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TERMINOLOGY

Acid Rain: The acidification of rainfall due to industrialisation.

Aquifer: A saturated permeable geological unit that is sufficiently permeable to yield

economic quantities of water to boreholes.

Aquifer Sustainable Yield: The volume of water that can be abstracted from the aquifer

during a set time period without dewatering the aquifer.

Aquifer Test: A pumping test performed on a borehole where water is abstracted at a
specific volume during a set time period and the drawdown in water level is measured.
Following the pumping phase of the test, the recovery of the water level to its natural

state is recorded.

Borehole Sustainable Yield: The volume of water that can be abstracted from the
borehole, without drawing the water level within the borehole to pump intake level and

causing localised dewatering of the aquifer.

Chloride Method: Methodology used to determine initial values for recharge percentage,
based on the relative chloride concentrations in rainfall and groundwater that occur in an

area.

Coordinate System Used: Where possible all coordinate data has been converted to
WGS84 format. The majority of the data was originally supplied in UTM or an
unexplained local grid system. Data from the UTM format was easily transformed, while
data presented in the local grid system could only be transformed if a detail map with the
coordinate system and points of which the coordinates in either the UTM or WGS84

system are shown.
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CRD Method: A method used to determine the recharge percentage. The CRD method
is based on the argument that equilibrium exists between average annual rainfall and the

hydrological response in terms of run-off, recharge, evaporation, plant growth, etc.

Dambo: A small wetland, typically with a diameter of less than 200m. The dambo areas

are fed from shallow groundwater.

Dolomite: Forms by the replacement of limestone (magnesium for calcite). The textures

and features of the limestone can be lost or retained.

Dolomitic Aquifer: An aquifer consisting of dolomitic rock. The main water movement
occurs along solution cavities caused by dissolution of the host rock by slightly acidic

water.

Eastern Aquifer: The aquifer underlying the Mpongwe irrigation area, Zambia. Lake

Nampamba is located within this aquifer.

Equal Volume Method: This method forms part of the SVF recharge calculation
methodology. It applies to situations where the change in groundwater storage over a

selected period of time is zero.

Field Capacity Of Soil: The volume of water retained after free drainage (seepage due to

gravitational pull) has taken place.

Folding: Bending or buckling of any existing structure in a rock as a result of deformation

or tectonics.

Foliation: A continuous or discontinuous layer structure in metamorphic rocks formed by
the segregation of different minerals in streaks or lenticels, or by the alteration of bands

of different textures.

Hydraulic Conductivity: The volume of water that will move through a porous medium in
unit time under a unit hydraulic gradient through a unit area measured at right angles to

the direction of flow. It is measured in Length / Time (m/day).
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Hydrogeology: A study of the water occurring below the earth’s surface. The main

concern is flow mechanics through rock.
Jointing: Surface fracturing of a rock without displacement. A joint set consists of a group
of approximately parallel joints. A joint system consists of two or more joint sets with a

characteristic pattern.

Karstification: The formation of solution cavities caused by dissolution of the dolomitic

rock by slightly acidic water.

Kriging: The estimation procedure used in geostatistics using known values and a semi-

variogram to determine unknown values.

Lake Nampamba: A sinkhole in the dolomite and limestone of the eastern aquifer. MDC

abstracts water from the sinkhole for irrigation purposes.

Lake Kashiba: A sinkhole in the dolomitic aquifer approximately 20km from MDC and
Lake Nampamba. It has been suggested that Lake Nampamba and Lake Kashiba are
interconnected.

Limestone: A sedimentary rock composed almost entirely of calcium carbonate.
Limestones occurring in the study area are chemically precipitated and formed in a
shallow sea environment. Chemically precipitated limestone can be classified as oolitic
and pisolitic and the (dolomitic) limestones of evaporate sequences.

m/d: Metres per day.

m?/day: Metres squared per day.

mamsl: Metres above mean sea level.

MDC: The Mpongwe Development Company.

mg/I: milligrams per litre.
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mS/m: milliSiemens per metre.

Rainfall Stationarity: A condition of no systematical change in the mean and no
systematical change in the variance. In hydrological terms, stationarity means that
except for cyclic or seasonal fluctuation there is no permanent change in the record over

time.

Recharge: The volume of water that percolates through the overlying soil to the aquifer.

This can originate from rainfall, a river, a dam, or other similar external sources.

SAWQG: South African Water Quality Guidelines as determined by the South African
Department of Water Affairs and Forestry (Vol. 1, 2" Edition, 1996). In this paper

reference is made to the guidelines for Domestic Use purposes.

Storativity: The volume of water released from an aquifer with a thickness (D) from
storage per unit surface area of the aquifer per unit decline in the component of
hydraulic head normal to that surface. In a vertical column of unit area extending through
the confined aquifer, the storativity (S) equals the volume of water released from the
aquifer when the piezometric surface drops over a unit distance. It is a dimensionless

guantity.

Saturated Volume Fluctuation (SVF) Method: A method used to determine the recharge
percentage. It incorporates a lumped parameter approach whereby the status of the
aquifer, based on the water level fluctuations of the monitoring boreholes, is integrated

and its variation with time analysed.

Transmissivity: The product of the average hydraulic conductivity (K) and the saturated
thickness of the aquifer (D). It is the rate of flow under a unit hydraulic gradient through a
cross section of unit width over the whole saturated thickness of the aquifer.

Transmissivity is measured as Length?/Time (m?/day).

Western Aquifer: The aquifer underlying the Munkumpu irrigation area. lpumbu Dam is

fed from this aquifer through dambo areas.
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Wilting point: The soil moisture at which the capillary and surface adhesion forces are
greater than the soil suction forces exerted by the plant roots. Wilting point is determined

as the water remaining in the soil at a suction pressure of 15 atmospheres.
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Chapter 1 : Background Information.

The aim of this study is to characterise the hydrogeological system surrounding the
dolomitic aquifer situated in the Copperbelt Province, Northern Zambia. This includes
determining the hydrogeological characteristics of the aquifer and identifying and
expanding on the general surrounding conditions that influence the hydrogeological
character of the aquifer. This study can also be used as a reference guide for any future
hydrogeological studies in the study area or hydrogeological studies in other dolomitic

regions.

The report is divided into three chapters. The first chapter (Chapter 2) centres on the
general conditions surrounding the aquifer, which influence the hydrogeological system.
These include general site conditions such as topography, plant growth, surface

drainage features, soil characteristics, geology, rainfall occurrence, and evaporation.

Certain sections of Chapter 2 such as the soil investigations, plant growth and surface
drainage either fall outside the author’s area of expertise, or the original recorded data is
not available for interpretation. However, it is the opinion of the author that these factors
form an integral part of the determination of the sustainable yield of the aquifer and
therefore need to be addressed and discussed. Reference has therefore been made to
authors who have either had access to the original data, or who are specialists in the
abovementioned fields and have previously addressed these issues in the study area
(Landell Mills Associates (1978, 1979, 1980, and 1982); Macdonald and Partners Ltd.
(1982); Rankin Engineering Consultants (1994, 1997); Scott Wilson Piésold (2003); and
WLPU Consultants (1983)). Based on the available data and the author’s knowledge of

the subject matter, the author has evaluated the data compiled by previous specialists.

Technical aspects of the successful siting of production boreholes in the aquifer (refer to
Chapter 2.9), and a characterisation of the aquifer based on borehole (down-the-hole)

geophysical investigations (refer to Chapter 2.10), are also detailed in Chapter 2.

Chapter 3 focuses on the hydrogeological character of the dolomitic aquifer under
investigation and incorporates the principles and conclusions discussed in Chapter 2.

Topics contained in Chapter 3 include the general hydrogeological conditions, depth to
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groundwater, aquifer transmissivity, recharge calculations, aquifer storativity and

sustainable yields.

