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Background
Groundwater models are valuable tools for the catchment managers to take actions on 
the management of groundwater resources [1–4]. Groundwater occurrence and move-
ment are controlled primarily by the aquifer permeability and the lithology of the under-
lying strata [5, 6]. In groundwater-resource assessments, terms such as sustainability, 
sustainable yield, sustainable pumping, sustainable development, and safe yield are often 
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used interchangeably or with little distinction between the concepts. Definitions and 
approaches to assess sustainability of potable drinking-water resources are summarized 
by Bredehoeft [7], Alley and Leake [8] and Devlin and Sophocleous [9] among others. 
Sophocleous [10], for instance defines sustainable development as development that 
meets the needs of the present without compromising the ability of future generations 
to meet their own needs. Specifically, optimal or sustainable groundwater-resource use 
requires setting upper limits on water withdrawal (or sustainable yield) to avoid com-
promising the source [11]. Previous researchers (e.g. [12]) defined safe yield as the maxi-
mum quantity of water which can be extracted from an underground reservoir, yet still 
maintain the supply unimpaired. Under natural conditions, recharge is balanced by dis-
charge from the aquifers by evapotranspiration and/or exfiltration into streams, springs, 
and seeps [10]. It is widely recognized that there is a need to reserve a fraction of the 
recharge for the benefit of surface waters, related ecosystems and that fraction is difficult 
to quantify [13–16].

In areas where potable water resources are limited, an accurate and reliable estimate 
of sustainable use or yield is critical. Yield estimates have to address not only decreas-
ing water availability, as manifested by declining water levels, but also deterioration of 
water quality caused by, e.g., seawater intrusion or agrochemical use. In recent years, 
hydrological models with various degrees of sophistication, have been used in differ-
ent settings to evaluate water budgets under several climate or land-use scenarios. Sev-
eral approaches have been suggested for evaluation of sustainable yield [17]. Generally, 
sustainable yield of small-scale abstraction schemes is estimated on the basis of ana-
lytical solutions applied to constant-rate test data and forward modelling with the esti-
mated transmissivity and storativity. The modelled abstraction rate is adjusted to limit 
the drawdown to a predefined level (usually the uppermost water strike) at the end of 
a designed production period. Difficulties arise in applying analytical solutions where 
the simplifying assumptions are not supported by field data [18]. Numerical models are 
used in hydrogeology to increase understanding of the complex systems that charac-
terise aquifers [19, 20]. The results obtained from these models cannot be considered 
complete or totally accurate because of the inherent uncertainty of the models [21, 22]. 
However, the main trends of the hydrological behaviour may be identified, as long as the 
underlying conceptual model is a reasonable reflection of reality, and the parameters of 
the model have physically reasonable values [7, 23, 24]. Once these conditions have been 
met, the numerical models may be used as decision-making tools in water-management 
planning [25].

Lake Nyasa, located in the south western part of Tanzania is shared by Malawi and 
Mozambique. The study for the preparation of the Integrated Water Resources Manage-
ment and Development Plan (IWRMDP) for the Lake Nyasa basin is only concerned 
with the lake catchment which falls within Tanzania (Fig. 1). The quantification of the 
groundwater resources of Tanzania has not yet been possible because of a lack of req-
uisite data [26, 27]. Groundwater development has concentrated mainly on shallow 
wells for domestic purposes over a wide part of the country. They are also commonly 
used in the peri-urban fringes where there is no distribution network and places with 
unreliable supply [28]. The objectives of this study are to determine the availability of 
groundwater, demand on groundwater and its development potential on sub-catchment 
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basis individually, using three dimensional numerical modelling. The data presented in 
this paper and interpretations have been sourced from SMEC [29] consultant’s report. 
Further to the whole basin wise assessment, categorizing sustainable groundwater 

Fig. 1  Location map of the study area (Lake Malawi/Nyasa; after [30]), together with the Lake Nyasa sub-
catchment names
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development analysis based on sub-basin/sub-catchment, offers a better understand-
ing of the sub-basin among the stake holders and decision makers for an effective 
management.

