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Abstract: Analysis of groundwaters from the Makutuapora aquifer in the Dodoma region of
central Tanzania has revealed a relationship between mineral-water interactions, water
chemistry, bedrock geology, and microbiology. Groundwaters were slightly alkaline (pH 6-
7.8) and essentially Na-Ca-HCO;-Cl, with minor K, Mg, F, and SO,>. Variations in water
chemistry, particularly Ca/Na and Mg/Ca, ratios are related to the progressive alteration of
feldspars and ferromagnesium minerals. The constant Na/Ca and Mg/Ca ratios noticed over
mature aquifers and wells indicates that a steady-state is attained between aluminosilicates
and groundwater. While erratic Fe/Mg and Na/K ratios denote a more open system or
rather a greater diversity in minerals hosting these elements participating in mineral-water
reactions. In places total concentrations of Fe, Mn, and Al can each exceed 1 mgl™! with
most of the metal held in particulate form (> 0.45 um). The increase in metals suggests an
imbalance in the steady-state reactions between magmatic minerals and leachate, possibly
related to microbial activity. Fifty percent of the groundwaters were contaminated by
significant numbers of thermotolerant coliforms indicating considerable risk of contamina-
tion by faecal pathogens. Numbers of faecal coliforms were positively correlated with K,
Na, NO;~, PO,* and BOD. Groundwater chemistry also affected the activity of the
indigenous microbial community. Microbial biomass appeared to be unaffected by
differences in groundwater chemistry. The numbers of selected physiological bacterial types
(e.g. organisms contributing to the nitrogen and sulphur cycles) and the range of protist
morphotypes, isolated from the tropical groundwater systems, were broadly similar to those |
found in temperate groundwater. Total concentration of metals such as Al, Fe, Co and Mn
certainly exceed levels at which these metals could be considered toxic although if these
metals are present in non-labile forms (as suggested by other studies) then the potential
toxicity would be negligible. At present the major concerns for health are high seasonal
salinities in the groundwaters and high faecal contamination.

Groundwater makes up over 95% of the world’s
available freshwater resources and is the main
source of drinking water for a large percentage
of the world’s population. Historically ground-
water has been considered a safe source of water
protected by the soil layer which removes
pollutants as the water percolates downwards.
In many developing countries groundwater is
not treated or even monitored prior to con-
sumption. If these groundwaters contain high
concentrations of potentially toxic elements
(PTEs) or faecal contaminants there may be
serious health implications.

Current understanding of the biogeochemical

processes occurring in subsurface environments
is based largely on studies carried out in
temperate regions. Little is known about these
processes in tropical regions where environmen-
tal conditions are thought to play an important
role in determining the quality of groundwater;
rocks weather more quickly and leaching is more
intense than in temperate zones (Trescases
1992). Recent research has highlighted the high
concentrations of potentially toxic elements in
African groundwaters (Ogbukagu 1984; Laher-
mo et al. 1991; McFarlane & Bowden 1992;
Bowell et al. 1994).

A wide range of microbial types contributes to
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Fig. 1. Bedrock geology map of the crystalline basement in the Makutuapora area, Dodoma, Tanzania.

the biogeochemical cycles through oxidation/
reduction reactions, alkylation and dealkylation
processes, fossilization and solubilization, or
mineralization reactions. Some microorganisms
contribute to all the elemental cycles, e.g.
heterotrophic bacteria are involved in the
degradation and mineralization of organic mat-
ter, while others contribute significantly to one
cycle, e.g. ammonia oxidizing bacteria to the
nitrogen cycle. The presence of diverse and
complex microbial communities in soils (Smith
1982), and shallow and deep groundwater
systems is well established (Sinclair & Ghiorse
1989; Johnson & Wood 1992). It is likely that
many different microbial populations within
these communities contribute to element trans-
formations and cycling in groundwater systems.
This may have implications for the fate of PTEs
in groundwater. Contamination of groundwater
by faecal pathogens has considerable implica-
tions for human populations using the ground-
water resource. The longevity of enteric
pathogens in groundwater systems is determined
by environmental factors including geochemistry
and the indigenous microbial community.
Recent studies have shown that eukaryotic
microorganisms (protists) are also widely dis-
tributed in subsurface sediments (Sinclair &

Ghiorse 1989; Novarino et al. 1994). Protists
are important bacterial predators in aquatic and
terrestrial environments and may play a sig-
nificant role in the population dynamics of
groundwater bacteria. They have also been used
in bioassays for a range of organic and inorganic
elements and compounds. Consequently it may
be possible to use protists as indicators of
bacterial activity and to monitor any variations
in groundwater chemistry which will influence
biogeochemical processes. The aim of this
research was to study the relationships between
water chemistry and microbiological activity in
deep (collected below 30m, hosted by unweath-
ered bedrock) and shallow (above 30m, hosted
in the weathered rocks and soils) groundwaters
of the main aquifer in the Dodoma region of
Tanzania at Makutuapora (Fig. 1). An assess-
ment is made of possible advantages in using
groundwater for drinking water rather than the
traditional suppilies of potable water available at
the surface.

Methodology

Groundwater, sediment, soil and rock samples
were collected in two field seasons in 1992:
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April-May (wet season) and October-Novem-
ber (dry season). Thirty-two sites were sampled
comprising 8 surface water sites, 11 shallow
groundwater sites (34 samples from various
depths) and 13 deep groundwater sites (22
samples from various depths). Sites designated
as deep groundwater holes are those which draw
water from below 30m. Above this the bore-
holes were generally cased with clay or PVC
lining. Exceptions to this were three holes which
had yet to be cased and from which samples
could be taken from the water-table to a depth
of between 75 and 100m. The shallow ground-
water sites were designated as those which
drained the weathering profile and were gener-
ally drilled by a WATERAID Landrover-
mounted soil auger. None of these holes was
lined.

Groundwater samples were collected by one
of three methods: (1) From pre-drilled concrete-
lined boreholes using hand-, wind- or diesel-
operated pumps; (2) from traditional hand-dug
wells; (3) from freshly-drilled aquifer material
collected either by hand augering or percussion
drilling.

In some cases a stainless steel sampler was
employed for collecting water at known depths
down the water column. In the monitoring study
of two newly drilled boreholes (sites 2 and 17)
sampling was conducted at the surface during
the first five days of pumping. For microbiolo-
gical sampling all equipment was sterilized
beforehand whenever possible.

For each sample of water three sub-samples
were taken; unfiltered and unmeodified (natural
water); unfiltered and acidified with 10% (v/v)
HNO;; filtered through a 0.45um Durapore
membrane filter and acidified with 10% (v/v)
HNO:;. Field measurements of Eh, pH, electrical
conductivity (EC), temperature and biological
oxygen demand (BOD) were made at each site
using OAKTON field instruments.

