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Abstract Kilimanjaro, Tanzania, the highest mountain in
Africa, has undergone extensive hydrologic changes over
the past century in an area where water resources are
critical. A hydrochemical and isotopic synoptic sampling
program in January 2006 is used to characterize hydro-
geology, hydrology, and water quality of the area. Samples
were collected from the summit and southern side of
Kilimanjaro and the Moshi region (Tanzania). Sample
sources included four glaciers, seven groundwater wells,
12 rivers, 10 springs, precipitation, and a lake. Analyses
included major ion chemistry, stable isotopes of water
(18O and D); in addition, seven samples were analyzed for
tritium. The samples generally have good water quality
with the exception of three samples with elevated fluoride
concentrations (>3 mg/L) and elevated nitrate concen-
trations (>2.5 mg/L NO3 as N). There is a strong elevation
control on stable isotopes, with an apparent elevation
effect of – 0.1 ‰ δ18O per 100 m rise in elevation (R2 =
0.79). The results, including the tritium values, show that
the hydrogeologic system is comprised of both local and
regional flow systems, and that regional rivers are

receiving significant inflow from shallow groundwater,
and at very high elevations the hydrologic system is
derived from groundwater, precipitation, and glacial melt
water.
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Introduction

In the arid east African region, groundwater is an
important source of clean potable drinking water. In
2002, 73% of Tanzanians had access to safe drinking
water, a significant improvement from only 13% in 1970
(Gleick 2006). Although groundwater comprises only a
small fraction of the available freshwater, it is one of the
most heavily exploited water supplies (Oki and Kanae
2006). Furthermore, despite continual threat due to over-
extraction, contamination, land-use changes, and climate
change, this groundwater supply and its sources over time
are poorly understood.

Kilimanjaro (‘shining mountain’ in Swahili) is the
highest peak in Africa at 5,893 meters above sea level (m.
a.s.l.) and is an icon of environmental changes given its
rapid ongoing glacier recession (Fig. 1). Ice cores, glacial
moraines and aerial mapping show that the remaining
glaciers on Kilimanjaro are remnants of much more
extensive Holocene ice masses that are now rapidly
retreating and may completely disappear sometime within
a matter of decades (Kaser et al. 2006; Mölg et al. 2003;
Thompson et al. 2002). The primary causes of this rapid
glacial-mass loss are regional land-use changes, including
bushfire intensification and deforestation (Duane et al.
2008; Hemp 2006) and a response to global changes in
temperature and humidity leading to the negative mass
balance trend of glaciers globally (Cullen et al. 2006). The
volume of the longest monitored East African tropical
glaciers on Mt. Kenya have followed regional aridity
changes related to the Indian Ocean for much of the early
twentieth century before taking on characteristics reflect-
ing greenhouse forcing in recent years (Hastenrath 2006).
Rwenzori glaciers also show evidence of recent warming-
forced recession (Taylor et al. 2006). Over the past

Received: 20 February 2009 /Accepted: 6 November 2009
Published online: 5 January 2010
* Springer-Verlag 2009

J. M. Mckenzie ())
Department of Earth and Planetary Science,
McGill University,
3450 University Street, Montreal, QC H3A 2A7, Canada
e-mail: jeffrey.mckenzie@mcgill.ca
Tel.: +1-514-3983838

B. G. Mark : L. G. Thompson : P.-N. Lin
Byrd Polar Research Center,
The Ohio State University,
108 Scott Hall, 1090 Cormack Road, Columbus, OH 43210, USA

B. G. Mark
Department of Geography,
The Ohio State University,
1036 Derby Hall, 154 North Oval Mall, Columbus, OH 43210-
1361, USA

U. Schotterer
Department of Climate and Environmental Physics,
University of Bern,
Sidlerstrasse 5, 3012, Bern, Switzerland

Hydrogeology Journal (2010) 18: 985–995 DOI 10.1007/s10040-009-0558-4



millennium, Kilimanjaro glaciers have exhibited highly
sensitive and rapid responses to global climate (Thompson
et al. 2006), and their impending loss will impact regional
tourism, but have little direct impact on surface water
supply (Mölg et al. 2007).