Site description

Lake Nyasa Basin, situated in the south western part of Tanzania is part of the greater 
Zambezi Basin. Lake Nyasa is an African Great Lake and the southernmost lake in the 
East African Rift system. The lake is 560–580 km long, has a maximum width of 75 km 
and an average depth of 292 m and a maximum depth of 706 m. It drains via the Shire 
River in Mozambique which flow to the Zambezi River which discharges to the Indian 
Ocean. Lake Nyasa is the ninth largest and third deepest, fresh water lake on earth [30] 
with an estimated average volume of around 8000 km3. The lake supports fisheries, live-
stock, agriculture, tourism and wildlife in all three countries [26, 31]. Lake Nyasa and the 
associated catchment basin is shared between Tanzania, Malawi and Mozambique and 
covers a total area of 165,109 km2 including the lake. The lake catchment within Tanza-
nia is calculated to be approximately 27,500 km2. For this study, the portion of the basin 
which falls within Tanzania, will be referred to as the “basin”. The basin within Tanza-
nia has a large topographic range, being from approximately 470  masl at Lake Nyasa 
to 2960 masl at Mount Rungwe in the northern part of the basin. The elevation of Lake 
Nyasa varies annually by around 2 m depending on rainfall [32].

The climate of the basin is strongly controlled by the topography with orographic rain-
fall effects and a large mean temperature range [27]. The mean maximum and minimum 
temperature may range between 31.1 and 6.7 °C [29]. Rainfall ranges from 1000 mm to 
over 2600  mm (Fig.  2). The baseflow component was estimated to be as high as 85% 
using Baseflow Index for multiple years of data. The Baseflow Index has been found to 
be consistent and indicative of baseflow, and thus may be useful for analysis of long term 
base-flow trends [33–35].

Fig. 2  Rainfall and evapotranspiration isohyet map
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Geological setting

The geological framework of Tanzania [32, 36] reflects the geologic history of the Afri-
can continent as a whole. Basement Complex rocks occupy most of the basin land area 
and the rest comprises Karroo Formation, volcanic and alluvial deposits (Fig. 3). Lake 
Nyasa area has been considered a potential oil and gas prospect.

Population

Based on the National Bureau of Statistics (NBS) 2002 census the current (2012) popula-
tion of the basin is estimated to be 1,294,500. This is projected to increase to 2,254,600 
by 2035. The population distribution (Fig. 4) shows the greatest population concentra-
tions are at the northern end of the basin around Kyela, Tukuyu and Tunduma and on 
the south eastern side around Mbinga and Mbamba Bay. This distribution closely corre-
lates with the rainfall and evapotranspiration distribution (Fig. 2) with higher population 
in areas of high rainfall and associated better agricultural land.

Methods
Compilation of drilling completion, chemical analysis, climate data, soils, geology, 
topography, vegetation, landuse, soils and population information maps and existing 
reports were carried out for assessment of the geology, geomorphology, stratigraphy 
of the basin, establishment of groundwater resource inventory, groundwater potential 
evaluation, determine productivity for the basin and groundwater recharges mecha-
nism using GIS (e.g. [5, 6]). A total of 316 borehole records were located. The deepest 
average Standing Water Levels (SWL’s) are found in Ruhuhu, Mchuchuma and Kiwira 
catchments (Fig. 2), for weathered and fractured rock and range from 20 to 28 m below 
ground level (m bgl). The shallowest average SWL’s are found in Mbaka, Kiwira alluvials, 

Fig. 3  Geology map of the study area
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Lufirio, Songwe and Mbawa where the average SWL’s are between 2.2 and 10  m bgl. 
It is also likely the depth to water is strongly controlled by topography and climate as 
opposed to geology.

The Kyela flood plain alluvium has the highest average yields at 21 m3/h followed by 
Mchuchuma with 20.5  m3/h. Average yields for all other areas, which are screened in 
weathered to fractured rock are low, being less than 8 m3/h. The lowest yields are found 
in Mwaba with a range of 0.4–2.2 m3/h and an average of 1.26 m3/h.

Aquifer hydraulic parameters

Assessment of the pumping test data was made using Aqtesolv Pro® Version 4.5. The 
alluvials have a transmissivity and hydraulic conductivity range of 1.16–761  m2/day 
and 0.01–7.6  m/day respectively. The transmissivity for the weathered and fractured 
rock have a range of 0.3–17.7  m2/day. The permeability ranges from 0.01 to 1.0  m/
day. Although these results indicate that the groundwater potential is very high for the 
alluvials, the permeability is generally low. On the other hand, while the groundwater 
potential for the basement rocks is low to moderate, the permeability is generally low to 
moderate.