Mineralogy and lithogeochemistry

Mineral identification was carried out by optical
and scanning electron microscopy and con-
firmed by X-ray diffraction (XRD) and Fourier
transform infra-red spectroscopy. Chemical
analysis of the rocks and soils was carried out
by inductively coupled plasma atomic emission
spectrometry (ICPAES, Fisons ARL3410 Mini-
torch). Elements were extracted from 5g of
sediment by digestion with 15ml of HNO; (70%
v/v) 15ml of HF (40% v/v) and 15ml of
perchloric acid (70% v/v). Precision of the
technique was checked against known standards
(Williams et al. 1993).

Hydrogeochemistry

All waters were analysed by ion-chromatogra-
phy (Dionex-300) using an AS4A-AMMS col-
umn with Na,COs (1.8 mM) eluent at a flow rate
of 2.5mimin™ for anion analysis, a CS 12
column with methane sulphonic acid eluent
(20mM) at a flow rate of 2mimin~' for group
I/II cation analyses. A pulsed electrochemical
detector in conductivity mode was used for
detection. Transition metal analysis was accom-
plished with a Dionex CS 5 column with
pyridine-di-carboxylic acid eluent and 4(2-pyr-
idylazo) resorcinol post-column derivitization
and measurement by a variable wavelength
detector in the range 520-530 nm.

Microbiology

Bacterial enumeration was performed on repre-
sentative samples (4) of selected soils and bore-
hole sediments (deep 30—100 m; shallow 0-30 m).
One gram (wet weight) of each sample was
suspended in phosphate buffered saline (pH 7.3)
and prepared as a dilution series (to 107°).
Bacterial numbers were then determined as
follows.

(i) Total viable count (TVC) for aerobic
heterotrophs. One ml volumes of sample dilu-
tions were grown on peptone yeast extract agar
at 26°C for 7 days before counting. The results
were expressed as colony forming units (CFU)
g”! (wet weight) soil.

(i) Denitrifying bacteria. Replicate (5) MPN
(Most Probable Number) tubes containing
nutrient broth supplemented ' with 10mM
KNO; were inoculated with 1ml of sample
dilutions and incubated at 20°C to 22°C for 7
days. Gas production indicated the presence of
denitrifying bacteria.

(iii) Ammonia-oxidizing bacteria. One ml
volumes of diluted sediment/soil samples were
inoculated into Alexander and Clarke medium
containing 0.05% (w/v) (NH4),SO4. Five 200 ul
volumes of each sample were transferred to
MPN microtitre plates which were incubated in
a humid environment at 20-22°C for 14 days.
Griess-Ilosvay reagent was added to determine
the presence of nitrite.

(iv) Nitrite-oxidizing bacteria. Microtitre
plates were prepared and incubated as described
above using Alexander and Clarke medium
containing 0.006 g KNO, per 11 medium. The
presence of nitrite was examined (above).

(v) Sulphate reducing bacteria (SRB). Repli-
cate (5)' sediment/soil sample dilutions were
prepared in 5ml volumes of anoxic Baars
medium supplemented with yeast extract and
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reducing agents. The tubes were incubated
anaerobically for 14 days at 20°C to 22°C before
determining the presence of SRBs by the
formation of black coloration.

The numbers of bacteria, determined by MPN
methods, were expressed as numbers per gram
wet weight of sediment/soil.

Faecal coliforms were enumerated in the field
using a DelAgua water testing kit (DelAgua Ltd,
University of Surrey, Guildford, UK). Immedi-
ately upon collection, water samples (100ml,
S0ml or 10ml) were passed through a 0.45 um
sterile filter membrane. Each membrane was
placed onto a pad containing Membrane Lauryl
Sulphate Broth, and incubated for 14 to 18
hours at 44°C. Colony forming units of thermo-
tolerant faecal coliform bacteria were then
counted and expressed as number per ml of
sample.

Bacterial biomass and activity were deter-
mined by the analysis of biochemical markers.
Biomarkers used for biomass determination
were DNA and lipid phosphate (a cell mem-
brane component). Adenylates (ATP, ADP and
AMP) and RNA were used as indicators of
activity. Samples were freeze dried and the
biomarkers were extracted by sonication in a
suspension of chloroform, methanol and 10mM
phosphate buffer (pH 7.4) in a ratio of 1:2:0.8
for 2 hours at room temperature. The phases
were then separated and reduced to dryness by
Totary evaporation. The upper aqueous phase
(containing DNA, RNA and adenylates) was
resuspended in 18 M2 water and the chloroform
phase (containing lipid phosphate) was filtered
and resuspended in chloroform.

The aqueous phases were mixed with
10mgml™ polyvinyl polypyrollidone (PVPP)
and centrifuged to remove humic contaminants
from the extracts. Nucleic acids were extracted
from the supernatant by adding buffered chloro-
form (pH 8). The phases were separated and the
nucleic acid precipitated from the aqueous
phase, and resuspended in 10 mM phosphate
buffer (pH 7.4). The DNA content of each
sample was quantified after binding with
Hoechst 33258 by fluorescence detection at
350nm excitation and 450 am emission. Total
nucleic acids were measured by absorbance at
260nm and RNA concentration was then
derived by difference. DNA and RNA content
in the samples were expressed as ngg™! dry
weight sediment/soil.

AMP, ADP and ATP extracted from the
aqueous phase were derivatized using chlorace-
taldehyde to produce the fluorescent N6 etheno
derivatives. The derivatized samples were sepa-
rated by ion pairing on HPLC and quantified by
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fluorescence at an excitation of 280nm and an
emission of 400 nm. After peak area integration,
AMP, ADP and ATP sample content was
expressed as p mole g dry weight sediment/
soil. The energy charge was also calculated as
(ATP + 0.5 ADP)/(ATP + ADP + AMP),

Lipid phosphate present in the chloroform
fraction after soil extraction was quantified
using persulphate digestion and the phospho-
molybdate reaction followed by reaction with
malachite green. Absorbance was measured at
615nm. Lipid phosphate soil content was
expressed as n moles g dry weight soil/
sediment.

Samples were screened for the presence of
protists. One gram of sediment or 1ml of
groundwater was transferred into Erdschreiber’s
Soil Extract medium in a sterile Petri dish and
incubated at 20°C for 4-7 days. Dishes were
examined daily by light microscopy for the
presence of protists. Uniprotistan cultures were
obtained either by micromanipulation of indivi-
dual cells with a micropipette or by the ‘dilution
to extinction’ method.

Geology of the Dodoma region

The lithologies of the Dodoma area are part of
the Archaean-Lower Proterozoic Tanzanian
shield (Cahen & Snelling 1984) which extends
north beneath Lake Victoria and into southern
Uganda and Kenya. In the Dodoma area
the lithologies consist of migmatitic gneisses,
amphibolites, feldspathic quartzites, siliceous
marbles, garnet-kyanite schists, and quartz—
feldspathic gneisses, metamorphosed to amphi-
bolite and granulite facies, They represent an
ancient granitoid—supracrustal terrane dated at
2850 and 2600 Ma (MADINI 1992).