In Chapter 4 the construction and application of the numerical model is discussed.

In order to calculate the aquifer parameters, data from the Mpongwe Development
Company (MDC) has been used. This data includes rainfall figures, abstraction volumes,

water levels, geology, soils, evaporation, and plant growth information.

The MDC currently abstracts groundwater for irrigation purposes. The MDC land under
irrigation spans two sub-catchment areas. These catchments are referred to as the
eastern and western aquifers. Currently, approximately 12 300 000m?® and 13 000 000m?

of water is abstracted annually from the eastern and western aquifers respectively.

In the eastern aquifer, groundwater is currently abstracted directly from a sinkhole (Lake
Nampamba) and eight production boreholes drilled into the dolomitic aquifer. In the
western aquifer, water is released from the Ipumbu Dam. The dam is fed by surface run-
off from rainfall and springs. Several dambo (wetland) areas occur on the Munkumpu
fault zone that forms the contact between dolomite and quartzite, which underlies the

[pumbu dam.

The relative contribution of rainfall and spring flow to the Ipumbu Dam is not known.
However, it is considered that spring flows supply the majority of the recharge to the
dam. For modelling purposes the author has accepted the assumption that all the
Ipumbu Dam water originates from springs that feed the dambo areas. It is believed that
this approach will yield the most conservative estimations in terms of sustainable yield

calculations.

Transmissivity values were obtained from two sources. The first source being aquifer
tests that were previously performed in the study area, and the second source being

aquifer tests performed during this hydrogeological study.

The aquifer tests conducted during this study were performed by conducting step

drawdown tests followed by constant rate abstraction tests. During the step tests three

Characterisation of the Dolomitic Aquifer in the Copperbelt Province, Northern Zambia 2



steps of one hour each were performed at increasing pumping rates. Following the three

steps, the recovery of the water level was monitored for one hour.

The pumping rate used during the constant rate abstraction test was determined based
on the results of the step tests. The transmissivities were calculated using the data
obtained during the pumping (Theis and Cooper-Jacob methods) and recovery (Theis-

Jacob method) phases of the constant rate aquifer tests.

The aquifer tests were carried out on ten boreholes. Five of these boreholes are existing
boreholes that had been drilled during the 1979 and 1981-1982 investigations (Landell
Mills Associates, 1978 and Macdonald and Partners Ltd., 1982). The remaining five

boreholes were drilled during this hydrogeological investigation.

The aquifer tests and aquifer parameter calculations performed by Landell Mills
Associates during the 1978 investigation took observation wells for boreholes IN3,
F2000, F14500, and D7400 into account. During this study, no observation boreholes

were monitored.

In order to be able to calculate the recharge to the study area, calculation methods
developed by Bredenkamp et al (1995) were used. Specific methods that were applied
include the Chloride, SVF, Equal Volume, and CRD methods.

The interconnectivity of the aquifers in the different sub-catchments was evaluated.
Based on the recharge to the area and the interconnectivity of the aquifers a maximum

sustainable yield was calculated (refer to Chapters 3.1 and 3.7).

No detailed water level monitoring data from the production boreholes is available.
Definite differentiation between the water levels in closely spaced boreholes indicates
the presence of small-scale compartmentalization in the dolomite. This is often a
problem in dolomitic areas and limits the long-term sustainable abstraction from an
aquifer. However, based on the high sustainable yields and long-term sustainability of
the boreholes and Lake Nampamba, the author concludes that no small-scale
compartmentalisation occurs in the area. This point is discussed in more detail in
Chapter 3.1.
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In order to substantiate all manual calculations a numerical groundwater model was
constructed. The numerical model is based on the actual observed data and calculated

aquifer parameters.

Due to the fact that the abstraction program as well as the natural factors such as
rainfall, differ significantly between the dry season (April to October) and the wet season
(November to March), the model was constructed in such a way as to be able to

distinguish between and simulate the influence of the two seasons.

The model was first calibrated in the steady state using the trial and error method for the
aquifer parameters without the external influence of the water abstraction. Calibration
using the trial and error method entails changing the model parameters such as
transmissivity, recharge, and storativity individually within realistic value ranges and
running the model. The correlation between the actual observed values, such as water
levels, can then be compared to those calculated by the numerical model. The
calibration of the numerical model is achieved once observed and calculated values

correlate.

Once the model was calibrated, the groundwater abstraction was incorporated into the
numerical model. This was achieved by installing abstraction wells in positions where
water is currently being abstracted from Lake Nampamba. Other data incorporated into
the model includes actual recorded rainfall and water level fluctuations, calculated
recharge percentages, transmissivities, and storage coefficients. The model is ten run in

transient state.

Further calibration or adjustments had to be made to the aquifer parameters in order to
obtain the best correlation between the observed water level fluctuations and the values
calculated by the numerical model. The level of confidence for the model was

determined by comparing the observed and calculated water levels in Lake Nampamba.

The numerical model was applied be simulating the influence of the current and
proposed future abstraction schedules on the groundwater levels and the sustainability

of the abstraction programs.
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Chapter 2 : General Site Conditions.

Chapter 2.1 : General Information.

The dolomitic aquifer of the Copperbelt Province occurs in the northern regions of
Zambia (refer to Figure 2.1.1). The aquifer is of particular importance to the copper
mines and farmers using irrigation, due to the large volumes of water contained within
the aquifer. Mention of the aquifer is made in various hydrogeological studies of the
copper mines situated within the region. However, specific hydrogeological information

such as water levels and dewatering programs from the mines could not be obtained.

For the purpose of this study, data obtained from a large-scale irrigation farm was used.
Four farms managed by the Mpongwe Development Company (MDC) abstract water
from the aquifer for domestic and irrigation purposes. These farms are Kabanga,

Chambatata, Kampemba, and Ipumbu.

The MDC forms part of the Commonwealth Development Company. As the name
indicates, the farms are located near the village of Mpongwe in the Copperbelt Province

of Zambia.

The general locality of Mpongwe is shown in Figure 2.1.1, and the locality of the four
farms and the associated infrastructure are detailed in Figures 2.1.2, 2.1.3 and 2.1.4.
Figure 2.1.2 indicates the relative positions of the Mpongwe and Munkumpu irrigation
areas (eastern and western aquifers). Figure 2.1.3 specifies the Kabanga and
Chambatata farms that together form the Mpongwe irrigation area and Figure 2.1.4

shows the Kampemba and Ipumbu farms that form the Munkumpu irrigation area.

In this paper mention is made of the eastern and western aquifers. The eastern aquifer
refers to the aquifer contained within the sub-catchment in which Lake Nampamba is
situated (refer to Figures 2.1.3 and 2.9.3.1). Using the WGS84 reference system Lake
Nampamba is situated at approximately X = 117 380, Y = -1 501 189. The western

aquifer underlies Ipumbu dam and the associated sub-catchment (refer to Figure 2.1.4).
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As seen in Figure 2.1.2, the Kafue River forms a natural groundwater flow boundary to
the West and to the North.

Currently groundwater is abstracted from a sinkhole (Lake Nampamba) in the dolomitic
aquifer and the Ipumbu Dam. The Ipumbu Dam is fed by a combination of direct rainfall,

run-off, and springs.

MDC irrigates a total of 4 150 hectares and abstracts approximately 12 300 000m® of
groundwater annually in the Mpongwe area. MDC releases approximately 13 000 000m?

of water from Ipumbu Dam annually for irrigation in the Munkumpu area.

MDC plans to expand the area of land under irrigation to a total of 6 500ha. Due to
operational problems with the 200ha pivots, it is intended to limit the pivot size to either
100ha or 150ha. This means that another 16 to 25 pivots will need to be added to the

existing infrastructure.

