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Abstract

Groundwater Recharge Estimation in Table Mountain Group Aquifer Systems

with a case study of Kammanassie Area

Y.Wu
PhD Thesis

Department of Earth Sciences

K ey words: Hydrogeology, hydrogeochemistry, topography, Table Mountain Group,
Kammanassie area, groundwater recharge processes, recharge estimation, mixing
model, chloride mass balance, water balance, cumulative rainfall departure

The Table Mountain Group (TMG) sandstone is a regiona fractured rock aquifer
system with the potential to become the major source of future bulk water supply to
meet both agricultural and urban requirements in the Western and Eastern Cape
Provinces, South Africa The TMG aquifer including Peninsula and Nardouw
formations comprises approximately 4000m thick sequence of quartz arenite with
outcrop area of 37,000 km? Groundwater in the TMG aquifer is characterized by its
low TDS and excellent quality.

Based on the elements of the TMG hydrodynamic system including boundary
conditions of groundwater flow, geology, geomorphology and hydrology, nineteen
hydrogeological units were identified, covering the area of 248,000km?. Limited
studies focused on recharge have been carried out in the TMG area in the past 10
years. The results were estimated as high as up to 55% of precipitation. These high
estimates of TMG recharge recently postulated by some groundwater specialists
raised huge media coverage on the groundwater potential of TMG.

In order to estimate realistic recharge rates of the TMG aquifers and to understand the
impacts of climatic changes on recharge and large scale groundwater development,
six conceptual recharge models were developed; three major groups of topographic
features identified, in which different recharge processes and groundwater regimes
occur. The tendency, periodicity and anomalous events of climate were analysed in

the Kammanassie area



After a detailed discussion of influences of time lag, actua recharge area and
storativity of the aguifer in question, the recharge rates were estimated in the
Kammanassie area from 1994 to 2002 using mixing model of chloride mass balance,
cumulative water level departure versus cumulative rainfall departure, regression of
cumulative spring flux and water balance methods. In this study, much lower recharge
estimates are obtained. The estimated recharge rates are 1.182.03%, 0.24-7.56%,
3.29-4.01% and 2.32-4.4 % of the precipitation, respectively. Even in the same area,
the results are largely different using different methods. To fill the gaps in the
different results, the estimated recharge rates from each method were integrated in
order to qualify the recharge rates using the weights of the different methods. The
integrated rates indicated 1.63%-4.75% of the precipitation as recharging the aquifer
in the Kammanassie Mountain area from 1994 to 2003. For the Peninsula Aquifer in
the Vermaaks River, the budget of 3D numeric ssmulation model confirmed that the
recharge rate could not exceed 1.96% of the rainfall at steady state. The results were
further corroborated by the 16%%-3.30% of the annual precipitation for 95%
confidence interval. This has significant implication on the water supply strategy for

the Kammanassie area.

Water balance approach to the spatia distribution of recharge in the TMG area is
adopted based on evapotranspiration and runoff models. The average recharge rate is
29.74mm-at in the TMG area. The highest recharge rate is 137.4mm-a related to
Mean Annual Precipitation (MAP) of 1842.06 mm-al; the lowest recharge rate is
0.72mm-a” related to MAP of 163.51mm-a™. The regions of the recharge rate more
than 35mm-a’ occur in the hydrogeological unit 5, 6, 8 and part of the
hydr ogeological unit 17. The other areas are smaller than 35mm-a’L The recharge rate
is a nonlinear positively proportiona to the MAP. Most high recharge percentages
are related to rainfall of 300 to 1100mm-a’. The recharge percentage would be less if
precipitation is greater than 1100mm-a™ or less than 300mm-a. Lower recharge
estimates for the TMG suggest that the caution must be taken when a water supply
strategy isformulated for the TMG area
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Abbreviations and Notations

