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Abstract This study used multivariate analysis and geo-
chemical modeling to appreciate the trace element evolu-
tion in North Rukuru—-Songwe alluvial aquifer of northern
Malawi. From the isotopic studies, the 8?H/8'%0 ratios
revealed that groundwater is of meteoric origin through
vertical recharge and mixing processes. The isotopic
depletion along the west—east transect is due to mixing and
fractionation processes. Generally, the d-excess value
approximated the y-intercept of global meteoric water line
of 10, which ruled out the influence of secondary evapo-
rative processes on isotopic variation. Hierarchical cluster
analysis identified four distinct clusters (C1, C2, C3 and
C4) in the study area. Among these four clusters, it was
observed that C1 had relatively high median concentrations
of Fe (716.7 pg/L), Cr (0.85 pg/L), Pb (7.90 pg/L) and Sb
(3.80 pg/L), while C2 was characterized by high levels of
Cu (3.20 pg/L). Cluster 3 was comparably defined by high
median levels of F (1.00 mg/L) and Mn (338 pg/L), while
C4 revealed high median concentrations of As (8.70 pg/L),
Ba (635 pg/L), Li (22.2 pg/L), Ni (2.80 pg/L), Se
(6.20 pg/L) and Sr (677 pg/L). Clusters Cl1 and C4
described a flow path along the North Rukuru River, which
is characterized by higher levels of evaporites as shown by
higher concentrations of Na, K, Cl and SO,. It was also
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observed that this path was defined by high levels of HCO;
and total hardness. The principal component analysis
suggests that carbonate dissolution and silicate weathering
are the main mineralization control mechanisms. Further-
more, it is revealed that samples in the west had higher
factor scores for As, Ba, Li, Ni, Se and Sr (with higher
TDS), while the eastern is characteristic of higher heavy
metals (Fe and Pb). Geochemical modeling using
PHREEQC showed that surface complexation reactions
significantly impact trace elements of higher redox state. In
addition, inverse modeling confirms the significance of
carbonate dissolution, silicate weathering and cation
exchange processes along the North Rukuru River flow
path.

Keywords Geochemical modeling - Alluvial aquifer -
Trace elements - Groundwater - Multivariate statistics -
Stable isotopes - Karonga

Introduction

Groundwater is a convenient source of water for domestic
and irrigation use in rural areas of Malawi. Its assumed
higher quality relative to surface water makes it a perfect
resource. However, the reliance on groundwater has its
own disadvantages. Contaminated groundwater is haz-
ardous to the public who rely heavily on this resource. For
instance, anthropogenic activities such as agricultural
practices and industrial development can mobilize and
elevate contaminants in groundwater (Valipour 2014a).
Groundwater chemical composition is controlled by
various factors of which mineral dissolution, evapotran-
spiration and anthropogenic activities or amalgamation of
these processes is primary (Fass et al. 2007; Ghabayen
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et al. 2006; Mapoma et al. 2014). Water, being an excellent
chemical reaction medium and solution, promotes geo-
chemical activities such as surface complexation reactions
that control the chemistry of groundwater. The dissolution
and reactions of chemical elements in groundwater are
promoted by inherent factors such as redox conditions, pH
variations, optimal temperature and respiration. Thus,
mobilization and immobilization of potentially toxic ele-
ments from geogenic materials depend on redox processes
and pH besides physical factors (Smedley and Kinniburgh
2002). Also, redox processes control the degradation and
preservation of anthropogenic contaminants. Some dis-
solved elements are more prevalent under reducing con-
ditions while others prefer oxidizing conditions. It is a fact
that potency of a hazardous element depends on chemical
reactions and speciation. Readily soluble elements are
potentially hazardous than immobile species. After all, the
potency of an element to human health depends on its
characteristics, concentration, exposure duration, exposure
route, bio-concentration and bioaccumulation potential.
Most significant contaminants that have drawn enough
attention in recent years are trace elements found in
groundwater. Groundwater has a wider range of chemical
composition where complex processes and human activi-
ties control the distribution of trace elements in ground-
water (Chen et al. 2007).

There is a paucity of information on trace elements and
no published records on stable isotopes so far in Karonga
district. The lack of information on trace elements is one
reason that prompted this study. Karonga’s economy is
agro based and relies on cash crops such as cotton and rice.
Rice is an excellent accumulator of trace elements such as
arsenic (Bhattacharya et al. 2012); however, rice plays an
important role in the world agriculture (Valipour 2015c;
Valipour et al. 2015). If considerable amounts of trace
elements exist in groundwater, they may be transferred up
the food chain and affect human health depending on
amount consumed and exposure route and duration.

Coupled to trace element analysis, stable isotope studies
are very important in understanding the groundwater
hydrochemistry. Stable oxygen and hydrogen isotopes have
proven very useful in groundwater studies (Fontes et al.
1980; Gat and Tzur 1968; Mapoma et al. 2014, 2016;
Subyani 2004). Site-specific stable isotope ratios can be
compared to the stable isotope values of precipitation that
have not been evaporated having a linear relationship of
&’H = 83'®0 + 10 (R? = 0.95) (Craig 1961). Also, a
local meteoric water line (LMWL) can be constructed from
isotopic data obtained from local sites. Most LMWLs have
slopes of 8 £ 0.5, but a range of 5-9 can be expected
(USGS 2004). Processes such as evaporation or mixing
with evaporated water can cause the data to plot below the
meteoric water line along lines that intersect the MWL at
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the location of the original un-evaporated composition of
the water. Factors that control the isotopic character of
precipitation at a given location are the temperature of
condensation, temperature of precipitation and the degree
of rainout of the air mass (USGS 2004).

According to USGS (2004), the distribution of isotopic
compositions on a regional scale is controlled by (1) alti-
tude effect where the 8'%0 and 8”H values of precipitation
decrease with increasing altitude on windward side, (2)
latitude effect where the 8'®0 and 8°H values decrease
with increasing latitude because of the increasing degree of
“rainout,” (3) continental effect of which the ratios
decrease inland from the coast and (4) amount effect in
which the greater the amount of rainfall, the lower the 3'%0
and 8°H values of the rainfall. However, at a given location
the seasonal variation and the weighted average isotopic
composition remain fairly constant over a long period of
time due to constant climatic conditions from year to year.
In regions that experience both summer and winter rainfall,
they may observe isotopically heavier precipitation in
summer than winter caused by seasonal temperature dif-
ferences and seasonal changes in moisture sources and
storm tracks (USGS 2004).

Shallow groundwater 8'%0 and 8”H values reflect the
local average precipitation values but are modified to some
extent by selective recharge and fractionation processes
that may alter the 8'%0 and 8°H values of the precipitation
before the water reaches the saturated zone (Gat and Tzur
1968). Some of these processes include: evaporation of rain
during infiltration, selective recharge, interception of pre-
cipitation by the tree canopy and exchange of infiltrating
water with atmospheric vapor (USGS 2004).

In small catchments, temporal and spatial variability in
ground water and base flow § values may reflect seasonal
variability in precipitation & values. However, these vari-
ations are less extreme and usually delayed, relative to the
temporal variations that occur in precipitation (Turner et al.
1987).

In this study, we first deduced the provenance of
groundwater using stable hydrogen and oxygen isotope
fingerprint on groundwater samples taken from community
boreholes. Then, the impact of evapotranspiration and
irrigation return flows on groundwater chemistry was
assessed. Thereafter, the spatial variations of trace ele-
ments in groundwater of this area were evaluated using
hierarchical cluster analysis (HCA) and principal compo-
nent analysis (PCA) to profile the possible patterns and
causes of the variations. Furthermore, surface complexa-
tion reactions of the identified clustered data were modeled
using PHREEQC. Following this, inverse modeling of the
evolution of groundwater along the North Rukuru flow path
was carried out to observe the changes in groundwater
chemistry using median cluster values. This is the first time
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that data on stable isotopes and geochemical modeling on
trace elements in North Rukuru—Songwe alluvial aquifer of
northern Malawi are mutually analyzed and presented.

As stated earlier, we did not find any published records
on trace element studies in Karonga, except on Fe and F.
And, none of the studies cited in this paper reported on
stable isotopes and definitely none so far examined the
changes occurring along a flow path using either geo-
chemical modeling or statistical analyses. Otherwise, all
cited papers in this study concentrated on groundwater
quality conformance with WHO standards. This study
therefore aimed at narrowing the gap of knowledge on
evolution of groundwater quality in the area. The specific
objectives were to (1) evaluate the distribution of ground-
water hydrochemistry through cluster analysis, (2) eluci-
date the possible mineralization control on trace element
geochemistry, and (3) examine the evolution of ground-
water quality along a flow path using inverse geochemical
modeling. The results of this study are anticipated to bridge
the information gap needed in addressing groundwater
quality and understanding of the causes, fate and implica-
tion of trace elements found in this aquifer. Such infor-
mation acts as a reference point when implementing
sustainable groundwater management strategies and poli-
cies at local, regional and beyond.

