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Abstract 

Freshwater resources are subject to increasing pressure from a local to global scale. For many 
parts of the world groundwater is central to increasing water and food security. This is 
especially the case in regions such as the Kilombero Valley, Tanzania with highly variable or 
seasonal climates resulting in irregular access to surface water. With the background of scarce 
and deficient data on groundwater resources and the essential need of such information for wise 
management, this study aims at estimating the groundwater availability and variability in the 
Kilombero River Basin, Tanzania. A data set of drill logs provided information on soil types 
and related values of specific yield; depth of water tables; and depth to bedrock. These data 
enabled estimations of drainable water and (together with aquifer area) also quantification of the 
total groundwater volume. The latter was estimated to range between 48 km3 and 357 km3. The 
values are reasonable as an order of magnitude compared to previous quantifications and the 
annual water cycle in the valley. The spatial variability in drainable water was less than 
expected likely due to a high concentration of data points around the floodplain such that they 
have a similar physical setting. That mainly the valley bottom was covered by the data set 
indicates that findings reported here might be more appropriate for this specific area instead of 
the entire catchment. The methods applied give more uncertain results in high elevation areas 
with less aquifer depths, which could also be part of the explanation for the low spatial 
variability. However, a low variability indicates a homogenous access to groundwater on a 
regional level that should be positive in terms of mitigating competition over water. Due to 
uncertainties with the groundwater estimations, these results should not be overly interpreted 
but preferably used to indicate potential pathways forward for improvements of quantification 
approaches. Despite the wide uncertainty ranges the groundwater volumes that are easily 
accessible in the Kilombero Valley are not unlimited. In order to avoid inappropriate use of the 
groundwater resources, aquifer data must be considered in land-water management. Otherwise, 
conflicts are likely to increase due to competition over land and water resources.   
 
 
 
 
 
 
 
 
 
	  

	  

	  

	  

	  

	  
	  



Estimating Groundwater Availability and Variability in Kilombero Valley, Tanzania 

	   2	  

	  

	  
	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  



MAJA HEMLIN SÖDERBERG 

	   	   	  3	  

Table of Contents 
1.	   INTRODUCTION	  ..........................................................................................................	  5	  

1.1.	   BACKGROUND	  ...............................................................................................................	  5	  
1.2.	   MAIN OBJECTIVES	  ..........................................................................................................	  6	  

2.	   KILOMBERO VALLEY	  .................................................................................................	  7	  

3.	   METHODS	  ....................................................................................................................	  8	  
3.1.	   DATA SET	  .......................................................................................................................	  8	  
3.2.	   SELECTION, DIGITIZATION AND TRANSLATION	  ..............................................................	  9	  
3.3.	   CALCULATIONS	  ............................................................................................................	  10	  

3.3.1.	   Soil percentages	  ................................................................................................	  10	  
3.3.2.	   Specific yields	  .....................................................................................................	  11	  
3.3.3.	   Water table positions	  .........................................................................................	  11	  
3.3.4.	   Bedrock depths	  ..................................................................................................	  11	  
3.3.5.	   Variability of drainable groundwater	  ................................................................	  12	  
3.3.6.	   Total volume of drainable groundwater	  ..........................................................	  12	  
3.3.7.	   Annual water balance	  ........................................................................................	  12	  

4.	   RESULTS	  ...................................................................................................................	  13	  
4.1.	   SPECIFIC YIELD	  ...........................................................................................................	  13	  
4.2.	   WATER TABLE POSITIONS	  ...........................................................................................	  14	  
4.3.	   DRAINABLE GROUNDWATER	  .......................................................................................	  15	  
4.4.	   TOTAL AMOUNTS OF DRAINABLE GROUNDWATER	  .....................................................	  16	  

5.	   DISCUSSION	  .............................................................................................................	  17	  
5.1.	   COMPARING THE GROUNDWATER ASSESSMENT	  .......................................................	  17	  
5.2.	   POTENTIAL EXPLANATIONS AND UNCERTAINTIES	  ......................................................	  18	  
5.3.	   THE CONTEXT OF GROUNDWATER DEVELOPMENT	  ....................................................	  19	  
5.4.	   SUGGESTIONS ON FURTHER INVESTIGATIONS	  ...........................................................	  19	  

6.	   CONCLUSIONS	  .........................................................................................................	  20	  

REFERENCES	  ..................................................................................................................	  21	  

APPENDIX 1: DATA SELECTION	  ...................................................................................	  23	  

APPENDIX 2: SOIL TRANSLATION AND VALUES OF SPECIFIC YIELD	  ...................	  25	  

APPENDIX 3: PERCENTAGES OF SOIL TYPES AND RELATED SPECIFIC YIELD	  .	  26	  

APPENDIX 4: FINAL QUANTIFICATIONS	  ......................................................................	  27	  
	  

	  

	  

	  

	  



Estimating Groundwater Availability and Variability in Kilombero Valley, Tanzania 

	   4	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  



MAJA HEMLIN SÖDERBERG 

	   	   	  5	  

1. Introduction  

1.1. Background 
Of the 70% of the water that covers the Earth, merely 2.5% is freshwater (URT, 2002). 
Freshwater is a vital resource and a medium that reflects environmental change of human or 
physical origin. Freshwater resources are subject to increasing pressure from a local to global 
scale. This is due to changes in for example population dynamics and climate (FAO, 2011 and 
UNESCO, 2012) as well as per capita water consumption increasing at double the rate of 
population growth (Christopherson, 2009). Adding to this situation, freshwater supplies are not 
spatially well correlated with the population distribution (Christopherson, 2009). To meet these 
challenges, organizations and authorities worldwide have created concepts like water security 
and food security.  These concepts serve as guidelines in national and transnational policies as 
for example in the National Water Policy of Tanzania (URT, 2002). Taylor et al. (2013) state 
that for many parts of the world groundwater is sometimes indispensable in order to implement 
water and food security in practice. This is especially the case in regions with highly variable or 
seasonal climates resulting in irregular access to surface water (Christopherson, 2009). As an 
example, according to the Water Sector Status Report (URT, 2012), Tanzania will have annual 
resources adequate for 1.500 m3 of available water per person by 2025. This forecast is based on 
population increase and is below the limit of water scarcity (1.700 m3 water per person per year) 
typically defined. Groundwater development can improve the situation especially for people in 
rural environments where water availability affects health and welfare to a large extent 
(Madulu, 2003). 

