WATER RESEARCH XXX (2013) 1—18

journal homepage: www.elsevier.com/locate/watres

Available online at www.sciencedirect.com W
\ RESEARCH

SciVerse ScienceDirect

Mobilization of arsenic and other naturally
occurring contaminants in groundwater of the
Main Ethiopian Rift aquifers

Tewodros Rango **, Auner Vengosh®, Gary Dwyer %, Gianluca Bianchini®

@ Division of Earth and Ocean Sciences, Box 90227, Nicholas School of the Environment, Duke University, Durham,

NC 27708, United States

® Department of Physics and Earth Sciences, University of Ferrara, Via Saragat 1, 44100 Ferrara, Italy

ARTICLE INFO

Article history:

Received 15 January 2013
Received in revised form
20 June 2013

Accepted 1 July 2013
Available online xxx

Keywords:

Arsenic (and oxyanion-forming
elements)

Oxidizing aquifer

Fe-oxides and -oxyhydroxides
Adsorption/desorption

pH

Main Ethiopian Rift

* Corresponding author.

ABSTRACT

This study investigates the mechanisms of arsenic (As) and other naturally occurring
contaminants (F~, U, V, B, and Mo) mobilization from Quaternary sedimentary aquifers of
the Main Ethiopian Rift (MER) and their enrichment in the local groundwater. The study is
based on systematic measurements of major and trace elements as well as stable oxygen
and hydrogen isotopes in groundwater, coupled with geochemical and mineralogical an-
alyses of the aquifer rocks. The Rift Valley aquifer is composed of rhyolitic volcanics and
Quaternary lacustrine sediments. X-ray fluorescence (XRF) results revealed that MER rhy-
olites (ash, tuff, pumice and ignimbrite) and sediments contain on average 72 wt. % and
65 wt. % SiO,, respectively. Petrographic studies of the rhyolites indicate predominance of
volcanic glass, sanidine, pyroxene, Fe-oxides and plagioclase. The As content in the
lacustrine sediments (mean = 6.6 mg/kg) was higher than that of the rhyolites (mean:
2.5 mg/kg). The lacustrine aquifers of the Ziway-Shala basin in the northern part of MER
were identified as high As risk zones, where mean As concentration in groundwater was
22.4 + 33.5 (range of 0.60—190 ng/L) and 54% of samples had As above the WHO drinking
water guideline value of 10 ug/L. Field As speciation measurements showed that most of
the groundwater samples contain predominantly (~80%) arsenate-As(V) over arsenite-
As(Ill) species. The As speciation together with field data of redox potential (mean
Eh = +73 + 65 mV) and dissolved-O, (6.6 + 2.2 mg/L) suggest that the aquifer is predomi-
nantly oxidative. Water-rock interactions, including the dissolution of volcanic glass pro-
duces groundwater with near-neutral to alkaline pH (range 6.9—8.9), predominance of Na
—HCOs ions, and high concentration of SiO, (mean: 85.8 + 11.3 mg/L). The groundwater
data show high positive correlation of As with Na, HCOs, U, B, V, and Mo (R2 > 0.5;
p < 0.001). Chemical modeling of the groundwater indicates that Fe-oxides and oxy-
hydroxides minerals were saturated in the groundwater, suggesting that the As reactivity
is controlled by adsorption/desorption processes with these minerals. The data show that
As and other oxyanion-forming elements such as U, B, Mo, and V had typically higher
concentrations at pH > ~8, reflecting the pH-dependence of their mobilization. Based on
the geochemical and stable isotope variations we have established a conceptual model for
the occurrence of naturally occurring contaminants in MER groundwater: 1) regional
groundwater recharge from the Highland, along the Rift margins, followed by lateral flow
and water—rock interactions with the aquifer rocks resulted in a gradual increase of the
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salinity and naturally occurring contaminants towards the center of the valley; and (2) local
3'80-rich lake water recharge into adjacent shallow aquifers, followed by additional
mobilization of As and other oxyanion-forming elements from the aquifer rocks. We posit

that the combined physical-chemical conditions of the aquifers such as oxidizing state, Na
—HCO; composition, and pH>~8 lead to enhanced mobilization of oxyanion-forming el-
ements from Fe-oxides and consequently contamination of local groundwater. These
geochemical conditions characterize groundwater resources along the Eastern African Rift
and thus constitute a potential threat to the quality of groundwater in larger areas of

Eastern Africa.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Elevated concentrations of arsenic (As) in groundwater have
been reported in a wide range of geological environments
(Smedley and Kinniburgh, 2002). This is important because
consumption of high-As waters is known to have detrimental
effects on human health (WHO, 2001; Chakraborti et al., 2002;
Cheng et al., 2010; Yonus et al., 2011). Previous studies con-
ducted in the USA (Robertson, 1989; Welch and Lico, 1998;
Welch et al., 2000), China (Lianfang and Jianzhong, 1994; Guo
et al., 2007), Chile (Borgono et al.,, 1977; Sancha and O’Ryan,
2008), Taiwan (Liu et al., 2006; Nath et al., 2008a,b, 2011; Reza
etal., 2012; Lu et al., 2011; Li et al., 2011), West Bengal in India,
and Bangladesh (Das et al., 1994; Mukherjee and Bhattacharya,
2001; Bhattacharya et al., 2002; Reza et al., 2010; Kar et al., 2010,
2011) have identified toxic levels of As in groundwater.
Dissolved As in groundwater can occur as either the
reduced non-charged arsenite (As (III)) in the form of H3AsOs
species at pH below 9.2, or oxidized arsenate (e.g., HyAsO,
below pH ~ 8.2) (Smedley and Kinniburgh, 2002). Numerous
studies have shown that As in reduced environments tends to
be mobilized into the liquid phase due to the predominance of
non-charged arsenite (As (IlI)) (Smedley and Kinniburgh,
2002). The most common process that explains this mobili-
zation is the reductive dissolution of iron and oxides/hy-
droxide minerals and subsequent release of As into the
groundwater, which occurs under anaerobic conditions
(Bhattacharya et al., 1997; Nickson et al., 2000; Dowling et al.,
2002; Zheng et al., 2004; Mukherjee et al., 2008). Yet high As
has also been found in oxidizing aquifers, such as the Caco-
Pampean plain and loess aquifers in Argentina (Nicolli et al.,
1989, 2010; Bundschuh et al.,, 2004; Gomez et al.,, 2009),
northwestern and central Texas and the northern high plains
of the USA (Nativ and Smith, 1987; Gosselin et al., 2006;
Scanlon et al., 2009), and in the Taiyuan basin of northern
China (Guo et al., 2007). In some of these oxidizing aquifers,
other contaminants in the form of oxyanions such as V, B and
Mo were also associated with elevated levels of As. One of the
common geochemical features of these aquifers is the
sodium-bicarbonate composition of the As-rich groundwater.
This study is focused in studying the mechanisms of As
and other oxyanions mobilization from oxidizing aquifers in
the Main Ethiopian Rift (MER). The MER is part of the East
African Rift Valley system, and is characterized by extensive
volcanic and tectonic activities that have led to formation of
volcanic rocks and their weathered products, partially

remobilized and redeposited as fluvio-lacustrine sediments
(WoldeGabriel et al., 1990; Peccerillo et al., 2007).

Over 10 million inhabitants in the region depend primarily
on groundwater for drinking and domestic purposes (Tekle-
Haimanot et al., 1987; Kloos and Tekle-Haimanot, 1999). Yet
elevated F~ (Gizaw, 1996; Chernet et al., 2001; Rango et al,,
2009) and As levels (Rango et al., 2010a, 2012) pose direct
health risks to the local population (Reimann et al., 2003;
Rango et al.,, 2012). The presence of naturally-occurring con-
taminants in the MER groundwater seems to directly link to
geochemical processes that control the groundwater chem-
istry, in particular the interaction between the low saline
groundwater that is discharged from the Rift escarpments
with the aquifers rocks and sediments in the Rift valley floor.

The key geochemical process in MER that controls the
groundwater chemistry is the silicate hydrolysis of the rhyo-
litic rocks that was initiated by high mantle CO, gas flux
(Darling et al., 1996). The silicate hydrolysis generates dis-
solved sodium and bicarbonate together with solid weathering
products (e.g., clay minerals and oxides) that enhance base-
—exchange reactions for removal of Ca?" and Mg?" and further
release of Na™. The end product is saline groundwater pre-
dominantly composed of a sodium-bicarbonate hydro-
chemical facies (Gizaw, 1996). In order to better understand the
implications of the mentioned geochemical processes for
water quality in the MER, this study carried out systematic
analyses of field parameters (pH, temperature, electrical con-
ductivity, redox potential) and sampling of various water
sources from different parts of the MER, including ground-
water, lakes, cold springs and geothermal springs (Fig. 1). Major
and trace elements, As species distribution, and stable isotope
composition were measured. In addition, this study evaluated
the chemical and mineralogical compositions of the MER
aquifer rocks (Quaternary lake sediments and volcanic rocks).
We hypothesize that mobilization of trace elements such as As
and B from the aquifer rocks is controlled by the chemical
conditions of the groundwater. We use the water geochemistry
combined with the stable isotopes of oxygen and hydrogen as
proxies for evaluating the sources of the aquifer recharge water
and to constrain the water—rock interactions (Clark and Fritz,
1997). Overall, we posit that understanding the geochemistry
of As and other toxic elements and the mechanisms of their
release into groundwater is important for deriving effective
strategies for remediation of and/or minimizing exposures to
contaminated aquifers. Furthermore, the findings from this
study could have implications for neighboring regions in the
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Fig. 1 — Distribution and identification of water sampling sites in this study according to type (groundwater, hot and cold
springs, and lakes) and range of As levels. Groundwater concentrations are color-coded. Note that the yellow polygons
represent zones with high As and black dots indicate wells with both high As and high fluoride (As > 10 pg/Land F > 1.5mg/L).