Specific capacity was used to identify well or borehole potential, with high values indi-
cating good potential. Typically the water level drawdown was recorded after 24  h of 
pumping to allow stabilisation of the water level and development of a cone of depres-
sion. Shorter time periods are not considered reliable. The specific capacity range of the 
alluvials and weathered/fractured rock are 129–4089 m3/h/m and 186–11,640 m3/h/m 
respectively. The specific capacity data indicates that alluvials can have nearly three 
times the potential of bores in the weathered and fractured rock aquifers [37]. This is in 
contrast to the yield information, but likely is a better reflection of the actual potential 

Fig. 4  Population density dot map
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which is related to the thickness of the water bearing zone. This effectively links to aqui-
fer types limiting the usefulness of the data. However assessment of the transmissivity 
from the data is considered reliable enough for providing a general basin wide estimate 
of aquifers potential.

Conceptual understanding

75% of Tanzania is underlain by largely Precambrian crystalline basement complex rocks 
with various composition and ages, which form the basement aquifers. Other aquifer 
types include sandstone, coastal sedimentary formation of limestone, and alluvial sedi-
mentary sequences, and volcanic materials. The groundwater potential of each type of 
aquifer differs significantly at the local scale as well as at the basin scale. The occurrence 
of groundwater within the Basin is most influenced by the geology/geomorphology, fol-
lowed by topography, rainfall, and all of which influence recharge and discharge from the 
aquifer systems. However development of groundwater within the basin is most influ-
enced by topography and the associated drainage patterns, with the exception of the Kyela 
area (Fig.  1). The groundwater potential for the basin is generally considered low but 
locally moderate with no high yield systems, except the Kyela alluvials. However the lack 
of borehole data and poor distribution prohibits an accurate assessment of the potential.

Numerical simulation of hydraulic head and processed baseflow

The physical system described in the previous section provides a framework for setting 
up and calibrating a steady numerical groundwater flow model. The objective of ground-
water modelling is to gain an understanding of the groundwater flow system in the Lake 
Nyasa basin and to help constrain and elucidate groundwater contribution to baseflow. 
The model is parameterized based on hydrostratigraphic zones and constrained using 
the aforementioned data (hydraulic head and baseflow). A three dimensional model is 
used for better reproduction of the complex topography and heterogeneity of the water-
shed. Head, river flow, precipitation data, and the geology and surface topography of the 
region are used to construct the model. Model output includes distribution of hydraulic 
head and water budget targets. Yield is calculated from the model output.

Model construction

The model was constructed based on background information provided and the assess-
ment of available information in the previous sections. Modelling was undertaken using 
MODFLOW-SURFACT code [38], an advanced MODFLOW based code developed by 
HydroGeoLogic Inc. that handles complete desaturation and resaturation of grid cells, 
within the framework of Visual MODFLOW Version 4.6. The pseudo-soil function of 
MODFLOW-SURFACT was chosen to account for the saturated and unsaturated pro-
cesses within the model, as it avoids the wet/dry non-linear iterations of standard MOD-
FLOW. “Zone Budget” software package were used to assess sub-basin groundwater 
sustainability.

Spatial discretization and layering

The active model area covers approximately 27,500  km2 (model area), and is the land 
catchment area defined by the surface water divide and Lake shore line. A constant head 
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boundary has been used for the Lake Nyasa shore line (Fig. 5). An approximate 2500 by 
2500 m grid has been applied across the Model Area (Fig. 5). The model has been set up 
with two layers:

• • Layer 1: used to simulate the upper most aquifer including the alluvium, weathered 
basement and shallow fractured basement (Fig. 6) with a thickness of 5–250 m; and

• • Layer 2: A non-uniform deep basement layer ranging in thickness from 400  m to 
1500 m.

Boundary and initial conditions

For the purpose of modelling the basin, a simplified aquifer system has been used. The 
upper model layer is assumed to be one continuous interconnected aquifer with differ-
ent permeability zones based on the geology. The initial potentiometric surface (Fig. 7) 
was estimated from borehole data where a water level and location were available. The 
groundwater elevation was estimated using the borehole location and digital elevation 
model.

Fig. 5  Groundwater model grid. The red cells represent a constant head boundary along the lake shore line
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Fig. 6  Surface elevation (top of layer 1). The cross line symbols represent two stream gauging stations

Fig. 7  Potentiometric surface of Lake Nyasa basin. The basin is shown as the dashed red line and blue dots 
represent boreholes with water levels
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Recharge and discharge

Recharge is assumed to be predominantly from rainfall infiltration. This may occur as 
direct recharge through exposed bedrock fractures or via slow percolation through the 
weathered overburden. A small component of recharge is thought to occur via stream 
and river bed leakage especially in the lower reaches of the river systems. As there is no 
long term water level monitoring data recharge has been assumed to be a percentage of 
the total annual rainfall [39]. Rainfall infiltration rates in the order of 5–20% have been 
estimated during the model calibration. Recharge zoning was made based on the geol-
ogy and rainfall isohyet map.