Due to the extreme weathering which has
occurred in central East Africa, a thick weath-
ering mantle has been developed above the
bedrock. This varies in thickness from usually
30m but up to 40m on the plains to less than
1 m on steep slopes. The bulk change to bedrock
occurs as the coherent, dense, rock composed
largely of anhydrous or weakly hydrated miner-
als are altered to friable units with a lower
density consisting mainly of microcrystalline
strongly hydrated phyllosilicates, oxides and
hydroxides. The major mineralogical variations
in the weathering profile are shown in Fig. 2.
The main geochemical changes in the conversion
of bedrock to saprolite and soils is the loss of
elements such as Ca, Mg, Rb and retention of
more immobile elements such as Ti, Fe and Al
(Table 1). On plateaus a laterite ferricrete is
present and consists largely of Fe and Al oxides
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Fig. 2. Schematic representation of mineralogical variations with depth of the Makutuapora core samples.

and hydroxides. The soils in the area are largely
ferrasols and vertisols but andosols and nitosols
are present on peneplains (Bowell ez al. 1995).
From mass balance reactions (Brimhall &
Dietrich 1987; Brimhall et al. 1988) of the
Dodoma weathering profiles, element behaviour
can be quantified (Table 2). Elements such as
Ca, Na, and K show a strong depletion as
intensity of weathering increases. This is a
reflection of the instability of primary silicate
minerals (Velbel 1989, 1992). Aluminium is
enriched in the clay-rich saprolite and surface
soils. Similarly Si is retained in the saprolite and
clay-rich soils but is lost from the surface soils.
Iron is enriched during weathering with a larger
enrichment in the ferricrete horizon, or cuirasse
(over 600% v. average hypogene concentration)
at the top of the mottled clay zone, possibly as a
result of iron hydrolysis at the water table, or
‘ferrolysis’ (Mann 1983). However, the mass of
added iron required to account for the enrich-
ment in the overlying soils is much too great to

be an in situ product. Given the sluggish
mobility of iron in the oxide zone (Mann,
1983), some of the added iron must be due to
mechanical concentration, possibly related to
profile denudation. Trace elements such as Mn
are largely depleted in the profile, although a Mn
enrichment is observed in the zone of ferrolysis
(ferricrete, Table 2) and is probably related to
the same mechanism as Fe enrichment (Mann
1983). Like Zr, Nb is largely immobile but the
strain indicators based on Nb v. Zr reveal a
collapse zone in the soils.

The Dodoma region is similar to other areas
of crystalline basement rocks in Africa, with
groundwater occurring in two forms (Farquhar-
son & Bullock 1992; Wright 1992). Superficial
deposits above the granitic basement are com-
posed of thin sand and gravel which retain
infiltration water in its downward movement.
These formations are shallow and are similar to
palacodambos identified elsewhere (Wright
1992). The recharge of these aquifers is depen-
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Table 2. Element mass balance* in Dodoma weathering profiles (all rock types)
N \D
‘s Element Saprolite Clay zone Ferricrete Soil
o Si0, 98 112 65 82
) 60 Fe,03 139 180 438 374
AlO3 109 148 108 180
TiO, 103 105 114 151
Y R MnO 85 70 108 43
CaO 88 33 6 1
MgO 65 19 2 1
R Na,O 62 10 3 4
K0 81 52 15 3
P05 77 39 28 22
] Zr 100 100 100 100
Nb 105 100 97 180
Cr 109 167 355 305
. A% 110 119 276 198
T Cu 93 86 17 7
Rb 65 12 2 1
Sr 61 15 3 1
3 E Ba 78 54 22 i1
*Mass balances calculated using equations of Brimhall & Dietrich (1987) and Brimhall ez al. (1988). T% of
. & protolith concentration, assuming no variation in Zr concentration.
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Table 3. Geochemistry of deep groundwaters (analysed by ICPAES and ion chromatography, n = 22)

Wet season Dry season

Min. Max Min. Max
pH 5.5 8.2 5.0 8.5
EC 200 2750 262 43200
Eh 198 622 211 708
Temp. °C 19 42 20 42
TDS 50 1450 43 1670
DOC <0.1 0.2 <0.1 0.15
BOD 0 22 0 12
FC 0 88 0 50
HCO;~ 23 320 36 350
SO 1.9 2 59 39
NO;~ < 0.01 0.18 0.09 0.31
PO 0.1 0.42 0.25 0.53
Li < 0.01 1.6 0.23 221
Na 93 231 148 265
K 2 16 12 24
Mg 16 40 2 44
Ca 23 91 43 116
Sr 0.27 2.18 0.18 297
Ba 0.09 0.42 0.05 0.23
B 0.88 1.13 0.57 0.98
Al 0.12 33.95 1.51 21.40
Si 16.95 42.85 12.34 19.58
Mn 0.013 0.221 0.012 0.162
Fe 0.11 1.21 0.19 0.65
Cu < 0.01 0.19 <0.01 0.06
Zn < 0.01 0.39 <0.01 0.30

All anion and element concentrations in mgi™.

EC, electrical conductivity in uS cm™!; Eh, redox potential in mV; TDS, total dissolved solids in mg 1" DOC,
dissolved organic content in mg 17" (technique of Ertel et al. 1986); BOD, biological oxygen demand, a measure
of biological activity, in mg 17%; FC, faecal coliform counts expressed as number of coliforms in 100 ml of water.
Elements analyzed below detection: Br, I (< 0.1mgI™), Be, Sc, Zr, V, Cr, Mo, Co, As (< 0.01 mgl™).

dent on infiltration rates and is subject to large
seasonal fluctuations. Due to the variable
morphology of the region these aquifers have a
wide distribution. They give a low yield
(4.51min™! per well on average) and are
exploited by means of manual hand pumps.
The major aquifers in the region occur within
fractured crystalline rocks, granites and their
metamorphosed equivalents, such as at Maku-
tuapora. From a study of drill core from
Makutuapora, a schematic cross-section was
constructed (Fig. 3a). Most drill sites which hit
water were closely associated with the major
Kitoe fault system or within subsidiary fractures

(Fig. 1).
Hydrogeochemistry

The physicochemical characteristics of ground-
water and some surface waters from the