Streams and springs on the slopes of Kilimanjaro are a
major source of water for the local population. The local
Chagga people have developed 1,800 km of channels that
distribute 200 million m3 of water on the southern slope of
Kilimanjaro, providing water for domestic and agricultural
projects (Grove 1993). Even with additional regional
water resources development, these extensive small-scale

distribution systems remain a critical component of the
hydrologic system (Lein 2004). The origin of much of the
surface water runoff from Kilimanjaro is approximately
midway up the mountain at the elevation of maximum
rainfall, the rainforest ‘belt’ around the mountain (Røhr
and Killingtveit 2003). These observations suggest that
there is essentially no glacial melt water in these surface
water systems.

There are also many large springs and groundwater fed
crater lakes at the base and in the vicinity of the mountain.
Although the current glaciers may not contribute substan-
tially to streams and water resources today, there remains

Fig. 1 Map of the Kilimanjaro sampling sites, with major rivers and roads within the sampling area. The sites are numbered
corresponding to Table 1. Sites with tritium analysis are identified by a circle, with the diameter related to tritium values in tritium units.
The very low values of tritium from groundwater at the base of the mountain is indicative of water older than 1964. SIF southern ice field;
NIF northern ice field
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the possibility that melt water from larger ice volumes in
the past has contributed to the regional groundwater
recharge over time. In the local glacial record, there is
extensive evidence that many large ice fields once existed
on Kilimanjaro and other East African mountains (Downie
1964; Hastenrath 1984; Mark and Osmaston 2008).

This study presents hydrochemical and isotopic data
from Kilimanjaro surface and spring waters in 2006 as a
preliminary evaluation of groundwater sources. Research
objectives included understanding the sources and path-
ways of water through the groundwater system, assessing
the hydrologic connection of the Kilimanjaro with the
regional groundwater system, and identifying any poten-
tial groundwater quality issues. To answer these questions,
a hydrochemical and isotopic survey of waters across an
elevation transect on the southern slope of Kilimanjaro,
including glacial ice, springs, and deeper groundwater,
was used. The synoptic sampling approach used here is
effective in overcoming geospatial challenges in other
tropical glaciated regions such as broad hydroclimatic
zones and anthropogenic water diversions (e.g. Mark and
McKenzie 2007; Mark et al. 2005).

Study area

The peak of Kilimanjaro is 5,893 m.a.s.l. and is
considered to be the highest freestanding mountain on
earth, with the surrounding area having an average
elevation of 700 m.a.s.l. Glacier capped, the mountain is
located just south of the Tanzanian-Kenyan border, and
330 km south of the equator at (3°4′S, 37°21′E). The
mountain is comprised of 3 peaks, Shira, Mawenzi, and
Kibo, which is the highest peak.

The Kilimanjaro region has a climate typical of the
tropics, with a ‘wet season’ controlled by the intertropical
convergence zone. There are typically two rainy seasons
—during the month of November and from March to May
. Temperatures generally decrease with increasing eleva-
tion up the mountain, with mean reported lapse rates
varying from −0.51 to −0.56°C per 100 m rise (Hemp
2006). Limited data suggest a maximum annual rainfall of
2,700 mm at 2,200 m.a.s.l., decreasing to less than
250 mm at the summit (Røhr and Killingtveit 2003;
Hemp 2006). Rainfall on the mountain is predominately
from the Indian Ocean, and the northern side of the
mountain receives less rainfall. Due to the temperature and
precipitation stratification with elevation, the mountain is
‘ringed’ with different climatic zones: a submontane zone
below 1,600 m, a montane zone from 1,600–2,800 m, a
subalpine zone from 2,800–3,900 m, and an alpine zone
above 3,900 m (Hemp 2006).