East African Rift, showing analogous elevated levels of natu-
rally occurring contaminants.

2. Materials and methods
2.1. Study area, geology and hydrogeology

The MER is characterized by a chain of lakes (Ziway—
Langano—Abijata—Shala—Awasa-Abaya-Chamo) that lie at an
average altitude of 1600 m above sea level (m.a.s.l). Within this
region, the specific study area comprises two large basins, the
Ziway-Shala and Abaya-Chamo basins, and a small catch-
ment (Awasa) located in the central sector of the MER valley.
These lakes receive surface inflow from rivers and springs
that drain the western and eastern highlands (elevation above
2500 m.a.s.l. on average) bordering the MER.

The climate is humid to sub-humid in the highlands and
escarpments and semi-arid to arid in the Rift valley, with
aridity increasing towards the south. Mean annual rainfall in
the highlands ranges from about 800 mm to over 2400 mm,
while the Rift valley has rainfall varying from 300 mm to
800 mm (Ethiopian Mapping Authority, 1988). The mean
annual temperature in the highlands is less than 15 °C and
evaporation less than 1000 mm; on the Rift floor, mean tem-
perature exceeds 20 °C and evaporation is more than 2500 mm
(Le Turdu et al.,, 1999). Rainfall in the Rift primarily occurs in
June to September, with additional modest rains in the period
from March to May. During the long, dry period between
October and February, surface water availability is low.

The surface geology of the Rift Valley region consists of
volcanic deposits and sediments (Benvenuti et al., 2002). Most of
the Rift floor is covered by silicic pyroclastic materials mainly
consisting of rhyolitic ignimbrites, interlayered with basalts
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and tuffs and associated with layered and unwelded pumices
(Di Paola, 1972; Peccerillo et al., 2007). Lake Ziway plain, west of
Lake Ziway is covered by lacustrine deposits of heterogeneous
grain-size, including silt, clay, sand, and subordinate gravels.
Due to the past influence of Rift’s volcanic activity, the sedi-
ments contain a significant component of rhyolitic volcanic
ash. The adjacent highlands, consists of basaltic lava flows,
with inter-bedded ignimbritic horizons, overlaid by massive
rhyolites, tuffs and basalts (Di Paola, 1972; WoldeGabriel et al.,
1990). The topography slopes gently downward from the high-
lands towards Lake Ziway, where the volcanic products are
covered by lacustrine sediments. Generally, the aquifers of the
study area are represented by fractured volcanic rocks and ash-
rich sediments. The presence of volcanic ash locally generates
confined and semi-confined, with common depth to water table
ranging from 20 to 80 m (Ayenew et al., 2008).

The Rift floor represents the regional discharge area,
including perennial rivers, lakes and springs which outpour
from tectonic structures of the escarpment (Ayenew et al., 2007).
The floor of the Rift is also the site of geothermal circulation, and
high temperature thermal springs emerge from the volcanic
centres and active faults. Therefore, regional groundwater flow
follows the topographic gradient from the highlands to the Rift
floor across well-defined marginal faults forming escarpments
and fractures in the Rift floor dotted by volcanic cones.
Groundwater flow is controlled by a series of normal faults
mainly oriented along the NE—SW Rift axis. Direct groundwater
recharge takes place through fracture zones and then flow
through alluvial/lacustrine deposits in river valleys. However,
some of these faults locally act as groundwater barriers and
form a series of swamps and seepage zones (Ayenew etal., 2008).

The groundwater chemistry of the region has been
explored in detail in previous research (Darling et al., 1996;
Gizaw, 1996; Ayenew, 1998; Chernet et al., 2001; Rango et al.,
2009, 2010a; Bretzler et al., 2011; Furi et al., 2011). Two major
hydrochemical facies have been identified: (1) low TDS;
Ca?"(Mg?")—HCO; water type that characterizes cold springs
originating primarily from the basaltic highland outside the
Rift; and (2) high TDS; Na*—HCO; water type that character-
izes groundwater and geothermal waters emerging from the
floor of the Rift. Most groundwater that originates from
basaltic dominated aquifers outside the Rift is characterized
by low salinity (generally EC < 400 uS/cm) with Ca>" and Mg”"
as the dominant cation species. Groundwater from aquifers
along the Rift escarpment as well as rapidly-recharged aqui-
fers within the Rift floor maintain this Ca®"(Mg?")—HCO;
signature (Ayenew, 1998; Bretzler et al.,, 2011), and is also
characterized by low levels of toxic elements such as F~ and
As. In contrast, groundwater from the Rift floor is character-
ized by high-salinity and elevated concentrations of F~ and
trace elements such as As and U (Reimann et al., 2003; Rango
et al., 2012). Rango et al. (2012) has documented that 48 of the
50 (96%) wells in Ziway-Shala basin is characterized by F~
concentrations exceeding the guideline value of 1.5 mg/L for
drinking water recommended by the World Health Organiza-
tion (WHO). It was also shown that a large fraction of wells in
the basin have concentrations of As (27 wells, 54%), U (11
wells, 22%), B (10 wells, 20%), and Mo (4 wells, 8%) exceeding
the WHO drinking water guideline values of 10, 15, 500, and
70 ng/L, respectively.

Most of the previous research on groundwater in the MER
has been focused on the geochemical evolution of sodium-
bicarbonate groundwater and the processes that control F~
occurrence (Yirgu et al., 1999; Gizaw, 1996; Rango et al., 2009). It
has been shown that the F~ content in groundwater is posi-
tively correlated with salinity, Na*, and HCOj3, and inversely
correlated with Ca®" concentrations. Furthermore, solubility
measurements indicate that low Ca*" concentrations in the
water limit the precipitation of F~ in the form of calcium
fluoride (CaF,); F~ therefore mobilizes readily and becomes a
stable soluble species in Ca®*-depleted groundwater.

2.2. Water sampling and analytical methods

Water samples were collected from 134 sources of various
types over the course of two years (2010 and 2011) (94
groundwater wells, 8 cold springs, 21 geothermal springs, and
11lakes; Fig. 1). The groundwater samples were collected from
active pumping wells that were primarily used for drinking
water. Water was allowed to flow for a few minutes from wells
prior to sampling; samples from springs were collected at the
mouth of the source, and lake samples were taken 50—100 m
away from the lake shore.

In-situ measurements were conducted for pH, redox po-
tential (Eh), dissolved O,, temperature, and electrical conduc-
tivity (EC) using appropriate meters that were calibrated daily.
Water samples were filtered in the field using 0.45 pm filters.
Samples allocated for cation/trace metal analyses were filtered
directly into 60 ml polyethylene bottles previously cleaned
with pure ~1N HCl and ~1N HNO; and rinsed with deionized
water having resistivity >18 MQ'cm. The samples were
immediately acidified with high-purity HNO; (Fisher Optima).
Unfiltered and unacidified water samples were also collected
into 60 ml and 30 ml polyethylene bottles respectively for
measurement of alkalinity and hydrogen/oxygen isotopes.

Samples were also collected for As speciation analyses.
Arsenic species were preserved in the field to eliminate
changes that could be caused by metal (Fe, Mn) oxyhydroxide
precipitation, photochemical oxidation, and redox reactions.
Samples were filtered using 0.45 um membrane syringe filter
and poured through a solid-phase extraction cartridge
(Supelco LC-SAX) with conditioning chloride form (2 ml of
methanol; 10 ml of deionized water) and acetate form (10 ml of
1.7 M acetic acid; 10 ml of deionized water) to separate arse-
nite from arsenate. As (IIl) elutriate and As (V) plus other
charged As species were extracted from LC-SAX cartridge with
elution at an extraction flow rate of 1-2 drops per second.
EDTA (ethylenediaminetetraacetic acid) preservatives were
applied to minimize metal oxyhydroxide precipitation. This
preservation technique was used on 59 water samples (52
groundwater wells, 7 hot springs).