Detailed monitoring data is available from the MDC database. This monitoring data
includes daily rainfall figures from 1931 to December 2003, abstraction volumes, daily
groundwater levels at Lake Nampamba and the water level in the Ipumbu Dam for the
time period 1979 to December 2003. This data was analysed and is discussed in
Chapter 3.3.
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Figure 2.1.1: General Locality Map showing Zambia and the Mpongwe Study Area.
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General Locality Map showing Zambia and the Mpongwe Study Area

A general map indicating the position of the Mpongwe study area in Zambia.
The area is relatively easily accessable through a 2.5hr flight from Johannesburg
International Airport followed by a 1.5hr drive from Ndola to Mpongwe.

Mpongwe Study Area

Figure No: 2.1.1 February 2005
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Figure 2.1.2: Locality Map - Mpongwe and Munkumpu Irrigational Areas.
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Locality Map - Mpongwe and Munkumpu Irrigational Areas
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Figure 2.1.3: Locality Map — Chambatata and Kabanga Farms.
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Figure 2.1.4: Locality Map — Kampemba and Ipumbu Farms.
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Locality Map - Kampemba and Ipumbu Farms
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Chapter 2.2 : Topography.

The topography within the study area is gently undulating. The topographic elevations
are between 1 120 and 1 320 mamsl, and the topographical gradient ranges between
1:400 and 1:800. The topography slopes towards the northwest and the Kafue River.
Figures 2.2.1 and 2.2.2 show photographs that indicate the relatively flat topography of

the area and Figure 2.2.2 indicates the 200ha pivot area.

Figure 2.2.3 shows a two dimensional representation of the topography of the study
area. The topography was obtained using six topographical maps of the area, which all
form part of the Zambia topographical map series. The scale of the maps is 1:50 000.

The maps include:

o 1327B3
o 1327B4
o 1327D1
o 1327D2
e 1328A3
e 1328C1

Elevation on three of the maps (printed by the Director of Overseas Surveys, Tolworth,

Surrey, England between 1965 and 1985) is shown in feet above mean sea level.

Due to the fact that the maps were only available in hard copy, the author has digitised
the topographical contours, rivers and borders. Following the digitising, the elevations
associated with each digitised point were then converted to metres above mean sea

level (mamsl).

Digitising was performed using the computer software Surfer 8.00 — 11 February 2002
Surface Mapping Software developed by Golden Software, Inc. Conversion of the
elevation from feet above mean sea level to metres above mean sea level was done
using Windows Excel. The conversion factor between feet and metres was applied to

each digitised point. The conversion factor from feet to metres is: 1ft = 0.3048m.

Characterisation of the Dolomitic Aquifer in the Copperbelt Province, Northern Zambia 11



During digitising each digitised point is identified by X and Y coordinates. Elevations
were attributed to the two-dimensional digitised contour points. The X, Y and Z data
points were then used to construct a three-dimensional grid indicating the elevation at
each digitised point. The areas between the digitised points were interpolated in Surfer
using the Kriging method. The three dimensional topographical model of the study area

is indicated in Figure 2.2.4.

Kriging is an estimation procedure applied in geostatistics using known values and a
semi-variogram to determine unknown values (Dorsel and La Breche). Kriging was
named after the South African, D. G. Krige. The procedures involved in Kriging
incorporate measures of error and uncertainty when determining estimations. Based on
the semi-variogram used, optimal weights are assigned to known values in order to
calculate unknown values. Since the variogram changes with distance, the weights

depend on the known sample distribution.

Punctual or Ordinary Kriging is the simplest form of Kriging (Dorsel and La Breche). It
uses dimensionless points to estimate other dimensionless points, e.g. elevation contour
plots. In punctual Kriging, the regionalised variable is assumed to be stationary i.e. no
drift exists. This assumption allows for an estimate of an unknown value at point p, Yep,

to be calculated using a weighted average of the known values or control points:
Y, =D WY, (Eq2.2.1)

This estimated value will most likely differ from the actual value at point p, Yap, and this

difference is called the estimation error:

&p = (YE,P -Y,p) (Eq 2.2.2)
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Figure 2.2.1: Relatively Flat Topography of the Study Area.
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Relatively Flat Topography of the Study Area

The photograph show the flat topography of the study area.
The topographical gradient range between 1:400 and 1:800.

Figure No: 2.2.1 February 2005
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Figure 2.2.2: Relatively Flat Topography of the Study Area (200ha Pivot Area).
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Relatively Flat Topography of the Study Area (200ha Pivot Area)

The photograph show the relatively flat topography of the study area.

Note the 200ha pivot area. This is one of several such pivots on the |
MDC farms.

Note the dense natural plant growth in the undisturbed areas (Refer
to Chapter 2.6 for more information on the plant growth).

Figure No: 2.2.2

February 2005
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Figure 2.2.3: Topography of the Study Area.
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Figure 2.2.4: Three Dimensional Topography of the Study Area.
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If no drift exists and the sum of the weights used in the estimation is equal to one, then
the estimated value is said to be unbiased. The scatter of the estimates about the true

value is termed the error or estimation variance:

n

Z(YE,P - YA,P):‘Z

52 =42t (Eq 2.2.3)
n

S = ls? (Eq2.2.4)

The estimate and estimation error depend on the weights chosen. Ideally, Kriging tries to
choose the optimal weights that produce the minimum estimation error. In order to derive
the necessary equations for Kriging, extensive use of calculus is required - no detail of
how the equations are formulated is discussed in this document. Optimal weights that
produce unbiased estimates and have a minimum estimation variance are obtained by
solving a set of simultaneous equations. For simplicity and to illustrate the methodology
of Kriging, three unknown values, Y4, Y,, and Y3, will be used to estimate an unknown
value at point p, Yep. Three weights must be determined, W4, W,, and W3, to produce an

estimate. The Kriging procedure begins with the following three simultaneous equations:

Wy () + Wy (hy) + Wiy (hys) = y(hy,)
Wiy () + Woy (hy) + Wiy (hy) = y(hy,)
Wy (hy, )+ Woy (hsy) + Wiy (hys) = y (I ),)
(Eq 2.2.5)

where y(h”.)is the semi-variance between control points i and j corresponding to the

distance between them, h. Since h; = hj, the left-hand matrix is symmetrical, with zeroes
along the diagonal as the distance from a point to itself is zero. The values of the semi-

variances are taken from the known or estimated semi-variogram.
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To ensure that the solution is unbiased, a fourth equation is used:

W, +W,+W, =1 (Eq 2.2.6)

A fourth variable is also introduced, called the Lagrange multiplier, A, to ensure that the
minimum possible estimation error is obtained. Therefore, the complete set of

simultaneous equations is:

Wiy () + Wy (b)) + Wy (hy) + A = 7(h1p)

Wiy (hy) + Way (hy) + Wiy (hy) + A = 7(h2p)
Wiy (hyy) + W,y (hyy) + Wy (hyy) + A = y(hy,)

W+W,+W, =1
(Eq 2.2.7)
Separating these equations into matrix form yields:
y(hy)  y(hy)  y(hy) 1 W [ y(hy,)
y(hy) y(hy) y(hy) 1) AW\ y(hy,)
() y(hy) y(hy) 1 w; 7(h3p)
1 1 1 0 A 1
(Eq 2.2.8)

This matrix equation is solved for the unknown coefficients [W]. The values in matrix A
and matrix B are taken from the semi-variogram or the mathematical expression
describing its form. Once the individual weights are known, an estimation can be made

by:

Yy p = WY+ WY, + WY, (Eq 2.2.9)
and an estimation variance can be calculated by:

sz =Wy(h,)+Wy(hy,)+Wy(h,)+ 2 (Eq 2.2.10)
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The methods used in Kriging have an advantage over other estimation procedures as
the estimated values have a minimum error associated with them and this error is

quantifiable.