The northern Tanzania region has been fairly tectoni-
cally active in the recent geological past. Northern
Tanzania is dominated by a large rift system that extends
northwards into Kenya, of which the Eastern Rift passes
to the west of Kilimanjaro (Schlüter 2006). Rocks at the
summit of Kibo are 0.15–0.26 Ma (Dawson 1992 and
references within). The lava flows on the southern slope of

the mountain are estimated to be of a similar age, 0.17–
0.51 Ma (Dawson 1992). These rocks are predominantly
olivine and alkali basalts, phonolites, trachytes, nephelin-
ites and pyroclastics (Schlüter 2006). Many of the
subsequently developed soils are Andosols formed on
top of lava and ash flows (Little and Lee 2006).

For Kilimanjaro, there is very little information with
regards to groundwater flow. Research in the larger
Pangani basin, in which Kilimanjaro resides, has shown
that groundwater is an important component of the larger
hydrologic system—Mul et al. (2008) used a hydro-
chemical hydrograph separation technique to estimate that
up to 95% of river flow during storm events was from
groundwater sources. Additionally, Mul et al. (2007)
propose that the groundwater system in the Pangani basin
is composed of two distinct flow systems: a shallow local
flow system through unconsolidated surficial sediments
and a deeper regional flow system that is controlled by the
regional geology.

Considering the very broad scope of the research
questions, the complex geology, and the difficulty in
acquiring primary data such as river discharge or even
borehole drilling depths, a synoptic hydrochemical and
isotopic sampling approach was used. For the purposes of
this study, synoptic sampling is defined as a sampling
strategy where water samples are taken from a wide range
of water sources throughout the study area over a
relatively short period of time, essentially capturing a
snapshot of the hydrologic system (e.g. Mark and
McKenzie 2007).

Methods

Sample collection
Water samples for major dissolved ion and isotopic
analysis were collected in Nalgene bottles. A total sample
of 30 ml water was filtered with 0.4-μm filter paper in the
field to stabilize the samples for subsequent dissolved
cation, anion and isotopic analysis. Selected samples were
taken from groundwater, glacial melt, and springs for
tritium analysis. Tritium samples were collected in 500-ml
amber glass bottles to minimize potential radiogenic
contamination. All samples were kept in dark locations
and refrigerated to 4°C whenever possible until laboratory
analysis. At each sample site, pH and water temperature
were measured directly in the source water.

Particular care was taken with the groundwater and
spring samples to minimize exposure of the samples to
contamination. Samples were taken directly from water
sources, with the exception of two of the springs (Moshi 1
and Moshi 2) where the samples were taken from the
outflow of simple spring cap systems used for local water
distribution. McKenzie et al. (2001) found that utilizing
this pre-existing infrastructure had little to no effect on
sample chemistry and isotopes. For these spring samples,
the water had a very short residence time in the spring-box
and the water systems did not have storage components
such as reservoirs.
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The groundwater samples were taken from drilled
wells. The well depths were unknown, but were assumed
to be from a deeper aquifer than the spring samples. The
Moshi 1 and Moshi 2 water-supply wells, when opened,
exhibited significant artesian over-pressuring and were
free flowing. The water samples from the wells were taken
directly from the well head (as opposed to from a reservoir
system), and were taken by temporarily detaching the well
from the external plumbing system.

Sample analysis
All of the samples were analyzed for the concentrations of
major dissolved cations (Ca2+, Mg2+, Na+, K+) and
dissolved anions (F–, Cl–, NO3

2–, and SO4
2–) in water

with a Dionex DX500 ion chromatography system at The
Ohio State University. Bicarbonate concentration was
calculated as the residual from the charge balance
equation, a reasonable assumption considering the cir-
cum-neutral acidity of the samples (Drever 1997),
although ion analysis errors will be incorporated into this
value.

