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Abstract 

Across equatorial Africa, increasing demand for groundwater has raised concerns about 
resource sustainability and has highlighted the need for reliable estimates of groundwater 
recharge. Recharge investigations in this environment are typically inhibited by a shortage of 
good quality meteorological and hydrogeological records. Moreover, when recharge studies are 
attempted they tend to rely on a tingle technique and frequently lack corroborating evidence to 
substantiate recharge predictions. In recent studies undertaken in the Aroca catchment of the 
Victoria Nile basin in central Uganda, the timing and magnitude of recharge determined by a 
soil moisture balance approach are supported by stable isotope data and groundwater flow 
modelling. The soil moisture balance study reveals that recharge averages in the order of 
200mmyear -1 and is more dependent on the number of heavy (more than 10 mm day -l) 
rainfall events than the total annual volume of rainfall. Stable isotope data suggest 
independently that recharge occurs during the heaviest rains of the monsoons, and further 
establish that recharge stems entirely from the direct infiltration of rainfall, an assumption 
implicit in the soil moisture balance approach. Deforestation over the last 30 years is shown 
to have more than doubled the recharge estimate. Aquifer flow modelling supports the recharge 
estimates but demonstrates that the vast majority (over 99%) of recharging waters must be 
transmitted by the aquifer in the regolith rather the underlying bedrock fractures which have 
traditionally been developed for rural water supplies. 
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1. Introduction 

An understanding of groundwater recharge is critical to any assessment involving 
the sustainable development of groundwater resources. Throughout equatorial 
Africa, groundwater development has increased dramatically over the last decade 
as numerous governmental and non-governmental organisations seek to improve 
critically limited access to potable water facilities. However, despite such keen interest 
in groundwater, a paucity of regional meteorological and hydrogeological records has 
inhibited detailed evaluations of recharge, especially with regard to the mechanisms 
of replenishment. As a result, fundamental aspects of groundwater recharge such as 
its source, timing, magnitude and distribution have not been well defined. 

Previous recharge investigations in equatorial Africa have tended to rely on the use 
of a single recharge technique and lacked corroborating evidence to substantiate 
predictions of recharge. Nevertheless, a comparison of the results from a number 
of recharge studies in this environment does reveal some common characteristics. For 
example, Geirnaert et al. (1984) and Adanu (1991) each demonstrated, using stable 
isotope tracers in the monsoonal belt of west Africa, that the source of recharge 
results from the direct infiltration of rainfall at the soil surface. Neither study, 
however, provided an estimate of the magnitude of recharge or confirmed the timing 
of recharge events. Published climatic data from Zambia (Houston, 1982), Kenya 
(Singh et al., 1984), Zimbabwe (Houston, 1990) and Nigeria (Adanu, 1991) suggest 
that the timing of recharge corresponds to the heaviest rainfalls of the monsoons 
when rates of incoming precipitation temporarily exceed the intense evapo- 
transpirative flux found over equatorial Africa. However, only Houston (1982) 
presented independent confirmation of the timing of recharge events through water 
level fluctuations observed from borehole hydrographs. 

Considerable variation exists in the magnitude of recharge estimates calculated 
over equatorial Africa (see Table 1). Such diversity may be expected for environments 
with differing rainfall patterns, topographies and evapotranspirative fluxes (primarily 
determined by vegetative cover) but comparisons are further complicated by the 
variety of methods used to arrive at these recharge estimates, e.g. baseflow separation, 
soil infiltration characteristics, soil moisture balance techniques, and the use of 
chloride tracers. Because each technique employs a number of assumptions and 

Table 1 
Estimates of groundwater recharge in equatorial Africa 

Location Estimate (mm year -1) Method Reference 

Ghana 172 Baseflow separation 
Kenya 50-60 Soil infiltration 
Uganda 17 Soil moisture balance 
Zambia 80 (forest cover) Soil moisture balance 
Zambia 281 (crop cover) Soil moisture balance 
Zimbabwe 12 Chloride tracers 

Asomaning (1992) 
Singh et al. (1984) 
Howard and Karundu (1992) 
Houston (1982) 
Houston (1982) 
Houston (1990) 
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simplifications, trust in their application and the output they generate must be gained 
through independent corroboration. 

In this paper we present the results of recharge studies carried out in the Aroca catch- 
ment of the Victoria Nile basin in central Uganda (Fig. 1). In this work, aquifer recharge 
was calculated using the soil moisture balance approach, as the technique is capable of 
producing both temporal and quantitative information using relatively simple and com- 
monly available data, i.e. rainfall, pan evaporation and cover vegetation. However, to 
overcome the criticisms inherent in comparable studies, isotope data and groundwater 
flow models were additionally used to support the recharge results, thereby providing a 
valuable insight into the nature and mechanisms of recharge in this environment. 

