveal potential future implications on ecosystems and human health in these both estuaries as

representative case of this exploitation of natural resources, with half of
the total gold production in the region (World Bank, 2012; Chuhan-Pole
et al., 2017).

In May 1989, the use of Hg in small-scale gold mining was legalized
in Ghana (Provisional National Defence Council Law 218). This has
increased these mining activities, which nowadays provides employ-
ment to over one million people (Donkor et al., 2006). The greater part
of gold production (about 81%) in Ghana comes from goldfields in its
southwestern region (Fig.1), an area of about 40,000 km? which is
drained by three main rivers: Tano, Ankobra, and Pra (Donkor et al.,
2006).

To separate the gold (Au), Hg is mixed with the mineral bearing
rock to form an amalgam. The burning of the amalgam leads to va-
porization and spreading of Hg into a toxic plume (Pfeiffer and Lacerda,
1988). Mercury also reaches the streams of water, where it poses a great
threat for the environment and human health (Oduro et al., 2012). A
brief review on health effects due to exposures to Hg can be seen at the
US-EPA website (www.epa.gov/mercury). Although much attention has
been paid to gold-mining related Hg pollution, this is not the only
concern derived from this activity.

Tailings are a mixture of finely ground rock resulting from the
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Fig. 1. Map of Ghana with the course of the rivers Ankobra, Pra and Volta. Black dots are gold-mining sites reported by Donkor et al. (2005) along the Pra, and the
site of Tarkwa, next to Ankobra. Red dots are gold-mining sites identified for this work in a survey with local communities. There are not official logs, and the above
identified sites represent only a fraction of the small-scale gold mines covering the entire Ankobra and Pra basins. Artisanal gold-miners move almost daily from spot
to spot to dig out for gold. Rectangles delimit the three estuarine areas studied in this work. (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of this article.)

retrieval of gold and water used in the processing. They may contain
significant concentrations of potentially toxic elements. Arsenic (As) in
mine tailings usually exists as sulfide minerals such as arsenopyrite
[FeAsS], realgar [As,S,] and orpiment [As,Ss]. Zinc (Zn) and lead (Pb)
occur in gold ore bodies in the form of sphalerite [ZnS] and galena
[PbS], respectively, while copper (Cu) appears in sulphides, arsenites,
chlorides and carbonates, and chromium (Cr) in chromates [FeCr,04]
(Fashola et al., 2016).

In the mining tailings exposed to the air, oxidation of sulfide mi-
nerals results in the release of As and other potentially toxic elements,
thus promoting the contamination of the surrounding soil and waters
(Lim et al.,, 2009). Tailings spillages are more drastic pathways of
pollution which can occur by flood damages and ground subsidence
(Bempah et al., 2013).

Environmental risk assessment of the sediment compartment is a
complex task which is subject to intense debate (Tarazona et al., 2014).
It is necessary a proper problem definition (hazardous elements, target
organisms, and level of protection required) and a conceptual model for
exposure and effect assessments. This requires a detailed knowledge on
the sedimentological and biotic characteristics and on the dynamics of
the studied system. Sediment quality guidelines (SQGs), based upon the
definition of reference toxicity values, can be used for screening pur-
poses.

A series of reference concentrations in sediments have been defined
for a wide set of elements (Macdonald et al., 1996), such as the lower
10th-percentile concentration associated with observation of biological
effects (effect range low, ERL) and the probable effects level (PEL).
These screening levels are widely used in the scientific literature to
assess the consequences of pollution (e.g., Suresh et al., 2012; Pereira
et al., 2015; Ennouri et al., 2016). Other pollution indexes are based on

the comparison with suitable reference levels (Loring and Rantala,
1992).

Current data available in West Africa are mostly focused on Hg and
As (Amonoo-Niezer et al., 1996; Bannerman et al., 2003; Donkor et al.,
2006; Asante and Ntow, 2009; Rajaee et al., 2015; Adjei-Kyereme et al.,
2015). Donkor et al. (2005) measured Hg, Al, Fe, As, Pb, Cu, Cr, Ni, Mn,
Co, V, and Zn in sediments sampled along the course of the Pra River. In
spite of above referred studies, there is a lack of knowledge on how the
gold mining activities in West Africa may increase the concentrations of
a wide set of harmful trace-elements in waterbodies and estuarine en-
vironments.

The aim of this study was the assessment of major and trace-metal
concentrations in surface sediments from three representative estuarine
environments in Ghana, in order to explore their natural and anthro-
pogenic inputs. The target elements were Be, B, Al, Ti, V, Cr, Mn, Fe, Co,
Ni, Cu, Zn, As, Se, Sr, Mo, Ag, Cd, Sb, Cs, Ba, T1, Pb, Th, U and Hg. In the
absence of site-specific sediment quality guidelines, this work adopts
reference values and SQGs from scientific literature as a preliminary
and logical step. The core of the proposed methodology is however the
comparison at regional scale of sediments from estuaries potentially
affected (Pra and Ankobra) with other free of gold mining activities (the
Volta estuary).

2. Materials and methods
2.1. The studied estuaries
This study was conducted in three major estuaries (Volta, Pra and

Ankobra) in the coastal belt of Ghana (see Fig. 1). There are no official
logs on gold-mining sites in Ghana. Fig. 1 shows some of them in the
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Fig. 2. Satellite images (from Google Earth) of the Volta, Pra and Ankobra
estuaries in Ghana. The locations of the sampling sites of surficial sediments
used in this study are depicted. For the Ankobra estuary, the sampling points
used for the granulometric analyses (AS1 to AS4) are also depicted.

Pra and Ankobra basins, based on data by Donkor et al. (2005) and on a
survey conducted with local communities for this study. In this rural
south-western portion of Ghana the lack of industrial activities makes
small-scale gold mining the main source of water resource contamina-
tion with potentially toxic elements (Donkor et al., 2005).

Two types of gold-bearing ores are mined in Ghana: i) quartz vein
(quartz with free gold in association with lesser amounts of various
metals) and ii) sulphide ores (arsenopyrite), associated with gold, iron,
zine, lead and copper (Nude et al., 2011). A more detailed study on the
mineralogy of the gold deposits in Ghana can be seen in Milési et al.
(1991). Studies on gold mining tailings are scarce. Bempah et al. (2013)
studied active and abandoned tailing dams at Obuasi, Ghana. The
texture of tailings was of silty clay loam to clay. They reported

concentrations ranging from 542 to 1752 mgkg ™! for As, from 129 to
1848 mgkg ™! for Mn, from 24 to 92mgkg ™' for Cu, from 79.5 to
204 mgkg ™! for Zn and from 4.1 to 75% for Fe.