Notation in literatures

c, average chloride concentration of the groundwater

m chloride mass flux

? total water potential

A recharge area or area of catchment

a thermal diffusivity of the aquifer

Ay total area of drainage

Aptotal areaof the basin

A¢ area of basin floor

b rate of increase in surface temperature

C pore water chloride concentration

Codo heat capacity of the water

Ccy concentration of chloride in the groundwater

Ckp, chloride concentration in precipitation

Clgw chloride concentration in groundwater

Clgy chloride concentration in groundwater at the water table

Clip average chloride concentration in interstitial flow below the basin floor
Cl;; average chloride concentration in regiona interstitial flow between basin floors
Clp, precipitation weighted chloride concentration

Cl; chloride concentration of the runoff

ClI, chloride concentration of the runoff water to the basin floor

Clgy chloride concentration in soil moisture

Cl; average chloride concentration in the ground water

Cl chloride concentration in the unsaturated zone

cq heat capacity of the aquifer

Crrrecession constant controlling the rate of decline of the groundwater level
D dry chloride deposition

D average depth of the aquifer

D hydrodynamic dispersion coefficient

D rate of addition within the aquifer



D S current depth of soil water

E evaporation

E:(t) evapotranspiration

ETgw evapotranspiration

ETust €vaporation from the unsaturated zone

F volume of the i th flow path within the sample divided by the total volume of the
sample

FC field capacity

Fw avector in aplane

h sampling depth of the water

h tota depth of the aquifer

H total thickness of the aquifer

K hydraulic conductivity of the soil matrix

K(?) the unsaturated hydraulic conductivity

LINRES Linear reservoir Module

Maxil maximum intercept loss

n aquifer porosity

P annual precipitation

P precipitation

P(t) precipitation

Pa representing an open aquifer system

P effective precipitation

P; rainfall for month i

P athreshold value representing aquifer boundary conditions
g interstitial ground water recharge flux rate

g volumetric water flux

g cme is the water flux calculated using CMB

Q isthe deposition of airborne chloride

Q(t) runoff

Qy.y the pumpage from the element

Qa net discharge or abstraction from the groundwater system
Qg surface flow

Qg-1* D asummation of the decay of previous groundwater contribution

g water flux of thei th flow path



g actual water flux of the sample

Qix*i rainfall induced flow increment

Qip recharge through interstitial pores in the basin floor
Qioss SEEPagE

Qnp recharge through macropores in or near the basin floor
Qout Natura outflow

Qp groundwater abstraction

Qsflux of spring in catchment

Qu total recharge through the basin floor

r runoff

r fraction of a CRD which contributes to recharge

r run-on flux from the catchment area

R recharge rate

RE groundwater recharge to the aguifer system

RE recharge

R4(t) recharge

RExy1) recharge per element, which could either be from rainfall, from ariver
crossing the element, or from irrigation

REe+ effective recharge

REs recharge upstream of the measuring point

RE representsthetotal recharge

Rs rainfdl

Rip recharge ratio in interstitial flow below the basin floor
Rir recharge ratio concentration in regional interstitial flow between basin floors
Rmy recharge ratio in macropore flow in the basin floor
RO run-off

Rp percolation of soil moisture

Rsm moisture flux (mm-yr?)

Rem moisture flux (mm-yr?)

R; tota rechargeratio

Rt atotal rechargerate

R tota recharge

S aquifer storativity

S surface run-off

vi



SATFLOW Saturated Flow Module

SMD soil moisture deficit

SOMOS soil moisture Module

Sxy aquifer storativity, which also indicates spatial variation
Sy specificyield

t time

T aquifer transmissivity

To surface temperature before surface warming

taaverage age

T total chloride content

Tptotal atmospheric chloride Deposition

TG the natural thermal gradient

TM total moisture content

T total moisture content

Ts time since the water infiltrated

Tx and Ty aquifer transmissivity in the x and ? direction

v vertical groundwater flux

W width of the cross section

X,y refersto the spatial distribution

z depth (taken as positive when measured downward)
zdepth co ordinate

z vertical space coordinate

ao porosity of the aquifer at the water level

? h change in water level in the aquifer

? h water level change during month i

? t time increment over which the water balance is executed
?V changein saturated volume of the aquifer

? At) change in volumetric water content

? volumetric water content;

2 volumetric water content of thei th flow path within the sample.
? radioactive decay constant

? correlation coefficient

? filtration velocity vector (actual mean velocity times porosity)

Vii



u averagevaueof u

? matrix potential
?2(?) matrix potential

? 1. average chloride concentration in macropore flow in the basin floor

Notation in this study

X arithmetic mean

Xinervar CONfidence interval
GMV geometric mean

Ch average drawdown related influence radius [L]
A recharge area or catchment area[L 9

B groundwater catchment area[L?]