Groundwater discharge is via evapotranspiration, baseflow of streams and rivers (as 
river leakage which discharges to the Lake), pumping, and deep percolation discharge 
to Lake Nyasa. The component of deep percolation is generally assumed to be about 
10% of recharge. In the elevated plateaus of the catchments, baseflow is assumed to be 
the major discharge mechanism. In the lower reaches, evapotranspiration is thought to 
play a larger role especially in the lower reaches of the Ruhuhu River and Kyela alluvials. 
Given the depth of groundwater is generally shallow in the model area, the evapotran-
spiration (ET) is considered significant. The ET rate was set at 10% of the estimated val-
ues shown on Fig. 2, with an extinction depth of 2 m. The ET rate was refined during the 
calibration process.

Hydraulic parameters

Aquifer properties were set based on the limited available information and accepted lit-
erature values (e.g. [40]). The properties were further refined (within acceptable limits) 
during model calibration and the adopted values are provided in Table 1. Initial attempts 
to calibrate the model using a single zone for the upper layer were unsuccessful. Zoning 
the upper layer (Fig. 8) was required for calibration adding confidence to the approach.

The initial head was interpolated from limited water levels recorded is used as the 
starting point for model calibration. The interpolation was used to establish precalibra-
tion steady-state conditions.

Model calibration

An attempt has been made to reproduce the observed water levels in the entire study 
area through the steady model. The heads may have been reproduced, but the solution 

Table 1  Adopted aquifer properties layer 1 (for the zone color refer to Fig. 8)

Description Color of unit Horizontal hydraulic  
conductivity (K) (m/day)

Vertical hydraulic  
conductivity (K) (m/day)

Alluvium Purple 5 0.5

Weathered deposit Dark grey 2 0.2

Consolidated sedimentary 
rocks (Karroo)

Red 0.01 0.001

Granite/basalt Light blue 0.002 0.0002

Sandstone Green 0.005 0.0005

Basalt and mafic rocks Blue 0.001 0.0001

Metasediments, undifferen-
tiated, 1 and 2

Light grey and yellow 0.003 0.0003
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is nonunique. The numerical model includes assumptions based on literature values and 
the experience of the modeller due to the limited amount of hydrogeological data. Limi-
tations exist with respect to the amount of water level data available to constrain the 
calibration and aquifer recharges rates and spatial distribution of recharge areas. Cali-
bration was accomplished by applying a set of hydraulic parameters; boundary condi-
tions and stresses that produce computer generated simulated hydraulic heads that 
match actual field measurement within an acceptable range of error. Model calibration 
was performed using manual (trial and error) methods. The model was calibrated using 
observed groundwater heads and processed baseflow estimate. To improve calibra-
tion, the hydraulic conductivity, recharge and river conductance were adjusted until the 
modelled head elevations were able to match observed head elevations to an acceptable 
level of accuracy with a correlation coefficient of 0.97. The root mean squared error and 
residual mean error are 1.6 and −0.66 m respectively. This indicates a good correlation 
between observed and calculated groundwater heads [41, 42]. Analysis of the calibrated 
steady state model output indicates that the model simulates the groundwater eleva-
tion, hydraulic gradient and flow direction (Fig.  9) across the active model area to an 
acceptable level. The model calibration is considered acceptable, considering the correla-
tion coefficient, mass balance 0.0% discrepancy) (Table 2) and spatially random residual 
errors [41, 43]. Sensitivity analysis carried out prior to steady state model calibration 
showed that the recharge flux parameter and hydraulic parameter of top layer are most 
sensitive.

Fig. 8  Hydraulic conductivity zones used for the model calibration
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Processed baseflow

Baseflow measurements in streams and rivers may be used as additional calibration tar-
gets as they allow calibrating to a flow rate as a head distribution, which may greatly 
increase the uniqueness or confidence of the model calibration. For this study, stream 

Fig. 9  Steady state calibrated potentiometric surface for layer 1

Table 2  Volumetric budget for entire model at end of the time step 1 in stress period