Makutuapora aquifer are shown in Tables 3—5
for wet and dry season sampling. In general
surface waters were weakly alkaline, at ambient
temperature and had a high total dissolved solid
concentration. The particulate solid load was
slightly greater in the wet season than in the dry
season, but the dissolved load was higher in the
dry season. Most of the deep groundwaters were
above pH 7 and were essentially Na-Ca-—
HCO;—Cl, with minor K, Mg, F and SO,
In the dry season the higher salinity reduces
water quality and would be a major factor in
determining the use of water resources from
individual wells as well as the whole aquifer.
Most groundwaters had a lower range of total
dissolved solid (TDS) content and metal content
than surface water and shallow groundwaters.
Seasonial variations existed in the wells for
trace element concentration depending upon
whether or not the element was associated
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Table 4. Geochemistry of shallow groundwaters (analysed by ICPAES and ion chromatography, n = 34)

Wet season Dry season

Min. Max. Min. Max.
pH 4.6 6.9 4.7 6.5
EC 157 680 187 822
Eh 221 565 228 608
Temp. °C 15 29 19 33
TDS 60 720 73 895
DOC 0.15 0.39 0.23 0.45
BOD 0.4 6.9 0 6.2
FC 0 128 0 50
HCO5~ 45 346 50 225
F~ < 0.1 1.2 < 0.1 2.3
Cl- 10.6 178 12.9 212
SO 0.9 16.2 0.8 15.8
NOs~ < 0.01 0.39 0.05 0.49
PO,? 0.1 0.56 0.36 0.95
Li < 0.01 0.98 0.15 0.89
Na 36 295 42 312
K 10.5 21 13 26.50
Mg 12 72 16 81
Ca 20 63 23 68
Sr 0.15 0.96 0.15 1.01
Ba 0.05 0.31 0.06 0.23
B 0.65 0.89 0.58 0.72
Al 3.97 34.56 3.21 25.97
Si 9.5 28.7 6.58 30.10
Mn 0.016 0.079 0.011 0.060
Fe 0.39 1.98 0.16 0.79
Cu < 0.01 0.25 < 0.01 0.16
Zn < 0.01 0.46 < 0.01 0.39

All anion and element conccntratlons inmgl™®.

EC, electrical conducnwty in pS cm ; Eh, redox potential in mV; TDS, total dissolved solids in mgI™}; DOC,
dissolved organic content in mg 1! (techmque of Ertel et al. 1986); BOD, biological oxygen demand, a measure of
biological activity, in mg17'; FC, faecal coliform counts expressed as number of coliforms in 100 m! of water.
Elements analyzed but below detection: Br, I (< 0.1mg 1'1), Be, Sc, Zr, V, Cr, Mo, Co, As (< 0.0l mgl™).

largely with the dissolved or particulate fraction.

For Fe, Al, Mn and SiO,, the dominant fraction
was in the particulate load and concentrations
were higher in the wet season than in the dry
season (Table 4). Other trace metals, such as V,
Cr, Co, Pb, and Mo were all below the analytical
detection limit of 0.01 mg1™ in both bulk sample
and filtrate. The subsurface or shallow ground-
waters were more acidic with pH as low as 4.6,
probably due to high levels of dissolved organic
acids. An attempt was made to analyse dissolved
organic acids although the rapid degradation of
the acids and their labile nature made the
analyses unreliable. Carboxylic and phenolic
acids were identified and if these were similar
to the organic acids in the original waters then
they could represent a potential mechanism for
Fe, Mn, Zn and Al mobility (Shotyk 1984).
From correlation coefficients a number of

relationships can be observed in the Makutua-
pora groundwaters (Table 6). Bicarbonate con-
tent is positively correlated to pH, Na, Ca and
Mg and inversely correlated to Al, Fe and
sulphate. A positive correlation occurs between
the anions nitrate, phosphate, chloride and
sulphate. This correlation is probably biased
by the shallow groundwaters which will reflect
rainfall recharge, the main source of chloride
and sulphate, to a greater extent than deeper
groundwaters. Shallow groundwaters will also
be more contaminated by soil leachates, reflected
in the nitrate and phosphate content probably
arising from decaying organic matter and leach-
ing of fertilizers. The possible contamination of
groundwater by faecal matter and biological
waste is 'reflected by the positive correlation
between biological oxygen demand (BOD),
thermotolerant faecal coliforms (FC) with
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Table 5. Geochemistry of surface waters (analysed by ICPAES and ion chromatography, n = 8)

Wet season Dry season

Min. Max. Min. Max.
pH 7.5 8.0 7.0 8.0
EC 705 1900 700 2000
Eh 125 225 195 286
Temp. °C 11 22 18 38
TDS 270 960 295 1080
DOC 0.53 0.75 0.51 | 0.66
FC 112 > 250 100 > 250
HCO5~ 250 652 165 655
F- <0.1 0.2 <0.1 0.3
Ccl- 11.9 16.5 12.6 59.5
S0,% 1.8 30 2.2 33.5
NO;~ 0.09 0.69 0.18 0.86
PO 0.81 1.29 0.98 1.98
Li < 0.01 0.51 < 0.01 0.63
Na 115 178 169 226
K 18.90 23.20 19.50 24.50
Mg 10 68.50 28 72
Ca 26 119 30 136
Sr 0.78 0.83 0.77 0.82
Ba 0.12 0.22 0.15 0.24
B 0.61 0.64 0.52 0.55
Al < 0.01 1.30 < 0.01 1.0
Si 8.70 11.20 5.80 7.90
Mn 0.017 0.31 0.029 0.196
Fe 0.1 0.56 < 0.01 0.39
Cu < 0.01 < 0.01
Zn < 0.01 < 0.01

All anion and element concentrations in mgl™.

EC, electrical conductivity in pS cm™; Eh, redox potential in mV; TDS, total dissolved solids in mg1~!; DOC,
dissolved organic content in mg1~! (technique of Ertel e al. 1986); FC, faecal coliform counts expressed as
number of coliforms in 100 ml of water.

Elements analyzed but below detection: Br, I (< 0.1mgI™), Be, Sc, Zr, V, Cr, Mo, Co, As (< 0.01mgI™).
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Fig. 4. Distribution of Al concentration with filter pore size after filtration of Makutuapora groundwaters.
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Table 7. Proportion of total metal concentration in < 0.45 um filtrate

Sample Depth (m) pH Fe (%) Al (%) Mn (%)
4 deep groundwater 100 7.8 1.3 0.5 2.0
3 deep groundwater 93 7.5 1.9 1.3 13.6
4 deep groundwater 89 8.0 nd nd 0.1
3 deep groundwater 75 7.6 1.6 1.2 6.5
7 deep groundwater 70 79 nd nd 0.4
19 deep groundwater 65 7.0 6.7 49 30.0
9 deep groundwater 62 7.7 0.9 1.8 6.4
11 deep groundwater 50 7.5 1.5 14 16.5
17 deep groundwater 45 7.6 1.6 1.2 9.6
5 deep groundwater 40 73 2.3 1.9 20.7
5 deep groundwater 36 74 22 2.2 22.8
21 deep groundwater 30 6.8 11.9 6.2 33.8
2 shallow groundwater 25 5.8 19.2 8.9 46.8
6 shallow groundwater 20 4.9 37.8 12.7 57.0
8 shallow groundwater 15 6.0 14.6 7.4 454
14 shallow groundwater 8 5.7 22.4 9.3 47.7
8 shallow groundwater 5 5.6 19.5 10.8 48.7
24 surface water . 0 7.0 5.6 32 26.6
30 surface water 0 7.7 0.8 1.1 4.3
28 surface water 0 8.0 nd 0.1 0.1

nd, not detected. All values expressed as a % of total metal concentration in groundwater.

nitrate and phosphate. Faecal coliform numbers
are also positively correlated to Na and K, and
BOD is positively correlated to K (Table 6) (see
below).