2. Study area 

2.1. Hydrometeorological setting 

The Aroca catchment (Fig. 1) covers an area of 840 knl  2 and is bounded by the 
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Fig. 1. Location of  the study area. 
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Victoria Nile t o  the east, Lake Kyoga to the south and the town of Lira to the 
northwest. The region receives an average rainfall of 1400 mm year -~ that falls 
primarily during two distinct rainy seasons. The first season or 'short rains', occurs 
between April and May, and the second season or 'long rains' falls between August 
and October. This bimodal pattern results from the movement of air masses 
associated with the equatorial trough or Intertropical Convergence Zone (ITCZ). 
However, unlike typical monsoon climates that are derived from a reversal of wind 
currents from the northeast in January to the southwest in July, a north-south 
reversal in east Africa causes the heavy rains to occur in April and September between 
the main monsoonal flows (Leroux, 1983). The other source of rainfall in the Aroca 
catchment arises from recycled moisture (convectional rain). Potential evaporation in 
this region is in the order of 2000 mm year -l and, as with other monsoonally deter- 
mined climates in equatorial Africa, exceeds rainfall throughout most of the year 
(Fig. 2). Air temperatures range from 17°C to 30°C during the day but show little 
seasonal variation through the year. 

2.2. Regional hydrogeology 

The Aroca catchment is underlain by undifferentiated gneisses associated with the 
Precambrian granitic-gneissic complex that extends over much of central and 
northern Uganda. These materials have been the traditional target for groundwater 
exploitation in the region, with wells being drilled to intercept sub-horizontal 
fractures that formed ~ as a result of regional uplift caused by long-term bedrock 
weathering. 
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Fig. 2. Potential evaporation and precipitation throughout the year in the Aroca catchment (average 
monthly values of precipitation from Ngetta, 1988-1993, and potential evaporation from Aduku, 
1971-1974). 
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Throughout the Aroca catchment (Fig. 3) the gneiss is overlain by a zone of 
weathering approximately 30 m thick. The evolution of this zone, commonly referred 
to as the regolith, has been described as the progressive chemical degradation of the 
basement complex to a lateritic soil cover (Acworth, 1987). Towards the top of the 
regolith, an intensely weathered lateritic crust generally overlies a clay unit formed 
from the hydrolysis of parent rock fragments. The water table is then commonly 
encountered at the base of the Clay unit. Below this, hydrolytic processes are retarded 
and sand-sized fragments derived from the gneissic bedrock tend to predominate. It is 
this coarser regolith unit that can provide a valuable, albeit often overlooked aquifer. 
In the Nyabisheki catchment of southwestern Uganda, for example, studies (Howard 

AREAL % 
KEY COVER 1959 1991 
[ ]  AGRICULTURAL 55 83 
[ ]  FOREST 36 10 
• WETLAND 9 

I e 0 ~  I 
Fig. 3. A comparison of the vegetative covers for the Aroca catchment in 1959 (from aerial photographs) 
and in 1991 (from LANDSAT images). 
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and Karundu, 1992; Howard et al., 1992) have shown that the regolith is typically 
over a hundred times more transmissive than the underlying bedrock, even though the 
latter hosts all the production wells. The bedrock has similarly been used for ground- 
water supply in the Aroca catchment. However, as it outcrops very rarely within the 
catchment, it must receive most of its recharge via the overlying regolith. As indicated 
by Fig. 3, groundwater from both aquifers in the Aroca eventually discharges into a 
swamp of papyrus and tall grasses, occasionally referred to as a dambo, which runs 
centrally through the catchment and drains into the Victoria Nile. 

3. Methods 

3.1. Soil moisture balance technique 

The soil moisture balance technique for assessing groundwater recharge was first 
instituted by Penman (1950). Its application in equatorial Africa has been detailed 
previously by Houston (1982, 1990) as well as Howard and Karundu (1992). The 
method provides periodical estimates of direct recharge (i.e. from the infiltration of 
rainfall) based on changes in the moisture content of soil. Contribution to the ground- 
water reservoir from other sources is not included in the calculation. However, the 
implications of this assumption are addressed in the stable isotope study described 
below. According to the model, direct recharge occurs when the soil moisture content, 
which is a function of precipitation (P) and evapotranspiration (ET), reaches field 
capacity, a condition at which any additional net influx of water will not be stored 
within the soil but will drain to the underlying aquifer. When the moisture content of 
the soil is less than field capacity, a soil moisture deficit is said to exist and recharge is 
prevented. ET continues but is constrained by a 'root constant' and 'wilting factor', 
the magnitudes of which each depend primarily upon the nature of the vegetative 
cover. The root constant is the product of the root depth and soil porosity, and 
represents the soil moisture deficit beyond which ET can no longer proceed at its 
maximum rate, known as potential evapotranspiration (ETp). In the recharge model 
used for the study, it is assumed that once the root constant is exceeded, the ability of 
the soil to release water for evapotranspiration is reduced to just 10% of its normal 
value. Furthermore, if the soil moisture deficit reaches the wilting point, no further 
increases in the deficit can take place. 

Estimates of recharge were gen.erated from the soil moisture balance technique 
using a daily time step, as Howard and Lloyd (1979) have shown that longer (10 
day or monthly) intervals can lead to a significant underestimation of the recharge 
volume. Also, it is apparent from Fig. 3 that the vegetative cover in the catchment has 
changed considerably during the past 30 years. One-quarter (210 km 2) of the catch- 
ment's area has been cleared of its forest cover, and a 2% reduction in the extent of 
wetlands has also occurred. To examine the role of land use change on recharge rates, 
recharge was calculated over two periods for which daily records of rainfall corre- 
sponding to the vegetation maps were available. Daily records of rainfall from 1954 to 
1961 for Aler Station (2°18'N, 32°55'E) and from 1988 to 1993 for Ngetta Station 
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(2°17'N, 32°56'E) (Fig. 4) were used. Although rainfall data over longer time 
intervals are highly desirable--indeed, Houston (1982) has suggested that a 9 year 
period is required--such records are unavailable. For the purposes of the recharge 
calculation, each map was assumed to be representative of the catchment's vegetation 
for the duration of the corresponding period of rainfall. 