Groundwater as a resource has the advantage of generally being of good quality with little effort 
needed for purification (Döll et al., 2012) and it also undergoes rather slow climate change 
response (Calow et al., 2010). MacDonald et al. (2012) conclude that the estimated total 
groundwater volume for the African continent is 0.66 million km3, with a range from 0.36 to 
1.75 million km3. This is more than 100 times the amount of annual renewable freshwater 
resources across the continent. They however comment that groundwater is unevenly 
distributed. Thus for sustainable assessment the local accessibility of groundwater has to be 
taken into account (Calow et al., 2010).  
 
The possibilities of groundwater development tend to be focused on agricultural improvements. 
The Tanzanian government encourages irrigation development arguing that it would increase 
yields and as such improve the socio-economic situations and mitigate climate change effects on 
the economy (ERB, 2006).  According to the National Irrigation Policy (URT, 2009), there is 
high potential of both surface and groundwater resources for irrigation in Tanzania; however, 
they do not provide any quantification on the available water amounts. MacDonald et al. (2012) 
estimated that Tanzania has groundwater storage of 5 250 km3 ranging between 2 040 km3 and 
17 900 km3. According to their continental-scale map, Kilombero Valley is located within a 
region that has low to moderate aquifer productivity, which means a yield of 0.5-1 l/s. Those 
amounts are enough to sustain community hand pumps of about 0.1-0.3 l/s. Boreholes for 
irrigation, or at least commercial irrigation, require yields of more than 5 l/s. This is important 
to highlight, as safe yields should be considered in groundwater management. Dingman (2008) 
defines safe yield rather vaguely as “the rate at which groundwater can be withdrawn without 
producing undesirable effects”. Since there is no general equation or formula to estimate what a 
safe yield is in practice, safe yields should preferably be considered on a case to case basis 
taking into consideration the likely hydrologic effects of rates, timing and location of ground-
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water extraction and the consecutive environmental, economic, legal and social impacts. The 
benefits and drawbacks should then be compared and balanced when planning a way forward.  

The Kilombero Valley, Tanzania, is a river basin with pronounced wet and dry seasons that 
limits the agriculture to the rainy months. That the Kilombero Valley has high agricultural 
potential was argued already in research from the 1950’s (Beck, 1964). The governmental plans 
on irrigation development have been criticised for increasing the risk of overexploitation and 
depletion of aquifers as well as contamination by petroleum and pesticides (Mato and 
Mujwahuzi, 2010). These undesirable effects have been observed in other parts of the world 
(Shibou et al., 2007 and Taylor, 2013). There is a spatial aspect of benefits and consequences 
that must be considered here as increased water access is likely to have positive local impacts 
however negative downstream consequences because of decreased flows (Stein et al., 2011). 
This spatial variability triggers competition over water and land use conflicts both within the 
valley and on a regional scale (RIS 2002). The conflicts emerge between different actors; 
individual users, communities and industries (Madulu, 2003). There are similar examples given 
by Lankford et al. (2009) from the neighbouring Great Ruaha sub basin where irrigation has 
increased despite less water resources.  

Taylor et al. (2013), Pavelic et al. (2013) and Foster and Chilton (2003) among others point out 
a key issue to wise groundwater development being scarce or deficient data on aquifers and 
groundwater resources globally. This is also the case in Tanzania (Kashaigili, 2010) where for 
example the aquifer extents have not yet been delineated (URT, 2010). Additionally, data of 
appropriate quality is crucial in the context of climate change in order to identify and evaluate 
uncertainties and risks in a future perspective (Noel, 2014). As Christopherson (2009) 
emphasises, one important thing to remember about water is that no alternative resource exists 
for most of its uses. 

1.2. Main objectives 
With the background of scarce and deficient data of groundwater resources and the essential 
need of such information for wise management, this study aims at estimating the groundwater 
availability and variability in the Kilombero River Basin, Tanzania. Hence, it is a first 
approximation of characterizing the groundwater resources in the valley. The results and 
answers to these questions will hopefully indicate whether more detailed studies are motivated.  

The principal research question for the project is: What are the estimated groundwater 
availability and spatial variability in the Kilombero Valley?  

In order to answer this, there are several thematic questions to investigate: 
• What is the spatial variability of soils and thus drainable porosity (specific 

yield)?  
• What is the spatial variability of the other parameters needed, water table 

depths and bedrock depths, to estimate the amount of drainable groundwater? 
• What is the probable aquifer extent?  
• What are the related uncertainties in groundwater estimations? 
• How can the resulting quantifications be discussed in the context of 

groundwater development? 
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2. Kilombero Valley 
The drainage basin, watershed or catchment is commonly considered as a convenient unit for 
management and analysis (Dingman, 2008). This study focuses on Kilombero River basin 
(figure 1) that is part of Tanzania’s largest catchment, Rufiji River basin. Rufiji extends 
between 33o55' E - 39o25' E and 5o35' S - 10o45' S. It is the most important basin in respect of 
agriculture, energy production and natural resources. The Kilombero catchment is situated in 
the Morogoro Region, 4000 km from Dar es Salaam and covers an area of approximately 40 
000 km2 (RBWO, 2010). 