Aluminium, Fe and Mn are all positively
correlated to each other suggesting they are
influenced by similar mechanisms in the ground-
waters. Additionally all metals are inversely
correlated to pH as would be anticipated since
mobility is enhanced at low pH (Jones et al.
1974; Jeffries & Hendershot 1981; Lindsay &
Walthall 1981). However, none of these elements
is significantly positively correlated with any
anion (Table 6) so mobilization may be as
hydroxide, organically-bound species (Shotyk
1984; Smith et al. 1996) or by microbial activity
(see below). Both Al and Fe are strongly
positively correlated with phosphate, as high
dissolved Al and Fe in groundwaters would lead
to Fe/Al-oxide precipitation and phosphate
retention through surface adsorption processes
(Chesworth ez al. 1989). In acidic shallow
groundwaters total concentrations of Al, Fe
and Mn can exceed 1mgl™?, the majority of
which is retained by the 0.45um filter and is
considered to be colloidal (Table 7). From the
filtration of Al into several fractions it is clear
that much of the groundwater Al is held in
particulate forms (Fig. 4). The transport and
mobilization of Al, Fe and Mn can be inferred
from the chemistry and mineralogy of sediments
collected from Dodoma water pipes and Maku-

tuapora water storage tanks (Table 8). Sedi-
ments are composed of evaporite salts,
amorphous material, clay minerals (from the
wall of the pipes) and Al-Fe hydroxides and
sulphates. Additionally, other trace metals are
also mobilized based on the chemistry of the
sediments (Table 8). It is not possible to infer
what proportion of these elements has been
leached away from the clay pipes and what has
migrated in the waters from the aquifer.

From three boreholes (9, 11 and 22, all in
granodiorite lithology) sampling was possible
from the water-table to 98 m as the holes were
unlined (waters represent both deep, > 30m,
and shallow, <30m, groundwaters). The hydro-
chemistry of the three holes is shown in Fig. 5.
Levels of Al, Fe, and Mn decreased with depth
in the aquifer, with the highest concentration at
the weathering front, in the ferricrete at ¢. 20m
depth (Figs Se, Sh, 5f respectively). At this point
pH was lowest (Fig. 5a) promoting dissolution
and mobilization of the metals. Silica concen-
tration was relatively static throughout the
water column with 2 maximum at 85m depth
(possibly a density effect within the brine). Like
Na, Ca and sulphate alkalinity, Mg and B also
showed no systematic variation with depth. As
would be expected biological oxygen demand
and dissolved oxygen decreased with depth,
although the apparently high values below
75m depth agreed with the surprising observa-
tion of active protists deep in the aquifer.
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Fig. 5. Hydrochemical and biological oxygen demand variations with depth from sites 9, 11 and 22.
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Fig. 6. Change in element ratios and pH with time from site 17 hosted by granodiorite.
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Fig. 7. Change in element ratios and pH with time from site 2 hosted by amphibolite.

Intriguingly, this apparent increase correlates to
a relative increase in sulphate, chloride and K
(Fig. 5) at a depth of 70-80m in the ground-
waters.

During the course of fieldwork two new
boreholes were sampled immediately following
initial contact with the aquifer over a 5 day
period. The first hole was in the granodiorite
(site 17) and the second in the amphibolite (site
2). At the initial stage of water release at site 17,
fluid chemistry was dominated by Na and
bicarbonate (not shown), but after 12 hours K
and Ca increased in concentration and this can
be observed in the variation in Na/K and Na/Ca

ratios (Fig. 6). The initial Na/K ratio was 9.8
while the initial Na/Ca ratio was greater than 5
but this decreased after 12 hours to 2.5 for Na/K
and less than 2 for Na/Ca. After 100 hours of
continuous pumping the ratios stabilized at Na/
K =10.5 and Na/Ca =1 (Fig. 6). No stability
was observed in the Ca/Mg or Fe/Mg ratio.
Over the same period the level of total Fe
dropped from 18.2mgl™ to less than 0.2mgl™
and pH increased from 5.8 to 7.4 (Fig. 6). These
ratios were also recorded when the well was
resampled five months later. This high initial Fe
level may explain the poor taste often experi-
enced with newly drilled wells. Another newly
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drilled well was monitored from an initial point
(0.5 hours after water was hit) but with
amphibolite as the host rock. Here the fluid
chemistry was dominated by Ca and bicarbonate
over the whole 100 hour period of continuous
pumping and also in samples collected 5 months
later. The Na/Ca ratio over a 100 hour period
decreased from 0.9 to 0.5 while the Ca/Mg ratio
increased from 2.5 to 3.8 in the first 48 hours
(Fig. 7). The Fe/Mg ratio was even more erratic
than in the granodiorite well and pH was largely
constant varying from an initial 7.2 to 7.6 60
hours later (Fig. 7). The stabilization of the
ratios occurred after about 100 hours in these
wells.

Microbiology of Dodoma aquifers

Significant numbers of thermotolerant faecal
coliforms (> 10 per 100 ml) were present at 50%
of the sites studied. This indicates excessive
faccal contamination of groundwater sites,
particularly in shallow aquifers. The numbers
of faecal coliforms showed positive correlations
with NO;~ (r = 0.505), POs>~ (r = 0.479), Na
(r = 0.297), K (r = 0.289) and BOD (r = 0.765)
in the Makutuapora groundwaters (Table 6).
There was a relatively complex relationship
between the total content of the cations Na,
Ca, K and Mg and numbers of faecal coliforms
in the Makutuapora groundwaters. Faecal coli-
form numbers of between 1 and 80 per 100ml
groundwater were present over the whole range
of cation concentrations found. The highest
numbers of faecal coliforms (100-180 per
100ml groundwater), however, were only found
to be present in samples with the higher cation
content (<300mg/l, Fig. 8). The numbers of
bacteria capable of aerobic heterotrophic
growth (i.e. utilizing organic carbon as a carbon
and energy source) in the surface and subsurface
borehole soils were in the range 9.0 x 10° to
2.3 x 107 CFU g wet weight soil and was not
clearly related to any geochemical characteristics
of the groundwater systems.