The Pra and Ankobra estuaries are located in the Ghana's Western
Region, a tropical rain forest zone. Its geology is associated with alluvial
gold deposits in basal rock underlying by meta-sedimentary and vol-
canic of the Birimian and Tarkwaian systems. The Pra estuary is located
in the eastern side of the Shama Township. The River Pra originates
from the Mampong-Kwahu and Atiwa Ranges with multiple tributaries
(Offin, Oda and Birim). The estuary received additional water flow from
two adjoining tributes at the east and west respectively. It forms a
network of multiple channels lying parallel to the coastline with islands
mostly flooded during high tides and in the wet season. Mangrove is the
dominant vegetation, which provides suitable habitat for crabs, fish and
avifauna at the lower section of the river which is a fishing site.

The Ankobra estuary in Asanta, Nzema East district, is the lower
section of River Ankobra which takes its source from the North hills of
Basindare, near Bibiani. It is joined in the mid-section by rivers Mansi,
Ankasa and Bonsa. The entrance of the estuary could be described as a
sand ramp with abrupt increase in depth towards the freshwater end.
The water column is extremely turbid. The riparian vegetation, mainly
mangrove, provides niches for avifauna. The immediate west coastline
comprises beaches with coconut plants providing defences structure for
sand dunes. The estuary also serves as fish landing site for the local
community.

The Volta estuary in Ada-Foah is located in the Dangbe East District
of the Greater-Accra Region about 90 km from Accra. The river Volta
watershed extends on Niger, Cote d'Ivoire, Burkina Faso and Togo, it
being the largest river in West Africa. This river drains about 70% of the
Ghana's hydrological basin and has two hydro-dams built on it in 1965
and 1982. Its estuary forms a delta system flagged on its east and west
by the Keta lagoon complex and the Songhor lagoon respectively.
Coconut and mangrove dominate the vegetation cover at its peripheries
while the bottom floor provides suitable habitat for the Galatea para-
doxa, as well as other benthic fauna. The estuary also provides transport
facilities for the communities and it is a recognized touristic site.

Mahu (2014) reported granulometric and mineralogical character-
izations of sediments cores sampled at the above three estuaries. Mean
grain sizes ranged from 27.5-37.8 pym, 15.9-41.2 ym and 20.1-64.9 ym
in the Ankobra, Pra and Volta estuaries, respectively. Non-biogenic
materials constituted about 100% and 96% in the Ankobra and Pra
estuaries, while they ranged from 80% to 95% in the Volta estuary. In
the three cores quartz made the bulk of non-biogenic materials. Ac-
cording to the geological map of Ghana (see Petersson et al., 2018), the
Volta estuary is dominated by alluvial sediments and continental clastic
sedimentary rocks, while around the Pra and Ankobra estuaries meta-
volcanic rocks are dominant.

Klubi et al. (2017) reported recent ?*°Pb-based sediment accumu-
lation rates in sediment cores from the Volta and Pra estuaries, being of
1.05 = 0.03gcm 2year ! and 2.73 + 0.06 gcm ™ 2year”?, respec-
tively.

2.2. Sampling, sample preparation and ICP-MS analysis

Surface sediment samples were collected from each of the studied
estuaries (n = 16-17), between 27th January and 5th February 2017,
covering a representative area (see Fig. 2). Precise positioning of each
sampling location was done using a Garmin Extrex GPS. Sampling
depths ranged from 1 to 15 m, with the deepest location in the Ankobra
estuary. Samples were grabbed using Ekman grab and transferred into
pre-labelled Ziplock bags, sealed and placed in a cooler and further
stored frozen in the Marine and Fisheries' laboratory in the University
of Ghana. The sediment samples were latter thawed, dried at 50 °C
using a Gallen Kamp Plus II oven to a constant weight, and re-packaged
and transported to the Agricultural Research Service laboratory (SIA-
CITIUS) of the University of Seville, Spain.



The largest percentage of the anthropogenic-derived potentially
toxic elements in sediments is often found in their most fine particles
(Abril and Fraga, 1996; Islam and Tanaka, 2004). In the scientific lit-
erature some authors adopt the criterion of analyzing the studied ele-
ments only in the grain size fraction under 63 um (e.g., Ennouri et al.,
2016) while others measure the bulk sample considering the grain-size
fraction lower than 2 mm (e.g. Wei and Wen, 2012; Dimitrakakis et al.,
2014). The second criterion has been adopted in this work.

A large variety of methods have been published for acid digestion of
environmental samples for elemental analysis. For those elements with
fractions associated with silicates, many studies do digestion with HF,
but this requires rigorous safety protocols and the use of H3BO; for
redissolving fluoride precipitates (Gerboles et al., 2011), with the op-
erational problems that this entails. Many other studies use digestion
procedures based on the US-EPA 3051A methodology for pseudo-total
digestion. It is worth noting that this last method applied to soil and
sediment samples provides a reasonable estimation of leachable/total
contents of elements (Link et al., 1998; Gelinas et al., 1998). Elements
determined after this digestion are usually more representative of the
available fraction since there is no bias introduced by the variable
amount of non-reactive residual material. This US-EPA 3051A method
(US-EPA, 1995) has been used in this work also considering the use of
H,0, for enhancing organic matter mineralization. The adopted cri-
terion of measuring acid-digested trace-elements in the bulk sediment
was also congruent with trend-lines in probabilistic risk assessment
studies (Twining et al., 2008).

For microwave-assisted acid digestion, ca. 0.25g of powdered se-
diment was mixed with 4.5 mL of nitric acid (69% HNOs3), 1.5mL of
hydrochloric acid (36% HCI) and 0.5 mL of hydrogen peroxide (30%
H50,). All reagents were of Suprapur grade (Merck, Darmstadt,
Germany). For closed-vessel digestions, a microwave system Milestone
Ethos was used. The digests were then diluted with 18 M Q cm deio-
nized water to a fixed volume of 100 mL, and allowed to settle for 48 h
at 4°C.

After digestion, trace elements were determined at the SIA-CITIUS
of the University of Seville using an Inductively Coupled Plasma Mass
Spectrometry system ICP-MS X7 (Thermo Fisher, Cambridge, UK) with
quadrupole mass analyzer, multichannel detector (Pulse Counting and
Analog Methods), auto sampler ASX-500 (CETAC, Omaha, NE, USA)
and software Plasma Lab version v2.5.4. Details on the instrumental
settings, correction equations, quality controls and sample lists can be
found in Enamorado-Béez et al. (2013).