Study area

The location of the North Rukuru—Songwe aquifer within
Karonga district is indicated in Fig. 1. The figure illustrates
the sampling sites physical location. The entire district
covers an area of 3355 km? with a total population of
194,572. Karonga district has a subtropical climate char-
acterized by rainy season (November to May) and dry
season (June to October). The average temperature of the
district is 24.4 £ 5.2 °C with a maximum annual rainfall
of 799 mm (http://www karonga.climatemps.com/). The
town of Karonga (Fig. 1) is the center of local and inter-
national trade (mostly with Tanzania). It is located within
latitudes —9.9972° to —9.9108° and between longitudes
33.8868° and 33.9372°. The average elevation of the town
is 478 m above mean sea level (amsl).

The geology of Karonga is defined by the Ubendian belt
grouping (Chitipa—Karonga) that comprises of several
mafic—ultramafic bodies. The flat plain in the north and
rolling plain in the southern part with mountains in the east
defines the districts topography whose bounding features
are distinct of the East African Rift System (EARS). The
western margin is bounded by the Nyika Plateau that rises
from the rift valley (around 500 m) to 2500 m amsl. In the
eastern margin, the surface elevation of the lake is around
500 m amsl (Wright et al. 2014). This flat plain

characteristic feature of the area and the high water holding
capacity of soil is ideal for rice growing. However, such soil
characteristics and the flat plain topography have negative
effect on drainage. Poor drainage results in increased sur-
face soil salinity, while waterlogging accumulates evapor-
ites whose seasonal flushing would consequently affect
groundwater quality (Valipour 2014a, b, 2015a, b).

The geomorphology of the area consists of Karoo sed-
iments, Cretaceous—Pleistocene Sediments and Quaternary
formations overlying the crystalline Basement complex of
Precambrian to lower Paleozoic age (Fagereng 2013;
Macheyeki et al. 2015). This Basement complex is distin-
guished by low-grade metamorphic gneisses (Mafingi
Group) belonging to amphibole facies (Chilton and Smith-
Carington 1984; Dill et al. 2005). The Karoo sediments
consist of conglomerates, sandstones, argillaceous schists
and coal seems at the bottom while at the top, arkosic
sandstones, marls, and argillaceous schists are appar-
ent (Fagereng 2013; Macheyeki et al. 2015). The sedi-
ments have low porosity because they are well bonded by
calcite and hardened. Karoo occurs to the north of the area
in the west of Karonga and again in the south of the district.
They are excellent sources of coal: Nkana and Livingstonia
coalfields are prominent examples (Wright et al. 2014).

Cretaceous—Pleistocene sediments are found in small
narrow elongated patches, running parallel to the shores of
the lake where crumbly sandstones, unconsolidated sands,
sandy marls, clays and conglomerates of desert origin are
defining features. The permeability and porosity of these
rocks are probably high.

Quaternary formations consistent of lacustrine deposits
(alluviums, colluviums, lacustral deposits) are well devel-
oped in the immediate vicinity of the lakeshore. The strata
contain clays, silts, sands and gravels and are intersected in
many cases, with a predominance of fine elements and
wide variations of facies (Wright et al. 2014). The thick-
ness of the alluvial sediments is very variable along Lake
Malawi but tends to increase closer to the shore to a
maximum of 60 m. The aquifers formed of fluvial and
lacustral sediments are heterogeneous both vertically and
horizontally (Wright et al. 2014).

The sampled groundwater is from alluvial aquifers that
furnish better yield (Mapoma and Xie 2014; Mapoma et al.
2014). The exact study area within the district (Fig. 1) is
dissected by rivers North Rukuru, Kibwe, Rufira, Kyungu
and bounded by Songwe (north end of study area). General
groundwater flow is from the western highlands toward the
lake in the east. The recharge is mostly high rainfall in the
hills that contributes to lateral in-flow with infiltrating
rainfall contributions while the Lake Malawi acting as a
sink. The aquifer in the region is probably semi-confined.

Geothermal activities are observed in some parts of the
district. Notable geothermal areas are those located in
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Mpata Gap through which North Rukuru passes on its way ~ borehole depth records in the area show a range between 35
from the Nyika Mountain Ranges (Dulanya et al. 2010;  and 60 m. The 0.45-um membrane filters were used to
Fagereng 2013). strain the samples while filling up the sampling bottles.
Twenty-five samples for cation analyses were stored in
50-ml polypropylene bottles and acidified to pH <2 using

Materials and methods HNOs;. A duplicate set of 25 samples for anion analysis
was not acidified. Thereafter, the temperature-controlled
Sampling and sample analysis samples were transported and immediately stored in a

refrigerator at the Department of Physics and Biochemical
A total of 25 samples from communal boreholes were  Sciences of University of Malawi, The Polytechnic. While
drawn in Karonga during the month of April 2015. The in the field, measurements of pH, temperature, electric

@ Springer



Environ Earth Sci (2016) 75:877

Page 5 of 22 877

conductivity (EC), total dissolved solids (TDS), total
hardness and turbidity using standard commercial meters
were taken. Alkalinity was analyzed in the Department of
Physics and Biochemical Sciences’ chemistry laboratory
following the prescribed APHA titration technique. Site
elevation and coordinates were measured using a
portable handheld global positioning system (GPS).

Thereafter, major and trace element constituents were
analyzed by inductively coupled plasma optical emission
spectrometry (ICP-OES) at State Key Laboratory of Bio-
geology and Environmental Geology of China University
of Geosciences (Wuhan) within 1 week of sampling. The
average analytical error for major and trace chemical
constituents using ICP-OES is less than =£5 %. Also,
anions chloride (Cl), sulfate (SQ,), fluorides (F) and nitrate
(NO3) were determined by ion chromatography (IC)
(Dionex ICS 1100) with a detection limit of 0.01 mg/L.
The observed ionic balance error was within £5 %.

The 5'®0 and 8?H values were measured using a Fin-
nigan MAT 253 stable isotope ratio mass spectrometer at
the State Key Laboratory of Biogeology and Environ-
mental Geology, China University of Geosciences in
Wuhan. 3'®0 values were determined through equilibration
with H,O-CO, at 25 °C for 24 h followed by continuous
introduction to the mass spectrometer using a Thermo
Finnigan GasBench online gas preparation system. &°H
was measured by reaction with Cr at 850 °C, using an
automated Finnigan MAT H/Device (Thermo Scientific).
The 8'®0 and 8°H values were measured relative to
internal standards calibrated using Vienna Standard Mean
Ocean Water (V-SMOW). Isotopic composition (8'%0 and
87H) was reported in standard & notation representing per
mil deviations from the V-SMOW standard (Eq. 1), where

Rsample *Rstandard

3*H(or 3'%0) = x 1000 (1)
Rstandard
2H 180
with R = Eor%

Precisions for 8°H and §'%0 were 41.0 and 0.1 %,
respectively. Deuterium excess values (d-excess) were
calculated by d = 8*H-8 x 8'®0 in order to evaluate the
changes in moisture sources.

Data analysis and interpretation

All statistical analyses were done using IBM SPSS version
22 (International Business Machines Corporation, New
York). A one-sample Student’s ¢ test was done to compare
the d-excess computation data with the GMWL y-intercept
value. This was done to observe the significance of sec-
ondary evaporative processes on isotopic signature. The
number of samples together with their respective chemical

and physical parameters (Table 1) made the study a mul-
tivariate problem. In this study, HCA and PCA were
applied to the dataset. The objective of HCA was to
examine and classify groundwater samples based on dis-
tribution of the hydrochemical dataset. The Euclidian dis-
tance was used as a similarity/dissimilarity measure,
whereas the Ward’s linkage method was used to link
clusters. PCA was used to identify underlying variables
that explain the pattern of correlations within the observed
physicochemical elements. The aim was to identify a small
number of factors that essentially explain most of the
variance observed in variables. Mostly, the PCA tried to
explain the relationship between redox (and pH) and the
studied trace elements.

Prior to multivariate analysis, the variables with below
detection limit values >25 % and additive variables (TDS and
EC) were excluded in the analysis (Cloutier et al. 2008;
Levins and Gosk 2008). Stable oxygen and hydrogen isotopes
were excluded as well. In some samples, it was determined
that SO, was below detection limit (bdl). In this case, the
value of SO, for such samples was replaced with the detection
limit value of ICP-MS. Furthermore, skewness of data, Sha-
piro—Wilks test of normality, ANOVA and MANOVA were
used as explained in “Results and discussion.”