Daily values of ETp were generated from applying a pan factor of 0.9, proven 
suitable in this region (Shahin, 1985), to monthly rates of pan evaporation and 
dividing this product by the number of days in the month. Unfortunately, pan 
evaporation records could only be obtained for a period of 4 years (1971-1974) at 
Aduku Station (1 o59,N, 32°43' E) (Fig. 4). Therefore, monthly pan evaporation rates, 
employed in the recharge estimation for both periods, represent the average pan 
evaporation for that month over the 4 years. 

The final component in the calculation of daily recharge (R) is surface run-off 
(RO), where 

R = P - RO - ET (I) 

Run-off is typically represented as a fraction of total precipitation (P). In the Victoria 
Nile Basin, Shahin (1985) found that run-off amounted to 3% of the total rainfall. 
Slightly higher fractions up to 5% were suggested for higher rainfalls. In this study, a 
run-off factor of 3% was implemented when annual rainfall was less than the average 
for the period, and a figure of 4% was used when annual rainfall exceeded the period 
average. A summary of the data used for each of the parameters in the soil moisture 
balance equation is given in Table 2. 

Meteorologic~ Station • o,  I • o,  1 ALER • 
3240EI J 3250EI .., 

Catchment Boundary J NG--ETTA 
Rainfall Sampling Site 0 N 

210N Regolith piezomet~W L u 

k a ISO00ml J .  " "  " _ " 2 

i/v,c,or,. N,,. - ;,,,,,,, S 

Fig. 4. Location of meteorological stations and sampling sites in the Aroca catchment of central Uganda. 
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Table 2 
Summary of data used to calculate each of the parameters in the soil moisture balance model 

Parameter Period 

1954-1961 1988-1993 

Precipitation (P) 

Surface run-off (RO) 

Evapotranspiration (ET) 

Daily rainfall records 
(Aler, 1954-1961) 

3% of P (low annual P) 
4% of P (high annual P) 

Monthly pan-evaporation 
records (Aduku, 1971-1974) 
Pan factor of 0.9 
Vegetation map from aerial 
photographs (1959) 
Root constants (C): 
short root crop-grass 76 mm 
forest-shrub 203 mm 
Wilting-points (D): 
short root crop-grass 127 ram; 
forest-shrub 254 ram 

Daily rainfall records 
(Lira, 1988-1993) 

3% of P (low annual P) 
4% of P (high annual P) 

Monthly pan-evaporation 
records (Aduku, 1971-1974) 
Pan factor of 0.9 
Vegetation map from 
LANDSAT images (1991) 
Root constants (C): 
short root crop-grass 76 ram; 
forest-shrub 203 mm 
Wilting points (D): 
short root crop 127 ram; 
forest-shrub 254 mm 

3.2. Groundwater flow modelling 

It was not possible to confirm the rate of recharge estimated by soil moisture 
balance techniques using standard, baseflow-separation methods, as most of the dis- 
charging groundwater is rapidly re-evaporated in the swamp. This situation, together 
with a shortage of river gauges in other, flowing catchments, is common to many 
areas in equatorial Africa. Corroboration of the recharge influx using the ratio of 
chloride in rainfall to groundwater was similarly futile because of the wide variation 
observed in chloride concentrations for groundwaters in the regolith aquifer (mean 
38 mg 1-1, standard deviation 35 mg 1-1) and bedrock aquifer (mean 62 mg 1 -l,  
standard deviation 88 mg l-l). Consequently, groundwater flow modelling, which 
took advantage of a basic understanding of the regional hydrogeology gained 
through a recent study (Howard et al., 1994), was employed to assess the magnitude 
of recharge estimate. 

Given the absence of bedrock outcrops in the study area, all groundwater recharge 
in the study area must initially, at least, migrate through the regolith. Subsequently, 
this water is distributed between aquifers in the regolith and fractured bedrock 
depending on the transmission capability of each aquifer. For convenience, each 
aquifer was modelled separately, using FLOWPATH, a two-dimensional steady 
groundwater flow model that can simulate groundwater flow and particle tracking 
in heterogeneous anisotropie confined, unconfined and leaky aquifers (Franz and 
Guiguer, 1990). In each case, the rate of recharge was varied until good agreement 
was obtained between known and simulated aquifer heads. Apart from verifying the 
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estimate of recharge, an indication of the distribution of recharge to the aquifer 
system is gained from this procedure. 