The values of stable isotopes of water, δ18O and δ2H,
were measured with a mass spectrometer (Finnigan MAT
Delta Plus coupled to an HDO water equilibrator) in the
Ice Core Paleoclimatology Lab at the Byrd Polar Research
Center at The Ohio State University. Stable isotopes
results are reported using the δ-notation reported relative
to the Vienna Standard Mean Ocean Water (VSMOW)
standard, with an accuracy of ±0.1‰ for δ18O and ±1‰
for δ2H. Based on non-volumetrically weighted data from
the 1960 to 1976 in the IAEA/WMO meteoric isotope
data set, the Dar es Salaam meteoric water line is δ2H=
7.05 δ18O+7.0. Groundwater, spring water, and glacier
samples were analyzed for tritium (3H) values. The
samples were analyzed at the University of Bern labo-
ratory within 6 months of sample collection.

Results and discussion

Water samples from Kilimanjaro and surrounding regions
were collected between 8 January and 26 January 2006 at
35 sites. Site elevations ranged from 831 to 5,840 m.a.s.l.,
and samples included rivers (n=12), springs (n=10), wells
(n=7), glacial melt (n=6), one lake, and one precipitation
(Table 1).

The stable isotope results are listed in Table 1 and
displayed on a meteoric water plot in Fig. 2. The samples
taken from melting glacier ice are significantly more
depleted (more negative or lower δ values) than the other
river, spring, and groundwater samples. The most isotopi-
cally enriched sample was from Lake Challa, a closed
basin lake that is primarily groundwater fed. The isotopi-
cally depleted glacial melt samples correspond well with
an approximate bulk average δ18O value of −10‰
VSMOW measured in Kilimanjaro ice cores (Thompson
et al. 2002).

Samples from four springs, one groundwater well and
two ice-melt samples were analyzed for tritium (Table 2).
Tritium was measured in a gas proportional counter and
the current detection limit, in an underground laboratory,
is 0.32 TU (Siegenthaler et al. 1975). The tritium values
ranged in value from non-detect (<0.32) to 1.82 tritium
units (TU), including three duplicate samples. The geo-
spatial distribution of tritium results are plotted on Fig. 1.

Hydrochemical analysis
The hydrochemistry of the water samples shows that there
is a clear distinction between the glacial meltwater
samples and the spring, river, and groundwater samples
collected in this study. This is very clearly shown with a
Piper plot (Fig. 3), a diagram used for plotting the major
ions of water chemistry on a single four sided diagram
(Piper 1944). For the Kilimanjaro samples, the spring,
river, and groundwater samples fall on a line trending
from Ca–Mg–HCO3 type waters to Na–K–HCO3 type
waters (i.e. the left to bottom points on the diagram),
which corresponds to water from crystalline bedrock or
glacial till type to waters potentially having undergone ion
exchange, respectively (Piper 1944). The ion-exchange
hypothesis is strengthened for the groundwater samples as
there is increasing total dissolved solids trending towards
the ion-exchange ‘point’ near the bottom of the diamond.
Increasing residence time in a relatively homogenous
aquifer will lead to higher total dissolved solids, which is
observed in the groundwater samples. While the spring
and river samples are on the same trend as the ground-
water samples, they do not have a clear trend of increasing
TDS towards the ion-exchange point, likely indicating
short residence times. The four glacial melt samples also
do not distribute along a distinct mixing trend, but rather
cluster in a diffuse group near the center of the diagram.

Stable isotopes
When plotted on a bivariate plot (δ2H vs. δ18O), the
separation between the glacial melt samples and the other
sample types is very apparent. The glacial melt samples
fall very close to the global meteoric water line (GMWL),
whereas the spring, river, and groundwater samples plot
along on a line with the same slope but with a higher
intercept than the GMWL (Fig. 2). The depleted stable
isotope values of the glacial samples are likely due to the
significantly colder temperatures found at high elevations
on top of the mountain (Craig 1961). This apparent
disconnect between the glaciers and the groundwater/
spring samples is notable as it indicates that either the
springs receive water from a different moisture regime
with a different isotopic signature than the glaciers, or the
isotopic signature of precipitation has undergone a large-
scale change since the last glacial period, indicating a
change across this region flowpath.

