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Executive Summary 

Increasing groundwater resource potential In the face of increasing population, urbanization, climate 

change and unreliability of surface water supplies in arid and semi-arid regions, groundwater 

resources are being increasingly used. The relative reliability of groundwater for long-term supply and 

its potential to serve as a buffer against drought make groundwater a critical water source. Managed 

Aquifer Recharge (MAR) is an alternative water resource management option that is gaining attention 

as a way to increase the quantity of water that is stored underground when there is excess during wet 

periods for use during dry period. Strategic implementation of MAR can enhance the benefits derived 

from groundwater use. However, determining the feasibility of MAR involves careful assessment of: i) 

aquifer response to additional recharge, ii) capacity of the aquifer to store water, iii) optimally locating 

MAR infiltration/ injection and recovery systems.  

Hydrogeological models can be used to contextualize the role and feasibility of MAR. 

Hydrologeological models can be used to gain a better understanding of the aquifer system such as 

recharge dynamics, groundwater-surface water interaction, the effect of groundwater pumping, and 

storage processes and overall water budget of the aquifer system. With respect to MAR, 

hydrogeological models enable us to determine the storage capacity of the aquifer, aquifer response 

to additional recharge, the location of recharge and recovery systems and recovery efficiency. More 

broadly, hydrogeological modelling can provide a practical indication of the contribution and impact 

of MAR in an aquifer system. 

Objective: The objective of the present study is to develop and calibrate three-dimensional (3D) 

steady sate hydrogeological model which can be used to establish initial condition for 3D transient 

hydrogeological model in compartment 3 of the Ramotswa Transboundary Aquifer Area (RTBAA). It is 

the 3D transient model that can be used for the upcoming MAR feasibility assessment.  

Approach: A steady state hydrogeological model was developed using MODFLOW 2005 in 

MODELMUSE modelling environment. The karst aquifer was modelled using Equivalent Porous Media 

approach. The modelled area covers a 61 km2 compartment that encompasses the Ramotswa village 

and wellfield area. The hydrogeological model focused on the Ramotswa dolomite but including also 

areas underlain by other formations such as Lephala Formation. The model is calibrated against 

average water level data observed during the period of 2000-2012. This period was selected for steady 

state calibration because there was no pumping in the aquifer in this period. Hence, this period was 

assumed to represent the steady state condition. In order to understand recharge dynamics, 

independent recharge estimation was accomplished using the Water Table Fluctuation method (WTF). 

The WTF method is applied using water level data at two observation wells, one close to the river and 

far away from the river. Two dimensional (2D) transient profile modelling was also carried out along 

the Ngotwane River. The 2D profile model was calibrated against four observation wellsΩ water level 

data for the period 2000-2012. The main purpose of the 2D prolife modelling was to estimate focused 

recharge due to river leakage and better constrain hydraulic parameter estimation such as hydraulic 

conductivity and storage coefficients along the river. 

Results: The steady state hydrological model produced comparable groundwater level gradient with 

the overall regional groundwater flow direction. Results obtained also showed that: (i) diffuse 

recharge from rainfall was about 28 mm/d. Focused recharge is almost twice of the diffused recharge 

rate (50 mm/a). (ii) Approximately 80% of the recharge entering the aquifer exits as Groundwater 
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Evapotranspiration (GWET) and only 20% of the recharge leaves through the Northern model 

boundary where Ngotwane River crosses the Black Reef formation. Spatially averaged diffuse recharge 

estimates from the model compared well to previous estimates in the study area. Groundwater 

replenishment from focused recharge is associated with large uncertainty as a result of its dependence 

on the magnitude and frequency of flooding. WTF method produced diffused recharge which is 

approximately 20% of rainfall values. Both WTF method and 2D transient profile modelling produced 

focused recharge estimate of more than 80% of rainfall values. 

Summing Up: The present model represents an important first step towards a 3D transient model 

development and for comprehensive effort for MAR feasibility assessment. The current model 

provides an initial condition or reference level for transient model calibration. While additional steps 

remain, the results of this report indicate that the calibrated steady state model is representative to 

be used as initial condition for subsequent transient model calibration and the hydraulic parameters 

are within the reasonable range. Recharge estimated by the model suggests good groundwater 

potential.  