Fully quantitative determinations were done for Be, B, Al, Ti, V, Cr,
Mn, Fe, Co, Ni, Cu, Zn, As, Se, Sr, Mo, Ag, Cd, Sb, Cs, Ba, Tl, Pb, Th and
U with three main runs. In addition, for each sample a full spectrum was
acquired with the instrument in survey mode (10 cannels per mass,
with 10 sweeps, and a dwell time of 0.6 ms). Long pre-acquisition and
washing times of 90 s each were used to minimize memory effects. The
net area of the peak for the m/z ratio 202 (Hg) was estimated by sub-
traction of the nearest reagent blank, and quantified through the count
rate found for the certified reference material IAEA-405. This provided
a semi-quantitative estimation of the Hg concentration levels in the
studied samples. It is worth noting that the total recoverable sample
digestion procedure and the above standard settings for ICP-MS mea-
surements are not suitable for fully quantification of Hg (section 1.6,
EPA 200.8 method).

2.3. Quality assurance

Methods were tested through the measurement of several analytical
replicates of the certified reference materials (CRM) IAEA-405 (es-
tuarine sediment, supplied by the Analytical Quality Control Services
from the International Atomic Energy Agency). Different data quality
tests were carried out during instrumental running using some re-
commendations provided by US-EPA 200.8 methodology, such as
analytical replicate samples, matrix matching and memory effects, as

Table 1
Method detection limits (MDL) for the studied elements and measurements of
the certified material IAEA-405.

Element m/z MDL TIAEA-405

Estuarine sediment

Measured Certified Recovery
mgkg™!  mgkg! %

Be 9 0.04 25 + 0.2 N.R.
B 11 0.40 10.1 = 0.5 N.R.
Al 27 45 50,000 = 7000 78,000 + 5000" 64 * 10
Ti 49 17 900 * 60° N.R.
v 51 6.5 50 £ 5 95 =+ 5 53 +7
Cr 52 2.0 56 = 2 84 + 4 67 = 4
Mn 55 0.5 520 + 50" 495 + 11 104 = 10
Fe 57 50 37,200 + 800" 37,400 + 700 99 + 4
Co 59 0.3 12.9 = 0.6 13.7 = 0.7 94 =7
Ni 60 0.3 27.9 = 1.0 325 = 1.4 8 = 5
Cu 65 0.4 37 £ 2 47.7 = 1.2 78 = 4
Zn 66 0.08 208 £ 6 279 = 14 75 £ 3
As 75 1.6 17.8 = 0.6 23.6 = 0.7 84 = 4
Se 82 1.5 < MDL 0.44 = 0.12
Sr 88 0.5 108 + 11 118 = 14° 92 + 16
Mo 98 0.11 0.49 + 0.03 N.R.
Ag 107 0.013 0.96 = 0.09 N.R.
cd 111  0.014 0.75 = 0.01 0.73 = 0.05 103 + 7
Sb 123 0.10 1.77 + 0.09 1.8 = 0.4 98 + 12
Cs 133 0.2 83 £ 0.2 12,5 = 2.1° 66 + 12
Ba 137 0.6 98 £ 6 N.R.
Hg 202 N.Q. 0.81 + 0.04
Tl 205 0.011 0.60 + 0.02 N.R.
Pb 208 0.09 72 £ 3 75 £ 4 96 = 6
Th 232 0.05 13.8 = 0.6 143 = 2.1° 96 + 15
U 238  0.007 1.93 = 0.08 3.0 = 1.2° 64 + 25

Microwave-assisted acid digestion method (see Methods' section).
Measured values are reported as the mean and standard deviation of the mean
(three analytical replicates), while certified values are provided with 95%
confidence interval. N.R.: not reported values; N.Q: not quantified. The m/z
ratio identifies the isotope used for quantification. Details on correction equa-
tions for isobaric and polyatomic interferences can be seen in Enamorado-Baez
et al. (2013).

@ Reference values.

> Extrapolate from the calibration curve.

100
Rosin-Rammler distributions for sediments

90 from the AnKobra Estuary
80

70
60
50
40

30

20

Cumulative proportion (%)

10

0 20 40 60 80 100 120
Particle size (um)

Fig. 3. Results (dots) from the granulometric analysis of samples AS1 to AS4
from the Ankobra estuary (see Fig. 2), given as cumulative proportion vs grain
size. Continuous lines are the corresponding fitted Rosin-Rammler distribu-
tions.



Table 2

Element concentration (mg~kg_1 unless specified otherwise) in the sediment samples (mean and SD) from the Volta (n = 17), Pra (n = 16) and Ankobra (n = 17)
estuaries, in Ghana; compared against the ERL and PEL values' and the reference levels.

Element m/z Volta Pra Ankobra ERL PEL Ref. level
Be 9 0.64 * 0.33 (b) 0.96 * 0.34 (a) 0.95 + 0.33 (a) 2.15¢
B 11 5.1 + 3.3 (a) 3.4 + 1.6 (b) 3.6 + 1.2 (b) 17%¢
Al¥ 27 4.2 + 2.8 (b) 8.4 + 4.0 (a) 8.1 * 3.4 (a) 11.3%%
Ti 49 370 + 120 (ab) 400 + 110 (a) 306 + 75 (b) 4400""
\% 51 39" (c) 94 + 34 (b) 154 + 53 (a) 116°%
Cr 52 36 + 16 (c) 85 + 32 (b) 123 + 46 (a) 81t” 160 130°R
Mn 55 1800 + 1500 (a) 245 + 100 (b) 261 + 71 (b) 1478°R
Fe' 57 2.9 + 1.3 (b) 4.2 * 1.1 (a) 41 * 1.3 (a) 7.58%
Co 59 7.7 + 4.3 (b) 15.5 * 3.6 (a) 13.6 * 3.6 (a) 234%
Ni 60 12.2 = 6.6 (b) 23.7 + 8.1 (a) 25.0 + 8.2 (a) 21 42.8 78R
Cu 65 6.4 + 4.3 (b) 23.1 + 7.1 (a) 23.8 + 7.9 (a) 34 108 534R
Zn 66 21 + 10 (b) 51 + 13 (a) 53 + 15 (a) 150 271 130°%
As 75 5.7 + 3.0 (c) 23.0 + 9.2 (b) 50 + 13 (a) 8.2t" % 41.6 4.85%¢
Se 82 < MDL < MDL < MDL 1.0 1.77 0.09%¢
Sr 88 240 * 150 (a) 45 + 22 (c) 120 + 40 (b) 187"R
Mo 98 0.29 * 0.26 (b) 0.59 * 0.33 (a) 0.67 * 0.19 (a) 2.98WR
Ag 107 0.03 + 0.02 (b) 0.10 + 0.03 (a) 0.12 + 0.02 (a) 0.053%¢
cd 111 0.06 * 0.12 (b) 0.09 * 0.02 (a) 0.07 * 0.02 (a) 1.2 4.21 0.09%¢
Sb 123 0.26 + 0.13 (c) 0.47 + 0.10 (b) 1.01 + 0.21 (a) 2.19"R
Cs 133 0.81 + 0.61(b) 2.64 + 0.96 (a) 2.47 + 0.94 (a) 6.25"}
Ba 137 38 = 33 (b) 80 + 36 (a) 100 + 39 (a) 4024%
Hg' 202 0.075 * 0.057 (c) 0.20 + 0.17 (b) 0.28 + 0.10 (a) 0.15t" 0.7 0.05 ¢
Tl 205 0.09 + 0.06 (b) 0.24 + 0.08 (a) 0.24 + 0.09 (a) 0.53"R
Pb 208 6.2 + 3.6 (b) 10.8 = 3.4 (a) 10.6 = 3.4 (a) 47 112 46°R
Th 232 4.5 = 2.0 (b) 6.8 + 1.5 (a) 59 + 1.7 (a) 154
u 238 1.06 + 0.53 (b) 1.50 + 0.37 (a) 1.04 + 0.32 (b) 2.84R