Cumulative volumes L3 Rates for this time step L3/T

In In

  Storage 0.0000   Storage 0.0000

  Constant head 1165.4406   Constant head 1165.4406

  Wells 0.0000   Wells 0.0000

  Recharge 1,070,256.5000   Recharge 1,070,256.5000

  ET 0.0000   ET 0.0000

  River leakage 0.5978   River leakage 0.5978

  Total in 1,071,422.5384   Total in 1,071,422.5384

Out Out

  Storage 0.0000   Storage 0.0000

  Constant head 103,312.8906   Constant head 103,312.8906

  Wells 0.0000   Wells 0.0000

  Recharge 0.0000   Recharge 0.0000

  ET 967,821.6875   ET 967,821.6875

  River leakage 272.7555   River leakage 272.7555

  Total out 1,071,407.3336   Total out 1,071,407.3336

  In − out 15.2048   In − out 15.2048

Percent discrepancy 0.00 Percent discrepancy 0.00
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flow measurements from two locations on the Kitiwaka River recorded during an 
extended dry period on the 16th December 1983 were selected for the analysis (indi-
cated by a cross line symbol on Fig. 6). The difference between these flow measurements 
is the net baseflow to the stream, assuming evaporative losses are negligible.

Results and discussion
Simulated water balances

Based on the results of the simulation, the water balances were studied in the entire 
basin of the study area, to understand the functioning of the aquifers and their rela-
tionship with the Lake Nyasa. The aquifer is highly influenced by the diffuse recharge, 
which causes the water balances to change rapidly from positive to negative. The total 
water inflow (calculated as the sum of the net river/streambed recharge, the diffuse 
recharge and the lateral inflow) fluctuates greatly, due to climate variability. However, 
the total outflow (calculated as the sum of the evapotranspiration, outflow towards Lake 
Nyasa and the river leakage) remains practically stable. This fact is because the volume 
abstracted is nill or small compared to the total volume exchanged with basin, which 
is almost constant over time and is independent of the climate or of the aquifer exploi-
tation (Table 2). Given that any surplus or deficit causes a change in the groundwater 
storage, and if it is assumed that the predevelopment pseudo-stationary state defines the 
equilibrium for the aquifer storage, the evolution can be observed of the accumulated 
deficits expected in the Lake Nyasa basin. However, The Lake Nyasa basin can exhibit 
the opposite behaviour. The total outflow term may be highly dependent on the total 
volume abstracted, while total inflows are less variable than in the case of the Lake 
Nyasa. Moreover, the inverse effect is expected if the water rights are not used, due to 
the importance of the streambed recharge (Table  3). The expected behaviour of these 
hydrogeological units, therefore, is clearly dependent upon the total abstraction.

The net flow across the river boundary is calculated as follows:

A negative result indicates a net loss of water from the aquifer to the Kitiwaka River 
as all flow rates in MODFLOW are considered with respect to the aquifer. The recorded 
gain in net flow is 2.05 m3/day while the model indicates a gain of 1.85 m3/day. The dif-
ference (0.2 m3/day) is small (~90% similarity) and well within the error of the model. 

Net flow across river boundary = Input river leakage into the aquifer

−Output river leakage out of the aquifer

= 0.025− 1.87 m3/day

= −1.85 m3/day

Table 3  Model groundwater zone budget results between the stream gauge stations

Inflow (m3/day) Outflow (m3/day)

Recharge 1217 0

River leakage (baseflow) 0.025 1.87

Evapotranspiration 0 1149

From external zone 361 429
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The model result indicates that net loss of water from the aquifer may explain ~88% 
of the difference in stream flow between the two stream flow gauge stations. This is in 
agreement with the estimated baseflow component processed using baseflow Index [34] 
method (i.e. 85%).

Volumetric budget for each catchment

The water balance for each catchment (Table 4) was computed using the Zone-budget 
software package [44]. Zone-budget is a program that computes the water budget for a 
designated zone using results from the MODFLOW-SURFACT groundwater flow model 
(Zone budget-version 3.01, updated year 2009). The Zone budget is a tool for measuring 
the flow from one part of the model to another. The zone budget was employed to cre-
ate a baseflow measurement zone along Kitiwaka River, between the two stream gauging 
stations. This allows assessment of the gain or loss of stream flow. The measured and 
predicted baseflow values were then compared and the model parameters adjusted to 
improve the model calibration.

The two stream gauging stations located along the Kitiwaka River are indicated by 
a cross line symbol on Fig.  6. The measured stream flow at the downstream station 
was about 2.33 m3/day and at the upstream station it was 0.28 m3/day. The difference 
between these two numbers represents the river gain or water coming from the ground-
water system and can be compared with the flow across the river boundary calculated 
by zone budget. To examine the amount of groundwater flow between the stream and 
the aquifer system, the river leakage under the input and output columns were extracted 
from the model output (Table 4).The projected population (Table 5), will likely have an 
impact on the estimated volumetric water budget.