Next Steps Next steps are: 1) transient 3D model calibration and validation, 2) sensitivity analysis of 

model parameters, 3) MAR scenario analysis using a calibrated and validated 3D transient 

hydrogeological model. The forthcoming feasibility assessment, to be undertaken through the 

hydrogeological model scenario analysis, will help to: determine the volume of water to be added to 

storage in the aquifer, identify suitable sites for MAR application and to optimally site the MAR system, 

understand how the aquifer system react for additional recharge, and to determine the length of time 

the recharged water remain in storage in a particular area. In addition to hydrogeological model 

scenario analysis forthcoming feasibility assessment include two more important objectives: i) 

assessing water resources availability that can be used as a recharge source and its quality, ii) 

evaluating the geochemical implication of mixing recharge water used as a source and native 

groundwater in the aquifer. 
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1. Introduction 

 Background 

In arid/semi-arid regions, surface water resources are generally scarce and unreliable, hence, 

groundwater is being increasingly used as a critical source of water. The reliability of groundwater for 

long-term supply and its buffering capacity during drought periods make groundwater a critical water 

source. Managed Aquifer Recharge (MAR) practices are increasingly being used as a means of 

increasing groundwater availability and improving the overall reliability of water supplies. Storing 

water in an aquifer during times of excess supply and recovering the same water for use when the 

demand is high is becoming an attractive water management option. Hydrogeological models can be 

used to assess the feasibility of MAR prior to conducting expensive field test. They provide a 

quantitative technique for analysing the effect of groundwater pumping, recharge dynamics, 

groundwater-surface water interaction, and can be used to develop a more reliable estimate of 

aquifer water budget. With respect to MAR assessment they provide important information such as 

storage capacity of the aquifer, the response of the aquifer to induced recharge, determining the 

location of recharge and recovery, and assessing the recovery efficiency (Mansouri and Mezouary, 

2015; Woolfenden and Koczot, 2001). 

 Modelling Objectives 
The main objectives of the Ramotswa Aquifer hydrogeological modeling are:  

1) to investigate the  use and movement of groundwater, recharge, discharge and 

storage process. 

2) to assess the feasibility of MAR, through model scenario analysis 

The specific modeling objectives are:  

 

¶ to develop a 3D hydrogeological model that describes the movement of groundwater 

and current water budget, recharge, discharge and storage process, 

¶ to predict the aquifer response to induced recharge through MAR such as building up 

of groundwater level (mound), 

¶ to determine storage capacity of the aquifer for additional recharge through MAR, 

¶ to identify suitable sites for MAR application and optimally site the MAR schemes. 

 

This report summarizes the data, methods used to develop, and calibration of the steady sate 3D 

hydrogeological model of the Ramotswa Transboundary Aquifer in the area surrounding the 

Ramotswa village and potential limitations and source of uncertainties in the model. The remainder 

of this report is organized as follows: First, the scope of the work, activities completed and activities 

which are part of the second phase of the modelling work is presented. Second, study area including 

geology and hydrogeology briefly described, available water level data is presented. Third, previous 

modelling works are reviewed. Fourth, hydrogeological model development methodologies are 

described. Fifth, aquifer properties are described and past pumping test results are presented. Six, 

model calibration period is described. Seven, steady state model calibration results are presented. 

Eight, model calibration as well as water budget analysis results are presented. Nine, discussion and 

model limitation are presented. Finally, conclusions are presented. In Annex 1, independent recharge 

estimation using the Water Table Fluctuation Methods is described and results are presented. In 

Annex 2, 2D profile model construction and calibration results are presented. 
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 Scope of Work 

In order to achieve the above objectives the overall scope of the work is divided into eight major 

activities. The scope of the present work covers the first three activities and part of activity four. 