Classes a, b, ¢ (in brackets) according to the LSD test at the 95% confidence level, #t = value is for total of all chemical forms.
" From Macdonald et al. (1996) and adopted by US-EPA (1996); ERL value represents the lower 10th-percentile concentration associated with observation of

biological effects, and PEL is the probable effects level.
& For Arsenic IIL
# Chromium IIL.
 Mercury inorganic.

¥ Reference values for suspended sediments in African rivers (AR) or world rivers (WR), both from Viers et al. (2009), and in the Earth's crust (EC), from Rudnick

and Gao (2003).

§ Concentrations given in % and estimated from the count ratio with respect to the CRM IAEA-405.
I Semi-quantitative concentrations estimated from the spectra and scaled by the known concentration in the CRM IAEA-405.

* Only four values over the MDL.

well as analysis and laboratory reagent blank checking (Creed et al.,
1994).

Method detection limits were determined from reagent blanks by
using the US-EPA 200.8 definitions (Enamorado-Béaez et al., 2013).
Each reagent blank was prepared using the same experimental proce-
dure and reagents than the unknown samples. Results are shown in
Table 1, and they compare well with those reported in similar studies
involving acid-digestion of biological, soil and sediment samples
(Enamorado-Béez et al., 2013, 2014).

Table 1 also reports results of the analysis of three full analytical
replicates of the CRM IAEA-405, following the sample preparation de-
scribed above. The percentage of recovery (Table 1) ranged from 53%
(for V) to 104% (for Mn), with an average value of 83%. As expected,
the acid digestion of soils with US-EPA method 3051A provides a
pseudo-total recovery. It is worth noting that the adopted criterion for
this work pursuits measuring the acid-digested (leachable) fraction of
trace-elements in the bulk sediment, instead of getting a 100% of re-
covery (see Subsection 2.2). The reported uncertainties for recoveries
(Table 1) account for the propagated errors from the standard deviation
of the mean (of the three independent measurements) and the un-
certainties provided for the reference and/or informative values.

The relative standard deviation corresponding to the three main
runs of each measurement was typically under 2% for all the analytes.
Concerning reproducibility of analysis, the relative standard deviation
of the three analytical replicates of the CRM sample was 9 + 4% (mean
and standard deviation), while it was of 5 = 4% for the three dupli-
cated samples included within the main experiment.

In the reagent blanks, when treated as unknown samples with
subtraction of the calibration blank, none of the elements was found
over the method detection limits. Recovery of internal standards de-
creased monotonically throughout the experiment up to ~70% of their
initial values, being this usual for ICP-MS analysis (Enamorado-Baez
et al., 2013, 2014, 2015).

2.4. Granulometric analysis of sediments from the Ankobra estuary

In the present work, particle size distributions have been studied for
a set of samples distributed along the Ankobra estuary (Fig. 2). Oven-
dried samples were gently disaggregated using an agate mortar and
then passed through a sieving column with mesh sizes of 2500, 1000,
100, 80, 63, 52, 45, 32 and 25 um. The cumulative percentages at each
diameter level were fitted by a Rosin-Rammler particle-size distribution
(Vesilind, 1980) allowing for the estimation of mean and modal values.

2.5. Data treatment and statistical analysis

Statistical analysis was performed by using Statgraphics Centurion
XVLII software. After Kolmogorov-Smirnov normality tests, we per-
formed ANOVA and pos-hoc mean comparison by Least Significant
Difference (LSD) tests at 95% confidence level (CL) to assess differences
between estuaries, and multivariate analysis for computation of the
correlation matrices. Principal component analysis (PCA) was con-
ducted with the above software for provenance studies and elemental
associations. Measured concentrations corrected by digestion yields
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Fig. 4. Maps with the spatial distributions of concentrations of Mn, Sr and Cr in
the Volta estuary. Digital terrain elevations with 1 arc-second spatial resolution
have been taken from the Global Multi-resolution Terrain Elevation Data 2010
(GMTED2010) from the U.S. Geological Survey (USGS, https://lIta.cr.usgs.gov/
GMTED2010). Concentrations are proportional to the area of the circles, and
the used scale is indicated.

were compared against the ERL and PEL values compiled by NOAA
(2008). For those elements with mean values surpassing ERL, the fre-
quency distributions for their natural logarithms were computed with
Statgraphics and fitted to normal/lognormal distributions after Kol-
mogorov-Smirnov tests. This allowed for estimating continuous cumu-
lative probability distributions and then the probability of surpassing
the PEL values.

The geoaccumulation index (Ig,) and the enrichment factor (EF)
were calculated. I, is a quantitative measure used in the scientific
literature (Muller, 1969; Kumar and Edward, 2009; Magesh et al.,
2011) of the extent of contamination in aquatic sediments:

G
Teo = 1 1
g °g2(1‘5~B,,) o)

where C, is the concentration of the studied elements in the sediment
and B, is the corresponding value for their geochemical background.

The enrichment factor (EF) is an estimate of the anthropogenic in-
fluence on sediments which uses a normalization element, X (Loring
and Rantala, 1992):

_ CaXp

EF = ,
CrXa 2

where C, and C, are the examined metal content in the sample and the
background reference respectively, and X, and X}, are the content of the
normalization element in the sample and the background reference,
respectively. A review of useful normalization elements can be seen in
Loring and Rantala (1992).