Annual safe yield/extraction limit

Based on the model the average net recharge and water in storage has been estimated 
(Table 6). In the absence of long term monitoring data to assess the performance of the 
aquifers the annual safe yield can be expressed as a percentage of the annual recharge 
[45]. Globally, if recharge can be assumed to be approximately 20% of precipitation, 

Table 4  Volumetric water budget for catchments

Inflow (1000 m3) Outflow (1000 m3)

Catchment Recharge 
from rainfall

River  
leakage

From other 
catchment

ET River 
leakage

Constant 
head (Lake 
Nyasa)

To other 
catchment

Kiwira 78,745 0.1 14,941 70,744 17 12,241 10,595

Lufirio 47,134 0.06 19,254 3205 33 17,795 16,723

Lumbria 86,265 0.05 9257 63,306 9.6 26,777 5380

Mbaka 30,993 0.05 16,389 27,823 15 6998 12,546

Mbawa 81,521 0.175 1968 63,468 2.1 17,539 2955

Mchuchuma 31,413 0.01 2464 27,091 0.9 4046 2899

Nkiwe 73,723 0.02 4332 62,559 21 7130 8403

Ruhuhu 509,090 0.13 10,406 501,830 128 10,786 6840

Rumakali 30,614 0.01 3798 20,775 0.03 0.05 13,627

Songwe 100,530 0.025 4743 98,151 47 0.08 7072
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then deep percolation would be about 10% of recharge. Thus, a reasonably conserva-
tive estimate of sustainable yield would be 10% of the net recharge. The current concept 
of sustainable yield represents a compromise between theory and practice. In theory, a 
reasonably conservative estimate of sustainable yield would be about 10% of recharge. In 
practice, values higher than 10% may reflect the need to consider other factors besides 
conservation. Turner et  al. [14] concluded that an aquifer system sustained by epi-
sodic recharge and the long-term gaining storage represents the maximum extractable 
volume.

To assess the potential groundwater resource for the basin the recharge has been 
estimated using the groundwater model. The estimated sustainable safe yields from 
the groundwater model for each catchment are compared to the estimated current 
domestic groundwater usage with a 20% contingency added for stock watering, small 

Table 5  Projected population by catchment (based on National Bureau of Statistics, Tan-
zania—2002 census data)

Catchment Population

2012 2015 2025 2035

Kiwira 234,000 253,000 329,000 426,000

Lufirio 108,000 116,000 149,000 192,000

Lumbria 53,000 55,000 63,000 73,000

Mbaka 103,000 112,000 145,000 188,000

Mbawa 133,000 108,000 137,000 174,000

Mchuchuma 15,000 16,000 20,000 25,000

Nkiwe 38,000 39,000 47,000 55,000

Ruhuhu 401,500 430,000 544,500 689,000

Rumakali 15,000 16,000 17,000 19,000

Songwe 227,000 246,000 319,000 413,000

Grand total 1294,500 1,391,700 1,770,500 2,254,600

Table 6  Estimated safe yield for each catchment and current groundwater usage

Catchment Recharge vol-
ume (1000 m3)

10% recharge 
(annual safe 
yield) (1000 m3)

Estimated cur-
rent ground-
water usage 
(1000 m3)

% of ASY cur-
rently used

Remaining 
groundwa-
ter available 
for development 
(1000 m3)

Kiwira 78,745 7875 4865 61.8 3010

Lufirio 47,134 4713 2210 46.9 2503

Lumbria 86,265 8626 1089 12.6 7537

Mbaka 30,993 3099 212 6.8 2887

Mbawa 81,521 8152 2053 25.2 6099

Mchuchuma 31,413 3141 310 9.9 2831

Nkiwe 73,723 7372 768 10.4 6604

Ruhuhu 509,090 50,909 8655 17.0 42,254

Rumakali 30,614 3061 324 10.6 2737

Songwe 100,530 10,053 4879 48.5 5174

Total 1,070,028 107,001 27,273 25.5 79,728
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scale irrigation, commercial, institution (schools and Government buildings) and losses. 
Industrial, Mining and large scale agriculture are not included, they are considered 
socio-economic demands which may be developed after domestic uses are covered. It 
can be seen (Table 6) that currently the percentage of annual safe yield extracted ranges 
between 6.8 and 62%, averaging around 29%. This suggests there is room for socio-eco-
nomic expansion of groundwater usage within all catchments.