 
Figure 1: Map over Tanzania with the Kilombero River Basin delineated in red. 

 
The Kilombero catchment is located within the Usagarans geological system with elevation 
differences between 200 and 2500 m.a.s.l. (Bonarius, 1975). The basin is a Rift valley roughly 
oriented southwest to northeast (RIS 2002). The rocks of the highlands are mainly crystalline 
limestone, graphite schists and gneisses as well as metamorph versions of them (Bonarius, 
1975). The lower parts of the basin are mainly sediments of sandstones covered with later 
alluvial material (Beck, 1969). Bonarius (1975) divided the valley in three zones based on 
landscape characteristics. The central alluvial plain with the meandering river zone contains 
mainly clay and clay loam soils. The wetland covers about 700 ha of the floodplain and is of 
both local and regional importance leading to its designation as a Ramsar site in 2002 (RIS 
2002). In total, 87 % of the population in Kilombero Valley are dependent on the wetland for 
their living (Mombo et al., 2011). The wetland regulates streamflow and supply of sediment and 
nutrients downstream, especially during dry season (RBWO 2010). In numbers, 70 % of 
Tanzania’s hydropower depends on this regulatory function (Mombo et al. 2011). The second 
zone identified by Bonarius (1975) includes the alluvial fans on the borders of the floodplain 
with high infiltration rates but also high soil-moisture availability. The Miombo plains are 
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located further away from the valley bottom and are made of coarser material with higher 
infiltration capacities and low available soil moisture Bonarius (1975).  
 
The Kilombero Valley’s river network originates from the Udzungwa Mountains on the western 
rift and the Mahenge Mountains on the eastern rift. The three main rivers are Ruhuji, Mnyera 
and Mpanga that converge in the Kilombero river. Furua is the main tributary from the east, 
while Kihanzi, Ruipa, Lumemo and Msolwa are the main tributaries on the western bank. Lake 
Kibasila is one of the few natural lakes in the valley, the Kihansi Reservoir was made for 
hydropower and the river was dammed in 1990 (RBWO 2010). Even though its area represents 
only about 20 % of the entire Rufiji basin, the Kilombero catchment contributes with 62 % of 
the total annual average water flow, 13.8 Bm3/yr (Mwalyosi 1990).  

At higher elevations and relative to the floodplain, the aquifers are small, weathered and 
fractured basement aquifers with low to medium groundwater potential (RIS, 2002). The higher 
water yield potentials are found in aquifers within the alluvial sedimentary sequence, mostly in 
the valley bottom. Due to the sediments, the aquifers in the valley bottom are in general shallow 
(Kashaigili, 2010). The recharge to groundwater comes mostly from rainwater infiltration and to 
a lesser extent from rivers and lakes. Water table levels and precipitation are highly correlated 
(RBWO, 2010).  

The climate in Kilombero is highly variable in terms of both spatial and temporal characteristics 
due to the different conditions between highlands and lowlands. Rainfall varies annually 
between 1,100 mm and 2,100 mm, of which 80-90 % falls during December-April. The 
temperatures vary between a mean of 24 o C in the lowlands and 17 o C in the highlands, with the 
highest temperatures in December-January and the coolest in July. There are trends indicating 
increasing temperatures and changing precipitation patterns that are expected to cause increased 
evapotranspiration, reduced runoff and reduced groundwater recharge (RBWO, 2010).  

The population density in the valley increases downstream, which means that people are most 
concentrated in the northern part. In this area wetland has been converted into agriculture land, 
and around 5000 ha of the floodplain has been drained since 1985. Agriculture is an important 
sector, employing 80 % of workforce and accounts for 26 % of the gross domestic product 
(RBWO, 2010). Other than agriculture, livestock and fishing are also major activities in the 
wetland area, apart from the favourable conditions for wildlife and thus hunting (Kangalawe 
and Liwenga, 2005). The Kilombero Valley is however a Game Controlled Area with regulated 
hunting and some land is dedicated for Forest Catchments Reserves as well as a National Park 
(Mwalyosi, 1990). Deforestation by corporate initiatives, rural communities and also illegal 
ones leads to reduced infiltration and less groundwater recharge and increases transportation of 
silt (RIS, 2002).  

3. Methods 

3.1. Data set 
Using data from drill logs is a common method to obtain information on soil types and 
stratigraphy of an area, either as a complement to other methods (Mutiti et al., 2010) or as a 
primary source of field data (Artimo, 2003). The data set used in this study is a subset of a 
dataset that contains 200 + drilling logs from groundwater wells established in Kilombero 
Valley, Tanzania between 2009-2013 by Maji Saif kwa Afya Bora Ifakara (MSABI, 2013a). 
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This is a program working for improvements of rural water and sanitation initiated by the 
Australian NGO “Global Development Group” (MSABI, 2013b). The logs contained detailed 
information in Swahili on soil profiles with an average depth of about 25 m. The data set also 
included an excel file with a summary of the drill logs as well as data on water table depths. 13 
additional drilling logs from deep boreholes, 60-100 m in depth, were obtained from the area 
with information on depths to bedrock (RBWO, 2014). Listed below are the major problems 
encountered in the data set: 

• Two different spatial resolutions were used in the logs; 1 m and 1.5 m. Level of 
detail was thus put as steps of 0.5 m in the digitization. 

• The borehole depths registered in the summary did not always correspond to the 
depths in the detailed soil profile. These logs were avoided as much as possible. 