The spatial distributions of some relevant elements have been
drawn using MATLAB software and the digital terrain elevations with 1
arc-second spatial resolution from the Global Multi-resolution Terrain
Elevation Data 2010 from the U.S. Geological Survey (USGS, https://
Ita.cr.usgs.gov/GMTED2010).

3. Results and discussion
3.1. Granulometric characterization of samples from the Ankobra estuary

The Rosin-Rammler particle size distributions for sediment samples
from the Ankobra estuary (Fig. 3) led to mean grain sizes of 77.6, 86.8,
91.4 and 78.0 um, with modal values of 70, 91, 96 and 76 um for se-
diment samples SA-1 to SA-4, respectively (see sampling sites in Fig. 2).
Discussion on the implications of granulometry will be readdressed in
Subsection 3.6.

3.2. Multielemental analyses

Results from the multielemental analyses of the surficial sediment
samples in the three studied estuaries are summarized in Table 2, along
with reference values for suspended sediments in African rivers, when
available, or in World rivers (data from Viers et al., 2009), as the best
available reference for comparison. When not reported in the previous
reference, values for the Earth's crust (Rudnick and Gao, 2003) were
provided. Table 2 also includes the ERL and PEL limits adopted by US-
EPA (1996), based on the studies by Macdonald et al. (1996).

In all the cases data surpassed the Kolmogorov-Smirnov normality
test, but for Cd in the Volta estuary (because a single influencing data).
For comparison of measured values in Table 2 (pseudo-total digestion)
against the reference ones and the ERL and PEL limits (ascribed to total
digestion), the digestion yields must be taken into account (those re-
ported in Table 1 can be used only as a gross estimate). It is worth
noting that the reference levels from suspended sediments in African or
World rivers will be used only as a first screening step to test the re-
liability of the Volta estuary as local reference site for the present study.
Then, the subsequent comparisons will involve these local reference
values and the same digestion procedure.

Overall, the measured concentrations were in the same order of
magnitude than the reference values from Table 2. Exception was Ti,
with measured concentrations being one order of magnitude below the
reference values. This can be explained, at least partially, by a very low
digestion yield in agreement with Enamorado-Béez et al. (2014) who
reported 30% recovery for a soil reference material using a similar di-
gestion method. Selenium was under the MDL in the three estuaries.

The following set of elements showed similar concentrations in the
Pra and Ankobra estuaries, but with significantly higher values than in
the Volta estuary (Table 2, LSD test): Be, Al, Fe, Co, Ni, Cu, Zn, Mo, Ag,
Cd, Cs, Ba, T1, Pb and Th (for Cd the transformation 1/X was applied in
the statistical analysis). The gradation Ankobra > Pra > Volta was
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Table 3

Reference levels (mgkg ~! unless specified otherwise) from the Volta estuary (n = 14), and estimated geoaccumulation indexes I, and enrichment factors (EF) for
the Pra (n = 16) and Ankobra (n = 17) estuaries, in Ghana. EF values are estimated for two normalization elements (Al and Fe). Values marked in bold indicate

distinguishable levels of contamination (see text).

Element Reference levels (Volta Estuary) Lgeo EF (AD EF (Fe)

Pra Ankobra Pra Ankobra Pra Ankobra
Be 0.54 = 0.06 0.2 (-1.0, 0.9) 0.1 (-25,0.8) 0.77 = 0.05 0.78 = 0.03 1.04 = 0.03 1.06 += 0.03
B 4.1 = 0.6 —1.0(—-2.4,0.3) -09(-1.7, —0.1) 0.41 = 0.07 0.51 = 0.13 0.50 = 0.05 0.58 = 0.06
Al 3.3+ 05 0.6 (—1.3,1.7) 0.4 (—-2.8,1.2) 1.43 = 0.11 1.40 = 0.07
Ti 342 + 29 -0.4(-1.5,0.2) -0.8(-1.9, -0.3) 0.54 = 0.04 0.51 = 0.10 0.72 = 0.05 0.61 = 0.05
A 18° 1.7 (0.3, 2.6) 2.7 (2.3, 3.0) 0.35 = 0.02 1.2 * 0.4 3.1 =02 7.6 = 1.2
Cr 31 £3 0.8 (—0.6, 1.6) 1.2(-1.3,1.9) 1.16 = 0.05 1.74 + 0.08 1.58 + 0.01 2.35 * 0.09
Mn 1180 + 160 —3.0(—-4.0, —2.0) -2.8(-3.8, —2.1) 0.09 + 0.01 0.13 + 0.03 0.13 = 0.01 0.16 = 0.02
Fe® 25 = 0.2 0.1 (—0.8,0.7) 0.0 (—2.3, 0.6) 0.77 = 0.07 0.77 = 0.07
Co 6.2 = 0.6 0.7 (—0.4,1.2) 0.4 (—1.5, 1.0) 1.15 = 0.10 1.07 = 0.11 1.51 + 0.06 1.38 = 0.04
Ni 10.0 = 1.1 0.6 (—0.8,1.3) 0.6 (—1.9,1.3) 1.03 = 0.05 1.14 + 0.06 1.39 + 0.05 1.53 + 0.03
Cu 50 = 0.8 1.6 (0.2, 2.1) 1.5(-1.2,22) 2.07 * 0.15 2.14 + 0.09 2.75 * 0.10 2.90 + 0.08
Zn 17.0 = 1.9 0.9 (0.0, 1.5 0.9 (-1.0, 1.5) 1.36 = 0.12 1.50 = 0.14 1.78 = 0.04 1.93 + 0.03
As 5.0 = 0.7 1.5(-0.1, 2.3) 2.6 (1.0, 3.1) 1.95 * 0.15 5.1 + 0.7 2.64 + 0.15 6.4 + 0.3
Sr 220 * 40 —-3.0(—4.0, -1.7) -1.5(-3.5 -0.9) 0.10 * 0.02 0.27 + 0.03 0.13 + 0.02 0.35 + 0.01
Mo 0.24 = 0.07 0.5(—0.9,1.8) 0.8 (-1.2,1.3) 1.11 = 0.14 1.34 = 0.13 1.43 = 0.14 1.73 = 0.03
Ag 0.023 + 0.004 1.5 (0.2, 2.1) 1.8 (0.16, 2.4) 2.01 = 0.14 4.3 + 2.1 2.69 + 0.11 41 + 1.1
Ccd 0.029 + 0.004° 1.0 (0.4, 1.7) 0.5(-2.0,1.1) 1.45 = 0.17 1.12 = 0.11 1.83 = 0.09 1.47 = 0.09
Sb 0.23 = 0.03 0.4 (—0.6, 0.8) 1.5 (0.7, 2.0) 0.99 + 0.11 2.7 * 0.6 1.25 += 0.07 3.1 + 04
Cs 0.61 = 0.11 1.4 (0.1, 2.1) 1.2 (-1.9, 2.0) 1.87 = 0.11 1.72 = 0.03 2.51 * 0.09 2.38 = 0.11
Ba 30 = 4 0.6 (—1.2,1.7) 0.9 (-2.3,1.8) 1.08 + 0.05 1.41 + 0.02 1.53 + 0.12 1.95 + 0.09
Tl 0.07 = 0.01 1.0 (0.0, 1.7) 09(-18,1.7) 1.41 = 0.10 1.40 = 0.04 1.88 += 0.05 1.92 += 0.07
Pb 51 = 0.7 0.4 (-0.7, 1.0) 0.3 (-2.0, 1.0) 0.94 = 0.07 0.97 = 0.06 1.26 = 0.04 1.29 * 0.02
Th 4.0 = 05 0.1 (—0.6, 0.6) -0.1(-2.0,0.4) 0.83 = 0.13 0.71 = 0.07 1.04 = 0.06 0.91 = 0.01
8] 09 = 0.1 0.1 (—-0.5,0.8) —-0.5(-2.8,0.1) 0.86 = 0.17 0.53 + 0.03 1.03 = 0.09 0.71 = 0.01