Another test of the connection between water from
different sources in high elevation relief areas is to look at
the elevation effect. The elevation effect is the inverse
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correlation between water-sample isotope values (e.g.,
δ18O) and sample elevations and is commonly applied to
precipitation (Clark and Fritz 1997). In remote areas
where precipitation collection networks are not available,
it has been shown that shallow groundwater and glacial
melt can provide a proxy estimation of this effect (Mark
and McKenzie 2007). Some elevation effect is apparent
when using the variety of Kilimanjaro samples, even
though there is clear variability (Fig. 4). In particular, the
four glacial melt samples show a wide range of isotopic
values (−10.3 < δ18O < −7.3) with essentially no elevation
change, and the Lake Challa sample is very isotopically
enriched, as is expected for a closed-basin lake. By taking
an average glacier isotopic value, a proxy for the elevation
effect of −0.1‰ δ18O per 100-m rise in elevation (R2=
0.79) is calculated, a value within the observed values for
precipitation (Clark and Fritz 1997). This analysis

excludes Lake Challa which has undergone extensive
evaporation.

One potential sign of regional flow is the presence of
significant outliers from the elevation line trend. With the
Kilimanjaro samples major outliers are not observed. The
groundwater samples do show a 1.2‰ range while being
at essentially the same elevation. The lower (more
depleted) values may be an indication of recharge at a
higher elevation, but considering the overall range of data
scatter, this hypothesis is not testable. An alternative
hypothesis is that high-elevation precipitation is running
off down slope and only being recharged at lower
elevation, although given the large distances involved,
this is unlikely. The other outlier is the Ngare Nairobi
River which plots above the location predicted by
elevation effect (Fig. 4). Considering that the sample is
more enriched than would be predicted by elevation, a
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Fig. 2 A plot of δ2H vs. δ18O of the collected water samples with the global meteoric water line (GMWL) and the Dar es Salaam local
meteoric water line (DES-MWL). The DES-MWL is taken as the unweighted average of monthly totalized precipitation samples from Dar
es Salaam, the capital of Tanzania (6°52′48″S; 39°12′0″E; 55 m.a.s.l.), from January 1960 to December 1976 (IAEA/WMO 2007). Not
shown on the plot is Lake Challa (δ18O=2.3‰ VSMOW; δ2H=19.5‰ VSMOW), a groundwater-fed closed-basin lake that is much
heavier isotopically than all of the other samples. The inset figure displays the meteoric water data used to calculate the DES-MWL

Table 2 Tritium results for seven water samples. Due to low background levels and depletion of the tritium reservoir since the bomb spike
in ~1963, samples are categorized as being from recharge from before 1963 to 1964 or ‘modern’, after 1963 to 1964. Only three samples
were able to be run twice. An error of 2σ indicates that the counting signal cannot be distinguished within 2σ from the standard deviation of
values from multiple experimental blanks (produced with water older than several 1,000 years), and expressed in standard deviation would
be 0.3 TU

Site Source 1st run 2nd run Cl (mg/L) Estimated age
Tritium (TU) Error Tritium (TU) Error

Furtwangler Glacial melt <0.30 2 σ 0.10 Pre-1963/64
NIF wall melt Glacial melt 0.29 0.30 1.0 Pre-1963/64
Moshi 1 Groundwater 0.17 0.29 <0.30 2 σ 2.9 Pre-1963/64
Machame Lawii Spring 0.89 0.3 2.3 Modern
Kinukamori Spring Spring 1.09 0.32 1.13 0.35 1.4 Modern
Julius Spring Spring 1.82 0.32 1.2 Modern
Miwaleni Spring <0.30 2 σ <0.30 2 σ 5.7 Pre-1963/64