The value of the modelling approach relies heavily on the quality of the hydraulic 
conductivity data used in the model. These were derived from a series of field and 
laboratory measurements that included pumping tests, packer testing, piezometers 
tests and grain-size analyses. Pumping tests and packer testing at a total of 27 bore- 
holes drawing water exclusively from bedrock fractures (Fig. 4) reveals a median 
transmissivity of 4 m 2 day -l.  The zone of fracturing, based on packer-testing, extends 
approximately 40 m below the bedrock surface and so suggests an average hydraulic 
conductivity of 0.1 m day -1. Testing of the muddy-sand aquifer in tbe regolith 
through piezometer tests and grain-size analyses discloses a hydraulic conductivity 
of around 10 m day -1. 
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Fig. 5. Annual distribution of precipitation; daily averages for (a) 1954-196] and (b) 1988-]993. 
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3.3. Stable isotope study 

An examination of the stable isotope composition of groundwaters, surface waters 
and rainfall in the study area was conducted to check the timing of recharge events 
predicted by the soil moisture balance model and to pinpoint the source of recharging 
waters. Stable isotopes of water, deuterium (:H) and oxygen-18 (tSO), behave 
conservatively in low-temperature groundwater environments. Consequently, the 
2H and 180 content of groundwater reflects the isotopic composition of recharging 
waters. By comparison, above-ground water molecules undergo changes in phase that 
significantly alter their isotopic composition. The process known as isotopic 
fractionation results from the lower vapour pressure exhibited by isotopically heavier 
molecules, 2HIH160 and 1H]H]sO, as compared with isotopically lighter molecules, 
ÂH]HI60. As a result, different sources of recharge (e.g. precipitation vs. surface 
waters) and rain falling at different times during the year (e.g. dry season vs. rainy 
season) feature different isotopic signatures. It follows that, under favourable 
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Fig. 6. Annual distribution of  estimated recharge; daily averages for (a) 1954-1961 and (b) 1988-1993. 
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conditions, the timing of direct recharge events may be deduced through a com- 
parison of the isotopic signatures in groundwaters with those of precipitation. In 
addition, the interaction between the groundwater system and regional surface 
water bodies may be explored. 

Sampling was performed over three field seasons from May 1992 to August 1994. 
During this period, groundwater samples were collected from 65 sites: 54 production 
boreholes tapping bedrock fractures and 11 piezometers installed into the regolith 
(Fig. 4). Twelve rainfall samples were collected over 3 months at the town of Aduku, 
which lies centrally in the catchment. Finally, nine samples were obtained from 
regional surface waters over the three sampling periods. All samples were analysed 
with respect to Vienna Standard Mean Ocean Water (V-SMOW). The analytical 
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(over 10 mm day -1) rain events. 
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error in each determination is 5=0.2%o for oxygen-18 and 5=29/oo for deuterium. 
Throughout the text, the symbols 6o and 6ls represent the standard measurement 
for 2H and 180 relative to the standard, SMOW, given by the formula 

6 = 1 0 0 0 ( R s A M P L E  - -  RSMOW)/RsMow (2) 

where R represents the ratio of heavy to light isotope (e.g. 2H/1H or 180/160). 

4. Results and discussion 

4.1. Soil moisture balance technique 

The annual distribution of precipitation in the Aroca catchment for the periods 
1954-1961 (Fig. 5(a)) and 1988-1992 (Fig. 5(b)) exhibits the bimodal nature of 
monsoonal rainfall in east Africa. Each plot represents the average daily rainfall 
over those periods. Although the annual volume of precipitation shows a slight 
increase from the 1950s to the present, this rise is not considered significant in 
terms of climatic variation, owing to the limited timescale on which the data are 
based. 

The annual distribution of the average daily, direct recharge, predicted by the soil 
moisture balance method over the periods 1954-1961 and 1988-1993, is plotted in 
Fig. 6. Results from both periods reveal that recharge occurs exclusively during the 
wet seasons from April to September and reflects, expectedly, the bimodal pattern of 
incoming precipitation. The results also demonstrate that annual recharge has more 
than doubled over the last 30 years from 1 I0 mm year -1 to 240 mm year -1. Despite 

C a t c h m e n t  Boundary  --- ....... === T 

~ = L 6 0  5 

Fig .  8. H y d r a u l i c - h e a d  c o n t o u r s  fo r  the  f r a c t u r e d - b e d r o c k  a q u i f e r  in  A r o c a  c a t c h m e n t .  
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the slight rise in the annual rainfall observed between the periods (Fig. 5), the increase 
in recharge results primarily from changes in land use, which have reduced 
evapotranspiration. 

Fig. 7(a) shows the relationship between annual recharge and precipitation. Years 
of extremely high recharge (more than 200 mm) are dearly associated with years of 
unusually high rainfall (more than 1550 mm). However, the correlation between 
precipitation and recharge is relatively weak over the range of rainfall normally 
encountered in the region (i.e. from 1200 mm year -t to 1550 mm year -t)  and this 
raises serious concern regarding the standard practice of documenting recharge 
estimates as a fraction of annual precipitation in this environment. A plot of 
estimated recharge vs. the number of heavy rain events (10 mm day -1) each year 
(Fig. 7(b)) yields a much improved correlation between recharge and precipitation 
and suggests that rainfall intensity is a more important factor than rainfall volume in 
determining the quantity of recharge entering the groundwater system. Interestingly, 
variations in the soil moisture content of weathered soils recorded in a humid region 
of Kenya by Singh et al. (1984) show similarly that significant recharge does not occur 
unless rains amounting to more than 10 mm fall on consecutive days. As measure- 
ments of soil moisture content are exceedingly rare in this environment, it is 
noteworthy that observed fluctuations in the soil moisture content of regolith soils 
complement the infiltration characteristics predicted by soil moisture balance 
techniques. The graph in Fig. 7(b) also implies that roughly 40 clays of heavy rain 
are required each year for any significant recharge to occur. 