Reference levels are mean values and the standard deviation of the mean (data from Volta estuary after excluding sites 5, 8 and 9 in Fig. 2).

For I, values are provided as the arithmetic mean and the range.

For EF, values are provided as the mean and the standard deviation of the mean.

@ Concentrations given in %.
> Only two values over the MDL.
¢ Excluding data from sampling site number 10 (Fig. 2).

found for V, Cr, As, Sb, and Hg, from which As and Hg are the elements
typically associated to the major gold mining impacts (Fashola et al.,
2016). The concentrations of B, Mn and Sr were higher in the Volta
estuary while similar in the Pra and Ankobra. In the case of Mn, its
mean concentration in the Volta was seven times higher than those for
the other estuaries. The concentrations of U (and Ti) were significantly
higher in the Pra than in the other two estuaries.

3.3. The Volta estuary as a local reference site

The geoaccumulation index has been estimated for all the elements
fully quantified in the Volta estuary by using the reference levels pro-
vided in Table 2 and, as a first estimate, correcting the measured
pseudo-total concentrations by the digestions yields provided in
Table 1. I, was negative in all the cases, indicating the absence of
contamination, by except Mn, Sr, and Cd.

The reference value used for Mn (1478 mg-kg ') is higher than that
for the Earth's crust (720 mgkg ~!). For Mn, L., took negative values in
all the sampling sites but at the sampling stations 5, 8 and 9 (see Fig. 2),
with values of 1.47, 0.70 and 0.68, respectively. The spatial distribution
of Mn concentrations in sediments from the Volta estuary (Fig. 4) is
compatible with the presence of local sources of contamination. Ali-
quots of the bulk samples used in this study were preserved for control
purposes. In sample number 5, near the Ada-Foah urban area, we found
an oxidized metallic piece of about 1.5 cm size. Thus, the urban wastes
may impact this area, which showed the highest concentrations for Be,
B, al, Ti, Cr, Mn, Fe, Co, Ni, Cu, Zn, Ag, Cs, Ba, T1, Pb and U. Sampling
sites 7 and 8 were near the effluent draining out from the major es-
tuarine island, with agriculture lands, and they may be enriched in Mn.
For Cd, despite the low reference level (Table 2), I,., was positive (0.1)
only for the sampling site number 10, around the outlet of a small water

stream. Thus, no significant contamination can be concluded for Cd.

For Sr, I, was positive in seven cases, with the highest value (0.93)
found at site n. 9 (Fig. 2) what, according to the interpretation of I,
corresponds to uncontaminated to moderately contaminated sediments.
The screening reference level used for Sr (Table 2) is usual for sus-
pended river sediments (Viers et al., 2009), but smaller than its mean
concentration in the Earth's crust (320 mgkg ~'). Fig. 4 also plots the
map with the spatial distribution of concentrations for Sr and Cr in the
Volta estuary. Chromium, with a mean value of —2.1 for I, is used for
the sake of comparison with a non-enriched element. Despite the great
spatial variability, no particular contamination patterns can be inferred.

Table 3 reports the mean values (and the standard deviation of the
mean) for the measured concentrations of the studied elements in the
Volta Estuary, after excluding sampling sites 5, 8 and 9, where possible
anthropogenic impacts are supposed to occur as mentioned above. They
depict a relatively pristine scenario, with overall concentrations lower
than those reported for suspended sediments in African and World
rivers, but for As, Mn and Sr, which showed similar or slightly higher
values. This can be considered as the characteristic lithological finger-
print of the Volta estuary, whose upper and medium basin is dominated
by sandstones, mudstones, slates, carbonates and mafic rocks (Petersson
et al., 2018). Thus, concentrations reported in Table 3 reasonably meet
the conditions by Loring and Rantala (1992) for serving as reference
levels for the study of the Ankobra and Pra estuaries.

3.4. Enrichment factors and geoaccumulation indexes

Geoaccumulation index and enrichment factors have been estimated
at each sampling point using as background the reference levels for the
Volta estuary. Results are reported in Table 3. The mean value of I,
was > 2 (moderated to heavily contaminated) only for As in the
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Fig. 5. Cumulative probability distributions for the natural logarithm of the
concentrations of As, Ni and Cr in the set of samples from the Volta, Pra and
Ankobra estuaries. Continuous lines are the fitted normal distributions (which
showed the best performance after a Kolmogorov-Smirnov test). Their re-
spective ERL and PEL values (Table 2), corrected by the digestion yields re-
ported in Table 1, are also depicted for the sake of comparison.

Ankobra estuary. Moderate contamination levels (1 < I, < 2) were
found for Ag, Cu, Sb, Cr and Cs in the Ankobra estuary, and for As, Cu,
Ag, and Cs in the Pra estuary. Results for V cannot be considered as
confident enough, since its reference level in the Volta was determined
only from two measurements above the MDL.

The role of Al as a normalization element is that of a chemical tracer
of Al-silicates, particularly the clay minerals (Loring and Rantala,
1992), which in this study (with pseudo-total digestions) limits to their
method-extractable fraction. This normalization discards spurious

enrichments merely due to an increase in the proportion of Al-silicates.
When using Al for normalization (Eq. (2)), only the following elements
reached an EF over 2 (moderate enrichment): As, Ag, Sb and Cu in the
Ankobra estuary; and Cu, and Ag, in the Pra estuary, where EF for As
was around 2.