Geochemical modeling was achieved through
PHREEQC version 3 (Parkhurst and Appelo 1999) with the
Minteq v4 (Allison et al. 1991) as the main database. The
model was run to provide speciation results, saturation
indices, surface complexation reactions and inverse mod-
eling on the groups of data identified in multivariate’s
HCA.

Results and discussion

Groundwater chemistry and trace element
variations

Table 1 presents the results of in situ measurements and
laboratory results. In terms of physical properties, pH
variations are apparent among sampling points. The pH
observed in Table 1 was slightly acidic to neutral (6.0-7.1).
The mean pH indicates that the groundwater is mainly of
slightly acidic nature consistent with studies elsewhere in
Malawi (Mapoma and Xie 2014; Mapoma et al. 2014;
Mkandawire 2004; Wanda et al. 2011, 2013). From pre-
vious studies, silicate mineral weathering and carbonate
dissolution are viable processes controlling the variations
in water quality of Karonga (Wanda et al. 2013).

As indicated in Table 1, the laboratory analysis included
a wide spectrum of trace elements found in groundwater.
Most of these elements come from natural sources and are
mobilized by inherent groundwater conditions, water
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activity, microbial respiration and human-induced stabi-
lization. The drawdown of the groundwater level due to
pumping, dissolution and exsolution of gases (CO, and
0,), mixing of O,-rich water with relatively deeper anoxic
water due to drawdown and recovery of groundwater levels
during wet season are all activities that can destabilize the
groundwater equilibrium (both physical and chemical)
state. Waterlogging in rice-growing season (Valipour
2014a) and probable hard pan formation that enhance flood
holding capacity of the surface soil may induce anoxic
conditions in the groundwater by limiting O, transport
from/exchange with the atmosphere. Thus, the O, available
within the confinement of the aquifer may be depleted
during aerobic respiration/decomposition of organic matter
by microorganisms. Such processes may simultaneously
alter pH, temperature and Eh, consequently affecting dis-
solution/precipitation, ion exchange, surface complexation
and sorption processes.

In this study, beryllium (Be) and mercury (Hg) were not
detected in all samples. Few samples (<50 %) showed
some levels of cobalt (Co) and zinc (Zn), while ~60 %
had vanadium (V), cadmium (Cd), boron (B) and alu-
minum (Al) present (Table 1). Comparing with drinking
water standards, a few exceptions were identified to be
above threshold. From Table 1, it can be extracted that Mn
(23 % of samples), As (20 %) and Fe (24 %) violated the
threshold values of 400, 10 and 1500 pg/L, respectively
(WHO 2011). Only one sample (KA-05) showed fluoride
higher than 1.5 mg/L limit value for drinking water.

Areas along the North Rukuru River (Fig. 1) have rel-
atively higher turbidity with KA-10 showing highest TH
(Table 1). Similarly, HCO5; values >250 mg/L. (WHO
2011) (except KA-01) were observed along the North
Rukuru area with KA-09 presenting the highest concen-
tration compared to the rest of the study area. It was also
observed that the North Rukuru area was relatively enri-
ched in Na, ClI, SO, and F. KA-09 had the highest Na
content in the sample. This suggests that the area is more
prone to evaporitic concentration effect and probably
enrichment from surface contamination due to fertilizer
application (organic and inorganic). In terms of trace ele-
ments, similar general observation as that of major ele-
ments was made for As, B, Ba and Sr. The highest
concentration of As, B, Ba, Li and Sr was observed for KA-
09. These elements are consistent with coal activities,
which were evident in this area, especially around KA-09
and KA-10. KA-09 had very low concentration of Mn and
Fe. Higher concentration of Mn was observed for KA-03,
KA-04, KA-11, KA-15, KA-16, KA-18, KA-19 and KA-21
with the highest value obtained for KA-16. Lower values of
Fe were observed along the North Rukuru River. The
highest value of Fe in this study was observed for KA-25
followed by KA-18, KA-13 and KA-12, respectively. The
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same samples had relatively high levels of Pb which co-
occurs with Fe and probably affected by industrial activi-
ties such as transportation along the busy main road
between Karonga town and Malawi-Tanzania border.
Mechanisms responsible for these variations are identified
in section “Multivariate statistical analysis.”

Stable isotopes of oxygen and hydrogen

In the study area, stable isotope investigation of ground-
water is a new field. Investigation of isotopes coupled with
geochemical analysis adds value and more information on
the structure of the aquifer, especially the groundwater
origin. The stable isotope data can offer insight into the
regional studies that try to distinguish between shallow and
deep aquifers (Praamsma et al. 2009) and identify zones of
interaction and recharge processes (Horst et al. 2007,
Subyani 2004; Sukhija et al. 2006). Thus, they are excel-
lent tracers for determining the origin of groundwater.
Since 8'%0 and §°H are influenced by processes affecting
the water rather than the solutes, they can identify waters
that have undergone evaporation, recharge under different
climatic conditions than the present, and mixing of waters
from different sources.

The stable isotopes analyzed in this study and their
statistical summaries are presented in Table 1. Positive
values of 8'®0 and 8°H indicate enrichment when com-
pared to SMOW (Talabi 2013) contrary to our observa-
tions. The regression analysis of oxygen and hydrogen
isotopes is illustrated in Fig. 2. The figure includes the
global meteoric water line (GMWL) defined by the average
relationship between hydrogen and oxygen isotope ratios in
natural terrestrial waters (Craig 1961). Normally, the 5°H

-16.0
————————— LMWL, 8°H =7.758"0 + 9.68
—— §FH=7.838"0+9.46,R°=0.715 4
2009 —.—. GMWL, 8H=28.08"0+10
g 24.0
Q
(=T
z
% -28.0-
wn
2
v
%o -32.0 -
3604 7
- T T T T T T T T T
6.0 55 5.0 45 4.0 35

50 (VSMOW, permil)

Fig. 2 The 8°H versus 8'80 plot of groundwater samples from
Karonga north compared to GMWL (Craig 1961) and LMWL
(Monjerezi et al. 2011)
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and 8'%0 diagram is useful in interpreting information on
the origin of groundwater. Included in the figure is the
generalized LMWL (Mapoma et al. 2014; Monjerezi et al.
2011). The LMWL runs slightly parallel to the GMWL
(Fig. 2).

About 64 % of the groundwater samples plotted on or
close to the GMWL and LMWL, producing a regression
line defined by 8*°H = 7.838'%0 + 9.46 with a regression
coefficient (R of 0.715 that suggests a meteoric origin
with a mean isotopic composition as indicated in Table 1
(Boutaleb et al. 2000; Mapoma et al. 2014; Monjerezi et al.
2011). Therefore, the alignment of isotopic composition
close to the GMWL and LMWL demonstrates a precipi-
tation origin of groundwater in the studied area. Compared
to studies done elsewhere in Malawi (Mapoma et al. 2014;
Monjerezi et al. 2011), the isotopic composition in this
study was relatively enriched. This may be attributed to
differences in rainout (amount effect), local conditions,
altitude effect and latitudinal differences (Mapoma et al.
2014; Monjerezi et al. 2011). Samples whose isotopic
composition shifted apart from the GMWL and LMWL
and plotted to the right suggest the effect of processes such
as evaporation within the unsaturated zone during recharge
or mixing with an evaporated source. Elevated temperature
may cause an increase in 8'°O but not 8°H of water while
increasing 8'%0 of rocks as water attempts to reach isotopic
equilibrium. This is mostly observed in geothermal
exchange. In this study, such geothermal activities were not
investigated. But the shift in isotopic composition to the
left may be attributed to temperature variations. Delayed
infiltration, low hydraulic conductivity and base flow
recharge may be the cause of discernible differences in
isotopic composition unlike in fractured basement where
infiltration is high with little modification of isotopic ratio
(Mapoma et al. 2014).

As shown in the literature, evaporation and exchange
with rock minerals are common fractionation processes
that affect the relationship between 5°H and 8'®0 (Fontes
et al. 1980). Hence, the shifting apart indicates the action of
combined local processes such as selective infiltration, a
certain degree of direct percolation that do not change the
isotopic composition of the original rainwater, some degree
of fractionation in the vadose zone and most probably
surface water contribution (several rivers present) and
mixing mechanisms by anthropogenic activities, especially
groundwater drawing.