• In several cases the soil profile begun at other depths than ground level. It was only 
possible to derive the start depth in logs with at least one numbered step at some 
depth in the profile. 

• The soil types were in some cases counted from the upper limit of the divides and 
sometimes the opposite. It was however assumed that this detail did not have a 
major importance in the calculations. 

• There was a poor annual and seasonal distribution of logs, for example no data 
available from May or June. This resulted in an unrepresentative data selection of 
water table depths. 

• Unreadable logs, logs lacking coordinates and well points outside catchment 
boundaries were removed. 

• Exact location of additional boreholes could not be defined because of missing 
coordinate system. 
 

3.2. Selection, digitization and translation 
Because of time constraints it was not possible to digitize all drill logs; thus, a subset of 
appropriate boreholes was chosen. The selection (Appendix 1) was made with respect to the 
spatial distribution of wells, local variation and representation of different soils, landforms and 
lithology in maps from MADE (FAO, 2003). Eight clusters were visually identified based on 
previous conditions and delineated with equally sized circles (325 km2) such that at least one 
well point from every soil, lithology, and landform type was selected (Figure 2). In case of 
several options, a random sampling decided the drill logs considered. Cluster 5 contained 
considerably more wells because it is the urban centre of the valley and it could thus be 
interesting to evaluate the local variation. For elevation data, an SRTM (USGS, 2014) was used 
and adapted to the catchment boundaries. The centre of each cluster had an elevation of about 
250-300 m.a.s.l. with a range between 200-500 m.a.s.l. Cluster nr 4 however had the largest 
elevation range from about 300-1600 m.a.s.l. Although the catchment was the spatial unit for 
overall analysis, the data points (i.e., the drill logs) were not evenly distributed which left the 
southern part of the valley unrepresented in the data set. It could however be argued as in 
RBWO (2010) that settlements are mostly concentrated along the wetland, where also the 
groundwater wells were situated, making this a more important region to focus on in this 
analysis. The aquifer area contained in the valley bottom was delineated from the total 
catchment according to a rough visual estimation of the lithology, landforms, soils and elevation 
data (Appendix 1). The area of sedimentary lithology corresponds well to a previous delineation 
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in the Hydrogeological map of SADC (RBWO, 2010) marked as high potential. The resulting 
aquifer delineation had an area of 11 000 km2.  

 
Figure 2: The resulting selection of clusters, well points and delineated aquifer area. 

The drill logs of selected boreholes were digitized using Microsoft Excel, registering the soil 
type at each depth with 0.5 m resolution (Appendix 2). The inconsequent depth notations, listed 
as one of the major data set problems above, were ignored. If for example a certain soil type 
was situated between 2.5 and 6 m or between 2 and 5.5 m then it did not matter for the 
percentage content as long as the entire extent was the same. 

Translation from Swahili to English was partly given in the drilling logs but René Mbanguka 
(personal communication) at the Department of Physical Geography and Quaternary Geology 
gave additional help (Appendix 2). The Unified Soil Classification System (USCS) was used as 
a helpful reference (A.S.T.M Standard D2487, 2011).  

3.3. Calculations 

3.3.1. Soil percentages  
All drill logs were cut off at a common limit of 18 m below the surface to allow for some 
intercomparison between sites. The percentage of each soil type in the boreholes was calculated 
as in Equation 1 (Appendix 3). 

!"#$  % =    !  
!"

 (1) 

x = number of cells with the soil type 
36 = total number of cells (that is 0.5 m per cell over 18 m in total) 
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3.3.2. Specific yields 
The specific yield is “the volume of stored groundwater released or taken up per unit surface 
area per unit decline or increase of the water table” (Dingman, 2008). The volume of water that 
is released from an aquifer through pumping is often less than the effective porosity, this 
parameter, specific yield, represents the drainable porosity of an unconfined aquifer MacDonald 
et al. (2012). The delineated aquifer in Kilombero valley is assumed to be unconfined, which 
should be a reasonable assumption with the background that water tables are fluctuating and 
highly correlated with precipitation as stated by (RBWO, 2010). 

Each soil class identified in the valley had a specific yield value established in the literature 
(Dingman, 2008). Due to the uncertainties related to both data sets and methods, a range of 
minimum, average, and maximum values was used to characterize the specific yield (Appendix 
3) and further provide a range of estimates. Using the percentage calculated in Equation 1 and 
the literature values of specific yield, the minimum, average and maximum values of specific 
yield were calculated for each borehole using Equation 2, and then averaged for each cluster 
(Appendix 3). 

!! = !"#(!% ∙ !"!)  (2) 

Sy = Specific yield 
X%= soil percentage 
Syx= specific yield of the soil 

 
Depths with combined soils differed without information on exact composition. For example 
clay + fine sand or fine sand + clay are probably different however this was ignored and 
considered in the calculations as the average of the two specific yield values (Appendix 3). 
Porosity decreases with increasing depth due to higher pressure from the material above, which 
affects the specific yield (Dingman, 2008). This was however not considered because 
estimations of such differences were not feasible.  

3.3.3. Water table positions 
The depth of the water table at each location was obtained from the drilling logs and the 
additional Excel file. The minimum, average and maximum values were estimated for each 
cluster, not depending on month but with every number with an equal weight. Hence, the 
minimum values were the highest since they represented a low water table and the maximum 
values were the lowest representing a high water table. The levels seemed almost random 
probably because the data covered four different years with different rainfall amounts. Hence, it 
was not statistically motivated to try and find seasonal trends and temporal variability with the 
existing data set.  