Bacteria involved in the cycling of nitrogen
were isolated from all the sampling sites.
Dentrifying bacteria were most abundant with
20x10% to 1.8x10°g™ wet weight ground-
water material. Nitrifying bacteria were also
present at all sample sites, including both
ammonia oxidizing bacteria (in general
<2.0x10°g™" wet weight soil), and nitrite
oxidizing bacteria (in genmeral <2.0Xx 10°g!
wet weight soil).

Sulphate reducing bacteria, which contribute
to the cycling of sulphur, were present in low

numbers between 2.0 x 10° to 1.4 x 10°g™ wet
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Fig. 8. Total alkalis v. faecal coliform counts for
Makutuapora groundwaters.

weight soils at all sample sites studied.

The biomass measured by lipid phosphate
determination was similar for all the sample
sites, 171 and 172 nMole g™! dry weight (Table
9). This suggests a far more constant microbial
community size than demonstrated through
culture techniques, which varied by several
orders of magnitude between sites (above). The
amount of DNA, another measure of biomass,
also varied with sample. There was a range of
DNA content from 158-418ng g dry weight
sample (Table 9). The amount of biomass
measured by lipid phosphate or DNA did not
appear to be related to the geochemical char-
acteristics of the groundwater system and was
independent of depth.

RNA, an indicator of microbial activity,
showed an exceptionally wide variation between
sites (< 1-2827ng ¢! dry weight sample). The
amounts of individual adenylates (ATP, ADP,
AMP) fluctuated with sample as did the total
adenylates (Table 9). In a number:of samples
ATP was below the levels of detection. The
calculated EC ratios for the Tanzanian aquifer
(only calculated for those sites with measurable
ATP) were all below 0.5. Again there was no
apparent relationship between the depth the
sample was taken from and activity. Some
relationships did exist between geochemical
characteristics in the groundwater and microbial
activity by RNA and adenylate measurement.
Microbial activity measured by total adenylates
(Fig. 9a) and RNA (Fig. 9b) tended to be highest
at the lowest groundwater concentration of the
halides F~ and Cl~. There was a positive
relationship between metals, particularly Al,
and total adenylates reaching a plateau at
adenylafe concentrations above 10 p mole per
gram dry weight sample (Fig. 10a). A positive
relationship between RNA and all three metals
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total adenylates v. F and Cl; (b) RNA v. F and Cl.

was also found (Fig. 10b). It seems clear that
there was a relationship between microbial
activity in groundwater and the concentration
of Al, Mn and Fe. ‘
Protists were isolated in enrichment cultures
from 22 out of 32 sites suggesting that they are
widespread in the subsurface throughout the
region. Representatives of three main morpho-
logical groups were present: flagellates, ciliates
and amoebae. Of these, flagellates were by far
the most abundant. All protists which could be

recognized are known to be bacterivorous.

Discussion

M icrobiological health of Dodoma

groundwaters

The microbiological health of groundwater is
controlled by a variety of biological and abiotic
parameters. These factors include the frequency
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of faecal contamination of groundwater from
human or animal sources and the longevity of
enteric pathogens in groundwater. The survival
of microbial pathogens is influenced by the
abiotic conditions in the groundwater and the
biomass and activity of the indigenous microbial
community.

The faecal pollution indicated by the presence
of thermotolerant coliforms in the Tanzanian
aquifers is likely to have originated from both
animal and human sources. Animal sources may
be particularly important as the land in the
region is heavily grazed. The presence of these

indicators of faecal pollution suggests a con-
siderable risk of contamination of these aquifers
by enteric pathogens.

Among the abiotic factors that may influence
the survival of thermotolerant coliforms and
faecal pathogens, are the geochemical character-
istics of the aquifer. There was a positive
correlation between the numbers of thermo-
tolerant faecal coliforms and the concentrations
of NO;~ and PO,>". It is possible that higher soil
concentrations of these anions have a protective
role aiding survival of thermotolerant coliforms
in soils. The longevity of enteric pathogens

i\\i
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Table 9. Microbial biomass and activity measured by biomarkers at selected sites in the Makutuapora area

Sample Lipid DNA RNA AMP ADP ATP Total Energy
phosphate (ng)* (ng)* (p mole)* (pmole)* (p mole)* adenylates charget

(in moles)* (p mole)*
2 shallow 172 220 2827 30.4 8.5 5.1 44.0 0.21
7 deep 172 235 1701 43 4.0 0.7 9.0 0.30
8 shallow 1 276 806 2.7 0.7 ndi 34 nc§
10 deep 172 165 407 14 0.4 nd 1.8 nc
10 deep 17 418 878 34 0.8 nd 4.2 nc
14 shallow 172 320 1959 5.6 6.2 4.2 16.0 0.46
14 shallow 172 193 436 0.6 0.4 0.5 1.5 0.47
15 shallow 171 305 110 0.9 0.9 nd 1.8 nc
15 shallow 172 158 <1 0.4 nd nd 0.4 nc
23 shallow 172 181 1573 0.5 0.4 nd 0.9 nc

* Measurements per g/dry weight sediment; }energy charge calculated as (ATP+0.5 ADP)/(ATP+AM-

P=ADP); nd, not detected; § nc, not calculated.

Samples taken at the same site, e.g. 10, 14 and 15, were from different depths in the profile.

may, also, be increased in this way. A positive
correlation was also observed between numbers
of thermotolerant faecal coliforms and BOD
(Table 6). The higher concentrations of BOD are
likely to be due to elevated concentrations of
organic matter, arising from faecal contamina-
tion, acting as a source of nutrients for the
growth of indigenous microorganisms (Harvey
et al. 1984; Madsen et al. 1991).

The biomass and activity of the soil microbial
community are also likely to affect the longevity
of thermotolerant coliforms and enteric patho-
gens in the groundwater systems, since the
indigenous community tends to eliminate for-
eign microorganisms. The microbial biomass
measured by lipid phosphate was remarkably
constant between samples and with depth (Table
9). Lipid phosphate is considered a relatively
reliable measure of biomass due to its rapid
turnover and loss on cell death (White ez al.
1979). Measures of DNA can also be taken to
provide an estimate of biomass (Paul & Meyers
1982) and have been correlated with direct
bacterial counts (McCoy & Olson 1985). The
use of DNA as a measure of biomass is slightly
complicated, however, by the increase in DNA
in a cell just prior to division during cell growth
(Neidhardt ez al. 1990). This may result in a rise
in DNA measured but no actual increase in cell
numbers, although cell mass will increase, until
after cell division has occurred. In addition,
DNA may be released from microorganisms and
other soil or surface organisms on their death.
This DNA, which is not cell associated, may
persist for a period in the environment. Any free
DNA in the aquifer would influence estimates of
biomass by DNA measures. Given that the lipid
phosphate remains relatively constant between

aquifer samples in the Tanzanian study, the
higher values of DNA in some samples i.e.
>300ngg™ dry weight sediment (Table 9)
compared to others, may indicate that the
bacteria at these sites were actively dividing or
that there was variation in the amount of free
DNA with sample.