It can be concluded that Kriging allowed for an accurate representation of the
topography and the level of confidence of elevation data to be used during modelling is

considered to be sufficient.

Characterisation of the Dolomitic Aquifer in the Copperbelt Province, Northern Zambia 19



Chapter 2.3 : Rainfall.

The majority of the rainfall in the area occurs during the wet season (November to
March). On average the rainy season spans 150 days. The dry season occurs from April

to October and very little rain is experienced during this season.

Various sources of rainfall data have been identified by Landell Mills Associates (1979).

These include:

e Mpongwe Mission (dating from 1931/32 to 1978/79)

¢ St. Anthony’s Mission and Munkumpu School (dating from 1963/64 to 1978/79)

e Temporary rainfall stations set up by the Department of Water Affairs at
Munkumpu Gauging Weir (dating from 1962/63 to 1969/70)

e Other stations at Mukubwe Agricultural Station, Mukubwe School, Kafue-Nduberi,
and Mikata School (some dating back to 1955/56)

Since the Landell Mills Associates study, rainfall figures have been recorded by the
Mpongwe Development Company (MDC) at Mpongwe farm from 1979 to December
2003. This data is shown in Figure 2.3.2.

The long-term record from Mpongwe Mission is complete and consistent and provides
the most detailed information on long-term variations of rainfall over the study area. The
annual rainfall observed at the Mpongwe Mission between 1931 and 1979 is shown in
Figure 2.3.1. The Mission Farm, located just northwest of the MDC property, is now

owned by Mr. Archibald. The farm is shown in Figure B1, which is listed in Appendix B.

It is estimated that these two observation points are less than 5km apart.

The longest continuous rainfall record was recorded at the Mpongwe Mission. The
rainfall records indicate that the rainfall in the area is fairly consistent, with a slight seven
to ten year cyclic pattern. The average annual rainfall, calculated from the data recorded
at Mpongwe Mission farm, is 1 115mm. The annual rainfall displays a standard deviation

of 207mm at Mpongwe Mission for the periods 1931 to 1979.
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The 12-month period with the lowest recorded rainfall (635mm) occurred during April
1994 to March 1995. The most rainfall in a 12-month period (1722mm) was recorded
during April 1977 to March 1978.

The rainfall data indicates that only once during the recorded history, did five
consecutive years yield less than the average rainfall figures for the area. This occurred
between April 1969 and March 1974. A 12-month period between 1 April and 31 March

of the following year, with below average rainfall, is regarded as a “drought year”.

The rainfall occurrence statistics calculated by the author, based on the rainfall data

recorded between 1931 and 2003 are summarised in Table 2.3.1.

Table 2.3.1: Rainfall Statistics.

Occurrence Statistic

Maximum Rainfall over a 12 month period (1 April to 31 March) 1722mm
Minimum Rainfall over a 12 month period (1 April to 31 March) 635mm
Average Rainfall over a 12 month period (1 April to 31 March) 1115mm
Standard Deviation of Rainfall over a 12 month period (1 April to 31 March) 207mm
Recorded rainfall over a 12 month period with below average rainfall 54%
Recorded rainfall over a 12 month period that exceeds average rainfall 41%
Recorded rainfall over a 12 month period that achieves average rainfall 5%

The rainfall intensity was calculated by Landell Mills Associates (1979). Due to the fact
that the rainfall time span has been lost over time, the rainfall intensities cannot currently
be re-evaluated by the author and the values calculated by Landell Mills Associates
(1979) for the Mpongwe Mission record (1931 — 1979) are therefore summarised in
Table 2.3.2.

Table 2.3.2: Rainfall Intensity.

Occurrence 30 Minutes 1 Hour 2 Hours

Once yearly 28mm 38mm 46mm
Once in 5 years 41mm 53mm 63mm
Once in 50 years 56mm 74mm 89mm
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In Chapters 3 and 4, calculations are performed based on both the Mpongwe Mission
rainfall record (1931 to 1979) and the Mpongwe Farm rainfall record (1979 to 2003). The

author has evaluated the accuracy of performing calculations based on both the data

sets on the basis of stationarity.

Stationarity can be described as a condition of no systematical change in the mean and

no systematical change in the variance. In hydrological terms stationarity means that

except for cyclic or seasonal fluctuation, there is no permanent change in the record over

time (Cornelius and du Plessis, 1997).

Stationarity can be tested either visually or numerically. Visual tests include:

Cumulative mass plots: Cumulative data is plotted against time. In an ideal
record the data points will display a straight-line correlation. Any tendencies in
the rainfall records will be shown as deviations from the straight line.

Double mass plots: A rainfall record is plotted against another closely located
rainfall record. In this way periods of floods and droughts are likely to be
neutralised and a straight line should be observed in the case of stationary
records.

Cusum plots: A series of cusum statistics (Ck) is calculated for a record and
plotted against time. In effect, the cumulative deviations from the record mean
are calculated and plotted. In the case of a stationary record the resulting plot
should consist of a number of fluctuations around the zero line. Marked

deviations from this ideal pattern will indicate a loss of stationarity.

Several numerical techniques are suitable for the analysis of change point data. Three of

these are (Cornelius and du Plessis, 1997):

Splines: This technique attempts to fit polynomial functions of different orders to
different segments of a record.

Segmented multiple linear regressions: This technique attempts to solve the
change point problem by fitting different regressions to different segments of the

rainfall record.
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¢ Non-parametrical test for stationarity: This test is a non-parametrical version of a

test that relies strongly on an analysis of the cusum graphs.

To prove the correlation and stationarity of the two rainfall records the cumulative mass
plots method is employed. The cumulative rainfall of the two records over time is shown
in Figure 2.3.3. The figure indicates that there is no discernable difference in slope or
trend between the two rainfall records. This indicates stationarity between the two

records and calculations can be based on a combination of the two rainfall records.

Fitting a linear trend line to the two consecutive data sets indicates a near 100%

correlation.
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Figure 2.3.1: Annual Rainfall - Mpongwe Mission April 1932 — March 1979.

Characterisation of the Dolomitic Aquifer in the Copperbelt Province, Northern Zambia

24



Annual Rainfall - Mpongwe Mission April 1932 - March 1979

2000 T

1800 +

Average Annual
Rainfall - 1115mm

1600 §

1400 £

1200 +

1000 H H H

Annual Rainfall (mm)

800 £ —
600 £
400 +

200 §

&
,g\rrgb ,.5'» '\/
R R

R
& o
%QQ \9 \9 65

P & P AR ¢>

\% \'\' & &P '\'
«>°°“\ SR R R R
Date

'\' '\r '\r '\' Y
«>°°>‘ SRS &b IR R

’\ ('0cb /\'\r /\’b CS\O) /\’\ cs\cb

Figure No: 2.3.1

February 2005

Characterisation of the Dolomitic Aquifer in the Copperbelt Province, Northern Zambia.




Figure 2.3.2: Annual Rainfall - Mpongwe Farm April 1979 — March 2003.
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Figure 2.3.3: Stationarity of the Mpongwe Mission and Mpongwe Farm Rainfall

Records.
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Chapter 2.4 : Surface Drainage.

Despite the high rainfall volumes and high rainfall intensity, very few perennial surface

run-off structures exist in the study area.

The main perennial surface run-off feature in the area is the Kafue River. This river is
shown in Figures 2.1.2 and 2.4.1. The river is, on average, 10 to 20m wide and
reportedly more than 3m deep. Flow in the river is relatively slow due to the low
topographical gradients. No detailed flow records are available for the Kafue River in the

study area.

It is considered that the dolomitic aquifer contributes a major portion of the base flow of
the river. This presumption is based on the fact that very few tributaries to the Kafue
River exist and also due to the fact that the soil infiltration rate is higher than the rainfall
intensity. These factors, combined with the relatively flat topography (gradient ranging
between 1:400 and 1:800) lead to the conclusion that base flow contributes a large

portion of the river flow volume.