The process of evapotranspiration increases the con-
centration of dissolved salts in water. A plot of 8'*0 versus
TDS is used in this study to extricate the relationship
between evaporation and dissolution of evaporites
(Fig. 3a). In this figure, there is no general relationship
between TDS and variation in isotopic composition.
However, a decrease in 8'®0 is observed for TDS
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Fig. 3 Relationship between 5'80 with TDS (a) and NOj3 (b) used to
explain the impact of evapotranspiration and irrigation return flows,
respectively. Difference between KA-09 and KA-10 is discussed in
this section “Stable isotopes of oxygen and hydrogen”

<350 mg/L suggesting minimal effect of evaporation
during recharge. But, the observation for TDS >350 mg/L
may be due, in part, to evaporative effect, especially for the
two samples KA-09 and KA-10. Therefore, the general
observation is that the isotopic variation may arise from
mixing of groundwater along the flow paths.

It is noted from Table 1 that KA-09 and KA-10 differ in
hydrochemistry although sited at almost the same elevation
along the North Rukuru River. Probably, local conditions
in the aquifer matrix and variations in sediment mineralogy
could explain these differences. Most of the ionic con-
centration values for KA-09 are more than twice that of
KA-10. Further investigation in sediment geochemistry is
needed. Visually, KA-09 surface soils are fine darkish gray
silt with a coal-like look while those of KA-10 were
observed to be sandy soils (high vertical recharge). Fur-
thermore, KA-09 (relative to KA-10) seems to be highly
impacted by agriculture activities such as fertilizer
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application in cotton fields, animal husbandry, closeness to
the road and evaporitic enrichment as observed by the high
concentrations of Na, Cl, HCO;, SOy, F, NOs;, As, B, Ba,
Li and Sr. KA-10 represents a groundwater that is char-
acterized by high total hardness in this area (Table 1). It
may also be reasonable to assume that local flow paths
(from mountain to river) define the differences between
these two paths since KA-09 seems to be located on a
longer local flow path from mountain front than KA-10,
hence more enriched.

Irrigation return flow may modify 8'®0 as water infil-
trates and percolates. Using Fig. 3b, it was possible to
investigate the effect of irrigation practices on groundwater
hydrochemistry. Even so, the relationship between 3'*0
and NO5 was very poor to support the impact of irrigation
return flow (Fig. 3b) probably due to high water holding
capacity of soils and formation of hard pan in rice-growing
season. The non-equilibrium conditions during source
water evaporation are conveniently assessed using the d-
excess values (Table 1). The d-excess is dependent on
relative humidity and sea surface temperature in the
moisture source region (Breitenbach et al. 2010). But
temperature has a rather weak influence on stable isotopes
from precipitation in tropical regions (Aggarwal et al.
2004). Yet, stable isotopes are controlled by amount of
precipitation and the degree of air mass rainout during
moisture transport (USGS 2004). Moreover, the d-excess
of the continental atmospheric vapor mass may be altered
by contribution from secondary evaporative processes
(Marfia et al. 2004). In this study, a one-time sampling of
groundwater and analysis of isotopes was done, which
preclude the analysis of 8'®0 versus precipitation. A sta-
tistical analysis using one-sample ¢ test shows that the d-
excess values approximate the y-intercept of the GMWL of
10 (Fig. 4). As such the influence of secondary evaporative
processes is irrelevant (Marfia et al. 2004). However, KA-
09 and KA-10 have a d-excess that is significantly lower
than 10 (i.e., <5.8) indicating effect of local conditions on
isotopic variation.

Multivariate statistical analysis
Hierarchical cluster analysis

The sufficiently large number of variables makes this study
a multivariate problem as mentioned in “Materials and
methods.” The HCA outcome from a standardized (Clou-
tier et al. 2008; Levins and Gosk 2008) dataset performed
on the 25 samples is a dendrogram (Fig. 5). The phenon
line drawn at a linkage distance of 9.5 produced four
stable and geochemically distinct clusters (C1, C2, C3 and
C4). Although these clusters are distinct, the dendrogram
reveals some levels of similarities between the clusters.

@ Springer
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Samples clustered in C1 and C2 are linked at a lower
distance. Similar observation is made for clusters C3 and
C4. But, Cl1 and C2 samples are linked to C3 and C4
samples at an elevated distance showing some levels of
dissimilarities between the two sets of pairs. Thus, the
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expected results are that the general geochemistry of these
clusters evolves from one cluster to another between pairs
and that marked differences are expected when comparing
the cluster pair of C1/C2 to that of C3/C4.

To assess the validity of clusters obtained, a MANOVA
model was estimated using TDS, EC and 8°H as validity
criterion variables while cluster membership was the inde-
pendent variable. From the variables left out for being
stable or additive, these three criterion variables were
selected because they were found to significantly correlate
with each other (p < 0.001) unlike 8180, Eh and tempera-
ture (p > 0.05). The overall MANOVA model was signif-
icant (F = 70.9, p < 0.001), supporting the idea that these
variables can be predicted by knowing to which cluster they
belong. The individual univariate statistics were also sig-
nificant (p < 0.001) further supporting this finding. In
Table 2, the median concentration of relatively elevated
minor and trace elements is shown and depicted on the
dendrogram (Fig. 5) as part of the profiling variables.

Generally, on a set of additional variables NOs, Al, Cd,
V, Zn and ANOVA test for significant differences, the
clusters show distinct differences (Table 2) except for
temperature and 8'%0. It is also observed from the same
table that variations among clusters were apparently
insignificant in the cases of K, Si, As, Fe, Mn, Ni and Pb.
As such, the cluster profile in terms of minor and trace
elements is better explained by the marked differences in
Ba, Cr, Cu, F, Li, Sb, Se and Sr (underlined in Fig. 5). As
mentioned in pervious paragraph, the highest concentration
of these profiling trace elements is indicated in bold, while
the lowest is underlined in association with the cluster
(Table 2). It is also noted that C2 has groundwater that is
relatively more oxidized while C4 is more reduced of the
four clusters observed (Table 2). Furthermore, relatively
hard water is envisaged for C4, while lowest total hardness
is observed in C2. According to Table 2, C2 represents
relatively hard waters, while C3 describes samples con-
sistent with a set of higher dissolved salts that describe
salinity levels (Na, Cl, SO, and Mg). Higher TDS is
apparent in C4 while lowest for C2.

From the Schoeller diagram, the median water types
were deduced for each cluster (Fig. 6). These general water
types for the individual clusters are presented in the den-
drogram as additional profiling variables. All four clusters
displayed a bicarbonate-dominated water type similar to
previous studies in the area (Wanda et al. 2013). Based on
water types deduced for each cluster, the befitting and clear
evolution of groundwater can be traced along a flow path
that follows the west—east transect beneath the North
Rukuru River (C4, C3 and C1). The groundwater evolves
from the Ca-HCO; through the mixed Ca—Na—-HCOj; to
Ca—Mg-HCOj; type. Thus, the more hard water evolves
into water with higher salinity descriptors along the flow

path prior to discharge into Lake Malawi. As such, evap-
orite levels are expected to be heightened away from the
recharge zone compared to carbonates as seen in the C4—
C3 pair of clusters. It is also noted that total hardness
follows this trend (Table 2) supplementing to this obser-
vation. In fact, TDS profile shows that toward the lake the
groundwater has low dissolved solids. Groundwater close
to the recharge zone (West) contains higher concentrations
of major elements than in the east, while the converse is
true for trace elements due to various inherent geochemical
mechanisms including redox conditions, precipitation,
evapotranspiration and pH-dependent dissolution. Also,
dilution effect occurs as the aquifer thickness increases
closer to the shore compared to the western zone (see
section describing the study area). The low TDS observed
for C2 is due to short flow paths. Organic matter may also
play a key role in the amount of HCOj; realized from
decomposition. The redox-sensitive elements As and Fe
display an inverse evolution profile from each other (As:
C4 > C3 >Cl; Fe: C1>C3>C4). Thus, the mecha-
nisms involved in elevating these two elements may be
incongruent dissolution processes. While arsenic levels
may vary according to changes in redox and pH conditions
(such as reductive dissolution and pH dependent), iron
content may arise from hydrolysis/dissolution of Fe-car-
bonates and ferromagnesian minerals, consistent with
amphibole facies. As groundwater evolves from the Ca-
HCOj; to ultimately Ca—-Mg-HCOs;, As increases while Fe
decreases probably through precipitation and involvement
in sorption processes. The trends observed for the flow path
along the North Rukuru River can also be described on a
latitudinal differences, C2—C1-C3. However, this may not
follow a proper groundwater flow path even though
remarkable observations may be discerned. Due to absence
of sediment lithology in the study area, it was not feasible
to prove the impact of sediment geochemistry on trace
elements. However, inverse modeling was performed on
the C4-C3 flow path and discussed later on for potential
mineral transfers inferred from the general lithology of the
alluvial aquifer of Malawi. In general, C4 and C1 show a
remarkable profile consistent with higher levels of trace
elements and that boron levels are in the order
C4 > C3 > C1 along the North Rukuru River (Table 2).
These are the areas where intensive rice farming, irrigation,
high evapotranspiration and industrial activities are more
pronounced while the western part is dominated by animal
raising, maize growing and cotton.