C in chloride concentration of interflow [ML 3, mg-¢~

c chloride concentration [ML 3, mg-¢ ]

Co regression constant [no dimension]

Ca chloride concentration of runoff [ML™, mg-¢

C chloride concentration of hypodermic runoff [ML ™3, mg-¢™]
Cailluvial (st deposit) zone [ML 3 mg-¢™

Ca interflow from illuvial zone [ML 3 mg-¢7

Cz chloride concentration of infiltrating water [ML> mg- ¢}
C. chloride concentration of sheet flow [ML 3, mg-¢7

C concentration of chloride values of aquifer storage [ML™3, mg-¢™]
Cgychloride concentration of groundwater [ML™3, mg-¢ ]

Cqchloride concentration of old storage water in aquifer [ML 3, mg-¢?]

CN curve number
C,, concentration of chloride values of abstraction from pumping [ML 3, mg-¢?]
Cr chloride concentration of rainfall [ML™3, mg-¢™]

C:r concentration of chloride values of rainfall [M L3, mg-/™]
CRD cumulative rainfall departure[L]

Cs chloride concentration of surface water [ML 3, mg-¢™]

viii



Cyconcentration of chloride values of indirect recharge [ML3, mg-¢Y]
r density of water [ML ]

E(t) actual evapotranspiration [L]

fc coverage of vegetation

fi factor of intensity of rainfall C;=h/T;

fs soil factor

fy vegetation factor

H yHarmonic mean

h, rainfall lasting time [T]

P precipitation [L]

P(t) precipitation[L]

pdt) periodicity item

Q abstraction [L3]

q i specia flow of spring [L°TY

Qg evapotranspiration of subsurface flow [L°T™]
Qs amount of regional water [L3T™]

Qi total infiltration to the unsaturated zone [L °T%]
Qoui total outflow such as spring flow [L3TY
Q, monthly abstraction [L3T™

Q; amount of rainwater [L 3T

Qra recharge to the deep aquifer [L3TY
Qvindirect recharge volume [L3T™]

r coefficient of slope, rechargerate [LT™]

R influence radius, R? t [L]

R(t) direct runoff [L]

Ra extraterrestrial radiation [MT 3, MIm?2 d?
Re(t) Groundwater recharge [LT™]
sstorativity



Abbreviations

B3¢ Ccarbon-13

14C Carbon-14

80 Oxygen-18

’H Deuterium

%Cl Chloride-36

3H Tritium

as.m.| above sea mean level

C/S Cedarberg Shale

CFC Chlorofluorocarbon

CMB Chloride mass balance

CNC Cape nature Reserve

CRD Cumulative rainfall departure

CWB Channel Water Budget

CWB Channel Water Budget

CWD Cumulative water level departure

DRASTIC model name is derived from depth-to-water table, net recharge, aquifer
media, soil media, topography, impact of vadose zone and conductivity (hydraulic).
DWAF Department of Water Affairs and Forestry

EARTH Extended model for Aquifer Recharge and moisture Transport through
unsaturated Hardrock

EV-SF Equal volume-Spring Flow
GD Groundwater dating

GIS Geographical Information Systems

GM Groundwater Modelling

GMW.L Global Meteoric Water Line

KKRWSS Klein Karoo Rural Water Supply Scheme
Klein Karoo namely Little Karoo

MAP Mean annua precipitation

MAR Mean annual runoff

MWL Meteoric Water Line

NGDB National Groundwater Database

pmC Percent modern carbon



REGIS Water Resources and Geographical Information Systems database in
Department of Water Affairs and Forestry