Iron serves a chemical tracer for Fe-rich clay minerals (Loring and
Rantala, 1992). Its use as normalization element led to EF values
(Table 3) over 2 for As, Ag, Sb, Cu, Cs and Cr in the Ankobra estuary,
and the same in the Pra, but for Sb and Cr. It is worth noting that,
although poorly confident as above commented, the high EF(Fe) for V
in both estuaries seems to be related to a higher proportion of Al-sili-
cates, as inferred from the low EF(Al) value. The same is true, to some
extent, for Cs and Cr. Only three elements fulfilled all the criteria for
moderate to significant enrichment in both estuaries: As, Ag and Cu.
Contamination levels were higher in the Ankobra estuary, where Sb
also met the above criteria. According to the EF interpretation, these
elements cannot be associated to the same class of Fe-rich minerals
existing in the Volta estuary, which is compatible with their association
to mining tailing particles, such as arsenopyrite (for the case of As).
Discussion will be readdressed after statistical analysis.

3.5. ERL and PEL limits

These screening values account for the biological effects of some
elements on reference biotic communities. Bu the values of Table 2 are
not site specific, thus their use only provides a preliminary evaluation
of potential hazards which merit a more detailed study. The ERL value
for Cr, Ni, As and Hg was surpassed by the mean concentrations found
in both the Pra and Ankobra estuaries. The PEL value was surpassed
only by Cr and As in the Ankobra estuary (Table 2). For Cr, Ni, and As,
with fully quantitative determinations, the natural logarithm of their
concentrations showed distributions compatible with normal ones
(after a Kolmogorov-Smirnov test), and their respective cumulative
probability distributions are shown in Fig. 5 with the corresponding
fitted curves. The ERL and PEL values, corrected by the digestion yields
reported in Table 1 (as a first estimate) are also depicted for the sake of
comparison. In the Ankobra estuary, the probability of surpassing the
PEL value for As was of 77%, while this probability was only of 13%
and 0% for the Pra and Volta estuaries, respectively, as deduced from
Fig. 5. For Ni, the probability of exceeding the PEL value was of 27%,
10% and 1% for the Ankobra, Pra and Volta estuaries, respectively.
Finally, for Cr, the probability of exceeding the PEL value was of 50%,
23% and 0% for the Ankobra, Pra and Volta estuaries, respectively.

Attending to the potential biological effects (estimated through the
indexes ERL and PEL), As seems to pose the major concern, particularly
in the Ankobra estuary. Nevertheless, the quantification of its potential
effects to the environment and human health is not straightforward due
to its co-occurrence with other harmful elements (Sobrino-Figueroa
et al., 2015). An important exposure pathway can be the bioaccumu-
lation of As in fish and invertebrates (Meador et al., 2004). The
bioaccumulation factors may be particularly high for some species of
bivalves, such as the soft-shell clams (Doe et al., 2017).

3.6. Spatial distribution maps

Maps with the spatial distribution of I, (related to concentrations
by Eq. (1)) have been depicted for As (Fig. 6) and Ag (Fig. 7) in the Pra
and Ankobra estuaries. High concentrations are found at most of the
sampling sites. This seems consistent with non-localized sources for
these elements. The lack of industrial activities in the rural south-
western region of Ghana drained by the Pra and Ankobra rivers makes
small-scale gold mining the most likely source of As enrichment in the
studied estuarine sediments (Donkor et al., 2005).

It is worth noting that in the Ankobra estuary, coarser sediments
were found along the sand ramp, between the river mouth and the
freshwater limit (see site description and Fig. 3). However, this did not
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Fig. 6. Spatial distribution of I, (related to concentrations and with reference levels from Table 3) for As in the Pra and Ankobra estuaries (background image taken

from Google Earth).

result in lower values for As concentrations (Fig. 6), as it could be ex-
pected if the dominant process was its uptake from the water column by
the settling particulate matter (Abril, 1998; Barros et al., 2004). This
suggests that As accumulation was likely dominated by the settling of
suspended particles with provenance in the mining tailings. As the bulk
As concentrations are one order of magnitude lower that those reported
in gold mining tailings from Obuasi, Ghana (range 452 to
1572 mgkg ~ !, after Bempah et al., 2013), the above mass flow, with a
high As content, must be mixed with other terrigenous mass flows
bearing lower concentrations of As. Thus, zones with higher As con-
centration should reveal where the highest amount of sediments from
mining tailings were accumulated and consequently the zones in each
estuary which were more impacted by mining activity.

Since gold mining activities in Ghana take place primarily in the
river banks and flood plains, during the raining season high amounts of
particles eroded from soils and mine tailings are expected to be carried
into waterways by runoffs. Thus, the levels of all examined trace metals
in sediments from the Pra River increased from the dry to the rainy

season (Donkor et al., 2005). The high turbidity of waters in the Pra and
Ankobra rivers (as it can be seen in available aerial photographs) would
be likely associated to these inputs of matter. This would result in high
sediment accumulation rates (SAR), as shown by Klubi et al. (2017).

3.7. Correlation and PCA analysis

Table 4 shows the Pearson correlation coefficient matrixes based in
complete-linkage for elements in the sediments from the Volta
(Table 4a), Pra (Table 4b) and Ankobra (Table 4c) estuaries, respec-
tively. They exclude Se (under MDL) and Hg (semi-quantitative de-
termination).

In the Volta estuary, elements were correlated at a 95% CL or
higher, by except Cd (with all the elements) and few cases of (Sr, Mn),
(Sr, Cu), (Be, Ba), (Be, Th), (As, Th), and (As, U). In the Pra estuary,
most of the elements were also highly correlated among them
(Table 4b); here the elements with a differential pattern were Sr (un-
correlated with all the others), B and U (uncorrelated with 14 and 8
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elements, respectively). In the Ankobra estuary, the elements with a
distinct behaviour were Ag, Mn and Sb. The above correlations must be
understood in the frame of the used acid-digestion method. They are
consistent with the studies by Donkor et al. (2005), who reported strong
(r > 0.81) and significant (p < 0.01) correlations between Al and Fe,
Cu, Ni, V, Cr, and Zn in sediments from the Pra River during the dry
season. These authors also found a lack of relationship between the
organic matter content and all the analysed metals; thus, these metals
must be mostly associated with the inorganic fraction of sediments.

Arsenic provenance is most likely associated with the gold mining
tailings where this element is present as arsenopyrite, realgar and or-
piment (Fashola et al., 2016). Sulphur has not been analysed in this
work, but special mention merits the coexistence of As and Fe in ar-
senopyrites. Thus, the high Fe concentrations found in sediments from
Ankobra and Pra estuaries with respect to the Volta (Table 2) are also
likely related to the gold mining impacts.