Concentrations of major cations of calcium (Ca®"),
magnesium (Mg”'), sodium (Na®), and silica (SiO,) were
measured using a Fisons Spectraspan 7 direct-current plasma
spectrometer (DCP) at Duke University calibrated using solu-
tions prepared from single-element standards. Major anions
of chloride (Cl7), sulfate (SO37), and nitrate (NO;) were
analyzed using an ion chromatograph (IC). Fluoride content
was determined by ion-selective electrode (ISE). Samples were
mixed at a 1:1 volume ratio with a total ionic strength
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adjustment buffer (TISAB) of pH 5-5.5, which allows optimal
analyses of fluoride in the aqueous solution. Alkalinity (as
HCOj;) was measured using titration techniques to pH 4.5. A
wide spectrum of trace elements were analyzed via a VG
Plasmaquad 3 inductively coupled plasma—mass spectrom-
eter (ICP-MS) calibrated using serial dilutions of National
Institute of Standards and Technology (NIST) 1643e standard
spiked with U and Th in the analytical facilities at Duke Uni-
versity (USA).

Isotope ratios for hydrogen and oxygen in water were
determined by a Thermofinnigan Delta + XL mass spectrom-
eter at the Duke Environmental Isotope Laboratory. The iso-
topic ratios of ?H/*H and '¥0/*°0 are expressed as ¢ notation
[6 = 1000 (Rsample/Rstandara — 1)%] with respect to the V-SMOW
(Vienna Standard Mean Ocean Water) international standard.

The MINTEQV4 and WATEQ4F thermodynamic databases
of the PHREEQC program (Parkhurst and Appelo, 1999) were
used to simulate speciation of elements and calculate satu-
ration indices (SI) in the groundwater samples.

2.3. Chemical and mineralogical analyses of the aquifer
rocks

A total of 25 representative aquifer rocks (10 volcanic rocks
and 15 sediments) were collected from outcrops in different
locations of the study area, mostly from road and river cut-
tings. Polished thin sections were prepared from 8 selected
samples and were investigated petrographically for mineral
identification. Chemical analyses were carried out on all 25
solid samples using X-ray fluorescence spectrometry (XRF) on
pressed powder pellets using wavelength-dispersive auto-
mated ARL Advant’X spectrometer at Ferrara University, Italy.
Accuracy and precision, based on the replicate analyses of
certified international standards, were estimated to be better
than 3% for Si, Ti, Fe, Ca and K, 7% for Mg, Al, Mn, Na. Sub-
sequently, 23 samples (10 sediments and 13 volcanic rocks)
were selected for leaching experiments. In these experiments,
powdered samples were mixed with double distilled water
(pH = 4.6) at a ratio of 1:25 (1g/25 ml) at room temperature, and
then shaken for 2 h at a frequency of 100 rev/min. These
leaching experiments simulate the potential extractability
(leachability) of soluble components during water—rock in-
teractions. After separation from the residual solids, the ef-
fluents were filtered through 0.45 pm membrane filters. The
analyses of As and other oxyanion-forming elements, as well
as F~ on the leachates were carried out using ICPMS and IC,
respectively.

For measurement of total As and other trace elements,
0.034 g of powdered rock and sediment samples were digested
and analyzed by ICP-MS on a VG Plasmaquad 3 at Duke Uni-
versity following procedures described in Meurer et al. (1999).
Reference materials used for instrument calibration and
standardization included USGS certified geochemical refer-
ence materials DNC, G2, W2, BIR, SDO, SCO, SDC, AGV, and
RGM and two in-house basaltic standards.

All digestion processes were prepared using ultra-pure
HNO; and HF reagents (Fisher Optima) and double-distilled
water (resistivity >18.2 MQ*cm). All plastic polyethylene bot-
tles and tubes were soaked with pure ~1N HCIl and ~1N
HNOs;, and then rinsed with deionized water.

3. Results and discussion
3.1. Physicochemical and elemental compositions of the
MER waters

The pH of the groundwater samples from the floor of the MER
ranged from near neutral to alkaline (range: 6.9—8.9). Temper-
ature and Electric Conductivity (EC) varied from 25.8 to 40 °C
(mean: 28 °C + 3.7 °C) and 248 to 3970 uS/cm (mean:
1280+ 767 uS/cm), respectively. High levels of Eh (most samples
with Eh > +50mV) were measured in groundwater wells (range:
—146—229 mV; mean: +73 + 65 mV). These analyses suggest
that groundwater from the floor of the MER was under slightly
to moderately oxidizing condition. The oxidizing condition of
the MER groundwater is further confirmed by the presence of
dissolved O,, SOZ’ and NO; and very low concentrations of
other redox sensitive elements such as Fe and Mn. Among the
sampled wells, only three samples originating from the Wonji
area (Fig. 1) were characterized by more reducing conditions,
recording lower Eh (—26, —130 and —146 mV).

Summary of selected element concentrations of the
different water types is reported on Table 1. Most groundwater
wells, geothermal waters, and lakes in the Rift had an exclu-
sively Na“*—HCO; composition and contained very low con-
centrations of Ca®>" and Mg?". Hot spring temperatures ranged
from 38.6 to 93 °C, with a mean value of 67.14 + 18.2 °C. Hot
springs contained high concentrations of major and trace el-
ements such as Na*, HCO;, F~, As, B, U, V, Mo and SiO,. The
range of pH levels in the hot springs was similar to that in the
groundwater wells. The mean Eh value of the hot springs was
—71.5 £+ 156, and most samples had dissolved O, below
detection limit suggesting more anoxic conditions. Hot
springs with relatively higher dissolved O, and positive Eh
values were probably recharged by faster circulating ground-
water from the highlands or nearby oxygenated lakes.

High SiO, concentrations (range: 56.8—111 mg/L; mean
85.8 + 11.3) in the groundwater samples suggest an origin
from the hydrolysis of silicate phases (including reactive vol-
canic glass) in the aquifer. This is demonstrated by calculating
the (SI) of the mineral phases in the groundwater, using the
PHREEQC hydro-geochemical model, which indicates satura-
tion with important phases such as K-mica, kaolinite, Ca-
montmorillonite, K-feldspar, albite, quartz, and chalcedony,
consistent with the expected occurrence of silicate weath-
ering products (see Slin Table 2). These results confirm earlier
studies that suggest significant silicate weathering through
silicate hydrolysis, which is the major process leading to the
increased pH, Na* and HCO; in the MER groundwater.

The lake waters were also dominated by Na™ and HCO3
ions, with a wide salinity range from fresh (TDS ~400 mg/L
in Lake Ziway) to saline water (TDS up to ~46,000 mg/L in
Lake Chitu), and high alkalinity (pH as high as 10.14; Table
1). Other highly alkaline lakes were Shala and Abijata,
with TDS of ~22,500 and ~41,000 mg/L, respectively. All of
these lakes contain very low concentration of Ca®" and
Mg®*. The low salinity of Lake Ziway is due to recharge of
river water and frequent recycling of the water, whereas
other Rift lakes are closed and are becoming saline by sub-
stantial evaporation.
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Table 1 — Summary of pH, EG, Eh, DO and major and trace elements in waters sampled from groundwater wells, hot springs, cold springs, and lakes in the Ziway—Shala

basin. Note: bd = below detection.

Parameters Rift groundwater wells Percentiles Hot springs Highland and escarpment Lakes
(wells and cold springs)

Min — max Mean + S.D 25th 50th 75th Min — max Mean + S.D Min — max Mean + S.D Min — max Mean + S.D
pH 6.86—8.9 7.96 £ 0.5 7.69 8.0 8.14 6.78-8.4 7.58 £ 0.59 6.28—9.46 7.61+1.0 6.87—10.1 8.77 £1.25
EC (uS/cm) 248-3969 1279 + 77 766 1204 1689 775-22900 8847 + 7851 88873 384 + 245 46149480 19865 + 20706
DO (mg/L) 3.52-14.5 6.6 +2.21 5.0 6.0 7.36 bd bd —-92 —166 619 +73.7 —8-104 42.75 + 46.46
Eh (mV) —146-229 733 £65 40 77 113 —270 —163 —71.5 £ 156 15.4-31.7 24.0 +£4.25 24.5-38.4 29.75 + 4.50
Temp. (OC) 22.6—40.7 28.1+3.7 26 27 30 38.6—93 67.14 + 18.2 77-792 302 + 205 400—-45764 17290 + 18367
Major ions (mg/L)