Further studies on the relationship between trace ele-
ments using HCA (figure not shown) yielded the lowest
linkage distances for Ba, Sr and Li. This implies that these
elements and their concentrations profiles are affected by
similar geochemical processes. Similar low linkages were
observed for Cr, Pb and Fe.

@ Springer
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Table 2 Median values of
geochemical and physical
characteristics of each cluster
identified using HCA

Parameter Cl C2 C3 C4 ANOVA
Class members 8 6 6 5 F Sig.
Eh (mV) —5.45 14.50 —8.75 —21.70 6.74 0.002
pH 6.51 6.31 6.57 6.73 4.03 0.021
TH (mg/L) 122 54 236 298 27.38 0.000
Calcium 33.0 14.0 76.6 97.8 24.73 0.000
Mg (mg/L) 9.4 4.8 16.6 10.8 5.44 0.006
Na (mg/L) 12.7 11.6 55.9 38.7 6.74 0.002
K (mg/L) 2.10 2.20 3.45 5.00 243 0.093
HCO; (mg/L) 182 94 385 494 41.48 0.000
Cl (mg/L) 3.30 4.65 8.45 7.30 3.86 0.024
SO, (mg/L) 0.76 1.60 9.40 2.00 5.49 0.006
F (mg/L) 0.50 0.30 1.00 0.80 4.52 0.013
Si (mg/L) 22.8 24.8 24.7 24.1 0.86 0.475
As (pg/L) 5.90 8.85 8.30 8.70 1.91 0.158
Fe (ng/L) 716.7 112.3 13.8 22 2.38 0.099
Mn (ng/L) 328 299 338 171 1.06 0.388
Ba (ug/L) 157 107 285 635 6.36 0.003
Cr (pg/L) 0.85 0.35 0.30 0.60 5.12 0.008
Cu (ng/L) 0.55 3.20 0.75 0.80 3.54 0.032
Li (ug/L) 1.65 1.30 4.40 22.20 4.64 0.012
Ni (pg/L) 2.05 2.60 1.95 2.80 1.25 0.315
Pb (ng/L) 7.90 5.65 5.30 6.00 2.72 0.071
Sb (pg/L) 3.80 2.30 1.80 3.50 4.37 0.015
Se (ng/L) 3.65 3.55 3.90 6.20 5.07 0.009
Sr (ng/L) 178 100 324 677 16.82 0.000
Stable or additive variables

EC (uS/cm) 279 165 563 679 32.28 0.000

TDS (mg/L) 138 82 272 342 19.18 0.000

Temperature (°C) 28.9 28.6 29.40 29.20 2.21 0.117

&°H —26.3 —25.0 -29.9 —28.3 3.96 0.022

3'%0 —4.7 —4.4 -5.0 —4.9 2.81  0.065
Missing >25 % data

Turbidity (NTU) 0.37 (0.63) 1.85 (0.83) 1.81 (0.50) 0.03 (0.20)

NOj3 (mg/L) 0.7 (0.25) 0.8 (0.67) 3.15 (0.33) 3.5 (1.00)

Al (pg/L) 5.3 (0.63) 1.7 (0.67) 1.6 (0.50) 2.1 (0.40)

B (pg/L) 3.95 (0.29) 1.25 (0.33) 3.15 (1.00) 17.2 (1.00)

Cd (ng/L) 0.2 (0.88) 0.1 (0.83) 0.1 (0.33) 0.1 (0.20)

Co (ng/L) 0.5 (0.50) 0.7 (0.17) 0.2 (0.17) bdl

V (ng/L) 0.25 (0.38) 2.5 (0.50) 1.2 (0.67) 11.0 (0.80)

Zn (ng/L) 0.5 (0.13) 4.4 (0.5) 19.7 (0.17) 1.5 (0.20)

Bracketed values fraction of samples whose values were detected among the total cluster members. Bold
italics represents postive and negative median value indicates highest relatively oxidizing condition and
highest relatively reducing condition, respectively. Bold values highest median value. Underlined lowest
median value. Italics variations among the groups’ median values were not significant at 95 % confidence

level

bdl below detection limit

Even though stable isotopes (8°H and 8'%0) were not
included in the HCA study, the median values accrued to
each cluster follows an enrichment profile of the order

@ Springer

C2 > Cl > C4 > C3 (Table 2). According to Fig. 7 in
relation to observed median values of stable isotopes for
the clusters (Table 2), it shows that groundwater in the
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south of the area is more depleted than in the northern part
(clearly as C2 > Cl > C4). Similarly, the altitude varia-
tions along the longitudes (Fig. 7) are illustrated by the
C4 > C3 profile. Therefore, the variation in isotopic sig-
nature might be attributed to various factors such as rock—
water interaction, selective recharge, fractionation process
including evapotranspiration, canopy interception of pre-
cipitation and exchange of infiltrating water with atmo-
spheric vapor (USGS 2004).

The distinct clusters underscore the fact that hydrogeo-
logical conditions along the flow path affect the chemistry
of the groundwater as is the impact of redox conditions and
pH changes. Anthropogenic activities contribute to the
variations in minor and trace element loadings. The water
type shows that Mg—Na ion exchange is plausible along the
flow path and is included in the inverse modeling later on
in this paper.

Principal component analysis

A complete dataset is necessary to effectively use multi-
variate statistics’ PCA. All variables were positively
skewed and majority had significant skewness (Table 1).
The failure of most variables in the Shapiro—Wilks nor-
mality test (p < 0.05) and the skewness prompted the log
transformation of the variables prior to invoking PCA.
Based on eigenvalues, the PCA provided information on the
participation of the individual chemical parameters in sev-
eral influence factors. The PCA retained six components
based on the Kaiser Normalization criterion for which only
the components with eigenvalues greater than 1 are signif-
icant. The six independent factors rotated using varimax
normalization explained 78.31 % of the total variance. The
communalities (>0.5) extracted for each variable using
principal component met the acceptable levels of explana-
tion of the variables in factor analysis results.

Each of the components satisfied the criteria where
maximizing the variance implies maximizing the range of
the loadings that tend to produce either extreme (positive or
negative) or near-zero loadings. Each component is char-
acterized by a few high loadings (highlighted in bold) and
many near-zero loadings which fulfills the objective of the
rotation (Cloutier et al. 2008). The first three components
explain 56.29 % of the total variance (Table 3). Thus, they
account for the majority of the variance in the dataset. The
low loading of component 6 shows its insignificance in the
explanation of the factors having one high loading of Si
which in itself is a stable variable across the samples studied.

Component 1 explains the greatest amount of the vari-
ance (34.25 %) and is characterized by high positive
loadings in Ca, TH, Ba, Li, Se and Sr with mild loadings of
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Table 3 Varimax rotated

principal component matrix PCl pe2 PC3 PC4 PeS PC6

showing the six significant Eh ~0.262 —0.822 —0.084 —0.044 ~0.027 0.348

principal components based on

cigenvalue >1 pH 0.216 0.817 0.076 0.036 -0.016 —0.162
As 0.047 0.628 —0.051 —-0.315 —0.176 —0.078
Ca 0.790 0.167 0.270 —0.170 —0.022 —0.341
Cl 0.236 —0.006 0.889 —0.131 —0.080 0.100
F 0.041 0.595 0.519 —0.108 0.093 0.033
Fe —0.240 —0.133 -0.103 0.830 0.159 0.041
HCO; 0.682 0.513 0411 —0.020 —0.007 —0.255
K 0.076 0.699 0.038 —0.334 0.045 0.153
Mg 0.236 0.214 0.813 0.177 0.007 —0.230
Mn —-0.579 0.239 0.113 0.002 0.288 —0.001
Na 0.372 0.642 0.521 0.043 0.004 0.011
SO, 0.069 0.098 0.882 -0.103 —0.146 0.096
Si 0.096 —0.228 0.084 —0.089 —0.037 0.789
TH 0.732 0.200 0.453 —0.094 -0.017 —0.351
Ba 0.849 0.147 0.041 —0.043 —0.059 0.250
Cr —0.060 —0.084 —0.011 0.394 0.805 0.032
Cu —0.342 0.118 —0.216 —0.469 0.273 0.340
Li 0.724 0.371 —0.055 —0.072 0.023 0.348
Ni 0.306 0.252 —0.450 0.349 —0.573 0.064
Pb —0.045 —0.149 —-0.079 0.924 —0.006 —0.101
Sb 0.172 0.085 -0.373 —0.122 0.774 —0.045
Se 0.768 0.113 0.332 —0.028 0.321 0.059
Sr 0.822 0.454 0.154 —0.002 0.023 —0.028
Total eigenvalue 8.220 2.666 2.622 2.228 1.907 1.151
Explained variance (%) 34.25 11.11 10.93 9.28 7.95 4.80
Cumulative % variance 34.25 45.36 56.29 65.57 73.51 78.31