Slopes from the linear regressions can provide additional insights.
Limiting the discussion to the set of contaminants identified by I,., and

EF, for Ankobra and Pra the slopes of As, Cu and Ag vs Fe concentra-
tions were significantly higher than those for the Volta reference es-
tuary (Fig. 8). The same is true for Cr (not shown). This indicates a
different nature for the associations of these elements with Fe, in
agreement with the EF(Al) and EF(Fe) analysis and with the hypothesis
of a direct contribution of particles from the gold mining tailings to the
Ankobra and Pra sediments, particularly arsenopyrites. In the case of
Ag, its presence in the gold mining tailings in Ghana has not been
previously reported. Its known mineral forms are not associated to Fe,
but mostly to S, Cl and As. Thus, the Ag correlation with Fe would
indicate the common fate of tailing particles with a composite miner-
alogy.

A more comprehensive view of the provenance of trace elements
could be achieved through PCA analysis (Zitko, 1994). The study
comprised the 50 sediment samples and the 23 trace elements fully
quantified in all the samples over their respective MDLs. The eigenva-
lues and percentage of variance (in parentheses) for the first three
components were 14.96 (65.0%), 3.47 (15.1%) and 1.34 (5.8%),
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Fig. 8. Linear fits for As, Cu and Ag vs Fe concentrations in the Ankobra, Pra
and Volta estuaries. The slopes for As and Cu were similar for Ankobra and Pra
while higher than in the Volta at 95% confidence level. The gradation
Pra > Ankobra > Volta applies for the slopes of Ag vs Fe.

respectively. The expressions for the two first components are:

F1 = 0.2467°Be + 0.0712°B + 0.2446°Al + 0.1154+Ti
0.2402+Cr — 0.0367-Mn + 0.2440+Fe + 0.2424-Co + 0.2570-Ni
0.2501<Cu + 0.2525Zn + 0.1979+As — 0.0323+Sr + 0.2119-Mo
0.2189:Ag + 0.0345:Cd + 0.1654-Sb + 0.2534+Cs + 0.2430-Ba
0.2563°T1 + 0.2526+Pb + 0.2181:Th + 0.1714-U,

F2 = —0.1396°'Be — 0.4534-B — 0.0867°Al — 0.3600-Ti +
0.1187+Cr — 0.4587°Min — 0.1525+Fe0.0279:Co — 0.0124+Ni +
0.1185+Cu + 0.0729*Zn + 0.2485+As — 0.3765+Sr + 0.0224-Mo +
0.1636°Ag + 0.0309-Cd + 0.2405:Sb + 0.0442:Cs + 0.0352+Ba

+0.0188+T1 — 0.0824*Pb — 0.0969:Th — 0.2460-U,

where symbols for elements represent the standardized values for
their respective concentrations.

Component F1 is characterized by a high positive contribution of
most of the elements, particularly the group Fe, Co and Ni and Al. The
elements As, Ag, Cd and Sb have similar coefficients for F1 and F2.
Finally, F2 is characterized by a large negative contribution of Mn and
Sr (which seem to represent the particular lithological fingerprint of the
Volta estuary, as discussed in Subsection 3.3).

Fig. 9 plots the coordinates of each sediment sample in the (F1, F2)
space. There are two well distinct clusters, the first one comprised by
samples from the Volta and the second by samples of both Pra and
Ankobra estuaries, showing these latest a slightly higher contribution
from component F2. Sediments from the Volta tend to occupy the area
of negative values for axis F2, which can be consistently explained by
their higher Mn concentrations (Table 2). Thus, the lowest F2 co-
ordinate corresponds to sampling point 5 in the Volta. This cluster also
shows negative values for F1 coordinates.

When applying PCA analysis separately to each estuary, the com-
ponent F1 is encountered in all the cases with only slight variations in
the coefficients (with exception of positive coefficients for Mn and Sr in
the Volta estuary, and for Sr in Ankobra). This principal component can
be related to the bulk of the samples which share a similar elemental
composition. Distinct fingerprints can be found in the second principal
component. Thus, the second component in the Volta explains 6.4% of
the variance and it is characterized by high positive contributions of As
and Sr (both being correlated with r = 0.935; see Table 4a), and a third
component, with 4.6% of the variance is mainly contributed by Mn and
Cd. In the Ankobra estuary, the second principal component explains
9.7% of the variance and it is positively contributed by Mn, As, Ti, Cd,
Sb and Co, with relatively high but negative coefficients for B and Ag. In
the Pra estuary, the second principal component explains 13.8% of the
variance with relatively high positive contributions from Ti, Mn, Co, Ba
and Al, and negative of B and Mo. Consequently, the PCA results may be
reflecting only the occurrence of different lithologies among the three
studied areas.

All the above features are consistent with moderate impacts in the
Ankobra and Pra estuaries due to gold mining activities and being as-
sociated to the transport and sedimentation of mining-tailing particles
rather than to leaching processes from tailings dams. In these estuaries,
a composite mass-flow feeds sediment accretion and it can explain the
main features of the observed spatial distributions of As. This element
is, from the set of fully-quantified analytes in this study, that of major
concern, as shown in Fig. 5.

4. Conclusions

The mean concentrations of most of the studied trace elements were
higher in the two gold-mining impacted estuaries (Pra and Ankobra)
than in the Volta.

The application of I, with reference levels from literature served
for stablishing as suitable local reference the concentrations measured
in the Volta estuary, unaffected by gold mining activities.

These reference levels served to estimate Iy, EF(Al) and EF(Fe) for
all the studied elements in the Pra and Ankobra estuaries, which re-
vealed moderate to significant enrichments in As, Ag and Cu.

In the Ankobra Estuary the probability of surpassing PEL was 77%
for As, 50% for Cr and 27% for Ni; these values were of 13%, 23% and
10% for the Pra Estuary, and below 1% for the Volta.

Spatial maps of I, for As and Ag (related to their concentrations)
suggested non-localized sources of contamination in the Pra and
Ankobra estuaries. The lack of effect of particle sizes in the distribution
of As concentrations in the Ankobra estuary suggests that they are as-
sociated to the transport and sedimentation of mining-tailing particles
rather than to leaching processes from tailings dams.

Results from I, and EF reveal a moderate to significant impact of
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Fig. 9. Principal component analysis for the 50 studied sediment samples.
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component (see text). Samples from the three estuaries appear grouped into two
distinct clusters.

gold-mining activity on As, Ag and Cu enrichment in two representative
estuaries of West Africa and pose potential future implications on
aquatic ecosystems and human health.
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