3.3.4.  Bedrock depths 
Estimations of depths to the bedrock were based on the additional 13 deep drill logs (RBWO, 
2014). The depth varied in the catchment depending on location; however, the coordinate 
system was missing for these 13 deep drill logs. As such, the exact location could not be derived 
and general estimations were made instead. In the deepest part of the valley, the boreholes of 80 
m did not reach down beyond the layers of sand and clay while a general maximum value was 
set to 100 m. The logs indicated locations with considerably shallower bedrock, most likely at 
higher elevations. However, most of the selected wells in the data set were situated closer to the 
valley bottom. The minimum depth was thus set at 60 m and the average to 80 m. These are 
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rough but reasonable estimates considering the variability of materials in the stratigraphy and 
considering that all the deep boreholes are between 60-100 m deep.  

3.3.5. Variability of drainable groundwater  
With the previous estimated parameters (i.e., drainable porosity, water table position and depth 
to bedrock), Equation 3 was used to calculate the drainable water in meters at each cluster 
(Appendix 4).  

!!" = !! ∙ (! −!")   (3)  
 

Dwd = Drained water (m) 
Sy = Specific yield (min, av, max) 
d-WT = Aquifer depth 
WT = Water table position (min, av, max) 
d = Depth to bedrock (min, av, max) 

3.3.6. Total volume of drainable groundwater 
The values of drainable water were averaged between the clusters resulting in one minimum, 
one average and one maximum value for the entire catchment. Adding the aquifer area, the total 
volume of groundwater could be calculated using Equation 4 (Appendix 4):  
 

!!" = !! ∙ ! −!" ∙ !!     (4) 

Vwd = Volume of drained water (m) 
Ac = Aquifer area 
VT  = = Volume of aquifer 

3.3.7.  Annual water balance 
In order to compare the results with the general hydrologic context of the catchment, an annual 
water balance was estimated. The numbers provided an order of magnitude validation to the 
drainable water estimate. Values of precipitation (P), runoff (Q) and potential 
evapotranspiration (PET) were obtained from previous research in the valley by Fischer (2013). 
Equation 5, a simplified version of the water balance equation in Dingman (2008) was used to 
estimate the missing value for AET, assuming that over one year the change in storage is 
negligible. 
 

!"#   =   !  −   !    (5) 
 
Additionally, a value of produced groundwater per year (renewable amount of groundwater) and 
the amount of total renewable freshwater were obtained for the area of Tanzania from 
AQUASTAT (FAO 2001). The amount was divided by the area of Tanzania and then rescaled 
to the area of Kilombero catchment (Appendix 4) to provide a rough validation. For 
comparison, also the groundwater quantifications in Tanzania by MacDonald et al. (2012) were 
rescaled to the aquifer area. 
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4. Results 

4.1. Specific yield 

 

Figure 3: Variability in specific yield between the clusters based on the percentage content of certain soil 
types and their related minimum, average and maximum values in specific yield. 

Figure 3 presents the spatial variability of specific yield, or drainable porosity, estimated across 
the 8 clusters. The differences were not remarkably large although some variability can be 
distinguished in the graph.  The maximum estimations of specific yield had the highest standard 
deviation (0.030) across the 8 clusters followed by the average values (0.026) while the 
minimum values had a standard deviation of only 0.015. In general, cluster 6, located northeast 
of Ifakara, differed the most from the general trend with lower values of specific yield, followed 
by cluster 8. The largest range within the clusters between minimum and maximum estimations 
happened in cluster 1 (0.28) while the smallest range was found in cluster 6 (0.21). In terms of 
elevation, cluster 4 was the outsider that however did not seem to cause a remarkable deviation 
in specific yield.  

 

Figure 4: Variability in specific yield within cluster 5 as an example of the local variations. 
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Cluster 5 included the boreholes around Ifakara, the largest urban area in the valley. Because of 
that, cluster 5 served as an example of local variability, presented in Figure 4. Here, the standard 
deviation was 0.042 for the maximum specific yields, 0.036 for the average and 0.026 for the 
minimum values. In terms of elevation, well 160 is situated on about 100 m.a.s.l. over the other 
wells, on a magnitude of 350 m.a.s.l. compared to 250 m.a.s.l. Comparing the standard 
deviations of Figure 3 and Figure 4, there was potentially more local (within cluster) than 
regional (between clusters) variation with regards to the specific yield in the Kilombero valley. 

4.2. Water table positions 
 

 
Figure 5: The difference in water table positions across clusters. Note that cluster 2 contained only two 
observations, besides of the same value, why the minimum, average and maximum values were all the 

same. 

Figure 5 indicates a spatial variability of the water table that was highest in the minimum 
values, with a standard deviation of 3.2 m. Note that minimum values correspond to when water 
tables were low and had the greatest depths. The average values had a standard deviation of 1.1 
m while the maximum values had a standard deviation of 0.9 m. The spatial variability during 
high and average water tables was thus rather similar.  

It should be noted that the local variability of water tables is not presented (as was done for the 
specific yield) since it was not relevant with the available data, comparing several years and 
random months would not contribute to the study. 



MAJA HEMLIN SÖDERBERG 

	   	   	  15	  

4.3. Drainable groundwater 

 

Figure 6:  Variability of drainable groundwater across clusters, based on Equation 3. 

Figure 6 presents the resulting quantifications of the drainable groundwater at each cluster. The 
figure indicates a small spatial variability, with cluster 6 as the most different area followed by 
cluster 8, the same pattern as in Figure 3. The highest range within clusters between the 
maximum and minimum estimates was however different from Figure 3. Cluster 6 still had the 
lowest range of 23.3 m while cluster 7 had the largest difference with 30.8 m. The maximum 
values had a standard deviation of 2.8 m, the average values of 1.8 m and the minimum values 
of 0.8 m, when compared across the 8 clusters.  