Bold values loadings >0.7, underlined values significant mild loadings

HCO5; and Mn (Table 3). This component can be inter-
preted as a factor of carbonate dissolution (especially cal-
cite) and hardness profile. Thus, it describes the Ca—HCO5
water type envisaged in the cluster analysis. It may also
explain the influence of CO, on the elevated HCO; in the
system either from atmospheric dissolution or microbial
degradation of organic matter. This factor is more apparent
for C4. Areas in the C4 may be influenced by high loads of
organic matter from animal waste (grazing lands) and
autochthonous litter which may be biodegraded by
microorganisms and hence elevating HCOs. It is observed
that the highest factor scores for this component are for
samples KA-09, 10 and 11 which are very close to the
recharge zone. The mild loading of Mn signifies its
importance in influencing dissolution of minerals and
participation in complexation as Mn-hydroxides/oxide.
Complexation is one of the control mechanisms of trace
element loads in groundwater such as Ba, Li, Se and Sr
(Merkel et al. 2005). The direct relationship between Mn
and Eh is noted from this component. Mn is a redox-sen-
sitive element and can be involved in alteration of redox
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conditions in the system. Formation of Mn complexes and
the alteration of redox conditions may mobilize other trace
elements in the groundwater.

Component 2 explains the significance of pH and Eh on
the mineralization of minor and trace elements in the sys-
tem. This is because of the influence of pH and Eh on As
and F. It has been observed and document that As increases
with increasing pH (and decreasing Eh) values (Smedley
and Kinniburgh 2002). This is clear from the analysis as the
Eh value shows a high negative loading relative to As and F.
This component shows that the main process for the
observed As and F may be reductive dissolution and pH-
dependent dissolution of As-containing and F-containing
minerals. The higher factor scores for this component are
for areas along North Rukuru and Lufira rivers that are
consistent with reducing conditions and high pH.

The abundance of As in sediments is not yet known in
the study area as such the low concentrations observed
compared to As laden areas around the world may be
attributed to various processes such as co-precipitation/
dissolution, redox conditions, pH, microbial activities and
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probably dissolution of As-containing minerals. The factor
explains further that an increase in Na is concomitant with
increased levels of HCOj; loadings. This may suggest that
Na levels are influenced by changes in pH as HCOj; levels
affect pH.

Component 3 explains the sulfate and chloride elevation
in the system from evaporite dissolution of minerals such
as mirabilite and halite. The significant mild loading of F in
this component suggests the dissolution of F-containing
minerals. However, the low concentration of F observed in
this study and the low loading of Ca in this component
signify that the dissolution of fluorite (CaF,) is not the
main control. Micas, such as biotite (K(Mg,Fe);(AlSi;.
0,0)(F,0OH),), may contribute to the levels of F through
rock—water interaction. Similar to component 2, the highest
factor scores for this component fall along the North
Rukuru River, and they cluster mostly to the eastern part
where aquifer thickness is higher to promote disintegra-
tion—dissociation and dissolution processes. Also, in the
eastern part, there is intensive development, industrial and
agriculture-related activities. These activities may con-
tribute to levels of F relative to those in the western part.

Figure 8a provides a summary on the position of the
loadings of chemical parameters in the rotated plane
defined by the axes of components 1 and 2, while Fig. 8b
illustrates the position of the parameters with respect to
components 1 and 3. From the positions of the parameters
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Fig. 8 Plot of loadings in rotated space of the first two components
(a) and that of component 1 versus component 3 (b)

in space, a conceptual descriptive term is defined for each
of the components based on their characteristic loadings
(Fig. 8a, b). Because of the association of Ca, HCO5; and
TH, component 1 is a characteristic of hardness and car-
bonate dissolution. Component 2 is defined by the high
positive loading of pH and high negative loading of Eh,
which may be defined as Eh—pH factor. The association of
Mg, SO, and Cl loadings defines the evaporite dissolution
for component 3. From the two figures, halite dissolution is
insignificant as shown by the distance in positions of the
loadings of Na and CL

The highest factor scores for component 4 show ele-
vated levels of Fe and Pb in the areas close to the main road
(KA-11, KA-12 and KA-25). Heightened levels of Fe may
be due to rock—water interaction along the flow path as
groundwater ages. Vehicular emissions along the busy
main road between Karonga and Tanzania (Figs. 1, 7)
might have contributed to relatively elevated levels of Pb
besides geogenic sources in the past when vehicles used
leaded petrol. Such emissions onto the surface would find
its way into groundwater through infiltrating rain water.
Besides, the growing industrial activity in the study area is
another contributing factor. The negative loading of sulfate
relative to Fe shows minimal impact of oxidation of Fe-
sulfide mineral in elevated Fe concentrations. It may sug-
gest that the geogenic source of Fe is from dissolution of
Fe-carbonate minerals such as siderite and probably fer-
romagnesian minerals.

Component 5 shows high loadings of Sb and Cr with
mild loadings of Ni. The factor scores for this component
show that such high loadings occur for samples taken very
close to the roads (KA-05, 06, 11, 12, 15, 16, 21, 22 and
25). The location of these sampling points is synonymous
with coal use and mining activities. Coal contains a myriad
of trace metals of which Sb, Cr and Ni are part.

Component 6 is difficult to explain because it has only
Si with high positive loading. This factor may explain
silicate weathering of pure silicates and aluminosilicates.
The levels of silicate in the entire study area have little
variations, and the ANOVA test shows insignificant vari-
ations (Table 2). As such, it is not possible to attribute this
factor to a specific cluster and process, but to the geo-
chemical process that may persist in the entire area
(especially silicate weathering). The cation exchange and
silicate weathering may be incongruent process in the study
area as shown by the negative loadings of Ca and Mg and
the positive loadings of Na and K in this component.

Implication of multivariate analysis on trace elements
and water quality

The multivariate analysis suggests that the observed con-
centrations may be due to processes occurring within the
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aquifer such as adsorption mechanisms, redox conditions,
incongruent dissolution, complexation and presence of
limiting mineral phases. Ion exchange may be involved as
well as some elements like Al may be readily exchanged by
Mg while Li may be displaced by divalent cations from the
silicate minerals. Formation of complexes can lead to
adsorption of toxic and undesirable elements such as As, Mn
and Cd. The form in which the element exists in the
groundwater entails the toxic potential of the element.
Mobility of ions is influenced by pH and redox state of
groundwater. For instance, redox-sensitive trace elements
are more mobile under low pH and toxic conditions. For
instance, Cd, Cu, Pb and Zn can increase adsorption on oxide
hydroxides under elevated pH (Mapoma et al. 2014; Salbu
and Steinnes 1995). Others such as Fe and Mn are mobile
under low pH and (or) anoxic conditions. In contrast, some
oxyanion-forming trace elements, e.g., As, Cr, Se and V, are
generally more mobile under high pH conditions.

The Eh values observed indicate reduction of NOs,
oxidation of organic matter, reduction of Fe" to Fe®"
(Merkel et al. 2005). The low Eh values may be due to
depletion of dissolved oxygen during microbial metabo-
lism. In this case, microbial activities begin to depend on
Os/energy from reduction of NOs, Fe*™ and SO,. Such
activities contribute to increase in HCOj, low SO,, pH
progression from slightly acidic to neutral and variation in
dissolved trace elements. Coal mining and the recent ura-
nium mining activities in the western margin could be other
sources of variations of F.

Besides Eh and pH factors, time elapsed since recharge
significantly affects chemical evolution of trace elements in
groundwater. The elongated contact time between the liq-
uid phase and the aquifer matrix ensures enough time for
dissolution, chemical reactions and sorption processes to
occur that controls the elemental load of the groundwater.
Local mixing of groundwater may affect localized physi-
cal-chemical changes. The variation in elevation shows
that groundwater flow may also be subject to varying
changes in hydraulic conductivity which may affect the
geochemistry. Active faulting in the study area has been
observed. As recent as 2009, seismic activities are on
recorded (Fagereng 2013; Macheyeki et al. 2015), sug-
gesting that the presence of faults may have a remarkable
impact on groundwater flow regime and infiltration rate
which in turn can affect the chemical variations.