The amount of RNA (Karl er al. 1981) and
adenylates (Karl & Holm-Hansen 1978) present
in samples gives information on the physiologi-
cal status of the bacterial community. High
RNA levels are found in active cells and drop
rapidly at the onset of starvation or other stress
(Harder et al. 1984). There is a clear divergence
in RNA content with sample indicating con-
siderable fluctuations in microbial activity
(Table 9). ATP is a precursor to cell nucleic acids
(DNA and RNA), as well as providing energy
for general cell biosynthesis (Harder et al. 1984).
Levels of adenylates fluctuate considerably with
nutritional and physiological conditions and
provide information on the physiological status
and activity of the microbial community. There
were variations in the levels of individual and
total adenylates with sample (Table 9). The
highest values of ATP and total adenylates were
in general found in those samples with the
largest RNA content, confirming these samples
as potentially the most microbially active. EC
(see methods) is a measure of the physiological
state of the organisms within a sample and is
independent of population size (Karl & Holm-
Hansen 1978). EC could only be calculated for
four of the Tanzanian samples studied since
ATP in all the remaining samples was below
levels of detection. The calculated EC values
were < 0.5 suggesting relatively low activity in
these samples. There is some discrepancy be-
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tween this and the RNA results. It is possible
that EC determinations are in fact influenced by
the role of ATP as a precursor for the nucleic
acids. In natural environments ATP and other
adenylates may have a rapid turnover rate in
cells resulting in the detection of only low
concentrations.

The environmental characteristics of the
groundwater system are likely to be an impor-
tant determinant of the activity of the microbial
community. It is often difficult to find correla-
tions between geochemical factors and microbial
growth and activity since many different factors
interact to determine levels of bacterial activity.
Even so, a slight inverse relationship was
observed between microbial activity (biomarker
data) and concentrations of the halides F~ and
Cl™ in the groundwater (Fig. 9). Data on
interactions between halides and microorgan-
isms are relatively limited. A number of reac-
tions, however, have been described. These
include microbial halide binding (Bors er al.
1984), oxidation/reduction reactions (Tsungai &
Sase 1969; Gozlan & Margalith 1973), and
alkylation reactions (Harper & Hamilton 1988;
Manley & Dastoor 1988). In addition, the
halides are highly efficient disinfectants which
may partly explain the inverse relationship
between activity and F~ and Cl~. Positive
relationships between microbial activity, mea-
sured by either RNA or adenylate biomarkers,
and the concentration of Al, Mn and Fe were
found (Fig. 10a,b). Manganese and Fe can be
oxidized by certain heterotrophic and auto-
trophic bacteria as part of their normal physio-
logical processes, although the latter organisms
are unlikely to be present in these tropical
groundwaters. In addition, microorganisms can
reduce oxidized forms of these metals (Beveridge
& Doyle 1989; McEldowney et al. 1993). Iron
and Mn are also required by microorganisms as
trace elements i.e. micro-nutrients, and therefore
their availablity may have an impact on micro-
bial activity. Aluminium has no known micro-
biological function. Microbial activity may,
however, affect the fate of Al in tropical
groundwater (see below).

Eukaryotic microbes (protists) were found to
be widespread throughout the Makutuapora
aquifer. Until relatively recently protists were
thought to be absent in subsurface environ-
ments. However, evidence is now accumulating
that protists comprise a substantial part of many
subsurface microbial populations (Sinclair &
Ghiorse 1987, 1989; Kinner et al. 1992; Novar-
ino et al. 1994). Previous studies of subsurface
protists have been confined almost exclusively to
temperate regions. This is thought to be the first
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record of protists in tropical groundwaters.

Recent research indicates that the vast major-
ity of groundwater protists have a strong
predilection for surfaces and are usually found
attached to, or closely associated with, the
aquifer sediment (Harvey et al. 1992; Novarino
et al. 1994). Few protists are found free-
swimming in groundwaters. Collection of sub-
surface protists therefore requires that cores of
aquifer material are taken. Access to freshly-
collected aquifer material was available at only a
few sites in the Makutuapora aquifer. Sampling
procedures mostly consisted of pumping
groundwater to the surface. Therefore, it is
assumed that the protists isolated during the
present study represented only a small propor-
tion of those present in the aquifer.

The vast majority of the protists isolated from
the Makutuapora aquifer were heterotrophic.
This is consistent with previous studies carried
out in temperate regions (Sinclair & Ghiorse
1987; Novarino et al. 1994). Furthermore, all the
protists identified during the present study were
bacterivorous. Consquently, these may directly
influence the levels of bacterial activity in the
subsurface environment thereby indirectly af-
fecting biogeochemical processes.

Mineral-water interactions

The major changes in the mineral assemblages
are the loss of feldspar, pyroxene, biotite, and
hornblende with the formation of zeolites
(natrolite), hydrated phyllosilicates (kaolinite,
sericite, vermiculite, montmorillonite and chlor-
ite), oxides and hydroxides (goethite, gibbsite,
hematite, and leucoxene). These changes are a
function of mineral-water interactions in the
bedrock aquifer and tropical weathering in the
upper layers of the weathering profiles. Silicate
minerals such as feldspar are being altered to
hydrated forms, such as albite or microcline to
kaolinite. This can also be inferred from the
systematic changes in Na/K and Na/Ca ratios
for newly drilled wells. Initially there is leaching
of alkalis and alteration of oligoclase to albite
and paragonite with time. In the amphibolites
a similar variation in pumped water chemistry
from a freshly drilled aquifer was noticed by
variation in Na/Ca ratio, related to the altera-
tion of feldspars and in the Fe/Mg and Ca/Mg
ratio related to the alteration of ferromagnesium
silicates augite and bronzite. The lack of
constancy in the Fe/Mg ratio could be due to
dissolution of ilmenite—magnetite as well as
pyroxenes. The constant Na/Ca and Ca/Mg
ratios noticed in established wells (those drilled
prior to sampling seasons) indicate that a steady-
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state is attained between aluminosilicates in the
wallrock and leachate chemistry. These steady
states are attained instantly on geological time
scales, within the space of a few hundred hours.

Biogeochemistry of Makutuapora waters

The biomass and activity of the microbial
community has an impact, not only on the
survival of enteric pathogens, but also on
mobility, form and fate of organic and inorganic
compounds in groundwater. This has health
implications when water is extracted for drink-
ing. There is a paucity of information available
on the biomass and activity of microbial
communities in tropical groundwater systems
(see above), and the microbial community
structure of soils and sediments associated with
tropical aquifers.