Table 2 Tritium results for seven water samples. Due to low bac-
kground levels and depletion of the tritium reservoir since the bomb
spike in ~1963, samples are categorized as being from recharge
from before 1963 to 1964 or ‘modern’, after 1963 to 1964. Only
three samples were able to be run twice. An error of 2σ indicates

that the counting signal cannot be distinguished within 2σ from the
standard deviation of values from multiple experimental blanks
(produced with water older than several 1,000 years), and expressed
in standard deviation would be 0.3 TU
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possible explanation is that the sample has undergone
evaporation affecting the river’s source water. This is
confirmed by Fig. 2 which shows that the Ngare Nairobi
River falls ‘below’ the line formed by the river, spring,

and groundwater samples. Samples that show this type of
enrichment usually indicate either evaporation or ground-
water (Clark and Fritz 1997). In the Ngare Nairobi case,
groundwater is not a likely source of the evaporation; on

Fig. 3 Piper plot of hydrochemistry data. The plot works by plotting concentrations of cations and anions on the two trilinear diagrams
and extrapolating points onto the Piper Diamond. The size of the points is scaled to the total dissolved solids concentrations

Fig. 4 Plot of isotopic (δ18O) elevation effect based on hydrologic samples. The elevation effect line is a linear regression of the
groundwater, spring water, and average glacial melt water samples
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Fig. 4 samples that plot below the fitted line should
indicate water that is derived from a higher elevation.
Therefore it is assumed that the water sampled at Ngare
Nairobi has undergone significant evaporation.

Tritium
Tritium in the atmosphere precipitation peaked or ‘spiked’
in 1963–1964 as a result of atmospheric testing of
thermonuclear bombs. Concentrations of tritium, with a
half life of about 12.3 years, are used as a dating technique
for groundwater samples. The basic approach assumes that
infiltrating precipitation enters the groundwater system
with a characteristic tritium concentration attained from
atmospheric deposition. The groundwater is subsequently
isolated from the atmosphere and the isotopic ‘clock’
begins as tritium radioactively decays to helium. The
1963–1964 tritium spike decreases by one to two orders of
magnitude from the northern to southern hemisphere, and
continental precipitation is typically two to four times
enriched relative to marine stations at the same latitude
(Doney et al. 1992). Historical tritium values in Dar es
Salaam precipitation (~450 km SE of Kilimanjaro) are
available from March 1960 to October 1973 (Fig. 5).
Although these proximal data exist, the low tritium values
in modern precipitation and missing data during the
critical spike period from July 1964 to January 1965
(IAEA/WMO 2007) mean it is not possible to precisely
state ages based on the measured tritium values. It is
possible, though, to bracket the age of samples by
classifying water as being modern and pre-bomb. Tritium
values greater than 0.3 TU are used to represent modern
water (i.e., recharge after 1965) and values less than or
equal to 0.3 TU to represent pre-bomb spike recharge (i.e.
recharge before 1965).

The tritium values indicate that three of the sampled
springs are modern and four of the samples (two glaciers,
a groundwater, and a spring site) are older (Table 2;
Fig. 1). The glacier samples are, as expected, older than
the bomb-spike. The groundwater sample Moshi 1, also
had slightly elevated nitrate concentrations, a counter-
intuitive result as elevated levels of nitrate are commonly
thought to be from modern sources such as agricultural
by-products, and therefore may indicate that the Keys
Hotel groundwater is actually a mixture of much older
water mixed with some modern water.

With five non-glacier samples, it is difficult to make
generalized statements about the hydrogeology of the
system based on the tritium results. Regardless, it is
noteworthy that the springs from the mid elevations of the
mountain are discharging younger water, but the spring
and groundwater sample from the base of the mountain
are old water (Fig. 1). This may indicate that water from
the base of the mountain is from a more regional source,
draining water that is not being flushed as rapidly from the
system, and in the case of the groundwater sample, it may
be an indication of groundwater mining. This hypothesis
will require additional samples to confirm.