Scott Wilson Piésold (2003) suggests that base flow contributions to the Kafue River
from the dolomitic aquifer dominate during periods of low flow volumes (dry season)
based on observed increases and decreases in river flow volume in areas where it is

expected that the dolomitic aquifer intersects the river (refer to Chapter 3.1).

Few non-perennial or rainfall related run-off channels exist in the study area. Only one
rainfall related run-off feature exists in the area and feeds into the lpumbu Dam. The
feature is not indicated by the presence of an erosion channel or a “donga”, but rather
represents a wide (50 to 100m) surface depression. The floor of the surface depression

has a topographical height of approximately 3m below that of the regional topography.

Even though the rainfall intensity in the area is considered to be high (refer to Chapter
2.3) the rainfall does not exit the system directly in the form of surface run-off. This can
be attributed to the generally low topographical gradients and the fact that the soil
infiltration rates exceed the precipitation rates (Landell Mills Associates, 1979). The soil

characteristics are discussed in detail in Chapter 2.8.
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Wetland or vlei areas occur in the region. These areas are commonly referred to as
“‘dambo” areas. The dambo areas occur where surface depressions intersect the
groundwater table. In general, each dambo area is not very large in extent (less than
200m x 200m), however, in some areas the concentration of dambos is large and the

total affected area is quite substantial.

The recharge percentage from rainfall to the aquifer in the dambo areas is uncertain. It is
expected to be higher than the regional average due to the fact that the water is ponded

and also due to the relatively high infiltration rate of the surrounding and underlying soils.

Evaporation occurs from the dambo areas. Evaporation data available from the MDC
monitoring program at Mpongwe Farm for the time period April 1997 to April 2003
indicates that approximately 945mm of evaporation occurs annually. Evaporation is

discussed in Chapter 2.5.

It is likely that the dambo areas remain wet well into the dry season, due largely to
seepage along dambo edges. The seepage originates from slow sub-surface drainage

from the higher lying areas between the dambos.

A relatively low percentage of the annual rainfall leaves the system through surface run-
off and together with the high soil infiltration rate, the recharge percentage from rainfall in
the region is elevated. The recharge to the groundwater system is discussed in detail in
Chapter 3.5.
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Figure 2.4.1: Kafue River.
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Kafue River

The photograph show the Kafue River. The River is on average
10 to 20m wide and reportedly 3m deep. Flow in the river is relatively
slow. The River is the only perennial surface runoff feature in the

study area.

Figure No: 2.4.1

February 2005
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Chapter 2.5 : Evapotranspiration.

Evaporation losses in the study area are mainly derived from water held on vegetation
cover, from the phreatic zone and from the shallow ponding water in surface depressions
such as the dambo areas. As evaporation from the soil dries the surface, water is
abstracted through capillary action, allowing evaporation losses to continue until capillary

water is no longer available.

Very little evaporation data is available for analysis by the author. The annual and
monthly evaporation data as recorded by MDC is shown in Figures 2.5.1 and 2.5.2
respectively. It should be noted that this data reflects only positive net evaporation (total
evaporation minus rainfall greater than zero). Due to the high rainfall, which exceeds the
rate of evaporation during the rainy season, there is no positive net evaporation data for
these periods on record. Therefore, even though evaporation does occur during the
rainy season between rain showers, there is no data available on these evaporation

rates.

The reason why only positive net evaporation is recorded is not known, but could
possibly be due to problems associated with collecting the evaporation data during the

rainy season.

The author has calculated the average annual net evaporation for the periods April 1997
to April 2003 to be 945mm.

Figure 2.5.1 shows that the annual evaporation data declines during the months of April
to July. This is followed by a sharp increase in evaporation in August and particularly
September. This decline and increase can be contributed to the influence of the
temperature and number of daylight hours. During the months of April to July the
average daily temperatures and number of daylight hours decrease until the winter
solstice is reached on 21 June. During July, low temperatures and short days are
experienced. In August, the seasons turn and daylight hours become slightly longer and
temperatures rise markedly. During September, the daylight hours lengthen and

temperatures increase to those that are expected during the rainy season (summer).
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The potential evaporation from an open water surface, E,, can also be estimated using
various formulae (Penman, Turc and Blaney-Criddle equations) using meteorological

data, or by using evaporation pans with the appropriate correction factor.

The difference between estimated and actual evaporation is variable. These variations
are greatest during rainfall periods. This is possibly due to the difficulties encountered
when measuring evaporation during rainfall. The degree of exposure, location and

evaporation pan material can significantly affect the measured evaporation.

The available evaporation data as listed by Landell Mills Associates (1979) has been
analysed by the author, and the potential evaporation has been calculated. The
parameters used and results are shown in Table 2.5.1. The Penman equation was used
during the analysis. The calculation was made using Microsoft Excel and follows the

New Mexico Climate Center methodology (New Mexico Climate Center Website).

The calculated potential evaporation value of 1708mm/annum correlates well with the
evaporation values calculated by Landell Mills Associates in 1979. The comparative

values are summarised in Table 2.5.2.

In a simplified system the accuracy of the observed and calculated values can be

evaluated with a basic calculation using the equation:

Annual Rainfall = Total evaporation — net evaporation  (Eq 2.5.1)
=1 700mm/annum — 945mm/annum

= 755mm/annum

However, in Chapter 2.3, it was shown that the average annual rainfall is approximately
1 115mm/annum, indicating a 365mm/annum discrepancy. This means that either the
average annual rainfall is overestimated by 365mm or the average annual evaporation is

underestimated by 365mm, or a combination of the two.
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Table 2.5.1: Evaporation Calculations.

Parameter Unit Value

Maximum Temperature °C 36.10
Minimum Temperature °C -2.20
Maximum Humidity % 97.00
Minimum Humidity % 28.00
Elevation mamsl| 1320.00
Wind Speed Km/h 10.00
Barometric Pressure mb 873.74
Average Temperature °C 16.90
Minimum Saturated Vapour Pressure mb 59.77
Minimum Air Vapour Pressure mb 16.74
Maximum Saturated Vapour Pressure mb 5.19
Maximum Air Vapour Pressure mb 5.03
Actual Vapour Pressure at Mean Temperature mb 10.88
Saturated Vapour Pressure at Mean Temperature mb 32.48
Reflection Coefficient 0.21
Latent Heat of Vaporisation cal/g 586.00
Net Radiation cal/cm?/day 317.25
Slope of Saturated Vapour Pressure Curve mb/°C 1.22
Psychometric Constant mb/°C 0.58
Penman Potential Evaporation mm/day 4.68
Penman Potential Evaporation mm/annum 1708.00

Table 2.5.2: Comparative Evaporation Rates.

Evaporation Calculation Method Evaporation (mm/annum)
M. Prinsloo (2004) Penman 1708

Penman 1793
Landell Mills Associates

Turc 1488
(1979)

Blaney-Criddle 1750
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The author considers the rainfall data to be accurate. Based on this consideration, the
uncertainties surrounding the methodology used during the recording of the evaporation
data, and the non-recording of evaporation during the rainy season may be reasons for

the 365mm discrepancy.

It is the opinion of the author that the shortcoming in the evaporation data and the
subsequent 365mm discrepancy lies mostly with the non-recording of evaporation data

during the rainy season. This opinion is discussed below.

Based on the recorded data the average net evaporation during the dry season is
945mm. Taking into consideration that very little to no rainfall occurs during the dry
season, it can be assumed that the total evaporation during the dry season is equal to
945mm.