This study demonstrated that the hetero-
trophic bacterial population present in the
Tanzanian surface and subsurface soils asso-
ciated with boreholes is towards the upper end
of the range reported for aerobic heterotrophs
isolated from shallow (Balkwill & Ghiorse 1985)
and deep (Albrechtsen & Winding 1992; Fre-
drickson et al. 1989) groundwater in non-
tropical regions. Heterotrophic bacteria play an
important role in the degradation of organic
compounds.

Bacteria involved in the nitrogen biogeochem-
ical cycle were present at all sites examined.
Denitrifying bacteria- represented a significant
fraction of the heterotrophic bacterial popula-
tion. Denitrifying bacteria are commonly found
to be present and active in groundwater systems
in temperate environments (Francis et al. 1989;
Johnson & Wood 1992). Nitrifying bacteria,
both ammonia oxidizing bacteria and nitrite
oxidizing bacteria, were present at the Tanza-
nian sites. It has previously been found that the
population density of nitrifying bacteria in
temperate groundwater sediments is low, e.g.
10g7!, even when ammonia is not limiting. This
has been attributed to competition for oxygen
with aerobic heterotrophs (Fredrickson er al.
1989). Ammonia oxidizing bacteria are unable
to dominate over heterotrophs particularly at
available organic carbon levels below 1-2mgl™
(McCarthy er al. 1981). The heterotrophic
numbers isolated from the Tanzanian aquifer
were high and the explanation for the low
numbers of nitrifying bacteria may be the result
of adverse competition for oxygen.

Sulphate reducing bacteria (SRB) have been
isolated from shallow and deep aquifers, their
numbers often increasing with depth (Jones et al.
1989; Johnson & Wood 1992). Their distribution

and numbers have previously been related to the
clay content of sediment, and have been difficult
to correlate with groundwater sulphate concen-
tration (Jones et al. 1989). Similarly, there was
no significant correlation between groundwater
sulphate concentration and the numbers of
sulphate reducing bacteria at Makutuapora. In
fact, the number of SRBs was low at most sites.

There is an apparent contradiction in the
variation in isolated microbial numbers with
sample and the relatively constant estimate of
biomass shown in the lipid phosphate determi-
nations. This discrepancy is probably simply
related to the inevitably selective nature of
culture media and chosen growth conditions
failing to permit growth of many types of
bacteria.

The presence of Fe and Al minerals in mineral
precipitates in the feeder pipes between Dodoma
and Makutuapora suggest that some mechanism
exists for mobility of both metals. Similarly high
levels of Mn and other metals occur in the pipe
precipitates as well. A similar phenomenon
observed in Wales has also been reported by
Fuge et al. (1992) and likewise used to support
the mobilization of metals in groundwater.
Previous studies in temperate regions have
shown that in carbon-limited habitats such as
the subsurface, organic contamination of faecal
origin often results in a significant increase in
microbial activity (Harvey et al. 1984; Madsen et
al. 1991). Increased microbial activity may in
turn influence the mobility of certain elements in
the aquifer through a variety of mechanisms
discussed previously. Elevated levels of dissolved
organic matter released by microbial activity in
the groundwaters may also explain the observed
relationships between elevated metal concentra-
tion and high BOD in some groundwaters.

Most of the aluminium was associated with
particles in the size range 0.1-10.0 um, which is
colloidal either mineralogical or bacterial. The
source of the aluminium may have been from the
congruent dissolution of kaolinite in the upper
soils. The dissolution of aluminium may also
have been assisted by indigenous microorgan-
isms, a phenomenon previously reported by
McFarlane & Heydeman (1984) and by McFar-
lane & Bowden (1992). There is, however, little
information on interactions between bacteria
and aluminium in the environment. The im-
portance of microorganisms in the mobilization
of aluminium in deeply weathered profiles of the
African surface has been highlighted by McFar-
lane (1987) and McFarlane & Bowden (1992). In
these studies it was found that aluminium was
leached from kaolinite by the action of indigen-
ous populations of microorganisms, and further-
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more that the aluminium remained mobile
within the groundwaters, probably as a result
of microbially-mediated organic complexing.
Bacteria can accumulate metals at their surface
and internally (Beveridge & Doyle 1989). Inter-
nal metal accumulation by bacteria is normally
an energy dependent process and increases with
time. Even potentially toxic metals with no
physiological function can be taken up intern-
ally. Cell surface sorption of metals is a
physicochemical process and tends to be rela-
tively rapid, sometimes reaching equilibrium
within minutes of metal exposure (McEldowney
et al. 1993). Aluminium at the levels present in
Makutuapora groundwater could be considered
‘toxic’ (WHO 1971; Connery 1990). Microor-
ganisms within these groundwaters may assist in
attaining these conditions and further, may be
involved in the transportation and deposition of
the metals. However, more recent work sug-
gested that in tropical waters much of the Al is
present in a non-labile form of relatively low
potential toxicity (Smith ez al. 1996).

Conclusions

In this study the geochemistry and micro-
biology of groundwaters and surface waters of
the Makutuapora aquifer have been studied.
Groundwater is- essentially Na-Ca-Cl-HCO;~
with minor K, Mg, F and SO,>. Water
chemistry is largely influenced by mineral-water
interactions and less so by microbial activity,
although the concentrations of Al, Mn and Fe in
groundwater may be related in part to microbial
activity. -

The biochemical marker analysis suggests that
the bacterial community is of comparable size
between the different study sites, but that the
physiological status of the community varies.
This is undoubtedly related to variations in the
physicochemical and nutrient conditions en-
countered by the bacteria at the sites. The
numbers of nitrifying and denitrifying bacteria
and SRBs isolated from the tropical ground-
water systems were broadly comparable with
numbers found to be present in temperate
systems. By contrast, numbers of heterotrophs
appeared relatively high in these tropical sys-
tems. In common with temperate groundwaters,
there were no apparent correlations between the
geochemical characteristics of the tropical
groundwater and the numbers of different
physiological types. There was considerable
contamination of the groundwaters by thermo-
tolerant coliforms suggesting a significant health
risk from enteric pathogens in these ground-
waters. The survival of the thermotolerant
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coliforms appeared to be linked with some of
the geochemical characteristics of the ground-
waters. Heterotrophic protists were widespread
throughout the aquifer and are likely to influ-
ence bacterial activity by their predatory beha-
viour.

Metal content of the groundwaters can exceed
lmgl_1 of Al, Mn and Fe. These metals are
present largely in a particulate, possibly colloidal
form. The increase in metals suggests an
imbalance in the steady-state reactions between
groundwaters and magmatic minerals. This
imbalance could in part be in response to
microbial activity.

At present only weak correlations can be
drawn from the field data which could be
coincidental rather than casual and experimental
work will be required to prove these possible
relationships and to aid modelling of the
biogeochemical cycles in the Makutuapora
groundwaters.
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