F 1.06—61.6 9.21 +£9.6 3.70 8.43 10.8 2.02—65 28.4 +£25.6 0.2-3.0 1.17 £ 0.84 1.81-316 116 + 118
Cl- 2.25-252 48.3 +56.8 9.88 24.1 64.7 30.8—-1634 697 £+ 651 1.39-19.0 8.71 £6.50 15.9-5839 2330 + 2506
NO3 bd — 21.2 1.55+ 3.6 0.21 0.47 1.35 0.26—6.04 2.05+1.70 0.01-1.40 0.53 + 0.45 -0.22 -11.3 3.35+3.82
SO%’ bd — 475 305+704 3.06 7.81 26.5 2.23-255 82.24 + 88.4 1.15-13.7 6.29 + 4.38 4.15-701 232 £ 252
HCO3 162—-2045 667 + 369 428 612 894 283-3455 1667 + 1205 54.0—-564 208 + 144 267-30376 10819 + 11881
Ca** 0.93-90 16.8 + 16.9 5.39 12.8 20.3 1.15-21.52 6.76 £7.24 1.19-65 26.5 +24.7 2.81-14.4 7.25 + 3.79
Mg2+ 0.07-38 485+6.1 1.28 3.43 5.98 0.08-16.5 4.04 +£ 6.04 0.10-17.5 7.02 £5.90 0.39-8.63 2.67 £3.11
Na™ 34.8—-1111 277 £ 200 145 240 378 105—2483 1160 + 921 4.0—-166 48.7 £ 43.2 82.3—9034 3773 £+ 3745
Sio, 56.8—-111 85.8 +11.3 78.9 85.8 93.4 84.3—-214 125 +£43.9 bd — 89.0 59.8 + 30.0 37.5-227 108 £ 62.3
Trace elements (ug/L)

As 0.60—190 22.4 +335 4.19 111 21.9 3.79-167 61.8 +£63 0.25-1.96 0.89 + 0.50 2.39-566 165 + 215
8] 0.06—69.0 104 + 14.3 1.98 474 10.3 0.003-8.69 14+273 bd — 15.4 3.36 £5.20 0.47-121 42.6 +42.6
B 14.8—-2100 310 + 353 88.6 228 415 241-8646 3936 + 3313 3.56—82.8 18.2 + 21.6 87.3—30972 11402 + 11752
\Y% 0.42—-150 28.0 £35.8 2.74 18.9 37.5 2.09-22.62 9.17 £ 6.57 0.76—26.6 10.1 £ 6.90 2.14-110 52.3+419
Mo 1.53-128 24.3 +£30.2 6.83 10.7 27.6 23.74—452 123 + 125 0.02-14.0 2.82 +3.80 4.3-7713 1428 + 1600
Se Bd —18.4 2.01 £+ 2.90 0.55 1.17 243 0.95-37.3 16.5 + 13.7 0.09-7.20 1.37 £ 1.90 0.7-96.7 39.2 +40.8
Cr 0.06—-14.2 221 +281 0.58 1.15 2.59 0.96-38.1 17.2 + 14.0 0.23—-4.20 143 +1.17 1.36—83 36.9 £ 35.0
Fe bd — 472 61.4 +88.0 13.8 414 58.8 6.83—763 227 + 244 15.9-1251 216 £+ 350 42.9-1966 609 £ 627
Al 1-131 12.5 + 23.8 4.59 6.78 10.6 5.35-733 153 + 234 5.68-2181 444 + 817 22.8—-8700 1253 + 3032
Mn 0.02—-748 68 + 185 0.50 2.97 14.8 0.28—202 31.6 £60.7 0.65—408 45.7 £ 115 5.17-97.0 259+294
Co 0.004-0.30 0.07 + 0.06 0.03 0.05 0.09 0.004-0.32 0.10 £ 0.11 bd — 0.34 0.11+0.1 0.08-1.93 0.97 £0.63
Cd 0.002—-0.30 0.04 + 0.05 0.01 0.03 0.04 0.04-0.85 0.39 £0.31 bd — 1.25 0.12 £ 0.36 0.011-8.10 1.90 + 2.75
Ni 0.01-5.70 0.48 +£0.81 0.18 0.30 5.70 0.16—-2.56 1.18 + 0.88 0.08—4.06 0.95 + 1.08 0.31-12.0 5.64 + 3.84
Sb 0.002—-1.3 0.23 £0.27 0.45 0.12 0.33 bd — 6.40 2.05 £ 2.50 bd — 6.30 0.56 +£1.81 0.07—-4.37 1.23 £1.52
Cu 0.13-29.3 3.05+5.70 0.38 0.78 271 0.04-1.76 0.65 + 0.56 0.13-5.74 1.58 + 1.6 0.53-7.11 3.87 £2.19
Zn bd — 355 51.0 + 66.3 13.9 27.6 62.3 bd — 1.90 0.19 + 0.60 bd — 299 84.9 £ 101 bd — 18.4 293 £6.40
Ag bd —0.10 0.015 + 0.02 bd 0.01 0.02 0.002—-0.14 0.06 + 0.05 bd — 0.11 0.04 + 0.04 0.034-0.46 0.24 +£0.17
Sr 2.2-717 123 + 123 43.6 90.3 154 30.8—459 215 + 134 3.2—-297 120 + 105 50-187 102 + 47.0
Be 0.01-1.10 0.14 £ 0.20 0.06 0.09 0.12 0.04-20.1 56 +7.63 bd — 0.53 0.10 £ 0.14 0.12-2.78 1.23 £1.10
Li 4.94—-105 49 +24.5 31.2 434 70.0 10.9-659 394 + 278 0.87-15.7 6.9 + 5.02 2.83-113 47.0 + 46.0
Rb 3.14-61.6 152+ 11.2 9.64 11.8 15.8 26.4—205 127 £73.0 0.82-52.6 13.6 + 13.4 7.7-1180 233 £ 391
Br 0.04—1.55 0.42 £0.35 0.18 0.31 0.58 0.21-6.90 2.60 + 2.85 0.05-0.27 0.11 £ 0.07 0.17-28.1 9.03 £9.9
Ba 0.41-131 12.8 + 26.0 1.44 3.75 12.4 0.22-60.4 23.4 +20.7 0.01-38.4 9.71+10.1 7.3—41.0 26.1 +£10.1
Pb bd —3.70 0.52 +£0.82 0.08 0.19 0.47 0.01-0.67 0.22 £0.23 bd — 1.95 0.45 +£0.63 0.06—3.40 1.30 £1.22

QI—1 (£I10c) XXX HOYVISIY ILVM
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Table 2 — Equilibrium molalities of the main aqueous species of As, U, B and V and speciation simulation indicates that

As(V), U(VI), B(OH); and V(V) are the thermodynamically stable species in oxidizing conditions.

Species Molality As, U, B and V species Phases SI
Na™ 1.96E-02 Arsenic Uranium Albite (NaAlSi;Og) 0.98
K 2.56E-04 As(V) 7.369e-07 U (VI) 1.075e-07

Ca?" 1.54E-04 HAsO,? 7.159e-07 UO, (CO3)5-4 1.054e-07 Calcite (CaCO3) 0.48
Mg?t 1.72E-04 HyAsO, 1.988e-08 UO,; (CO3),-2 2.050e-09

F~ 9.07E-04 As(III) 3.741e-16 U (V) 4.555e-18 Dolomite (CaMg(COs),) 1.20
Cl- 8.67E-04 H3AsOs3 3.319e-16 U0, 4.555e-18 Fluorite (CaF,) 0.07
or 7.92E-05 H,ASO; 4.224e-17 U (IV) 2.099e-18 Goethite (FeOOH) 5.67
NOj; 3.22E-05 U (OH)s 2.099e-18 Hematite (Fe,03) 13.7
HCO; 1.93E-02 Gibbsite (Al(OH)s) ~0.50
Fe 7.49E-07 Chalcedony (SiO,) 0.71
Mn 2.10E-08 Quartz (SiO,) 1.16
Al 3.26E-07 Boron Vanadium K-feldspar (KAlSi;Og) 2.09
Si 1.57E-03 B 6.022e-05 V(V) 8.416e-07 Mlite (Ko.6Mgo 25Al 3Siz 5010(0H),) 1.64
As 7.37E-07 H3BO, 5.276e-05 H,VO3 4.626e-07 Kaolinite (Al,Si,05(0H),) 2.10
B 6.02E-05 H,BO; 7.232e-06 HVO0,-2 3.787e-07 K-mica (KAl3Siz010(0H),) 3.27
\% 8.45E-07 Ca-montmorillonite 1.60

(Cag.165A15 33513 6,010(0H),)
U 1.08E-07 Talc (MgsSis010(0H),) 5.00

Speciation and saturation indices derived from PHREEQC geochemical code for an oxidizing groundwater well Mean field parameters:

(T = 26.9 °C; pH: 8.29; Eh: 113).

3.2 Arsenic and other oxyanion-forming elements in
MER groundwater and their speciation

The spatial distribution of As concentrations in the different
water sources is shown in Fig. 1. In the Ziway-Shala basin, As
in the groundwater ranged from 0.6 to 190 pug/L, with a mean of
22.4 + 33.5 ng/L; 20% of samples contained As concentrations
>30 pg/L. The areas near lakes Ziway and Koka are indicated
by the polygons (see Fig. 1) and represent zones with consis-
tently high As concentrations (As >10 pg/L) in groundwater.
These zones also overlap with high F~ areas (F~ >1.5 mg/L).
Arsenic levels were much lower in the southern basins (e.g.
Abaya-Chamo, mean: 0.7 + 1.1 pg/L) of the Rift Valley.