 

1. Data collection, compilation and analysis 

2. Conceptual model development  

¶ Develop an updated conceptual model of the groundwater flow for the study area 

3. Model construction: 

¶ Construct a 3D hydrogeological model  

4. Model calibration and validation  

¶ Calibrate the 3D hydrogeological model for the steady state condition 

¶ Calibrate the 3D hydrogeological model for the transient condition 

¶ Validate the 3D hydrogeological model for the transient condition 

5. Model scenario analysis 

¶ Optimize MAR location through model simulation 

¶ Simulate the additional storage capacity of the aquifer system for MAR 

6. Sensitivity analysis  

7. Assess water source availability and its quality 

8. Evaluate the geochemical implication of mixing of recharge water with native groundwater 

using Geochemical model  

2. Study Area 

 The Ramotswa Transboundary Aquifer Area 

Ramotswa Transboundary Aquifer Area (RTBAA) The Ramotswa Aquifer is located in the Upper 

Limpopo River Basin and encompasses an aquifer shared between South Africa and Botswana. The 

boundaries of the Ramotswa Aquifer correspond to the Ramotswa dolomitic aquifer extent mapped 

based on surface geology. The RTBAA is a slightly broader term than the strict boundary. RTBAA is 

used to capture areas in the subsurface that are hydrologically linked to the aquifer, but which lie 

outside the dolomitic aquifer boundaries delineated based solely on surface geology (Figure 1).  

Ramotswa Aquifer Flight Area The flight area (area about 1,500 km2) was commonly used as an 

encompassing boundary within which the aquifer was found. It was used to overcome ambiguities of 

a precise boundary for the aquifer in phase 1 of the RAMOTSWA project. Airborne geophysical surveys 

were indeed conducted in within this flight area in 2016 (Figure 1). 

Gaborone Dam Catchment The Gaborone catchment area, located in the Upper Limpopo River Basin 

(Area ~4,318 km2, Figure 1), reflects the immediate surface water boundaries within which the 

Ramotswa Aquifer is located. Given the linkages between surface and groundwater, the catchment is 

a very relevant scale. Phase 2 of the RAMOTSWA project treats the Gaborone Dam Catchment as its 

project study area. 
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Figure 1: Study area location 

 Selected Modelling Area 

During the airborne geophysics survey (XRI BLUE, 2016) 13 compartments were identified in the 

RTBAA (Figure 1). These compartments were delineated by connecting dikes but also by permeability 

contrast, by identifying less permeable formations. Out of the 13 compartments, only four 

compartments (3, 10, 11 & 12] are transboundary. Due to availability of data for model calibration, its 

transboundary nature and its size compared to the other three-transboundary compartments, 

compartment 3 is selected for modeling purpose. Compartment 3 comprises the Ramotswa wellfield 

area that supply water for the Ramotswa village. It covers an area of 61 km2. The Ngotwane River, also 

known as the Notwane River in Botswana is the largest ephemeral river that crosses the study area. 

The main vegetation in area is shrub savannah that is characterized by thorn trees with thickets 

occurring along the river courses (WUC, 2014). As can be seen in Figure 2, the aquifer is highly 

urbanized on the Botswana side, while the South African side is less developed. The Hillshed image of 

the study area is shown in Figure 3. Catchment elevation in the modelling area ranges from 1019-1150 

m above mean sea level. The annual precipitation ranges from 86-915 mm/a (Figure 4). The mean 

annual precipitation is 493 mm/a, standard deviation of ± 222mm [1995-2015]. There is high inter 

annual variability in annual rainfall (coefficient of variation of 45%). The maximum and minimum 

annual rainfall occur in year 2013 and 2009 respectively. Precipitation mainly takes place from October 

ςMarch (Figure 5). 
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Figure 2: Ramotswa aquifer, Google Earth image. Red polygon shows the boundary of compartment 3 while the yellow line 
represents the international border which is also matching with the Ngotwane River. Left of the Ngotwane River is 
Botswana and on the right side is South Africa.  

 

Figure 3: Hillshed image of compartment 3 (Z factor 10) 
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Figure 4: Annual rainfall in Ramotswa station 

 

Figure 5: Mean monthly rainfall of Ramotswa station [1986-2014] 
















































