Based on an average dry season time span of 210 days, the evaporation rate equates to
4.5mm/day. The rainy season is on average 150 days. Using the dry season rate of
evaporation, it can be calculated that 675mm of evaporation could theoretically occur
during the wet season. The daily evaporation rate during the rainy season would,
however, be influenced by the higher temperatures that would increase the evaporation
on the one hand, whilst the increased humidity and rainfall would decrease the

evaporation on the other hand.

There is, however, not enough meteorological and other data available to substantiate

this opinion with scientific calculations.

Due to the uncertainties surrounding the evaporation data collection, and the non-
collection of evaporation data during the rainy seasons, the author recommends that the
evaporation data is not included in the water balance calculations, as this would

negatively influence the confidence level of the calculation results.
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Figure 2.5.1: Recorded Annual Evaporation Data.
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Recorded Annual Evaporation Data
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The Figure indicate the recorded net annual evaporation. The average recorded net annual evaporation is calculated to be 945mm.
Net evaporation is defined as the total evaporation minus the rainfall. MDC records only positive net evaporation. This occur only during the dry season (Refer Figure 2.5.2).
Although evaporation occur during the rainy season, it is exceeded by rainfall, and is not recorded by MDC.

Figure No: 2.5.1 February 2005
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Figure 2.5.2: Recorded Monthly Evaporation Data.
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Recorded Monthly Evaporation Data
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The Figure indicate the recorded net monthly evaporation as measured at Mpongwe.

The net evaporation is defined as the total evaporation minus the measured rainfall.

During the dry season (April to October) a positive net evaporation exist due to the fact that very little to no rainfall occurs while evaporation continues.
During the wet season (November to March) a negative net evaporation exist due to the high rainfall. MDC records no evaporation values for those months.

Figure No: 2.5.2 February 2005
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Chapter 2.6 : Plant Growth.

The area is in general covered by Brachystegia — Tulbernardia (Miombo) woodland
(Landell Mills Associates, 1979). The dominant species is Brachystegia, with tree trunk
diameters varying between 15 and 35cm (refer to Figures 2.6.1 and 2.6.2). The average
tree density is approximately 500 trees per hectare. Grass cover found between the
trees is widespread. In several areas, the tree cover is broken by the presence of

dambos.

Miombo, or Miombo woodlands, are the largest continuous dry deciduous forests in the
world (approximately 2 800 000km?). They extend across much of central, eastern and
southern Africa, including Angola, DR Congo, Malawi, Mozambique, Tanzania, Zambia

and Zimbabwe.

Authors such as Landell Mills Associates (1979) and The Community Based Natural
Resource Management Network (ongoing study), which undertook a wide study of
African water resources, concluded that the trees have had to adapt themselves to the
amount of water available throughout the year, and have done so over a period of many
years. They have developed root systems with long taproots that can easily draw water

from a depth of up to 7m or more. Root depths of up to 40m have been reported.

The woodland is deciduous, losing most of its leaves and becoming semi-dormant during
the dry season. The trees come into fresh leaf in September and October, often before
any precipitation has occurred. The main growth period is confined from December to

May.

The soil and climatic characteristics are such that agricultural plants such as mealies,
wheat and coffee grow easily in the area. Yields from these crops are above average for
African conditions and the MDC is one of the largest suppliers of agricultural crops in

Zambia, as well as in Africa.

Characterisation of the Dolomitic Aquifer in the Copperbelt Province, Northern Zambia 36



Figure 2.6.1: Species Brachystegia.
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Species Brachystegia

The Figure indicate an example of Brachystegia.

Figure No: 2.6.1 February 2005
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Figure 2.6.2: Natural Vegetation in the Study Area.
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Natural Vegetation in the Study Area
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The photograph indicate the natural plant growth in the study area. Plant growth predominantly consist of Brachystegia woodland and grassland.
On average there are 500trees/ha in undisturbed areas. The grass is thick and can be up to 2m tall.

Figure No: 2.6.2

February 2005
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Chapter 2.7 : Geology.

Anglo American Corporation performed a detailed geological investigation over the past
three years. Application was made to Anglo American Corporation on behalf of MDC to
obtain the data for the 2004 hydrogeological study. Anglo American Corporation
approved the application and the data was made available. The geological maps
resulting from the Anglo American Corporation investigation (1327D & 1328C) are

shown in Figure 2.7.1.

The Mpongwe limestones and dolomites form part of the Upper Roan Group of the
Katanga Supergroup. The surrounding formations are generally regarded as Lower
Roan sandstones. However, schists have been encountered within the limestone and
dolomite areas. An inlier of Lower Roan exists in the centre of the limestone and

dolomite block at Mpongwe (refer to Figure 2.7.1).

To the west, at [pumbu Farm, the Munkumpu Fault zone forms a sharp contact between
the limestone and dolomite to the east and meta-sedimentary silliclastic rocks or

quartzite that underlies Ipumbu Farm.

North-south and east-west geological cross sections, constructed by the author, are
shown in Figures 2.7.2 and 2.7.3 respectively. The cross sections are based on water
borehole log data. Due to the fact that there is no data available for the Ipumbu Farm,

the cross sections are limited to the Mpongwe area.

The limestone in the study area varies from pure white crystalline marble and dolomitic
marble with saccharoidal texture to blue grey crystalline limestone to darker blue-grey
argillaceous limestone often with a streaky texture and a variable degree of micaceous

banding.
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Figure 2.7.1: General Geology of the Study Area.
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General Geology of the Study Area
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Figure 2.7.2: North-South Cross Section through the Eastern Aquifer.
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North-South Cross Section Through the Eastern Aquifer
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The Figure indicate a north-south geological cross section through the Eastern Aquifer.

The position of the cross section as well as the vertical and horizontal scales are indicated. The cross section is based on data obtained from the water borehole

geological logs. Due to no data being available for the Munkumpu Irrigation Area, this is not included in the cross section.
The exact shape of the schist inlier is not known and was interpreted as near as possible based on the water borehole geological data.

Figure No: 2.7.2

February 2005
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Figure 2.7.3: West-East Cross Section through the Eastern Aquifer.
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West-East Cross Section Through the Eastern Aquifer
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The Figure indicate a west-east geological cross section through the Eastern Aquifer.

The position of the cross section as well as the vertical and horizontal scales are indicated. The cross section is based on data obtained from the water borehole
geological logs. Due to no data being available for the Munkumpu Irrigation Area, this is not included in the cross section.

The exact shape of the schist inlier is not known and was interpreted as near as possible based on the water borehole geological data.

Figure No: 2.7.3 February 2005
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Several types of schist can be recognised:

e Light blue grey calcareous schist

e Silvery brown highly micaceous schist

e Dark blue-grey schist, almost slate

e Green quartz-mice schist

e Grey-green schist

o Light greenish white schist with a soapy texture

e Black pyretic schist

The schistose rocks cannot be easily classified and stratigraphically related due to the
lack of sufficient outcrop. However, hydrogeologically the schist behaves as a

homogeneous unit and is interpreted as such.

Structural information can only be compiled from areas of natural outcrop. Outcrop areas
are limited in the Mpongwe area and are largely confined to areas of limestone around
the high lying plateau. Landell Mills Associates (1978) measured the orientation of the
foliation in the schist in several borrow pits in the area. No other structural features were

observed.

The outcropping limestone and dolomite foliation is usually visible. Extensive jointing

occurs in the limestone and dolomite.

The limestone and dolomite beds display a generally shallow dip ranging between 5°
and 20°, to the northwest or north-northwest. At Lake Kashiba the dip is as steep as 40°

to 50°, but it still maintains the regional general strike direction.

Following Landell Mills Associates (1978), evidence of folding is very limited in the area

and is only observed in two areas:

1. Lake Kashiba — very small-scale flow folds in more argillaceous and highly

foliated bands of limestone.
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2. The Chibili pavement displays small-scale drag folds and slightly larger folds with
a wavelength of 2 to 3m. The axis of these folds trend at approximately 260°. The

hinge line of the folds is near vertical.