Geochemical modeling
Speciation and surface complexation reactions
Speciation studies were done using PHREEQC on the

median values observed for the four classes of groundwater
(Table 4). As mentioned earlier, there were variations in
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redox conditions and pH which may explain in part the
differences in redox-sensitive elements such as SO,, Fe,
As, Se, Cr, Sb and Mn. The variations have already been
discussed in the preceding chapters, and the causes have
been suggested from the multivariate analysis. Species
present in the liquid phase interact in various ways such as
sorption and ion exchange, precipitation, redox reactions
and complexation. Surface complexation is one of the
various mechanisms involved in controlling trace element
mobilization in groundwater. Differences in redox condi-
tions, pH, the ion chemistry distribution and subsequent
competition define the amount of sorbates onto surface
complexes. The redox state of redox-sensitive elements
shows in which state the species adsorb more to the sur-
face. The prevailing conditions in the aquifer, which
facilitates the adsorption of elements to surface complexes,
provide a means of abatement of toxic elements.

Complexation reactions significantly influence dissolu-
tion/precipitation of minerals and concentration of ions in
the liquid phase. In this study, a two-layer surface com-
plexation model was used to demonstrate plausible changes
that may occur to available species in the groundwater
using universal constants. Sorption on hydrous ferric oxide
(Hfo) of various species was simulated assuming the
complex has weak (Hfo_w) and strong (Hfo-s) sites on the
oxide surface. The universal constants adopted in the study
are moles of binding sites (Hfo_w =2 x 10~* and
Hfo_s = 5 x 107°), 600 m*/g of surface area per mass of
surface material and 0.09 g as the total mass of the surface
complex. Minteq v4 database provided the complexation
reaction species with COj3; complexation reaction taken
from Phreeqc.dat (Egs. 2, 3).

Hfo_wOH + CO3;~ + H" = Hfo_wCO; + H,0

—12.56 @

log _k
Hfo_wOH + CO;~ + 2H" = Hfo_wHCO; + H,0 3)
log _k —20.62

The simulation outcome shows that in terms of density
HY, OH™ and Ca*" outcompete trace elements on strong
sites followed by Pb, Ba and Ni in that order. Similarly,
HCO;~, CO;~, OH™, Mg*" and Ca®" occupy a greater
surface area on the weak binding site. Despite the density
competition, the removal efficiency of trace elements from
the liquid phase onto the surface complex shows that
Se(VI), Cr(III), Se(IV), Cr(IV) and Pb are retained more
onto amorphous iron surface followed by As(V), Sb(V),
Cu(Il) and As(IIl), respectively (Table 4). The Fe(IIl) is
involved in formation of amorphous Fe (Hfo) that is why
there is an observed reduction in concentration of Fe(III)
species compared to that of Fe(Il) (Table 4). Reduction
processes are therefore critical to the changes in concen-
tration of elements coupled to surface complexation
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Table 4 PHREEQC modeled initial median species concentration for the four clusters and percent remaining in solution after surface com-

plexation modeling

Parameter C4 C2 C3 C4

C, C/C, (%) C, CIC, (%) C, CIC, (%) C, C/IC, (%)
B - - - - 292 x 1077 - 1.59 x 107¢
Ba 1.14 x 107 98.78 779 x 1077 98.97 2.08 x 107°  99.28 463 x 107 99.39
Ca 824 x 107*  99.64 349 x 107*  99.66 191 x 107*  99.79 244 x 107 99.80
Cl 931 x 1075 — 131 x 107* - 239 x 107* - 206 x 1074 —
F 263 x 1075 99.96 158 x 1075 — 527 x 1075 - 421 x 1075 -
K 537 x 1075 — 563 x 1075 — 883 x 107> - 128 x 107 -
Li 238 x 1077 - 1.87 x 1077 - 634 x 1077 - 320 x 107¢ -
Mg 3.87 x 107*  99.97 198 x 107% - 6.83 x 107*  99.99 445 x 107*  99.96
Na 553 x 1074 - 505 x 107* - 243 x 1074 1.69 x 107*  99.94
Ni 349 x 1078 49.97 443 x 1078 50.39 332 x 1078 70.85 477 x 1078 7277
Pb 381 x 1078 0.02 273 x 1078 0.01 256 x 1078 0.05 290 x 1078 0.08
Sb 312 x 1078 - 1.89 x 1078 - 148 x 1078 — 288 x 1078 -
Si 380 x 107% - 413 x 107* - 411 x 107 - 401 x 107* -
Sr 203 x 107° - 1.14 x 107 - 370 x 107° - 773 x 107 -
As(111) 752 x 1078 27.18 1.13 x 1077 2345 1.04 x 1077 40.03 1.07 x 1077 37.71
As(V) 353 x 107° 144 513 x 107° 033 698 x 107° 579 9.06 x 10™°  6.86
Cr(ID) 1.82 x 107"%  0.01 742 x 107 0.01 6.30 x 107 0.01 1.06 x 107'*  0.01
Cr(1ID) 1.64 x 1078 0.00 6.73 x 10™°  0.00 577 x 107°  0.00 1.16 x 1078 0.00
Cr(VI) 131 x 1072 — 3.80 x 107%7 - 773 x 107%7 - 280 x 1073 —
Cu(l) 8.61 x 107°  86.77 5.00 x 1078 88.69 1.17 x 1078 89.84 125 x 1078 92.23
Cu(Il) 496 x 10711 18.07 328 x 1071° 9,07 9.68 x 107! 3240 1.06 x 1071 37.19
Fe(1l) 128 x 1075 — 201 x 107¢ - 247 x 1077 - 3.94 x 1078 -
Fe(I1I) 259 x 10710 23.92 3.66 x 107" 12.39 515 x 10712 38.86 1.03 x 10712 43.62
Mn(II) 597 x 10°° - 5.44 x 107° 6.16 x 107° 3.12 x 107
Mn(I1I) 5.03 x 10731 19.52 8.97 x 1073 9.71 534 x 10730 3454 1.59 x 10731 38.19
SO, 791 x 107 99.9 1.67 x 1075 99.64 979 x 1075 99.9 2.08 x 1073
HS™ Nil 1.7 x 1072*  Nil 1.6 x 1072 Nil 19 x 107 Nil 2.7 x 107%°
Sb(II) 3.11 x 1078 100.5 1.88 x 1078 100.6 147 x 1078 100.5 2.86 x 1078 100.6
Sb(V) 158 x 1071 5.15 1.11 x 1071°  1.36 9.09 x 1071 1423 196 x 1071 17.76
Se(—2) 462 x 1078 - 450 x 1078 - 494 x 1078 - 786 x 1078 -
Se(IV) 2.08 x 107'*  0.01 1.34 x 107 0.00 237 x 107 0.24 1.69 x 107'* 046
Se(VI) 7.83 x 10731 0.00 527 x 1073 0.00 129 x 1073 0.03 9.63 x 1073 0.08

— no observed change

Bold value highlights that the initial concentration of Sb(III) increased by a fraction after surface complexation modeling unlike the observations

made for other elements

reactions as shown by the decrease in Sb(V) relative to a
5 % increase in Sb(III), decrease in Fe(IIl) and conversion
of SO427 to form H,S (Table 4) after surface complexation
reactions are involved. The production of H,S was not
observed in initial batch modeling. H,S reacts with Fe to
form Fe-sulfide minerals which play a part in removal of
toxic elements such as As. If such production of Fe-sulfides
occurs in this aquifer supported by the fairly reducing
conditions, it may be one of the many probable causes of
the observed low As concentrations in the aquifer. How-
ever, the surface complexation model did not yield any

possible precipitating Fe-sulfide minerals. All sulfide
minerals were found to be undersaturated with respect to
the liquid phase.