Field based As speciation measurements revealed that As
in nearly 95% of the groundwater samples is composed of
predominantly (over 80%) arsenate —As(V) rather than arse-
nite —As(IIl) species, confirming the oxidizing condition of the
groundwater. In contrast, As occurred mainly as As(Ill) in the
hot springs, suggesting more reducing conditions. Excluding
the samples taken from three reducing groundwater wells, all
MER groundwater samples had As(V)/Astota ratios of
0.56—0.98 (42 wells). These results are consistent with the field
measurements of high dissolved O, and Eh, which confirms
that most of the MER groundwater is under oxidizing condi-
tion. Similarly, PHREEQC speciation modeling revealed that
As(V) species in the groundwater samples are predominantly
HAsO?™ and H,AsO;.

Significant variations in the concentrations of other metals
were found in the MER groundwater (Table 1). Uranium con-
centrations varied between 0.6 and 68.6 pg/L with a mean of
9.2 £ 9.6 ug/L. The dominant dissolved species in the oxidized
groundwater were uranyl carbonate complexes (UO,CO3 ;
UOZCOQ"). In contrast, uranium concentrations in the three
groundwater wells under more reducing conditions were
significantly lower, possibly due to immobilization by

reduction to U(IV), with subsequent precipitation under
anaerobic conditions (e.g., Smedley et al., 2003).

Vanadium concentrations varied between 0.4 and 150 pg/L
with a mean of 28 + 35.8 pg/L. In the oxidizing groundwater
vanadium occurred predominantly as vanadate (HVO?;
H,VO,) species. Molybdenum, which occurred primarily as
hexavalent Mo(VI) and (MoO3") forms, ranged in concentra-
tions from 1.5 to 128 pg/L,with a mean of 24.3 + 30.17 ng/L.
Selenium concentrations ranged from below detection limit to
18.4 png/L (mean: 2.0 & 2.9 pg/L). The sample with the highest Se
(18.4 pg/L) was found in a lacustrine sediment aquifer. Sele-
nium mostly occurred as HSeO; and SeO2 species. Boron
concentrations varied from 14.8 to 2100 pug/L with a mean of
310 =+ 353 pg/L. Boron was composed of B(OH); and/or B(OH),
species.

Chromium concentrations ranged from 0.06 to 14.2 pg/L
with a mean of 2.2 + 2.8 ug/L. Despite its preferential mobility
under oxidizing conditions, Cr concentrations are generally
low in these samples. This is likely due to the low concen-
tration of Cr in MER rhyolitic igneous rocks (Table 3). Antimony
concentrations varied from 0.002 to 1.3 pg/L (mean:
0.23 + 0.27 pg/L). This range is below the permissible limit
WHO guideline value of 20 pg/L (WHO, 2006).

3.3. Other trace elements distribution in the MER
groundwater

Concentrations of toxic transition metals (such as Ni**, Co**,
Cd**, cu®", Zn?*, Pb?>" and Ag®') were generally low in the
MER groundwater samples (Table 1). Nickel had a mean
concentration of 0.48 + 0.81 pg/L (maximum of 5.6 pg/L),
which is well below the drinking water guideline threshold
(70 pg/L). The maximum concentrations of Cu and Zn were
29.3 (mean: 3.1 + 5.7 pg/L) and 355 pg/L (mean: 51 + 66 pg/L),
respectively. Cu content was below the WHO guideline value
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Table 3 — Statistical summary (minimum, maximum, mean and SD (standard deviation) of a) XRF analyses result
displaying major ion oxides b) Total content of trace elements from complete acid digestion and c) Water extractable

oxyanion-forming trace elements (including fluoride) on MER rock (ignimbrites, tuff, pumice and obsidians (n = 13) and
lacustrine sediments (n = 7), fluvial sediments (n = 2), and a basalt sample. bd- below detection.

Min. Max. Mean SD Min. Max. Mean SD Min. Max. Mean SD
Rhyolites (n = 10) Lacustrine sediments (n = 3) Fluvial sediments (n = 2) Basalt
(n=1)

a) Oxides (wt.%)
Sio, 67.7 75.8 72.1 2.4 49.7 67.6 60.6 9.63 70.3 71.8 71.1 1.03 50.6
TiO, 0.27 0.68 0.47 0.15 0.33 0.64 0.48 0.15 0.36 0.37 0.37 0.01 2.49
Al,03 9.32 12.0 10.2 0.86 1.76 9.55 6.51 417 8.52 8.75 8.64 0.16 16.7
Fe,03 4.62 7.33 5.69 0.75 1.01 5.29 3.80 2.42 6.66 8.05 7.36 0.98 12.1
MnO 0.11 0.34 0.21 0.06 0.06 0.22 0.15 0.09 0.23 0.24 0.23 0.01 0.17
MgO 0.01 1.33 0.39 0.41 1.36 24.7 9.97 12.8 0.12 0.41 0.26 0.20 3.44
CaO 0.19 0.99 0.54 0.31 3.36 4.53 4.02 0.60 0.24 0.29 0.26 0.04 9.05
Na,O 0.97 5.63 4.07 1.30 1.88 3.81 2.74 0.98 2.87 3.88 3.38 0.71 3.70
K,0 2.31 4.45 4.02 0.61 0.62 3.12 2.11 1.31 4.28 4.68 4.48 0.28 1.33
P,0s bd 0.16 0.04 0.06 0.05 0.08 0.07 0.02 bd bd bd bd 0.41
LOI bd 5.67 2.00 1.85 5.58 14.7 9.50 4.67 3.29 4.64 3.97 0.95 bd
b) Trace elements (mg/kg)
As 1.13 3.50 2.46 0.63 1.42 16.1 6.62 5.99 2.34 3.02 2.68 0.49 0.59
U 1.73 6.72 3.64 1.31 2.18 12.2 4.37 3.52 4.06 4.46 4.26 0.28 0.68
v 2.96 28.0 10.9 8.35 21.0 199 62.3 61.7 4.71 5.90 5.30 0.84 334.7
Mo 0.93 8.69 4.58 1.92 2.29 904 136 338 5.33 5.50 5.41 0.12 1.07
Cr 0.90 21.7 4.82 5.39 8.86 27.2 15.9 6.72 1.73 3.46 2.60 1.22 40.3
Sc 0.43 11.34 3.05 2.85 2.76 6.95 4.64 1.48 0.99 1.39 1.19 0.28 28.4
Rb 82 129 108 15.9 28.1 102 75.0 24.3 119 125 122 4.33 25.8
Zr 799 1557 957 195 127 793 564 227 973 1015 994 30.14 196
Ce 172 387 219 53.0 35.2 200 142 57.9 225 233 229 5.35 58.9
La 89.3 171 108 22.8 16.1 96.1 68.9 29.3 109 114 111 3.53 27.3
Nb 116 225 138 28.8 20.5 135 89.3 36.8 148 152 150 2.93 32.0
Y 77.1 187 108 28.3 17.4 97.1 67.3 28.8 109 118 113 6.71 31.0
Ba 16.8 796 217 259 66.4 285 181 79.6 18.4 27.7 23.1 6.58 389
Ni 0.00 12.00 1.99 3.25 6.33 18.6 10.1 4.39 0.01 0.77 0.39 0.54 25.4
Co 0.12 5.73 1.30 1.53 2.66 5.63 4.52 1.30 0.30 0.57 0.43 0.19 40.2
Sc 0.43 11.3 3.05 2.85 28.4 2.76 6.95 4.64 1.48 0.99 1.39 1.19 0.28
Cu 1.57 11.7 411 2.72 4.40 11.30 7.19 2.19 2.06 2.42 2.24 0.26 64.4
Zn 159 328 216 42.2 115 45.8 181 127 445 207 218 213 7.61
Pb 12.9 24.4 18.5 3.80 4.38 2.51 14.2 10.3 3.77 18.66 20.33 19.49 1.18
Be 5.58 9.59 6.60 1.03 1.32 0.80 6.24 4.60 1.84 6.79 7.30 7.05 0.36
Sr 1.07 87.7 22.9 24.4 499 71.3 775 344 266 4.60 5.71 5.16 0.78
Li 6.76 39.2 26.7 9.72 7.58 324 132 78.8 39.7 25.9 29.9 27.9 2.82
c) Water soluble components (mg/kg)
As bd 0.02 0.01 0.01 0.003 6.74 1.71 2.58 bd 0.04 0.02 0.03 0.01
U bd 0.01 0.001 0.003 0.001 1.09 0.20 0.40 bd 0.003 0.003 bd 0.001
Mo bd 1.34 0.18 0.41 bd 819 123 307 0.02 0.03 0.03 0.00 0.16
v bd 0.26 0.08 0.08 0.04 51.4 9.30 18.9 0.02 0.14 0.08 0.09 0.06
B bd 0.58 0.10 0.16 0.22 27.0 7.87 10.4 0.06 0.20 0.13 0.10 0.07
Se bd 0.01 0.003 0.004 bd 1.09 0.21 0.40 bd 0.003 0.002 0.002 0.01
F 2.59 63.8 17.4 17.0 5.88 241 93.5 96.1 6.86 8.20 7.53 0.95 3.89

(2000 pg/L). In contrast, Zn concentrations were higher,
compared to other transition metals, perhaps due to the
higher concentration in the rhyolites (Table 3). No guideline
value exists for Zn as it typically occurs in natural surface
waters at concentrations below 10 pg/L, and in groundwater
between 10 and 40 pg/L (Elinder, 1986). Lead concentrations
were lower than 3.7 pg/L, which is below the guideline value
(10 pg/L). Barium concentrations were also relatively low,
ranging from 0.41 to 131 pg/L with a mean of 12.8 + 26 pg/L.
All the groundwater wells are well below the drinking water
guideline value (0.7 mg/L) for drinking water. The

concentrations of other metals (Co, Cd, Ag, Sr, Be, Li, Rb, and
Pb) are reported in Table 1.