Large scale folding of the area is uncertain. Major folding patterns would be more easily

identifiable in the schist, however, limited outcrops in the area prevent any interpretation.

Jointing is common within the limestone and dolomite. Three major joint sets, all near

vertical, are distinguished:

1. The dominant joint set with an orientation of 160°.
2. A secondary joint set with a 220° to 230° orientation.

3. A secondary joint set with a 270° orientation.

The principal joint set in the area is 160° and controls the orientation of Lake Nampamba
(refer to Figures 2.7.4 and 3.1.2). Age relationships of the joint sets are not clear due to

little offset between the different joint sets.

Evidence of extensive fracturing within the limestone and dolomite is found in the
geological logs of the boreholes. The majority of the high yielding boreholes displayed
significant fracturing of the limestone. Fracturing in the limestone is conductive for
chemical weathering due to the fact that the fractures act as preferential pathways for

groundwater flow. This will enhance the solution of the dolomitic geology in acidic water.

Outcrops at Lake Nampamba and Lake Kashiba display highly fractured and linear
zones (refer to Figures 2.7.4 and 2.7.5). Calcite and quartz veining is common (refer to
Figure 2.7.6).

Due to the extensive soil cover the relationship and contact zones between the schist

and the limestone are not clear.

Please refer to Figures 2.7.7 to 2.7.9 for photographs of some of the most prominent

limestone and dolomitic lithologies in the study area.
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Figure 2.7.4: Major Joint Set near Lake Nampamba.
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Major Joint Set near Lake Nampamba

The Figure show the dominant joint set that occur in the study area.

Strike direction is 160 degrees (north-northwest to south-southeast).

This is the same strike direction as Lake Nampamba (Refer Fig 3.1.3)

and that of other linear outcropping that occur in the area (Refer Fig 2.7.5).
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Figure No: 2.7.4 February 2005
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Figure 2.7.5: Linear Outcropping of Dolomite near Lake Nampamba.
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Linear Outcropping of Dolomite near Lake Nampamba

The Figure indicate linear outcropping near Lake Nampamba.
The lineation follow the major strike direction of 160 degrees
(north-northwest to south-southeast) that occur in the study area,

Figure No: 2.7.5

February 2005
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Figure 2.7.6: Quartz Veining in the Dolomite.
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Quartz Veining in the Dolomite

Quartz Veining

Figure No: 2.7.6

February 2005
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Figure 2.7.7: Fractured White to Pink Limestone associated with High Yielding

Areas.
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Fractured White to Pink Limestone associated with High Yielding Areas

Example from Borehole MDP10A of the Fractured White to Pink
Limestone Associated with high Yielding Areas.
The larger drill chips average 3-5cm.

Figure No: 2.7.7 February 2005
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Figure 2.7.8: Sandy Limestone.
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Sandy Limestone

Example of the Sandy Limestone from Borehole MDP10A.
Note the sandy texture in comparison with Figure 2.7.7 that
indicate the Fractured White to Pink Limestone.

Figure No: 2.7.8 February 2005
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Figure 2.7.9: Fractured and Weathered Limestone with Laterite.
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Fractured and Weathered Limestone with Laterite

Example of the Fractured and Weathered Limestone. Example
from Borehole MDP10A. Note the smaller chip size in relation to
Figure 2.7.7. There is little to no sand present in the drill samples.
The brown nodules is Laterite.

Figure No: 2.7.9

February 2005
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Chapter 2.8 : Soils.

An in-depth soil investigation has been carried out by Landell Mills Associates (1979).
The soil cover overlying the limestone and schist areas is generally shallow, with an

average depth of 8 to 12m. In some areas the soil depth reaches 35m (borehole E5000).

Rock outcrops can occur in the form of massive boulders of unweathered limestone or

quartz, around which the soil can be several metres deep.

The soil characteristics influence the hydrological cycle as the characteristics influence
water absorption, retention and infiltration. Considerable information is available on the

soil types and soil characteristics to a depth of 2m.

The Zambian Department of Agriculture has performed extensive exploratory work in the
study area. Landell Mills Associates (1979) refers to Tate And Lyle Technical Services

Ltd. (1978) who also carried out a detailed soil investigation in the area.

Class 1 and Class 2 soils were identified and cover approximately 63% of the study
area. These soils are suitable for agricultural purposes. The remaining 37% of the area
is covered with marginal or unsuitable soil for agricultural purposes. The suitable soil

types are described as follows:

e Class 1: Deep, well drained, dark reddish brown clay loam to clay over dark red
clay.

e Class 2: Deep, well drained, dark reddish brown sandy clay loam and clay loam
over yellowish red clay loam and clay. The soil possesses a high clay content

(30-40%). This however, does not impair the drainage characteristics.

From slaking tests, the Class 1 and Class 2 soils are shown to be very stable. Slaking
tests are performed by placing soil fragments or aggregates in water and estimating the
degree of slaking (disintegration when combined chemically with water). The lighter,
sandier soil on the central plateau area associated with the schist is markedly less stable
than the Class 1 and 2 soils. A very stable soil will have a good resistance to impact from

falling rain, and is less likely to break down into fines which then block the drainage
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pores, creating an impervious surface skin and accentuating run-off during the latter part

of rain storms.

The infiltration rate determines whether or not surface run-off will take place. Tate & Lyle
Technical Services Ltd. performed ring infiltrometer tests in selected areas during 1978.
Ring infiltrometer tests are performed in order to determine the rate of infiltration of fluid
into soil. From this infiltration data the permeability of the unsaturated soil can be

calculated.

Double or single ring infiltrometer tests can be performed (Brand, 2003). During double
ring infiltrometer tests two open cylinders are driven into the ground, one inside the
other, and partially filled with water. The volume of water added to the inner ring to
maintain a constant water level is a measure of the volume of water that infiltrates the
soil. The purpose of the outer ring is to promote one-dimensional vertical flow into the

soil.

During single ring infiltrometer tests only a single ring is inserted into the ground (refer to
Figure 2.8.1).

Infiltration rates are calculated using the following equations (Brand, 2003):

Downward flow rate:

i = i, TrP/m(r+x)? (Eq2.8.1)
Where:

i = downward flow rate (L/t).

in = last drop infiltration rate (L/t).

r = radius of the infiltrometer ring (L).

X = lateral extent of the wetting front (L).
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The depth of the wetting front can be physically measured or calculated using the

equation:
L = yr? / nTr(r+x)>? (Eq2.8.2)
Where:
L = depth of wetting front (L).
Vi = cumulative water level decline (L).
r = radius of the infiltrometer ring (L).
X = lateral extent of the wetting front (L).
n = Porosity that can be filled (dimensionless).

Finally, the long-term infiltration rate is calculated using:

Ky = iwk / Z+L-hye (Eq 2.8.3)
Where:

Ky = long-term infiltration rate (L/t).

i = downward flow rate (L/t).

z = average depth to water in the infiltrometer ring during test (L).

L = depth of wetting front (L).

hwe = water entry value for soil.

The tests performed at Mpongwe in 1978 incorporated test areas in both undisturbed
woodland soil and soil in the farming area. The results indicate that the infiltration rate is
likely to exceed the rate of precipitation. This is subject to the condition that free
drainage is not impaired, as the soil becomes water logged. Once free drainage is

impaired, the infiltration rate will reduce.

The recorded depths of infiltration in Class 1 soils range between 260 and 460mm over
a six-hour period. Infiltration rates average at 130mm for the first hour of the six-hour
period. The rates decrease to approximately 40mm during the last three hours. The rates
are higher for the Class 2 soils. Unfortunately, the specific data has been lost over time

and is not available for evaluation by the author.
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The field capacity of a soil is the volume of water retained after free drainage (seepage
due to gravitational pull) has taken place. This moisture is retained in small pore spaces
by capillary attraction, and as a film around individual soil particles. The field capacity of
a soil is therefore to a large extent dependent on the porosity and the grading of the soil

particle sizes.