4.2. Groundwater flow modelling 

The modelling of the regolith-bedrock aquifer system using FLOWPATH was 
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Fig. 9, F L O W P A T H  hydraulic-head contours  for the fractured-bedrock aquifer with a hydraulic 
conductivity of  0,1 m day -I and  a recharge rate o f  0.5 m year -1. (Note that  the contours  begin at 
1035m in the east and  have an interval of  5 m.) 
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Catchment Boundary .............. ! 

Topographic Contours 104/~0 ( / ) ) ' ~ ' k  
(in metres a . s . I . )  - -  : : ) 

Fig. 10. Topographic map  of  the Aroca catchment.  

conducted primarily to provide (1) independent, albeit relatively approximate esti- 
mates of aquifer recharge and (2) the relative distribution of recharge between the two 
aquifers present. Hydraulic-head contours for the fractured-bedrock aquifer in the 
Aroca catchment are displayed in Fig. 8. These contours are based on static water 
levels recorded in boreholes (Fig. 4) installed exclusively in the bedrock aquifer. Some 
anomalous hydraulic head values have been disregarded, particularly in the vicinity of 
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Aduku Town, to arrive at the smooth contours observed for the catchment. Despite 
these localised incongruities, the distribution of hydraulic heads given in Fig. 8 is 
considered representative of the catchment as a whole. The head distribution arising 
from the steady-state simulation of the bedrock aquifer unit is shown in Fig. 9. The 
model results indicate that the potentiometric surface can be adequately simulated 
with a recharge rate of just 0.5 mm year -~. 

To model groundwater flow in the regolith, it was assumed that the water table in 
the regolith could be approximated by catchment topography (Fig. 10). This assump- 
tion is based upon limited potentiometric data gained through this study (Fig. 4) as 
well as observations made regarding the regolith aquifer in other regions (Jones, 
1985). The distribution of hydraulic heads generated from the simulation of the 
regolith aquifer is given in Fig. 11. Results of the model simulation suggest that the 
water table in the regolith can be adequately represented when recharge is applied at a 
rate of 200 mm year -l .  

The numerical simulations support the soil moisture balance calculations in that 
they indicate recharge totalling approximately 200 mm year -~ may be transmitted by 
the regolith-bedrock aquifer system. Significantly, most of this water (over 99%) is 
transmitted by the regolith rather than the underlying fractured-bedrock aquifer, a 
finding that endorses similar conclusions presented by Howard and Karundu (1992) 
for an area of southwest Uganda. 
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Fig. 12. Annual distribution of rainfall and its ~SOcontent at Entebbe(monthly averages from 1961 to 
1974). 
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4.3. Stable isotope evidence 

4.3.1. Isotopic variation in precipitation 
In the absence of  an extensive record of stable isotope measurements in rainfall 

from the study area, seasonal variations in the deuterium and oxygen-18 content of  
rainfall in this region were inferred from historical data for the International Atomic 
Energy Agency (IAEA) Station at Entebbe, 250 km to the south (Fig. 1). Monthly 
measurements, though sporadic, extend from 1961 to 1974 (International Atomic 
Energy Agency, 1992). A plot of  average monthly rainfall and its lSo content, as 
6is, at Entebbe (Fig. 12) through the year clearly demonstrates a positive correlation 
between the amount of  rainfall and its depletion in 180, described by Dansgaard 
(1964) as the 'amount effect'. 

The seasonal variations in the isotopic composition of rainfall observed at Entebbe 
are reflected in a limited data set recently compiled for the study area, 250 km to the 
north. Total rainfall, estimated recharge and the average lSO content in rainfall for 
the months of November 1991, May 1992 and June 1992 are given in Table 3, and an 
inverse relationship between monthly rainfall and its 61s value (amount effect) is 
observable. Although a larger data set over a longer period is required to confirm 
this assertion, correlations for the 'amount effect' are strongest in tropical regions 
(Lawrence and White, 1991) and have been observed in isotopic studies across 
equatorial Africa (Dansgaard, 1964; Geirnaert et al., 1984; Adanu, 1991). 

Seasonal variations in the isotopic composition of rainfall that produce the 
'amount effect' are a function primarily of the origin and history of the air masses 
yielding precipitation (Gat, 1987). An isotopic study in the Amazon basin (Salati et 
al., 1979) found that the appearance of depleted 618 values in precipitation 
corresponded to the movement of the Intertropical Convergence Zone (ITCZ) and 
hence, the occurrence of monsoonal rains. Similarly, bimodal peaks in the annual 
precipitation at Entebbe and the Aroca catchment result from monsoons derived 
from the movement of the ITCZ and coincide with the most depleted isotopic 
signatures in rainfall. In the Victoria Nile basin, monsoonal rains also originate 
from a more depleted source, the Indian Ocean (618 = 0 + 1%o), than less intense, 
convectional rains derived from regional surface waters (618 = +4 -4- 29/00: Craig, 1961; 
Dansgaard, 1964; this work). 