It should be noted that of the parameters included in this calculation, the depth to the bedrock 
was not spatially adapted to each cluster. The minimum (60 m), average (80 m) and maximum 
(100 m) values were considered equal across the clusters. Because of this, the results did not 
reflect the entire variability that should also depend on the geological setting at the different 
boreholes. It should also be noted that these estimates of drainable water represent a summary 
of observations distributed throughout the hydrological year which in Kilombero valley is 
subject to high variability.  
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4.4. Total amounts of drainable groundwater 

Table 1: The estimated total volume (reported as minimum, average and maximum) of ground water for 
the aquifer area in the Kilombero valley. Also, the table includes a rough estimate of the annual water 
balance of the catchment and the renewable freshwater amounts produced per year. For comparison, the 
estimates of groundwater volumes in Tanzania by MacDonald et al. (2012) rescaled to the aquifer area 
are also provided. 

Groundwater estimates (this study): Volume (km3) 

Minimum 48 

Average 169 

Maximum 357 

Annual water balance: Volume (km3/yr) 

Precipitation (P) 44 

Runoff (Q) 20 

Potential Evapotranspiration (PET) 41 

Actual Evapotranspiration (AET) 24 

Renewable groundwater 

Total renewable freshwater 

1 

4 

Rescaled groundwater estimates (MacDonald et al. 2012): 
 

Volume (km3) 

Minimum 24 

Average (most likely value) 61 

Maximum 
 

208  

 
Table 1 presents the possible range of groundwater volume available in the Kilombero valley 
based on the data synthesized and calculated through Equation 4. The order of magnitude across 
the estimates made in this study was more-or-less the same such that the maximum volume (357 
km3) was only seven times higher than the minimum (48 km3). These volumes were compared 
to the groundwater quantifications in Tanzania by MacDonald et al. (2012), rescaled to the 
aquifer in the Kilombero catchment. The minimum estimate of this study was exactly two times 
the minimum estimate of MacDonald et al. (2012). The maximum estimate of this study was 
slightly less than two times the maximum estimate of MacDonald et al. (2012). Note that 
MacDonald et al. (2012) used a “most likely” value based on probability, instead of an average. 
It should also be considered that the values by MacDonald et al. (2012) were based on a 
national level while the estimations in this study had higher spatial resolution. 

For further comparison, the volumes from the catchment water balance were presented in Table 
1. These estimates were all close to the minimum groundwater volume. The difference in AET 
and PET indicated that the basin was water limited. The annual PET was only 7 km3 higher than 
the minimum volume groundwater of the aquifer. In comparison with the estimates by 
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MacDonald et al. (2012), the PET was about two times higher than the minimum value of 
groundwater amount. To add a perspective of possible water use in relation to the quantified 
groundwater volumes, the rescaled renewable freshwater volumes were included, 1 km3 of in 
total 4 km3 was groundwater. 

5. Discussion 
As previously stated, the National Irrigation Policy (URT, 2009) argues that there is a “high 
potential” of groundwater for irrigation in Tanzania without any quantifications. This is 
especially interesting since it has also been concluded that groundwater data is scarce and 
deficient (Kashaigili, 2010) and that aquifers are not yet delineated in Tanzania (URT, 2010). 
Taken altogether, these conflicting lines of recommendations formed the basis for this current 
study where the Kilombero valley has been indicated specifically. The study resulted in 
estimations of the total groundwater volume available in the catchment as well as some 
observations of the variability. This first approximation could indicate on where further 
investigations should focus.  

5.1. Comparing the groundwater assessment 
To test the validity of the resulting quantifications, they should be compared with similar 
estimations. The maximum estimate of the total groundwater volume in Kilombero valley is 
seven times higher than the minimum estimate. The rescaled quantifications by MacDonald et 
al. (2012) give a maximum estimate (208 km3) between eight and nine times higher the 
minimum estimate (24 km3). The resulting volumes of this study are about twice as high when 
comparing the minimum and maximum values to MacDonald et al. (2012). Still, these findings 
are in remarkably good agreement given the first-order assumptions made in this current study. 
The overall higher estimations of this study seem reasonable because of the fact that 
groundwater quantifications based on catchment characteristics could be higher than the 
rescaled national average, since water resources are not evenly distributed within the country. 

Despite the range in the resulting groundwater volumes, values are still on the same magnitude 
as the water balance estimations. The most questionable case would be the highest probability 
of the minimum groundwater volume (48 km3). The difference down to the annual PET is only 
7 km3 and groundwater development would make the evapotranspiration approach the PET 
rather than AET since more water becomes available for evaporation. A couple of years with 
drought could then lead to depleted groundwater resources. When compared to the minimum 
groundwater estimates by MacDonald et al. (2012), PET is even two times higher. That makes 
the estimates of this current study more reasonable than the rescaled values by MacDonald et al. 
(2012). The volume of renewable groundwater (1 km3) is theoretically equal to the amount 
available for extraction without the risk for overuse. Due to the climatic situation of Kilombero 
River Basin described previously (Mwalyosi, 1990), a rough assumption would be that 
renewable water resources are higher in this valley compared to the national average. There is 
however no data available on how much water is currently extracted in the valley neither a 
quantified suggestion nor plan on the amount of groundwater that would be required in the case 
of irrigation development. Further, there is potential of recharge occurring outside of the valley 
bottom that helps to sustain groundwater levels. 