Redox-sensitive Mn forms complexes as well, which
may also affect the distribution of other species and redox
conditions of the groundwater. Thus, the model shows that
concomitant to surface complexation, redox processes
affect the distribution of trace elements in the alluvial
aquifer. The As(III)/As(V) ratio shows that the more toxic
arsenic albeit low in the groundwater can be detrimental to
the health of people in the study area, especially along the
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North Rukuru River where it is relatively higher than the
northern area. Besides, surface complexation model
demonstrates the effect on saturation state of groundwater
through the change in saturation indices of the potential
minerals used further in inverse modeling (Table 5). One
notable shift is the change from supersaturation to under-
saturation of goethite (Table 5) related to reduction of
Fe(IIl) during formation of Hfo. The observation is inverse
to that of siderite. Apart from surface complexation and
redox processes, the modeling results show that dissolution
of carbonates, sulfates, CO,, ferroselite, fluorite, halite,
ferromagnesian minerals, silicate weathering and precipi-
tation of oxides/oxyhydroxides are part of the control
mechanisms of trace element levels in groundwater in this
study (Table 5). Precipitation/equilibrium state of ground-
water with respect to pure silicates (e.g., quartz) buffer
silicate concentrations.

Inverse modeling

Geochemical inverse modeling was done to shade more
light on the evolution changes in groundwater along a
selected path (North Rukuru River gradient). As classified
in the HCA scheme, the boreholes along this path were
grouped into C4 (Ca—HCO;) and C3 (Ca—Na—HCOj3) with
distinct water profiles. The groundwater is loosely sup-
posed to end up in the groundwater chemistry described by
Cl1 (Ca-Mg-HCOs;). Therefore, the model was run to
understand the evolution of groundwater with distance
since these areas were in the same definite flow path.
However, C1 was not included in the model. The selected
potential mineral phases expected in the Karonga alluvial
aquifer, their reactions and accompanied solubility con-
stants are given in Table 5. All the minerals listed were
used in the inverse model. CO, was included in the model
as a product of respiration, which in turn contributes to
HCOj; concentration. Before embarking on inverse mod-
eling, the charge balance was rechecked to be consistent
with modeling uncertainty criteria. The charge balance was
within the acceptable range for inverse modeling (£5) for
the two groups of groundwater samples.

The saturation indices of minerals used in inverse
modeling (Table 5) show that carbonates, evaporites and
(hydr)oxides are generally undersaturated, which could
promote dissolution of Ca, Mg, Na, HCOs;, Fe, F, SO, and
Sr in order to attain equilibrium between the aqueous and
mineral phase of the system. Magnetite (an oxide mineral)
and ferroselite could be controlling the concentration of Fe
in the aquifer as shown by their supersaturation state.
Judging from the saturation state of quartz (Table 5), it is
probable that this mineral equilibrates the SiO, that would
have otherwise been elevated from dissolution of sepiolite
and greenalite. Across the clusters, the saturation indices
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did not vary much except for goethite where in C1 it is
supersaturated while C2 the water is undersaturated after
surface complexation reactions were included in the model.
It follows that the groundwater varies from supersaturated
state to undersaturated state with respect to goethite across
the clusters explaining the variations in Fe content among
them.

Based on observed trends and saturation state of
groundwater (Table 5), magnetite, quartz, goethite and
ferroselite were set to precipitate while the rest of the
primary minerals were allowed to dissolve once they
reached saturation. Carbon dioxide was allowed to dissolve
since it was assumed to be available from microbial oxi-
dation of organic carbon. Cation exchange reactions of
Ca*" and Mg®" for Na* on exchange sites were included
in the model.

Table 5 includes the two most optimum inverse models,
out of a possible 8 realized from modeling, for the selected
simulations with phase mole transfers for the minerals and
gases. According to the two models, the main process is
precipitation of calcite and pure silicate with dissolution of
CO, and silicates such as sepiolite when groundwater
evolves from C4 to C3. Calcite precipitates from solution
to reach saturation of the new conditions, while CO, dis-
solves to maintain the HCOj3 concentrations. The relatively
low concentration of Ba, Ca and Si in C3 compared to C4
is due to precipitation of barite, calcite and pure silicates,
while relatively high concentrations of Mg, Na and SOy is
due to dissolution of ferromagnesians, halite and sulfate
minerals as shown by the mole transfers in Table 5.

It is noted that there were no observed mole transfers in
dolomite as dolomite is probably due to the slow reaction
of dolomite in the natural liquid phase. Also, there were no
notable mole transfers in Fe-oxyhydroxides/oxides but
release of Fe* from silicate weathering. Fe(Il) oxidizes to
Fe(III) which forms Hfo as mentioned earlier and involved
in complexation reactions. These reactions reduce As and
other trace element species. It is noted that As(IIl) is
removed more in C4 than C3 while As(V) is removed more
in C3 than C4 that is why total As is higher in C3 since
concentrations are significantly greater than those of
As(V) (Table 4). It is given in Table 4 that the oxidized
state of trace elements is removed more than their reduced
counterparts due to groundwater prevalently being reduced.
It means that while groundwater evolves from C4 to C3 the
species distribution will be affected by the redox state of
the new liquid phase during mole transfer. The model
further shows that large quantities of calcite produced
during mole transfer from C4 to C3 reduce Ca and HCO;3
concentrations, while increased dissolution of sulfates,
halite, silicates, fluorite and ferromagnesian minerals rel-
atively elevate SOy, Na, Cl, F, Mg and Fe?* which changes
the groundwater type to Ca—Na—HCO3; mentioned in HCA.
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The mole transfer model further implicates that an
amount of Na is realized from cation exchange as shown by
the dissolution of NaX when groundwater evolves from C4
to C3. In the model (Table 5), the mole transfer for NaX
shows that the greater amount of Na is due to cation
exchange when compared with the mole transfers of halite
and mirabilite. This concludes that the main source of Na
in the alluvial aquifer of the North Rukuru—Songwe allu-
vial plain is due to cation exchange mostly from silicate
sources. It further implies that evaporites are higher toward
the discharge zone than the recharge zone which is in
tandem with the fact that evapotranspiration is greater in
the C3 zone than the C4 zone.

Conclusions

The groundwater showed varying concentrations of trace
elements. It is evident that CO, dissolution and organic
matter degradation supplement to the carbonate mineral
dissolution to elevate the HCO;5; levels observed in the
groundwater samples studied. Hydrothermal activities in
the Mpata gap can have a resultant effect on the observed
isotopic values of KA-09 and KA-10 samples. This fact
needs further studies. Furthermore, rainwater fall out is the
source of groundwater recharge as evident by the 3'*0 and
8H isotopic ratio, while vertical recharge and mixing are
the main process as shown by the 8'%0 versus TDS plot.
The regression analysis of NOs versus 8'®0 did not yield
any plausible impact of irrigation return flow on ground-
water stable isotope modification. It was noted that there
was no significant difference between the observed d-ex-
cess and the y-intercept of the GMWL suggesting minimal
impact of evaporative processes on isotopic signature of
the study area.

From cluster analysis, it is evident along the North
Rukuru River that areas in the west had higher TDS, As,
Ba, Li, Ni, Se and Sr while the eastern part was consistent
with higher values of F, Fe, Mn, Pb and Sb. Industrial and
commercial activities that are prevalent in the eastern part
may be responsible in part to the appreciable levels of
heavy metals, while coal-related activities in the west could
be responsible for the levels of trace elements. The cluster
median values of stable isotopes show that groundwater in
the east is more depleted than in the west due to isotope
fractionation and rock—water interaction as water flows
eastwards. PCA deduced associations among elements and
identified underlying factors, especially pH and redox
conditions that affect the observed levels. It is noted that
precipitation/dissolution, pH (and Eh), residence time and
aquifer thickness affect the levels of trace elements
observed in the groundwater.

@ Springer

The geochemical modeling results confirm that indeed
groundwater type in the study area is affected by dissolu-
tion of CO, with most of the carbonate minerals being
undersaturated in all clusters. Surface complexation plays a
key role in controlling trace element species, especially
higher removal efficiencies observed for higher redox state
species. Thus, the reduced form such as As(III) is retained
less onto the surface complex. As(II) is more toxic than
As(V), which may result in health problems in the area if
unchecked. The inverse modeling shows that groundwater
evolves from a predominantly Ca type to mixed cation
along the North Rukuru flow path and that evaporites
increase toward the discharge zone.

The outcome of this study is significant in that it pro-
vides more information on geochemical evolution and
groundwater provenance in Karonga north. Besides, the
assessment of groundwater quality in terms of trace ele-
ments is a very critical component that has been lacking in
properly managing groundwater in this area. The study and
method of assessment may prove significant to the region
since the alluvial plain studied is part of the extensive
Great Rift Valley System extending regionally from Tan-
zania running along the Lake Malawi into the Indian Ocean
along the Zambezi River in Mozambique. Thus, the con-
tribution of this study can prove useful in studies along this
valley floor and extend to the entire Southern Africa region
which is consistently underlain by the extensive Basement
complex. Around the world, these findings and assessment
method can be used as reference in studying similar allu-
vial aquifers.
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