Despite this dependence of rain's isotopic composition on the properties of 

Table 3 
Summary of preliminary isotopic data for rainfall in the Aroca catchment 

Month Total Average a 61s Season Estimated 
rainfall (mm) (%0 SMOW) recharge (mm) 

November 1991 80 +1.0 Long, dry 0 
May 1992 269 -1.2 Short (weak), monsoon 103 
June 1992 140 +0.7 Short, dry 0 

a Average was derived from four samples collected in each month. The analytical error in each ~18 
determination is 4-0.2%0. 
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advecting air masses, local conditions can modify the inherited isotopic signal (Gat, 
1987). Sklash and Mwangi (1991) attributed the isotopically enriched composition of 
rainfall in east Africa to the enhanced evaporation that arises from dry atmospheric 
conditions in this region. Their assertion stems from the reduced slopes of meteoric 
waterlines, observed in east Africa (e.g. 69 = 5.4618 + 7.3 for Kericho, Kenya (Sklash 
and Mwangl, 1991) and 69 = 7.261s + 11 for Entebbe, Uganda) relative to the 'global 
meteoric waterline' (69 = 861s + 10), which signal the influence of evaporation on the 
isotopic composition of meteoric waters. Craig (1961) noted that, globally, meteoric 
waters which have not undergone significant evaporation demonstrate a consistent 
relationship between their deuterium and oxygen-18 content with a 6D/61S slope of 
eight, whereas evaporated, meteoric waters fall along a (6D/61S) slope of around five. 

In an effort to resolve the controls on the variation in the isotopic composition of 
meteoric waters in this region, isotopic signatures for months of light rainfall at 
Entebbe were compared with those for months of heavier rainfall. A month of rainfaU 
was defined as 'heavy' if its volume exceeded the average monthly rainfall at Entebbe 
of 150 mm. Months where less than 150 mm fell were considered 'light'. As indicated 
by Fig. 12, months of 'heavy' rainfall coincide with monsoons, which typically occur 
during March, April and May, as well as November and occasionally October. Of the 
monthly records from 1961 to 1974 for which isotopic records are available at 
Entebbe, 43 months were 'heavy' and exhibit a 6D/618 slope of 8.0 4- 0.2. Rainfall 
during 59 months was 'light' and possesses a depressed 6D/618 slope of 6.8 4- 0.3. 
These monthly data indicate that 'light' rains at Entebbe have been subjected to 
evaporation which has enriched their mean isotopic composition in the heavier 
isotopes (618 =-1.8%o, 6D =-2.3%0) relative to non-evaporated, 'heavy' rains 
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Fig. 13. Deuterium vs. chloride for regolith and bedrock groundwaters in the Aroca catchment. 
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(/~ls = -3.4%0, 6D = -14%0). A reduction in the humidity by an average of 10% 
during periods of low rainfall at Entebbe (Leroux, 1983),presents the opportunity 
for this evaporative enrichment. In summary, stable isotope measurements of 
Entebbe precipitation, supported in part by the limited data set generated in the 
study area, reveal that heavy monsoonal rainfall in the Victoria Nile basin not only 
is more depleted in heavy isotopes than lighter rains in a manner commonly known as 
the 'amount effect' but also displays an isotopic composition which, falling parallel to 
the global meteoric waterline, is unaffected by evaporation. 

Table 4 
Summary of  6ts, f~v and C1- measurements of catchment groundwaters and regional surface waters 

Location Source 61s (%0) 6D (%0) C1- (mg 1-1) 

Alebe Regolith - 1.6 -4.1 3 
Apac Moni tor ing Well Regolith - 1.6 -7 .7  2 

CD78 Regolith - 1.8 - 6 . 2  37 
CD2253 Regolith -1 .8  - 5 . 5  72 
CPAR-SWA-03-001 Regolith - 1.8 -4 .6  1 

CPAR-SWA-03-009 Regolith - 1.3 -0 .9  1 
Loro Moni tor ing Well Regolith - 0 . 9  + 1.1 6 
Owang No. 2 Regolith - 1.7 - 4 . 9  110 

Owang No. 3 Regoli~ - 1.6 -2 .4  - 
Owang No. 6 Regolith - 0 . 4  +5.2 5 
WDD300 Regolith - 1.8 -5 .8  37 
Aduku  Trading Centre Bedrock - 1.5 - 1.2 49 

Apac  Hospital  S.Q. Bedrock - 1.5 -3 .1  46 
CD78 Bedrock - 0 . 4  +1.2 61 
CD78 Bedrock - 1 . 4  +1.7 62 
CD81 Bedrock - 1.9 -4 .9  24 

CD333 Bedrock - 1.8 -4 .7  110 
CD600 Bedrock - 1.0 +2.8 150 
CD698 Bedrock -2 .1  -2 .7  51 
CD862 Atar  Bedrock - 1.9 -3 .5  5 
CD862 Bedrock - 1.8 - 5 . 0  24 
CD875 Bedrock - 1.9 - 3 . 9  5 
CD883 Bedrock -2 .1  - 5.7 6 

CD1686 Bedrock -2 .3  -7 .3  70 
CD1714 Bedrock - 2 . 2  - 4 . 7  4 
CD 1795 Bedrock - 1.6 -5 .8  38 
CD2081 Bedrock - 1.5 -4 .3  7 
CD2253 Bedrock - 1.6 - 5 . 6  180 
CD2373 Bedrock - 2 . 0  -4 .8  33 
CD2636 Bedrock - 1.6 - 0 . 4  - 
CD2942 Bedrock - 2 . 2  - 6 . 2  8 
CD2942 Amia  Bedrock -0 .8  +8.2 18 
CD3642 Bedrock - 1.5 -5 .7  1 
CD3651 Bedrock -1 .5  +0.7 3 
GS 1266 Bedrock - 1.2 -4 .4  1 
GS 1722 Bedrock - 1.8 -4 .1  170 
GS1943 Bedrock - 2 . 0  - 2 . 0  27 
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4.3.2. Relationship between precipitation and groundwaters 
O w i n g  to  t h e  c o n s e r v a t i v e  b e h a v i o u r  o f  s t a b l e  i s o t o p e s  i n  l o w - t e m p e r a t u r e  g r o u n d -  