This current study has not focused on the possible yields of the groundwater wells since there is 
no consistent record of yields in the data set. However it is interesting to briefly compare values 
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estimated by MacDonald et al. (2012) arguing that aquifer productivity in Tanzania is enough 
for hand pumps with yields of about 0.1-0.3 l/s. Boreholes for irrigation or at least commercial 
ones, however require yields of more than 5 l/s. The highest yield observation in the data set, 
1.3 l/s, comes from borehole 56, a community pump, which is situated in cluster 5 that is the 
area around Ifakara. Whether the capacity would sustain a yield of up to 5 l/s should definitely 
be taken into consideration for irrigation planning. 

5.2. Potential explanations and uncertainties 
According to the standard deviations, there is more local than regional variation in specific 
yield. The observation is reasonable because the variability decreased when averaging values 
within the clusters. It is thus hard to tell whether a difference actually exists or is spurious in 
nature. The overall lower values for cluster 6 could depend on the high percentage of clay in the 
boreholes, which has a low specific yield (Dingman, 2008). The same accounts for cluster 8, 
however with less clay and more medium sand. The variability within clusters as observed in 
for example cluster 1 (highest) and cluster 6 (lowest), should probably not be analysed too much 
with this data set considering the quality.  

The data selection and conditions of the data set have likely affected the results. Different 
numbers of well points were included in different clusters. For example, it might have been 
more rigorous (i.e., statistically correct) to let the smallest numbers of well points decide the 
limit for all clusters. Though however, this would have resulted in a data set where 
characteristics depending on different types of lithology, soils, and landforms would not have 
been fully represented. That would have greatly limited the full extent of this current first 
estimate.  

The different number of data points also contributes to the variability expressed in water table 
positions. For example in cluster 2, there were four data points from the beginning of which one 
was missing water table depth measurement and the other was excluded due to it being a 
shallow drill depth. This resulted in just two observations of the water table that were usable (as 
such the minimum, average and maximum values were all the same). Spatial variability in water 
tables was highest across the minimum values in Figure 5. However due to the data selection, 
conclusions on spatial dependent dry-period water tables should not be made. Nothing can 
actually be concluded from the data set about the temporal variability.  

As Calow et al. (2010) argued groundwater tends to be unevenly distributed in space. The 
variations in drainable water between the clusters in the valley are thus surprisingly small. The 
rough estimations of bedrock depths could have had an impact on this result considering that 
cluster 4 and 6 should be situated in an area with substantially minor depths. The uncertain 
water table levels together with the spatially averaged bedrock depths made aquifer depths 
probably the most uncertain estimates used in the calculations. The highest range between the 
maximum and minimum drainable water within clusters are different from Figure 3. Cluster 6 
still had the lowest range of 23.3 m while cluster 7 had the largest difference with 30.8 m. This 
result is probably due to the strikingly low water table observation in cluster 7. This is yet again 
an example of how observations throughout the year in the same calculation give results that are 
difficult to compare.  

Despite low spatial precision in the parameters, the results are still useful keeping in mind that 
data represented areas rather close to the valley bottom, where variations in the geological 
setting should not be too high as described by Bonarius (1975). The results should thus maybe 
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be regarded for this specific area instead of the entire catchment. Considering the population 
density that is higher in the northern parts of the catchment (RBWO, 2010), results cover the 
most relevant area to investigate. 

5.3. The context of groundwater development 
As stated in the background and also seen in this study, quantifications of groundwater are 
delicate and filled with uncertainties and assumptions. What Taylor et al. (2013) argue is thus 
very important, there is a considerable need for good quality estimations of groundwater and 
aquifers in order to develop wise groundwater management.  
 
The interest in groundwater as a complementing source will increase, especially due to the 
higher pressure on freshwater outlined by UNESCO (2012). Tanzania is estimated to pass the 
level of water scarcity by 2025 (URT, 2012). The quantifications in this study indicate that even 
with the potential for wide uncertainty ranges the groundwater volumes that are easily 
accessible in the Kilombero Valley are not unlimited. In combination with the reported climate 
change effects on the hydrologic cycle in the basin (RBWO), the situation becomes even more 
uncertain and vulnerable. In case of irrigation development for food security, this should only 
be preceded at a rate that still enables the possibility of water security. There should definitely 
be more precise estimations than claiming “high potentials” for irrigation, before initiating such 
development. This is important in order to avoid negative consequences of groundwater 
overexploitation that have been reported from around the world (Mato and Mujwahuzi, 2010, 
Shibou et al., 2007 and Taylor, 2013).  
 
This study indicates a rather low spatial variability in groundwater availability at least around 
the flood plain, in the northern part of the catchment. This implies a spatially homogenous 
access to groundwater that should be positive in terms of mitigating competition over water.  

5.4. Suggestions on further investigations 
The results indicate several topics that should be studied more in detail. The local spatial 
variations could give more insight in the entire situation. This accounts for all the parameters 
included, water table depths, specific yield and depths to bedrock where increased spatial 
resolution should be aimed. In order to improve the resolution and also include temporal 
variability as in seasonal variations, continuous measurements of water table would be required. 
For the total volume, a more exact delineation of aquifer could give results with higher 
accuracy. For the calculations themselves, variables could be isolated and put in sensitivity 
analyses in order to see which variability affects the results the most. The numbers for 
comparison such as the renewable groundwater should also be considered and estimated 
properly rather than rescaled from national data. 