The annual safe yield of the basin is taken as 10% of the total annual recharge and calcu-
lated to be 10.7 × 107 m3. Current conservative estimates of groundwater use within the 
basin are around 27.3 × 105 m3 which is around 30% of the basin annual safe yield. The 
current catchment groundwater usage ranges between 10 and 60% of the annual safe yield 
leaving between 90 and 40% of the annual safe yield depending on sub catchment avail-
able for future development [46]. Based on the current model result, estimate of ground-
water recharge for the study area is about 1.07 × 106 m3/day. Thus, the limits on aquifer 
pumping as a percentage of groundwater recharge range can be computed for the sustain-
able yield. Elsewhere, a value of total use of 50–70% of the sustainable yield was adopted.

Future scenario

Future predictions of groundwater usage and the resulting percentage of the annual safe 
yield used are provided in Table  7. In recent years, hydrological models, with various 
degrees of sophistication, have been used in various settings to evaluate water budgets 
for sustainable yield estimate under various climate or land-use scenarios (e.g. [11, 47]).

Impacts on groundwater due to the population patterns may include increased 
abstraction for domestic, industrial or agricultural purposes, decreased recharge 
through land clearing and urbanisation, contamination from sewage and chemicals and 
localise increases in recharge due to storm water soakaway’s in urban areas. Population 
concentrations in areas with limited access to gravity schemes, such as the south eastern 

Table 7  Projected total groundwater usage, % of ASY and remaining available for devel-
opment

Catch-
ment

2015 2025 2035

Total 
GW 
usage

% ASY 
used

GW 
available 
for other 
uses

Total 
GW 
usage

% ASY 
used

GW 
available 
for other 
uses

Total 
GW 
usage

% ASY 
used

GW 
available 
for other 
uses

Kiwira 4865 61.8 3010 5767 73.2 2108 7373 93.6 502

Lufirio 2205 46.8 2508 2567 54.5 2146 3241 68.8 1472

Lumbria 1045 12.1 7581 1086 12.6 7540 1238 14.4 7388

Mbaka 2129 68.7 970 2511 81.0 588 3203 103.4 −104

Mbawa 2032 24.9 6120 2354 28.9 5798 2943 36.1 5209

Mchu-
chuma

304 9.7 2837 353 11.2 2788 447 14.2 2694

Nkiwe 745 10.1 6627 815 11.1 6557 931 12.6 6441

Ruhuhu 8559 16.8 42,350 9963 19.6 40,946 12,501 24.6 38,408

Rumakali 312 10.2 2749 318 10.4 2743 345 11.3 2716

Songwe 4856 48.3 5197 5755 57.2 4298 7379 73.4 2674

Total 27,048 25.3 79,953 31,489 29.4 75,512 39,601 37.0 67,400
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part of Ruhuhu catchment near Songea, have resorted to groundwater for domestic 
water supplies.

These predictions do not account for possible reductions in the total annual recharge 
as a result of climate change [48]. It can be seen that by 2035 the percentage of annual 
safe yield extracted will increase to between 11.3 and 103%, averaging around 50%. This 
indicates that less water may be available for socio-economic development in the future. 
It also suggests that by 2035 Kiwira and Mbaka sub catchments will be nearly at or 
exceeding the annual safe yield leaving no room for socio-economic development, or the 
need to reduce existing socio-economic demands to meet domestic demands. The other 
option is to increase the percentage of total recharge allocated to the annual safe yield 
from 10 to 20% in these catchments.

Basin sustainability yield constraints

The current study shows that derivation of sustainable yield using conservation of mass 
principles leads to expressions for basin sustainable that can be readily determined using 
numerical modeling methods and selected on the basis of applied constraints. Bores 
are concentrated in areas of high population. For instance the village of Mlete, in Tanga 
Ward, Namtumbo District has 21 identified bores. The yield from each bore may not be 
high, but the combined yield of all 21 bores may be. Viewed on a large scale this is likely 
not an issue, however the combined yield of the bores may exceed the safe yield in a 
small area leading to localised drawdown.

The possibilities of severe, long-term droughts and climate change also should be 
considered. Because a climate stress on the hydrologic system is added to the existing 
or projected human-derived stress, droughts represent extreme hydrologic conditions 
that should be evaluated in any long-term management plan. Water reuse is one of the 
potential ways to complement the existing portable water sources. Practice of the water 
reuse for irrigation in Tanzania and similar region has been suggested by Kihila et  al. 
[28]; Yihdego [49]. The challenges that need to be addressed, the benefits expected and 
global wastewater treatment options, capital and operation costs as well as the cost ben-
efit analysis, implementation of water reuse will require among other things, proper 
defined policy and institutional framework, clear guidelines as well as more research and 
investment on wastewater treatment have been pointed out [28].