The four dated springs (three modern and one old) give
an idea of the role of water–rock interactions within the
hydrogeologic system. The three young springs have
relatively low total dissolved solids (TDS) of less than
50 mg/L each (estimated as the sum of the ions multiplied
by 0.8), whereas the older Miwaleni Spring has a total
dissolved solids value of 284 mg/L. This indicates that
these spring waters have travel through flow paths with
different residence times (as a result of flow path length
and/or permeability), and hence display different relative
ages and TDS. Additionally, the samples have similar
hydrochemical and isotopic characteristics, as opposed to
absolute concentrations, therefore they likely derive from

Fig. 5 Plot of historical tritium data from precipitation in Dar es Salaam, Tanzania (IAEA/WMO 2007). In 1964, global precipitation had
tritium values of 100 to >5,000 tritium units (TU). The record is comprised of 122 monthly values, with 42 missing data points, including
seven consecutive months at the end of 1964. The heavy line is a six point running average, ignoring missing data
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aquifers of similar lithology and there does not appear to
be any discernable change in the chemistry or isotopic
signature of the recharge water over the past 50+ years.

Water quality
The hydrochemistry data show that the Kilimanjaro area,
and, in particular, the lower elevation plains around
Kilimanjaro, has some minor water quality issues. The
Ngaramuton and Oldanyosambu groundwater samples
both have elevated fluoride concentrations (6.2 and
3.5 mg/L respectively) compared to all of the other
samples which have an average and median fluoride
concentration of 0.73 and 0.28 mg/L respectively. Inter-
estingly, the Southern Ice Field sample also has an
elevated fluoride concentration (3.3 mg/L). Some of the
groundwater samples have elevated levels of nitrate,
including Moshi 2, Ngaramuton, Oldonyo Sambu, and
the Uru-rau spring. The most likely source of elevated
nitrate contamination is from agricultural activity based on
the hydrochemistry and the sample sites being located in
intensive agricultural areas (Hem 1985). Both elevated
fluoride and nitrate concentrations are detrimental to
human health, leading to fluorosis and methaemoglobi-
naemia (i.e., blue baby syndrome), respectively. Elevated
fluoride concentrations occur naturally in tectonically
active areas such as in the East African Rift systems
(Mjengera and Mkongo 2003). Elevated fluoride concen-
trations in Tanzanian water is a known issue—the World
Health Organization standard for fluoride in drinking
water is 1.5 mg/L, while the Tanzanian guideline is
8 mg/L (Mjengera and Mkongo 2003; WHO guidelines
for drinking-water quality 2008). The elevated nitrate
concentrations in the groundwater samples were some-
what unexpected—for example, the Moshi 2 sample was
from an artesian well with fairly strong pressure, yet this
site had the highest measured NO3 concentrations. An
over-pressured well usually indicates a confined aquifer
that is locally disconnected from surface water. However,
the isotopic and hydrochemical data indicate that these
groundwater samples are similar to local springs and
rivers, indicating the source of groundwater recharge may
be fairly close. This is possible, considering the strong
topographic gradient in the area and hydrogeologic
heterogeniety in lava-dominated terrains (Gingerich and
Voss 2005).

Groundwater interactions
One approach to understanding source contributions to
hydrologic systems is by looking at bivariate plots
comparing major ions or stable isotopes. Figure 6, a plot
of δ18O values vs. chloride concentrations can be used to
infer the interactions and dynamics of the groundwater
system. The river samples primarily trend between the
glacier ‘end member’ with much depleted δ 18O values
and the more modern samples (δ 18O values in the −4 to
−5‰ range). There is a second trend defined by increasing
chloride with minimal δ 18O change. The first trend

defined by the rivers can be explained by the source of
water to these rivers, which is strongly controlled by
elevation of their source waters. Likely there is some
contribution from glacial melt in these rivers, but consid-
ering the minimal area of the glaciers compared to the
total watershed size, there may be only minimal contribu-
tions. The second trend, shown by spring waters and
groundwater, is of increasing chloride concentrations with
essentially no change in isotopic values. Increases in
chloride, a conservative tracer, can indicate increasing
groundwater residence time due to increased water–rock
interactions. This concept is supported by the tritium
values for the springs and groundwater that show a
‘boundary’ between pre- and post- 1960s samples occur-
ring at approximately 2.5 mg/L chloride. This second
trend has a potentially slight negative slope, indicating an
expected isotopic depletion with increase temporal oppor-
tunity for water-rock interactions (Clark and Fritz 1997).
The rivers at the hinge point (low chloride and higher δ
18O values) are then sourced from both groundwater and
precipitation derived runoff from the mountain.