Unlike oxyanion-forming elements, most transition metals
become increasingly insoluble with increasing pH. Their sol-
ubility is strongly limited by precipitation, or coprecipitation,
with oxides, hydroxides, carbonate or phosphate minerals, or
more likely by their strong adsorption to hydrous metal ox-
ides, clay, and organic matter (Smedley and Kinniburgh, 2002).
These processes are consistent with the observed inverse
relationship in MER groundwater between As concentration
and Fe, Mn, Al, Ba, Cu, Pb, Zn, and Ni concentrations.
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3.4. Relationship between arsenic and other water
quality parameters in groundwater

Elevated concentrations of As (and other oxyanion-forming
elements) were generally found at near neutral to high pH,
with the highest levels found in waters at pH ranging between
~8.1 and 8.9 (Fig. 2a; shaded block). Similarly, high concen-
trations of F~, B, Mo, U, Se, Sb, and Cr (Figure not shown) were
found in waters of pH above ~8. Arsenic concentrations were
positively correlated with Na™, alkalinity (as HCO3), B, U, V,
Mo, and Sb (r > 0.5; p < 0.001). Weak to moderate correlations
were also observed between As and F~, Cl™, Se, and Cr (r < 0.5;
p < 0.05). There is no clear linear correlation between As and
Eh, but elevated As and V were found only in groundwater of
positive Eh values (range: 10—150 mV; Fig. 2b; shaded block).

The concentrations of dissolved Fe and Mn in the
groundwater samples varied from <0.01 to 472 pg/L and from
0.02 to 748 ng/L respectively. The highest Fe concentrations
were found in reducing groundwaters (389 and 472 ng/L) and
in the samples characterized by near neutral pH. Since these
groundwater samples are under anoxic conditions, Fe>" per-
sists in these waters at relatively higher concentration. Like-
wise, high Mn (671 and 748 ng/L) levels occurred in the
reducing waters.

The variations of Fe and Mn in this system could explain
the As mobility due to the closed geochemical association
between Fe, Mn and As, and the ability of Fe-oxyhydroxides to
adsorb As (Smedley and Kinniburgh, 2002). Under oxidizing
conditions, the solubility of Fe and Mn oxyhydroxides is low
and therefore concentration of dissolved Fe and Mn were also
low in the MER groundwater. High concentrations of Fe were
found only in waters with pH between 7.2 and 7.8. The highest
concentrations of Fe and Mn in the MER groundwater were
found at pH of 7.3, and these concentrations generally
decrease with increasing pH. It has been shown that dissolved
Fe in groundwater is directly controlled by the pH due to the
dependence of oxidation/precipitation equilibrium to the
acidity level of the water (Stumm and Morgan, 1996).

Speciation of As and the stability of As controlling solid
phases were also determined using the PHREEQC geochemical
modeling program (Parkhurst and Appelo, 1999). The mineral
saturation index was calculated with respect to most of the
Fe-, Al-, and Mn-bearing oxyhydroxides, as well as clay min-
erals. The results of this analysis show that the oxidizing and
reducing groundwater are predominantly saturated with
respect to Fe-oxides and -oxyhydroxides, and clay minerals
such as K-mica, kaolinite, Ca-montmorillonite, Illite, K-mica,
and chlorite, suggesting these phases are likely to precipitate
as shown in the reaction below:

2Fe?* +1/20, + 3H,0 = 2FeOOH + 4H"

Due to the high adsorption capacity of Fe-oxides and -oxy-
hydroxides and clay minerals, these mineral phases have the
capacity to control the reactivity and thus the concentrations
of As and other oxyanion elements in the aquifer (Smedley
and Kinniburgh, 2002). The Fe phases are plausibly respon-
sible for the poor correlation between As and Fe (Fig. 3).
Arsenic-bearing phases were undersaturated in the ground-
water and thus had only limited influence on As mobilization.
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Fig. 2 — a) Plots of total As and V with pH and b) total As and
V with Eh in groundwater samples. Note that at pH < 8,
the average As concentration is close to 11 pg/L, whereas
33 pg/L atpH > 8.

We conclude that As concentrations in the MER groundwater
were principally governed by adsorption—desorption re-
actions with Fe oxyhydroxides.

3.5.  Mineralogical and geochemical compositions of the
MER aquifer rocks

Petrographic investigation of rhyolites and lacustrine sedi-
ments showed that they contained on average 60% volcanic
glass, 8.25% sanidine, 4.8% pyroxene, 3% plagioclase, 3.8% iron
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Fig. 3 — Inverse relationships between Fe with As and V.
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oxides, as well as minor occurrences of biotite and quartz.
Calcite was also found in the lacustrine sediments. Potential
As-bearing phases were not found in this thin-section inves-
tigation. Table 3a displays the chemical composition of major
oxides in rocks and sediments as determined by the XRF
analysis. The compositions of ignimbrite, pumice, tuff, and
obsidian are typically rhyolitic with high average concentra-
tions of SiO, (~68 wt%), Fe;03 (5.7 wt%), Al,03 (10.2 wt%), Na,O
(4.07 wt%), and K,O (4.02 wt%). Moreover, the rhyolites were
rich in incompatible elements like Rb (107.6 mg/kg), Zr
(957 mg/kg), Ce (219 mg/kg), La (108 mg/kg), Nb (116 mg/kg),
and Y (108 mg/kg), and were depleted in compatible elements
like Ni (2 mg/kg), Cr (4.8 mg/kg), Co (1.3 mg/kg), and Sc (3 mg/
kg) (Table 3b).

Total SiO, and Fe,0O3 contents in sediments ranged from
49.7-72.4 wt.% and 1.0-8.1 wt.% respectively. The high con-
tent of silica in these materials suggests that aquifer materials
contain significant amounts of volcanic glass of rhyolitic
composition.

3.6. Sources and mobilization of arsenic

Total contents of As and other trace elements including U, V,
Mo, and Cr in volcanic rocks and sediments from MER are
reported in Table 3b. Arsenic ranges in rhyolites and

sediments were 1.1-3.5 mg/kg (mean: 2.5 mg/kg) and
1.4-16.1 mg/kg (mean: 6.6 mg/kg), respectively. These values
are not very different from average As values found in similar
sediments reported elsewhere, which typically range of
5—10 mg/kg (Webster, 1999; Smedley and Kinniburgh, 2002).
The samples with the highest As concentrations of 16.1, 9.7
and 12.2 mg/kg were found in lacustrine sediments; all other
analyzed rocks and sediments had lower As contents in the
range of 0.6—3.5 mg/kg. Not unexpectedly, the lowest As
(0.6 mg/kg) was measured on basalt. The lacustrine sediments
also contained on average 3.5 mg/kg of U, 62 mg/kg of V,
136 mg/kg of Mo, and 6.7 mg/kg of Cr, which are much higher
than the respective concentrations measured in rhyolites.
Other studies in similar geological settings have found that
As concentrations in volcanic rocks are generally lower than
5 mg/kg on average, but that volcanic glasses can contain
higher levels, around 6 mg/kg on average (Smedley and
Kinniburgh, 2002; Bundschuh et al, 2004). Boyle and
Jonasson (1973) reported concentrations of 3.2—5.4 mg/kg of
As in rhyolites, and other studies have found concentrations
of 6—10 mg/kg of As in pyroclastic rocks containing over 90%
of rhyolitic glass (Nicolli et al., 1989, 2010; Smedley et al., 1998).
In addition to total As concentrations in the rocks, the
concentrations of the water-soluble fraction of As and other
trace elements were measured in leachates extracted from
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Fig. 4 — a) Simplified geological cross-section showing aquifer units and regional groundwater flow gradient along the Rift
valley in Ziway-Shala basin, and indicating major zone of contamination by As and other toxic elements b) Proposed As
release mechanism in the sedimentary aquifers west of Lake Ziway. As-bearing Fe-oxyhydroxides are postulated to be the
dominant sink under oxidizing conditions and the dominant source under high pH conditions, Note: Summary of the
average concentrations of major and trace elements in group of water samples at each W is displayed on Table 4.
Lithological log of representative wells drilled in Zone W1 is showed in Fig. 5.
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Fig. 5 — Lithological logs of representative boreholes drilled
in lacustrine sediments at west of Lake Ziway (at W1, Fig. 4).

the sediments using double distilled water (Table 3c). The
lacustrine sediments released the highest As concentrations
(6.8, 3.5 and 1.5 mg/kg), whereas leachates from rhyolites
samples released much lower As (<0.03 mg/kg). The average
As in the lacustrine sediment leachates was 1.7 mg/kg, which
is significantly (170 fold) higher than that found in the rock
leachates (0.01 mg/kg). These analyses highlight the enrich-
ment of As in the lake sediments, probably due to recycling
through dissolution of rhyolitic glass and secondary co-
mineralization during lake sediment deposition.