SAWS South Africa Wesather Service

SVF Saturated V olume Fluctuation

TMG Table Mountain Group

UFM Unsaturated Flow Modéel

UFM unsaturated flow modeling

WB Water Baance

WM watershed modeling

WR90 Water Research Commission Flow datain 1990 (published in 1994)
WRC Water Research Commission

WTF Water Table Fluctuation

WTF Water Table Fluctuation
ZFP Zero FHux Plane

Notation of strata

C-Pd Dwyka: Tillite, sandstone, mudstone, shale
Dbi Bidouw: Shale, siltstone, sandstone

Dc Ceres: Shde, sandstone

DI Lake Mentz; Shale, sandstone, diamictite

Dt Traka Shale, siltstone, sandstone

Dw Witpoort: Quartzitic sandstone, siltstone, shale
Je Enon: Conglomerate, sandstone

JK Kirkwood: Mudstone, sandstone, conglomerate
Kb Conglomerate: sandstone

Ks Sundays River: Sandstone, mudstone, shale
N-? Cape Granite Suite: Biotite granite, porphyritic granite
N-?g Biotite granite: granodiorite

Nbi  Bridgetown Suite: Altered igneous rocks

Nbr Brandwacht, Greywacke

Nf Franschhoek: Quartzite, conglomerate, date

Ng Grootderm Suite: See N's, Nh, Nnu, Nho

Nga Gamtoos: Limestone, phyllite, granulestone, quartzite

Xi



Nk Kango: Sandstone, shale, conglomerate, limestone

Nka Kaaimans: Quartzite,phyllite, schist

Nkl Klipplaat: Schist

Nno Phyllite, greywacke, quartzite, dolomite

Np Piketberg, Phyllitic shale, greywacke, limestone

Npo Porterville: Phyllitic shale, greywacke, limestone, arenite
Nty Shale, greywacke, quartzite

Ny Diorite, gabbro

N-? k Kuboos Granite: Porphyritic granite

N-? m Porphyritic bictite granite

N-?s Porphyritic bictite granite

N-?w Porphyritic granite

Op Graafwater, Piekenierskloof : Quartzitic sandstone, shale
Ope Peninsula Skiereiland: Quartzitic sandstone

Pa Adelaide & Estcourt: Mudstone, sandstone

Pf  Fort Brownn: Shale

Ppw Whitehill, Prince Albert, Prins Albert: See Ppr, Pw

Pr Laingsnurg, Ripon, Vischkuil, Collingham, Whitehill and Prince Albert:
Sandstone, shale

Pt Tierberg: Shae

Pwa Waterford:Sandstone, shale

Qsc Quaternary aeolian sand

Qst Quaternary Aeolian sand

Sn  Nardouw, Cedarberg, Sederberg and Pakhuis. Quartzitic sandstone, shale, tillite
Tg Grahamstown: Silcrete

T-Qb Bredasdorp: Limestone, sandstone, conglomerate
TraTra Shale, siltstone

?cc  Mamesbury Group

?Qg Biotite granite, granodiorite

?k  Sandstone, conglomerate, shale

?kn Shae, sltstone, sandstone, limestone

Xii
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Chapter 1

I ntroduction

11 BACKGROUND

The Table Mountain Group (TMG) sandstone is aregional fractured rock aquifer with
the potential to be major source of future bulk water supply to meet both agricultural
and urban requirements in the Western and Eastern Cape Provinces in South Africa
The TMG aguifer mainly consists of sandstone, shale and quartz arenite that are
exploited extensively for agricultural purposes. The largest groundwater supply from a
fractured rock aguifer system in South Africa is taken from Kammanassie Mountain
region found in the TMG aquifer systems (Cleaver et a., 2003). There has been
limited research into the aguifer systems, especialy with respect to recharge
estimation, until now.