Transboundary considerations

When considering the groundwater potential and annual safe yield for the basin the 
potential for Transboundary impacts must be considered. Lake Nyasa is shared between 
three countries while the basin borders three countries, Zambia and Malawi along the 
north western boundary marked by the Songwe River and Mozambique on the southern 
boundary (Fig.  1). The Songwe River marks the border of Tanzania with Zambia and 
Malawi, the river is gaining having a high groundwater baseflow. On the Zambia/Malawi 
side are high hills and mountains which fall towards the river indicating the groundwa-
ter flow direction is also towards the river. Extraction of groundwater within the basin 
(Tanzania) is unlikely to impact groundwater across the border and the potential for 
transboundary impacts are considered very low. However over extraction of groundwa-
ter may impact baseflow to the river and therefore surface flows in the river which may 
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impact users on both sides of the border. The southern basin boundary with Mozam-
bique is an arbitrary line which doesn’t follow topographic features, therefore there is 
a potential for transboundary impacts. However the length of border is short and in a 
mountainous area with high rainfall and low population limiting the potential for extrac-
tion. The potential for transboundary groundwater impacts are therefore considered low 
to very low.

Conclusions
To analysis the groundwater development based on sub-basin/sub-catchment, a three 
dimensional groundwater numerical modelling (MODFLOW-SURFACT coupled with 
Visual MODFLOW) were used to handle Vadose Zone and for greater numerical con-
vergence stability. Groundwater modelling and water balance optimization were used 
for the sustainable yield estimation. The model has been calibrated to the hydraulic head 
and processed baseflow estimate, which adds confidence or none-uniqueness to the 
solution and hence as a basis good enough for prediction/scenario simulation. A water-
budget model output was used in estimating recharge which allows for an evaluation 
of the future groundwater sustainability, with several sub-basin extraction limits/annual 
safe yields in the Lake Nyasa basin. The water balance error was 0% which could be con-
sidered as criteria (i.e. water balance stabilization), to constrain the estimate of sustain-
able extraction [13]. Based on the current model result, estimate of annual safe yield 
based on 10% of groundwater recharge for the study area is about 10.7 × 107 m3. The 
current catchment groundwater usage ranges between 10 and 60% of the annual safe 
yield leaving between 90 and 40% of the annual safe yield, depending on sub catchment, 
available for future development. Future predictions of groundwater usage indicate that 
by 2035 the percentage of annual safe yield extracted will increase to between 11.3 and 
103%. Sustainability indicators such as acceptable head can be examined based on cli-
mate and management decisions affecting water extraction and land use. The choice of 
the method employed in this study has proved successful for a sound understanding of 
the sub-basin groundwater resources sustainability among the stake holders, decision 
makers for an effective management. With this information, society can make better 
informed decisions about how to manage their ground water resources in a long-term 
context. Such analyses also ideally lead to the design and implementation of long-term 
hydrologic networks to monitor projected outcomes of the ground water development 
and to improve the ability to predict future system responses.

The basin size is relatively small and annual groundwater recharge volumes are low, 
assuming between 5 and 20% of rainfall and therefore sustainable groundwater extrac-
tion volumes will be low, and there is insufficient information to assess the component 
of deep circulation and hence the deep groundwater resource within the fractured rock 
systems. The possibility of transboundary issues are considered low due to the prevail-
ing groundwater gradient in the areas of international borders. It is more likely ground-
water extraction may lead to reduced baseflows especially in the Songwe River which 
may impact surface water users on both sides of the border. Basin groundwater quality 
is generally good due to the annual recharge of the shallow aquifers. Based on the lim-
ited available groundwater analysis all aquifer types in all catchments may be suitable for 
domestic and stock watering purposes subject to assessment of individual bores.
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The effect of few management options and a simplified climatic-change scenario needs 
to be considered for the Lake Nyasa sub-basin aquifers together with a decrease in the 
net recharge (and possibly suggest Managed Aquifer Recharge/Aquifer Storage recov-
ery), a change in river–aquifer interactions, and the total abstraction volumes identified 
as the main factors to address in management planning. Further efforts to constrain the 
hydrogeological parameters of the various geological units, including riverbed deposits, 
which could include targeted test pumping, could improve understanding of the system.
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