The apparent mismatch between the elevated As contents
in MER groundwater and the aquifer rocks has reported pre-
viously in other cases; other studies have demonstrated the
occurrence of high-As groundwater in unconsolidated sedi-
mentary aquifers that do not contain exceptionally high As
concentrations (e.g. Harvey et al., 2002; Smedley et al., 2005).
We suggest that despite the low content of total As in the MER
rocks and derived sediments, the elevated As concentration
exceeding the drinking water threshold of 10 pg/L in MER
groundwater is triggered by the specific hydrogeochemical
conditions of the aquifers. In particular, the aquifers contain
unconsolidated young pyroclastic materials that are highly
reactive and generate high-pH, SiO,-rich, and Na*—HCOj3 type
groundwater. Considering that the dissolution of volcanic ash
is the primary and dominant source of As and SiO,, the con-
centrations of As, F~ and the other oxyanion-forming ele-
ments including U, B, V, and Mo, might also be expected to be
distributed uniformly in MER groundwater, contrary to what
was actually observed. We therefore suggest that secondary
mineral phases, such as Fe-oxides and -oxyhydroxides, retain
the bulk of the oxyanion-forming elements and their release
from these minerals to the ambient groundwater depends on
combined geochemical conditions, such as the groundwater
pH that control the desorption of oxyanions from these
mineralogical phases.
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Fig. 6 — Isotopic compositions of MER groundwaters (3Dgw =

6.155"%0¢w + 5.37; R* = 0.99, n = 27) are compared to the Local

Meteoric Water Line (LMWL: 3D = 7 3'80+11.2; R? = 0.94, n = 42; Rango etal., 2010b), lakes (5Dgw = 4.89 5'0.y, + 8.29;R? = 0.97,

n = 5). Note the decrease in the slope of linear regression line

s indicating the increasing effect of evaporation on MER waters.
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The most widely accepted mechanism for mobilizing As in
oxidizing systems is desorption of As from hydrous metal
oxides and clay minerals under high pH condition (Robertson,
1989; Welch et al,, 2000; Smedley and Kinniburgh, 2002;
Bhattacharya et al.,, 2006). Fe-oxides and -oxyhydroxides
have the highest capacity and are the most important adsor-
bents of arsenates because of their strong binding affinity.
Adsorption of arsenate is strongest at near-neutral pH, and
decreases with pH, with minimum adsorption above pH ~8.5
(Masscheleyn et al., 1991; Goldberg and Johnston, 2001). Our
data is consistent with this model; the MER groundwater had
higher concentrations of As and other oxyanions in ground-
water of pH >8. Groundwater with pH ranging between 8 and
8.9, for example contained average As concentrations of 33 pug/
L, compared to 11 pg/L in waters with pH between 6.8 and 8.
We conclude that the long-term flow of groundwater through
the Rift Valley has generated weathered products that had

become a sink for oxyanion-forming elements. Continuous
silicate hydrolysis (generating high-pH alkaline groundwater)
induced the mobilization and release of oxyanion-forming
elements. Fig. 4 illustrates the major aquifer units, ground-
water evolution paths, and the proposed As and other
oxyanion-forming elements release mechanisms in the MER
sedimentary aquifers Fig. 5.

The positive relationship of As with F~ and the other
oxyanion-forming elements suggests a common source for
these elements. Similar relationships among these ions are
found in aquifers containing volcanic ash and high-As con-
centrations in Argentina (Smedley et al., 2002; Bhattacharya
et al.,, 2006). The co-occurrence of other oxyanion ions may
also allow As to be mobilized from hydrous metal oxides into
the groundwater, as a result of a competition for common
adsorption sites. Jeong et al. (2007) have demonstrated As
adsorption onto some oxides and clays in the presence of
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Table 4 — Statistical summary (mean =+ S.D) of major and selected trace elements concentrations in representative water samples taken from different aquifers located

along the cross-section indicated in Fig. 4. SD-Standard Deviation.

Sampling Ziway Koshe Inseno Butajira Ogolcho Lake Acheber Gonde
area Ziway
Zones W1 (n = 19) W2 (n =5) W3 (n = 2) W4 (n = 2) W5 (n = 3) W6 (n = 1) L1 (n=1) S1(n=1) S2 (n=1)
(shown
on Fig. 4)
Aquifer type Lacustrine Fluvial Pyroclastic Colluvial Fluvio- = Fractured Fractured
sediments sediments materials sediments lacustrine basalt and basalt and
and fractured (ash, pumice) sediments ignimbrite ignimbrite
ignimbrite
pH = 8.12 £ 0.5 7.84 £+ 0.56 7.44 +0.23 7.33 £ 0.04 6.90 + 0.06 7.57 9.06 6.84 6.95
EC uS/cm 1859 + 837 860 + 312 792 + 148 778 £ 135 433 + 81.0 386 461 106 88
DO mg/L 6.70 £ 1.9 7.85 £ 3.9 7.10 + 4.38 9.30 + 1.13 12.5 +£2.20 7.30 11.1 10.6 19.5
Eh mV 88.0 £+ 60.1 75.6 £+ 50.5 63.0 £+ 33.0 81.0 +£11.3 83.0 + 55.0 69 55 133 166
Temp. OoC 27.6 £ 2.60 283 +4.8 30.0 £ 9.60 244 +1.13 22.0 +1.27 24.5 26.6 19.3 15.4
Na* mg/L 424 + 233 182 + 64.5 131 + 43.0 118 + 67 22.4 £3.15 66.4 82 12.0 4.01
Ca** mg/L 13.9 + 21.9 14.7 £7.15 36.0 + 22.0 56.0 + 12.7 55+ 11.5 13.9 14.4 8.89 10.1
Mg>* mg/L 5.77 £8.81 2.69 £1.25 8.62 £+ 6.58 14.6 £ 4.02 124+ 273 2.90 8.63 2.16 3.31
NO; mg/L 0.80 + 1.08 0.63 £+ 0.6 0.82 +0.77 0.95 £+ 0.61 0.92 + 0.07 0.07 0.82 0.27 0.27
SO;~ mg/L 50.0 +£ 110 247 £26.8 8.48 +£3.30 119+ 4.6 5.56 + 5.11 4.33 8.65 1.15 2.62
HCO3 mg/L 968 + 368 423 +£78.9 454 + 9.90 465 + 140 239 + 31.7 180 267 72 54
Ccl- mg/L 79.7 £77.0 27 £20.6 10.0 £ 0.06 201+ 1.7 10.4 + 10 2.35 15.9 1.39 2.80
Br- mg/L 0.65 + 0.42 0.24 + 0.17 0.21 + 0.06 0.23 £ 0.05 0.13 & 0.04 0.05 0.17 0.05 0.05
Si0, mg/L 84.0 £ 8.90 90 + 18.2 97.0 £+ 20.0 87.0 + 1.36 84 + 2.15 87 37.5 57.4 46.6
TDS mg/L 1556 + 678 682 + 180 652 + 22.4 674 + 168 340 + 50 273 400 99 77
Field parameters and major ions
F- mg/L 13.2 +£ 14.0 6.60 + 4.22 2.54 + 0.63 223+111 0.48 + 0.05 3.48 1.81 0.47 0.20
As ng/L 44.0 +46.0 189 +10.1 4.06 = 0.52 1.62 +£0.48 0.65 £ 0.18 0.58 2.39 0.34 0.25
o) pg/L 19.0 £+ 19.5 5.80 + 0.83 2.30 + 0.65 13.1 £3.25 2.62 + 2.67 0.42 1.40 0.07 0.11
B ng/L 532 + 465 169 + 131 81.0 £7.13 10.0 £ 5.17 10.0 £ 5.12 19.12 87.3 4.81 3.56
Mo pg/L 28.5 + 39.0 51.0 + 34.4 5.14 + 3.28 2.34 £ 0.38 0.83 + 0.29 9.89 4.30 0.70 0.33
v ng/L 41.0 £ 36.5 45.6 +43.7 2.67 + 0.48 21.6 + 7.04 7.01 +0.21 2.76 9.71 11.4 6.62
Cr pg/L 3.30 £ 3.65 0.69 + 0.42 0.53 + 0.02 1.75 £ 0.36 1.51 +£1.03 0.36 245 0.66 2.08
Sb ng/L 0.42 +£0.32 0.09 £+ 0.05 0.03 +£0.03 0.06 £ 0.02 0.04 +£0.04 0.02 0.17 0.00 0.00
Se ng/L 3.58 +4.14 0.90 + 0.37 1.15 £ 0.20 1.16 £ 0.74 0.99 + 0.81 0.00 0.95 0.12 0.27
Fe ng/L 48.0 + 52.0 33.5+16.0 85.0 £+ 63.0 109 + 5.53 137 +£99.0 11.14 354 203 445
Mn pg/L 38.0 + 137 7.74 +9.33 334 + 452 206 + 286 21.8 &+ 30.5 0.18 23.2 4.77 7.86
Al ng/L 149 £ 284 7.5+ 3.64 12.0 £ 9.60 6.47 £1.03 12.3 £ 5.95 1.81 1100 980 1996
Stable W1 (n = 11) W2 (n = 3) W3 (n = 2) W4 (n = 1) W5 (n = 2) W6 (n = 1) L1 (n=4) S1(n=1) S2 (n=1)
isotopes
380 %o 2.72 £ 2.57 —4.7 £0.44 —-2.85+1.25 -3.05 —3.03 £0.45 —3.86 6.1 £ 0.93 —3.86 -3.18
3D %o 22.2 +14.6 —-25.7 +£21 -9.16 £ 13 —8.52 —7.89 £ 5.61 -134 436 +7 —13.37 -13.8
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elevated SiO,, HCO; and Se concentrations. The results of this
study can be compared to other semi-arid and oxidizing
aquifer systems that are also characterized by high As,
including the Caco-Pampean plain and loess aquifers in
Argentina (Nicolli et al., 1989; Bundschuh et al., 2004; Gomez
et al.,, 2009), high plains of Texas, USA (Nativ and Smith,
1987; Gosselin et al., 2006; Scanlon et al., 2009), and in the
Taiyuan basin of northern China (Guo et al., 2007). Collec-
tively, these studies show a link between enrichment of As
and other oxyanion complexes, including U, B, V, and Mo that
is likely due to optimization of desorption and release from
oxides and clay minerals to the ambient groundwater.