Although groundwater recharge is widely recognised as the key factor in determining
the sustainable management of groundwater resources, less comprehensive study of
groundwater recharge of the TMG aquifer systems has been undertaken yet. The
ultimate aim of this study is to improve the understanding of the recharge processes
and to quantify recharge rates, which is one of the critical issues regarding the
sustainable development of the TMG aquifer systems. The understanding of factors
influencing recharge, such as climatic, geomorphological and hydrogeological settings,

is of paramount importance to accomplish the ams of the current study.

In order to estimate redlistic recharge rates of the TMG aquifers and to understand the
climatic impacts on recharge, conceptual recharge models need to be developed. These
models should account for an improved understanding of recharge mechanisms and

processes at the various geomorphological settings and under changing climatic
conditions.



1.2. OBJECTIVESOF THE RESEARCH

The study has the following three objectives:

=  Quantification of realistic recharge rates and the processes of recharge in the
TMG aguifer system in the Kammanassie area;

= Evaluation of the sensitivity of recharge rates to rainfall patterns (spatia and
temporal patterns) with a focus on understanding the impacts of climatic
changes on groundwater recharge; and

= The use and development of innovative techniques to assist in recharge

estimation in the TMG aquifer systems.

To achieve the ams, the TMG aquifer systems were subdivided into hydrogeol ogical
units based on climate, geology and hydrogeological characteristics. For confirming
the hydrogeological conceptual model within the hydrogeological units, a
hydrogeochemical conceptual model was used to quantify and qualify the relationship
between rainfall, surface water, springs and the water in shallow, local and regional
aquifers. The focus of the study is on recharge mechanisms and recharge estimation
within the TMG area. The study evaluates recharge processes and recharge estimation
methods in the TMG aquifer systems. The recharge estimation was illustrated with
case studies. In particular, the study addressed the following issues:

1) Cross-calibration of recharge estimation techniques;
2) Spatia and temporal variability of recharge;

3) Impact of climatic change on recharge in the Kammanassie area.

The results of the study attempts to improve our understanding of the functioning of
the TMG aquifer systems. In thisway, it contributes to the sustainable devel opment of
apotential bulk water supply source in the Western and Eastern Cape Provinces.



1.3SITE SELECTION

The study includes the TMG area, with special emphasis on the Kammanassie area.

The Kammanassie area was selected for the following reasons:

a) It represents a typical area with tectonic characteristics, hydrogeologic settings
and climatic regimes,

b) Availability of relatively comprehensive data sets; and

c) A relatively well-documented conceptual hydrogeological model for the area.

Severa previous studies in the region have provided a good source of background
information (Kotze, 2000, 2001 and 2002). The outcrops of the TMG in the study area
generally occur in mountainous terrain and valleys. The cold and hot springs occurred
in the Kammanassie area did assist in constructing a hydrogeological conceptual
model.

Several management problems have occurred during the abstraction from the Klein
Karoo Rural Water Supply Scheme (KKRWSS) since 1984. These included over-
abstraction, decline in borehole efficiency and iron-oxidizing bacteriologica clogging
of some of the borehole screens. The main concern was that the production capacity of
boreholes would decrease and nearby springs at the Cedarberg Shale (C/S) band in the
Kammanassie Mountains would run dry, even the ecosystem would be shifted. It is
important that the hydrogeological conceptua model and water balance are better

understood in order to answer most or all of the following questions:

= How much information about flow and recharge can be revealed from
hydrogeochemistry and groundwater level fluctuation in the production
boreholes?

= What are the recharge processes and the realistic groundwater recharge rates in

the study area?



Chapter 2
Approach and M ethodology

A comprehensive approach to understanding the TMG recharge was adopted. The
research dealt with both temporal and spatial variability of groundwater recharge.
Existing recharge estimation methods were reviewed in light of their applicability to
the TMG aquifers.

The study incorporated the following main steps in the research approach:

Desk study

Datacollation

Fieldwork

Interpretation of hydrogeological and hydrogeochemical data
Conceptualisation and classification of recharge processes at different scales
Identification of appropriate estimation methods

Calculation of recharge rates and comparison of results within a case study

21DEX STUDY

2.1.1 Review
The desk study involved areview of al relevant available information, including:

A literature review on recharge mechanisms and estimations in fractured rock
aquifer.