w a t e r  s y s t e m s ,  g r o u n d w a t e r s  wil l  r e t a i n  t h e  i s o t o p i c  s i g n a t u r e  o f  r e c h a r g i n g  

p r e c i p i t a t i o n  p r o v i d e d  t h a t  (1)  t h e  i s o t o p i c  c o n t e n t  o f  t h e  i n c i d e n t  r a i n f a l l  is n o t  

a f f e c t e d  b y  soi l  z o n e  p r o c e s s e s  i m m e d i a t e l y  b e f o r e  i n f i l t r a t i o n ,  a n d  (2)  t h e  s o u r c e  o f  

r e c h a r g e  is r e s t r i c t e d  t o  t h e  d i r e c t  i n f i l t r a t i o n  o f  r a in f a l l .  W i t h  r e g a r d  t o  (1),  t h e  

p r i n c i p a l  p r o c e s s  a f f e c t i n g  t h e  i s o t o p i c  c o m p o s i t i o n  o f  r e c h a r g i n g  w a t e r s  in  t h e  soi l  

z o n e  is e v a p o r a t i o n .  A s  c o n s e r v a t i v e ,  d i s s o l v e d  i o n s  s u c h  as  c h l o r i d e  wil l  b e  e n r i c h e d  

Table 4 (continued) 

Location Source 6is (%0) 6D (960) C1- (mg l -I)  

GS1943 Bedrock -1.5 -2 .4  25 
Omuge Village Bedrock - 1.6 -0 .0  - 
Omuuku Village Bedrock -2 .2  - 5.4 37 
P.S. House Bedrock -1.8  -4 .6  2 
Tebui Village Bedrock -2.3  -7 .7  110 
WDD53 Bedrock -2.1 -5 .9  270 
WDD58 Bedrock -2 .2  -6 .7  10 
WDD59 Bedrock - 1.5 -3 .5  - 
WDD76 Bedrock - 1.5 - 1.0 100 
WDDI21 Bedrock -1.5  -8 .6  41 
WDDI23 Bedrock -1.7  -3 .9  240 
WDD124 Bedrock - 2 . 5  - 10 68 
WDD125 Bedrock -2.0  -4 .0  - 
WDDI25 Bedrock - 1.7 -4 .0  14 
WDD136 Bedrock -1.8 -4 .5  25 
WDD222 Bedrock -2.3 -7 .7  5 
WDD225 Bedrock - 1.7 -2 .0  8 
WDD226 Bedrock - 1.7 -3.1 - 
WDD233 Bedrock - 1.7 -3 .2  6 
WDD234 Bedrock - 1.6 -2 .9  - 
WDD240 Bedrock - 1.8 -3 .6  3 
WDD300 Bedrock -1.4  -5.3 78 
WDD311 Bedrock -2.2  -5.5 - 
WDD312 Bedrock -1.8 -4 .2  93 
WDD316 Bedrock - 1.9 -4.1 200 
WDD321 Bedrock -1.8  +0.2 56 
WDD339 Bedrock - 1.4 - 1.1 420 
Aroca Swamp Surface +1.8 +17 - 
Aroca Swamp Surface +0.4 +18 - 
Lake Victoria at Entebbe Surface +2.8 +24 - 
Lake Victoria at Entebbe Surface +2.9 +25 - 
Otwanogen Dam Surface +7.2 +37 8.1 
Victoria Nile at Aroca Surface +4.2 +33 4.0 
Victoria Nile at Aroca Surface +4.4 +32 4.0 
Victoria Nile at Masindi Surface +4.4 +28 3.8 
Victoria Nile at Masindi Surface +4.4 +28 3.8 

Analytical error in each sample is +0.2%, for 180, -t-2.0%e for 2H and 4-5% for C1-. 
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along with the heavy isotopes during this process, the presence of significant 
evaporation before recharge may be revealed by a correlation between the chloride 
concentration and deuterium content in groundwaters (Darling et al., 1987; Sklash 
and Mwangi, 1991). A plot of  deuterium vs. chloride in 65 groundwaters from the 
Aroca catchment (Fig. 13) yields no correlation (r 2 = 0.00) between these two 
parameters. Consequently, soil zone evaporation is not considered to be an important 
process in the region. 

With respect to condition (2), consideration must be given to alternative sources 
of  aquifer recharge, including vertical leakage from the Aroca swamp or horizontal 
leakage from the Victoria Nile to the west and Lake Kyoga to the south. It is also 
possible that deeper and hydrogeologically isolated parts of the aquifer system 
retain recharge from an earlier climatic period (i.e. paleorecharge). The stable 
isotope content of  65 catchment groundwaters and nine regional surface waters, 
given in Table 4, are plotted relative to the meteoric waterline at Entebbe 
(6D = 7.2618 + 11) in Fig. 14. Surface waters, sampled from catchment swamps, 
the Victoria Nile and Lake Victoria, deviate considerably from the meteoric 
waterline and show dramatic enrichment in their heavy isotope content through 
evaporation. 