3.7. Water sources as detected by stable isotope in
groundwater

Water sources in the MER system was evaluated based on
oxygen and hydrogen isotopic variations. Groundwater wells
(n = 35) had 30 ranging from —59, to +5.5%, and 5D ranging
from —28%, to +37.8%,, hot springs (n = 9) 5'#0 between —4.2%,
and +3.4%, and 3D between -16.4 and +27.6%, and lake
samples (n = 5) ranged from +3.98Y%, to +7.92%, for 8'%0 and
from +26.29, to +45.7 for 3D. This wide range in 5*%0 and sD
values reflect different water sources, evaporation, and mix-
ing processes in the basin. The 3D and 380 values in the MER
groundwater lie along a line (3Dgw = 6.15 8'®0gw + 5.37;
R? = 0.99; n = 27) with a lower slope than the Local Meteoric
Water Line (LMWL) (Fig. 6). The lower 5D/3'80 slope indicates
groundwater recharge by some component of evaporated lake
water (Fig. 6).

The spatial distribution of 3D and 30 in groundwater west
of Lake Ziway demonstrates two types of groundwater
recharge (Fig. 7); groundwater from areas marked W2 to W5
was depleted in 0 and D and are consistent with low 3D and
380 that characterizes the highland groundwater. This sug-
gests that most of the groundwater in this area was originated
from a lateral flow from the western escarpment of the Rift
Valley. In contrast, groundwater from the Holocene sediments
aquifer (W1 in Fig. 7) had much higher 5D and 5*#0 values that
resemble the composition of the nearby Lake Ziway water
with enriched 0 and D (380 = +6.1%,, 3D = +43.6%,; h = 4).
Given the depth of the groundwater table (18—97 m) we
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Fig. 8 — The association of As and 520 in MER
groundwater.

exclude the possibility of evaporation of the groundwater, and
therefore hypothesize that the Holocene aquifer (W1) is
recharged by Lake Ziway surface water. Using a binary mixing
model, wells in W1 aquifer (e.g. well #3, 4, 6 and 7; Fig. 7) seem
to be originated from a blend of 90% from Lake Ziway water
and 10% from western groundwater flow that characterizes
W2 to W5 areas (Fig. 7).

The two different water sources are also associated with
different contaminants levels. Groundwater from aquifers
W2 to W5 had low salinity and low concentrations of trace
elements relative to groundwater from the Holocene aquifer
(W1) with elevated TDS 1556 + 678 mg/L (n = 19) and high
concentrations of As (44.4 pg/L), U (19 ng/L) and F~ (13.3 mg/L)
(Table 4). Fig. 8 shows the relationship between As and 3*%0
that suggests that the high As is linked to the enriched **0
lake water. However, the high concentrations of contami-
nants in the Holocene aquifer could not be derived directly
from the recharge of Lake Ziway given the relatively lower
salinity (TDS = 400 mg/L) and lower concentrations of As
(2.4 pg/Ll), U (1.4 pg/l), and F~ (1.8 mg/L) in Lake Ziway.
Instead, we propose that the recharge of Lake Ziway water
has triggered further mobilization of As and the other
oxyanion-forming elements that led to their enrichment in
groundwater of the Holocene aquifer. The distinct 5'¥0 and
dD zones between the Holocene (W1) and the late Pleistocene
aquifer (W2) may be explained by the presence of a large fault
separating the two aquifers. The fault may act as a barrier by
diverting the groundwater coming from the highland before
it reaching to W1 (see Fig. 7). This can limit flushing and
circulation of the groundwater in the Holocene aquifer and
further explain the enrichment of contaminants in the
aquifer.

The alkaline and high saline lakes in the Rift floor could
also affect the adjacent groundwater. Lake Abijata for
instance is highly affected by evaporation, as shown by the
high enrichment of stable isotopes (3'80 = +7.92, 3D = +45.7)
and salinity (Cl = 5700 mg/L). However, the concentration of
chloride in the groundwater north of the lake is not relatively
high (95 mg/L; n = 4) to suggest a major recharge of the lake
water to the regional groundwater in this area. This is
consistent with groundwater flow simulations that have
shown that groundwater flow from Abijata Lake is minimal
(Ayenew, 2001). Lake Shala is also enriched in stable isotopes
(580 = +6.94, 5D = +47.2) and salinity (Cl = 3060 mg/L). High
discharge hot springs (mean: 73 °C; n = 3) are located east of
the lake with average 3’80 = +2.88 and 5D = +26.3, which
suggests some contribution of the lake water to the hot
spring.

4, Conclusion

Elevated concentrations of As and other oxyanion-forming
elements such as B, V, and Mo were found in groundwater
from the main Ethiopian Rift Valley. The groundwater is
characterized by high mineralization (TDS up to 3560 mg/L),
high pH (6.8—8.9), predominance of Na* and HCO3, positive
Eh, high concentrations of dissolved O,, and low Fe and Mn
concentrations. In most groundwater, As is composed of
mainly (80%) arsenate-As(V) species rather than arsenite-
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As(1II). A small subset of groundwater samples were found to
be under reducing conditions with high levels of Fe and Mn,
and low levels of U and V. A model was developed to explain
the enrichment mechanism of As and the other oxyanion-
forming elements in the MER Quaternary sedimentary aqui-
fers. The unconfined aquifers are predominantly constituted
of sandy and silty pyroclastic materials, rich in volcanic glass
(on average >65 wt% SiO,). Total As contents in rhyolites and
lake sediments aquifer materials were found to be in a range
of 1.1-3.5 mg/kg (mean: 2.5 mg/kg) and 1.4-16.1 mg/kg
(mean: 6.6 mg/kg), respectively. The highest As concentra-
tions (16.1 mg/kg) were found in the lacustrine sediments
relative to the rhyolitic rocks (mean 3.5 mg/kg). The lacus-
trine sediments also contained on average 3.5 mg/kg of U,
62 mg/kg of V, 136 mg/kg of Mo and 6.7 mg/kg of Cr. We
propose that the weathering of volcanic materials has pro-
duced weathering products such as iron oxides and clay
minerals, which act as sinks for As and other oxyanion-
forming elements. The current high level of As in the
groundwater is primarily due to desorption from Fe-oxide
and -oxyhydroxide minerals under alkaline pH >~8 and
oxidative conditions. The elevated groundwater pH is there-
fore one of the most significant factors controlling the
mobility of As and the other oxyanion-forming elements. The
use of stable isotopes enable us to delineate zone of different
water sources in the Ziway-Shala basin, in particular to
distinguish recharge water from lateral and regional flow
from the Rift escarpment and local recharge water of Lake
Ziway to the adjacent aquifer. Our finding show that
groundwater from the local aquifer, west of Lake Ziway, is
highly enriched in As and other oxyanion-forming elements
and thus pose a significant health risk to the local population.
This study represents an important case study of As and
other oxyanion-forming elements occurrences in oxidizing
aquifers of the semi-arid basins in the MER, which is similar
in geology and climate to other neighbouring regions of the
East African Rift System.
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