The estimations of volumes should be put in relation to management and development plans. 
How much water would be needed for extended and irrigated agriculture? What are the other 
demands if quantified? How does these volumes relate to the total amount of groundwater 
available and especially the recharge rate? For this purpose, some kind of sustainable or safe 
yields, as discussed by Dingman (2008) could be estimated in order to actually quantify the 
reasonable possibilities for groundwater development in the valley.  
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6. Conclusions 
A first approximation of available groundwater volumes and their spatial variability in the 
Kilombero Valley was performed. The results give a total amount of groundwater in the near 
surface, unconfined aquifer that ranges between 48 km3 and 357 km3. This estimate is 
reasonable compared to previous, rescaled quantifications and the annual water cycle in the 
valley. The quantifications in this study indicate that even with the potential for wide 
uncertainty ranges the groundwater volumes that are easily accessible in the Kilombero Valley 
are not unlimited. According to the results, there is an observed spatial variability in specific 
yield that reflects the variability of soil types. This is higher at local than regional level. One 
explanation is that values have been averaged and extremes have thus decreased between the 
local and regional scale. The spatial variability in drainable water was less than expected, 
probably due to the concentration of data points close to the floodplain, which has a rather 
similar physical setting. The averaged parameters resulting in aquifer depths would be another 
part of the explanation. The methods used give results with higher uncertainties in areas on 
higher elevations with less aquifer depths. The rather low variability could indicate a 
homogenous access to groundwater that should be positive in terms of mitigating competition 
over water.  
 
Due to the overall uncertainties of the groundwater estimations, the results should not be overly 
interpreted here but rather used to indicate improvements of estimations. Quantifications are 
indispensable in the context of groundwater development in Kilombero Valley and nationally 
across Tanzania. In order to avoid inappropriate use of the groundwater resources, aquifer data 
must be taken into consideration when planning land-water management. Otherwise, conflicts 
are likely to increase due to competition over land and water resources.   
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Appendix 1: Data selection 
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Cluster 1:  Landform: 2  
Soil: 2  
Lithology: 1 
Wells: 203 (La), 284 (S), 282 (randomly chosen 
from remaining 6 points) 

Cluster 2:  Landform: 1  
Soil: 3  
Lithology: 1 
Wells: 27 (random soil 1), 36 and 51 (random soil 
2 covering ⅔ of the circle), 133 (random soil 3) 

Cluster 3:  Landform: 2 
Soil: 2 
Lithology: 1 
Wells: 146 (random landform 1 ), 29 (random 
landform 2), 145 (random soil 1), 185 (random soil 
2) 

Cluster 4:  Landform: 1 
Soil: 1  
Lithology: 1 
Wells: 253, 211, 279 

Cluster 5:  Landform: 3 
Soil: 3 
Lithology: 2 
Wells: 160 (lithology), 153 (soil), 46, 61, 39 
(random soil 2), 56, 57, 42 (random soil 3), 198, 
19, 69 (random landform) 

Cluster 6: Landform: 1 
Soil: 4 
Lithology: 1 
Wells: 161 (soil 1), 210 (random soil 2), 221 
(random soil 3), 275 (random soil 4) 

Cluster 7: Landform: 1 
Soil: 1 
Lithology: 1 
Wells: 236, 186, 154  

Cluster 8: Landform: 2 
Soil: 2 
Lithology: 2 
Wells: 34, 149, 148 
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Appendix 2: Soil translation and values of specific yield 
Cluster 1 as an example for how digitization and translation was performed. 
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Appendix 3: Percentages of soil types and related specific 
yield 
	  

Cluster 1 as an example of the calculations extracted from the entire data set. 
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Appendix 4: Final quantifications 
	  

	  

	  

Cluster	  1 Cluster	  2 Cluster	  3 Cluster	  4 Cluster	  5 Cluster	  6 Cluster	  7 Cluster	  8
Water	  table	  (WT)	  m:
Min 11 5 5 8 13 6 11 5
Av 7 5 4 6 7 5 6 4
Max 5 5 3 4 3 4 3 3

Bedrock	  depth	  (d)	  m:
Min 60 60 60 60 60 60 60 60
Av 80 80 80 80 80 80 80 80
Max 100 100 100 100 100 100 100 100

Aquifer	  depth	  (d-‐WT)	  m:
Min 50 55 55 52 47 54 49 55
Av 73 75 76 75 74 76 74 76
Max 95 95 97 97 97 97 97 97

Specific	  yield	  (Sy):
Min 0.07 0.11 0.09 0.08 0.10 0.06 0.09 0.07
Av 0.22 0.22 0.20 0.22 0.22 0.15 0.23 0.19
Max 0.35 0.36 0.33 0.35 0.35 0.27 0.36 0.32

Aquifer	  area	  (Ac)	  m2:	  
Catchment	  area	  (A)	  m2:

Drainable	  water	  (m)	  :
Min 3.4 5.8 4.8 4.1 4.7 3.3 4.3 4.1
Av 16.1 16.4 15.2 16.3 16.3 11.4 17.0 14.4
Max 33.2 33.9 31.8 34.2 34.4 26.5 35.1 30.7

Volume	  of	  drainable	  water	  (km3):
Min
Av
Max

4.00E+10

357

1.10E+10

48
169

Dwd	  =	  Sy	  *	  (d-‐WT)

Vwd	  =	  sum(Dwd)/8*Ac

Annual	  Water	  Balance: mm m m3 km3
P: 1105 1.11 4.42E+10 44
Q: 500 0.50 2.00E+10 20
PET: 1031 1.03 4.12E+10 41
AET -‐ -‐ -‐ 24
Renewable	  freshwater: km3 m m3 km3
Renewable	  groundwater/yr 30 0.03 1.27E+09 1
Total	  renewable	  freshwater/yr 96 0.10 4.07E+09 4
Rescaled	  GW	  volumes: km3 km km3
Minimum 2040 0.002 24
Average 5250 0.006 61
Maximum 17900 0.019 208
Areas: km2
Area,	  Tanzania 947300
Area,	  Kilombero 40000