In contrast to the surface waters, regolith groundwaters, unaffected by 
evaporation, plot parallel to (6D/6ts = 8.0, r 2 = 0.81) the meteoric water line. They 
also exhibit a consistent and marked depletion in their isotopic signature relative to 
surface waters. The larger population of  bedrock groundwaters are more dispersed 
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Fig. 14. Plot o f ~  D VS. 618 for catchment groundwaters and regional surface waters relative to the meteoric 
waterline at Entebbe (~D = (7.2 4- 0.3)96o61s + 1 1 4- 6). w.m.a., weighted mean average. 
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(r2= 0.49) and take on a ~D/618 slope of 5.5, suggesting they may have been 
influenced by evaporation. However, their depletion in heavy isotopes relative to 
the surface waters combined with both the extent of the regolith cover and the 
direction of regional hydraulic gradients (Fig. 8) all seem to deny the possibility of 
significant, selective recharge by evaporated waters to the bedrock. Alternatively, 
silicate hydrolysis, a key geochemical weathering process which can lead to 
preferential 180 depletion or 2H enrichment in groundwaters from crystalline rock 
(Coplen, 1993), could be a source of the scatter observed in the isotopic signatures of 
bedrock groundwaters. However, this weathering process would tend to increase the 
6D/~18 slope of these groundwaters, and its effects are also not observed in the isotopic 
composition of regolith groundwaters flowing through the unconsolidated regolith 
matrix. 

Despite uncertainty concerning the scatter noted in bedrock isotopic signatures, 
the distinct separation in isotopic composition between groundwater and surface 
water reservoirs strongly suggests that little or no mixing occurs between them and 
that surface water bodies do not contribute significantly to aquifer recharge. It is 
also pertinent that the regolith and bedrock possess very similar mean com- 
positions, 618 =-1.5%0, 8D =-3.6%0 (regolith) and 618 =-1.7%0, ~D =-3.6%o 
(bedrock), which suggests that recharge has occurred under similar climatic 
conditions. This appears to deny the presence, potentially within bedrock fractures, 
of paleorecharge, which in neighbouring Sudan (Darling et al., 1987) is charac- 
terised by strong isotopic depletion (-70%0 < 6D < -40%0,-10%0 < #t8 < -5%0) 
indicative of historically cooler climates. It is concluded that recharge to both 
aquifer units in the Aroca catchment results from the direct infiltration of 
rainfall. 

Although infiltrating rainfall represents the principal source of recharge in the 
Aroca catchment, the isotopic content of the groundwaters will be dominated by 
the isotopic composition of the rainfall falling during those months in which most 
recharge occurs and therefore, not match exactly the weighted mean average, isotopic 
composition of precipitation (Gat, 1987). Consideration of the stable isotope data for 
precipitation in the catchment (Table 3) reveals that only monsoonal rainfall exhibits 
isotopic depletion in heavy isotopes (618 = - 1.6%o, 6D = --4.9%0) which resembles the 
groundwaters (Table 4). In addition, the isotopic composition of regolith~ground, 
waters which transmit the bulk of estimated recharge, is, as noted for monsoonal 
rainfall, unaffected by evaporation. These observations, based strictly on stable 
isotope data, suggest that recharge occurs during periods of heavier, monsoonal 
rainfall and not, significantly, during drier seasons of lighter convectional rain. 
This association between the isotopic signatures of shallow groundwaters and 
monsoonal precipitation supports the timing of recharge predicted by the soil 
moisture balance method (Fig. 6 and Table 3) and has been observed in other studies 
in equatorial Africa. Geirnaert et al. (1984) noted groundwaters in Burkina Faso 
exhibited 818 values comparable with those for heavy rainfalls of the monsoons. In 
Nigeria, the relationship between the isotopic composition of monsoonal rainfalls 
and groundwater was not mentioned by Adanu (1991) but is observable in the 
presented data. 



52 R.G. Taylor, K. W.F. Howard / Journal of Hydrology 180 (1996) 31-53 

5. Conclusions 

In the Aroca catchment of Uganda, the magnitude of groundwater recharge, 
predicted by the soil moisture balance techniques, has been confirmed by flow 
modelling studies. The timing of recharge events predicted by the soil moisture 
balance approach is supported through observed correlations between the isotopic 
composition of  monsoonal precipitation and shallow groundwaters. The combined 
techniques reveal that recharge is restricted to the heavier rainstorms of the monsoons 
and is in the order of 200 mm year -1. The magnitude of the recharge estimate, which 
agrees well with previous recharge investigations in equatorial Africa (Houston, 1982; 
Asomaning, 1992), demonstrates a stronger dependence on the number of heavy 
(over 10 mm day -1) rain events than on the total volume of rainfall. Deforestation 
amounting to more than a quarter of the catchment area, has, in the short term, 
served to more than double the rate of recharge through a reduced evapotranspirative 
flux. The distribution of recharge to the sub-surface is shown, using steady-state 
simulations of groundwater flow, to be transmitted by a more permeable aquifer in 
the regolith than the underlying aquifer of bedrock fractures. 

The source of recharge in the monsoonal climates of equatorial Africa is often 
derived from direct infiltration of rainfall, an assertion which may be confirmed 
through an examination of stable isotopes. If this requisite condition is met, soil 
moisture balance techniques have been demonstrated to provide reliable information 
regarding the timing and magnitude of groundwater recharge. Such information is 
critical in equatorial ?d'rica, where meterological and hydrogeological data are 
limited and development of groundwater resources has intensified in an effort to 
improve the number and distribution of potable water facilities. 
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