These results (Fig. 6) appear to show that that the
Kilimanjaro groundwater system behaves similarly to that
of the regional Pangani system (Mul et al. 2007) with
shallow and regional flow systems. The results show that
there is an older groundwater system that is disconnected
from the surface water system and a river system that is
closely connected to some groundwater and precipitation.
It appears that there is a small but identifiable contribution
from the deeper groundwater system to the surface water
system. Obviously the conditions on Kilimanjaro are
slightly different than that of the larger Pangani basin—
the geologic composition is more homogenous and there
is very steep topographic relief. Little and Lee (2006)
found that lateral flow at shallow depths was an important
part of long-term observed soil weathering patterns on the
flanks of Kilimanjaro. These results, derived from soil
chemistry mass-balance models, provide confirmation that
shallow lateral flow is an important hydrologic process for
this region.

Fig. 6 Plot of δ 18O vs. chloride, showing the potential mixing
between surface water, glacier, and groundwater systems. SIF is the
Southern Ice Field
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Southern ice field
The southern ice field (SIF) sample stands out from the
other three glacier samples. The sample has concentrations
of dissolved ions similar to the river and dilute springs,
including an elevated fluoride concentration, as opposed
to the values measured in the other glaciers and the sample
has the most enriched isotopic values of all the glacier
samples. The high solute concentrations probably reflect
dissolved geologic material incorporated into the ice melt
that was sampled from a melt pond in prolonged contact
with the summit soil, unlike the other glacier melt sampled
directly from the glacier ice. Interestingly, on Fig. 6 this
sample plots on a potential mixing line between the glacial
and groundwater sources, strengthening the argument that
the sample is a mixture of both sources. This argument is
support by the sample location, which was at the
perimeter of the southern ice field at ground level and
potentially in contact with some shallow groundwater.
Isotopic data from two ice cores drilled through the
southern ice field show δ18O values of approximately
−10‰ (Thompson et al. 2002), similar to the ice melt
samples, excluding the SIF sample.

Conclusions

The results presented within this report provide some of
the first published hydrochemical and isotopic data from
Kilimanjaro, including what is thought to be the first
tritium data from the Kilimanjaro spring. These data will
provide the baseline for further study in the region,
including sampling around the complete circumference
of the mountain and sampling during the wet season. The
conclusions of the report, based on a data set limited in
both spatial and temporal scale, will be strengthened with
additional samples. For example, to verify the presence or
lack of an old water source for Miwaleni, further
investigation of seasonal and annual variability is needed.
Anecdotal evidence suggests that springs have higher
discharge during the wet season, a potential indicator of
increased precipitation recharge and at least some rela-
tively rapid flow paths.

In the long term there are many interesting questions—
Kilimanjaro is often viewed as an early indicator of
climate change and detrimental changes in land-use. The
results show the importance of recharge from the tropical
rainforest topographical zone on the side of the mountain.
With ongoing local and global changes, there will likely
be many potential impacts on the hydrologic system.

A problem intrinsic to applying hydrochemical and
isotopic mixing analysis is identifying unique chemical
signatures that will separate glacial melt water from
precipitation. Both sources of water have very low TDS
values, and in tropical mountain regions it is often not
possible to pinpoint a unique isotopic signature of the mostly
convective precipitation due to strong elevation controls.
There are some possible methods to avert or minimize these
problems, including identifying multiple end-member sig-
natures for EMMA type analysis (Christophersen and

Hooper 1992), applying iterative geospatial-based statistical
mixing analysis (Baraer et al. 2009), or restricting sampling
to the dry season when precipitation is minimal (Mark and
McKenzie 2007). In the Kilimanjaro situation and in
particular this study, these techniques are difficult to apply
due to the limited number of samples and precipitation
influenced by orographic uplift.
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