Wilting point is the quantity of soil moisture at which the capillary and surface adhesion
forces are greater than the soil suction forces exerted by plant roots. Wilting point is
determined as the water remaining in the soil at a suction pressure of 15 atmospheres.
In shallow soil layers water depletion will continue beyond the wilting point since
evaporation is still active. Deep soil layers, however, are not affected by direct
evaporation and will remain at the wilting point. The water potential of the soil reaches its
minimum possible water content at the wilting point. The minimum wilting point depends

on the physiological attributes of the plants that grow in the soil.

The soil characteristics at Mpongwe have been determined to be (Landell Mills
Associates, 1979):

Field Capacity = 290mm/m
Wilting Point =185mm/m

If it is assumed that the average water retaining properties of the soil apply throughout
the depth of the entire study area, the volume of rainfall recharge held in the soil can be

estimated.

It is considered unlikely that the soil moisture content will reduce to near wilting point

capacity below 2m in depth during an average rainfall year.

The high density of woodland cover and the fact that growth does not appear to be
limited indicates that Brachystegia species are capable of abstracting transpiration water

from considerable depths.

Assuming an average depth of 2m, and a soil moisture content that has declined to

wilting point capacity at the end of the dry season, the rainfall required to raise the soil

Characterisation of the Dolomitic Aquifer in the Copperbelt Province, Northern Zambia 54



moisture content from wilting point to field capacity is approximately 105mm/m or
210mm (Landell Mills Associates, 1979). This, in addition to the evapotranspiration
demand of the woodland, gives an indication of rainfall required before recharge to the

underlying aquifer can occur.
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Figure 2.8.1: Single Ring Infiltrometer Test.
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Single Ring Infiltrometer Test

The volume of water added to the inner ring to maintain a constant
water level is a measure of the volume of water that infiltrates into
the soil.

The steel ring promote vertical flow into the soil.
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Figure No: 2.8.1

February 2005
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Chapter 2.9 : Surface Geophysical Investigations.

Three documented geophysical surveys have been carried out in the Eastern Aquifer
area. The first survey was held during 1978, the second during 1982, and the third
during 2004. The aim of the investigations was to scientifically site boreholes for

production purposes.

Chapter 2.9.1 : Geophysical Survey of 1978.

During 1978 Landell Mills Associates performed an extensive geophysical investigation.
This included:

e 91.1km of electrical resistivity profiling

e 145.5km of magnetic profiling

e 145.5km of radiometric profiling

e 538 Vertical Electrical Soundings (VES)

The original data is not available and can therefore not be shown and independently
evaluated by the author for this study. Landell Mills Associates (1978) compared the
geophysical data to the results of the drilling program. The main conclusions reached by
Landell Mills Associates are discussed below. The main findings and interpretations of

the investigation are summarised in Table 2.9.1.1.

A large degree of electrical resistivity overlap occurs between water bearing limestone
(30 to 300Q.m) and the weathered and unweathered schists (50 to 400Q.m).

One is unable to distinguish between the schists and the water bearing limestone, using
only the VES method.

Due to the electrical overlap, the resistivity traversing performed was unable to

discriminate between the water bearing limestone and schists.

A study of the magnetic and radiometric profiles indicated that these methods are also

unable to distinguish between the two main rock types.
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Table 2.9.1.1: Interpretation of the Geophysical Survey of 1978.

Simplified Geological Simplified Geo-electrical Succession

Succession

Soil and superficial deposits. Red soil sometimes with quartz pebbles. This also
includes ferricrete, laterite and the transition zone
between soil and the underlying rock.

Resistivity range from 1 000 — 6 000Q.m. Infrequently
exceeds 6 000Q.m. In a few places the range is less

than 200Q.m.

Schist. Marginal

between 50 - 400Q.m - usually between 100-200Q.m.

aquifer / aquiclude. Resistivity range

Mineralised schist. Acts as a conductor. Resistivity less than 10Q.m

Partly weathered limestone. Marginal aquifer. Resistivity range from 300 to

1 400Q.m, usually in excess of 1 000Q.m.

Crystalline  limestone  with
development of fractures and

karst features.

Aquifer. Variable thickness - in places in excess of

60m. Resistivity range between 100-300Q.m

Weathered argillaceous

Aquifer. Variable thickness - in places in excess of 50-

limestone.

60m. Resistivity range from 30-110Q.m

It was noted that once the geological boundary between the schist and the limestone
was identified, the VES method was capable of delineating the water bearing structures

within the limestone.

It was concluded that lateral changes in resistivity typical of a karst environment could be

clearly identified from field data.

From the calibration soundings performed by Landell Mills Associates (1978) it was
concluded that the optimum resistivity range for water bearing karstic limestone ranges
between 100 and 300Q metres. The resistivity of the water bearing argillaceous

limestone ranges between 30 and 110Q metres.
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It was concluded that the identification of the schist — limestone boundary is of utmost
importance. Once the boundary has been identified the use of the VES method will allow

the selection of borehole sites to be made with confidence.

Chapter 2.9.2 : Geophysical Survey of 1982.

During the 1982 investigation (Macdonald and Partners Ltd.) it was decided to perform
additional VES soundings in the Eastern Aquifer area. In addition, a limited amount of
resistivity profiling was planned even though this profiling was not recommended in the
1978 study results. The investigation covered the southern borehole field where the
MDP boreholes occur and extended to include a small sinkhole approximately 4km east

of Kabanga Farm.

The results of the VES investigation are summarised in Appendix B. The survey
positions are indicated in Figure B1. Note that the coordinates indicated on the figure do
not reflect the WGS84 system that has been used for all the other coordinates in this
report. The coordinate system used by Macdonald and Partners Ltd. (1982) cannot be
identified with certainty. Therefore, the positions of the survey points could not be
accurately transferred to a more recent map produced by the author and the figure was

thus copied from the original Macdonald and Partners Ltd. report.

During the electrical resistivity investigation the Wenner array was used. For a Wenner
array survey, two current electrodes and two potential electrodes are placed in line with

each other, equidistant from one another, and centered on an arbitrary selected location.

The apparent resistivity computed from the measurements of voltage, AV, and current, i,
is given by the relatively simple equation (Colorado School of Mines, course notes,
2004):

P, = 2ﬂaAl (Eq 2.9.2.1)
i

By plotting the apparent resistivity versus the electrode spacing, the resistivity variation

with depth can be interpreted.
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The Wenner array is relatively sensitive to vertical changes in sub-surface resistivity
below the centre of the array. However, it is less sensitive to horizontal changes in sub-

surface resistivity.

Compared to other arrays, the Wenner array has a moderate depth of investigation
(Loke, 2000). The median depth of investigation is approximately 0.5 times the “a”
spacing used. Electrode spacing for the 1982 investigation ranged from 5 to 200m. It is

calculated that the theoretical depth of investigation ranges between 2.5 and 100mbgl|.

An electrode spacing of 100m was used during the 1982 profiling survey, resulting in a

theoretical depth of investigation of 50mbgl.

The results of the investigation (MacDonald and Partners Ltd., 1982) are summarised as

follows:

Accurate values of bedrock resistivity were obtained from the results of the investigation.
However, it was much more difficult to define the depth of the bedrock. When plotted,
results should lie on or close to sections of smooth line in order to be able to match the
data. In many result sets the curve sections were too short and any matching that was
done was highly subjective. In other cases the curve gradients were too steep to be

matched against the existing standard curves.

The problems with interpreting resistivity data may be attributed to two sources:

1. Near surface laye