A literature review of previous studies of the TMG aquifer includes geological
and hydrogeologicad maps and reports, remote sensing images, recharge
researches and other databases, which are Department of Water Affairs and
Forestry (DWAF), South Africa National Groundwater Database (NGDB) and
REGIS Database, Geographica Information Systems (GIS) of Cape Nature
Reserve (CNC) and Water Research Commission (WRC) WR90 Flow data.



2.1.2 Data collection

Time series data were captured from National Groundwater Database (NGDB) and
REGIS Database at Department of Water Affair and Forestry (DWAF), South Africa;
Geographical Information Systems of Cape Nature Conservation (CNC) and Water
Research Commission (WRC) WR90 Flow data.

The rainfall samples for chloride concentrations from 2003 to 2004 were collected
from three new monitoring stations at the Purification Works in Dysselsdorp. The
samples of boretole water, surface water, interflow, spring flow and soil were
collected from the field study. The chemical constituents of the samples were

analysed by Bemlab located in Somerset West, Western Cape Province of South
Africa

2.1.3 Data collation and analysis

During the data collection, it was noted that data sets, such as rainfall data, spring
flow data and monthly chemical data, were often incomplete, which must be patched
up for scientific calculation. Some data were incorrect due to unclear print or decimal
missing, which must be estimated scientifically. The format of the data sets is
different in the different database, which must be harmonized.

2.1.3.1 Treatment of missing data

The missing data were interpolated and an analogy was conducted as follows:

I nterpolated method

If a time series is incomplete in a period, the data have occasion to estimate
intermediate values between the available data. The most common method used for
this purpose is polynomia interpolation including (a) first-order (linear connecting
two points, (b) second-order (quadratic or parabolic) connecting three points, and (c)
third-order (cubic) connecting four point (Chapra and Canale, 1998). In this study, the

first-order version is used to estimate the missing data in a time series. The simplest
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form of interpolation is to connect two data points with a straight line. This technique,
cadled linear interpolation, is depicted graphicaly in Figure 2.1. Using triangles
(Chapra and Canale, 1998),

F(0) - F(x) _ f(x)- F(%)
X- % X=X

which can be rearranged to yield

£00) = 1 (xg) + ) TO0) (21)

0

f(x) &

f{x1)

f1{x)

f(x0)

-

KXo X A K
The shaded areas indicate the similar triangles used to derive the linear-inter polation
formula [equation (2.1)] (After Chapra and Canale, 1998)

Figure 2.1 Graphical depiction of linear interpolation
Analogy analysisand linear regression inter polation method
Suppose atime series: tq, to, B3, 4, ts, tg ..., tha, th,
There is monogamy observation (measured) value here:
Station A: f1, fiz, fi3, fia, fis, fi6, ..., fin1, Fin,

Station B: fy; (unknown), fx(unknown), fas, fos, fos, fos ... , f2n-2(unknown) ,
fan(unknown) .



The analogy analysis is depicted graphically in Figure 2.2. The shaded areas are the
plots of the observation value. The fit line (solid line) is derived by regression analysis
fromt, to thq, and there is significant correlation by F-Test. The data on the dash line
need to be estimated. The equation of fit line is written as:

fo(t)=kf1(t)+c (2.2)
hence, the missing value of f21, f22 , f2n-1 @and f2n may be estimated as:

fo=kf11+c, fo=kfio+c, and

fon1=Kf1 natc, fa=kfp+c.

fa(t) 4

f2(ta) o

f2(to1)

faz(tz)
f2(t1) o

*
f1(t)
The shaded areas indicate the measured data plots used to derive the linear

fi(t1) fi(tz) fi(ta-1) f1(ta)

regression interpolation formula [equation (2.2)]. The solid line is fit line. The data
on the dash line need to be estimated.

Figure 2.2 Graphical depiction of linear regression interpolation
2.1.3.2 Statigtical analysis
The statistical analysis methods used in the study include the arithmetic, geometrical

and harmonic mean, standard deviation and coefficient of variation (refer to Neter et
al., 1988).



Arithmetic mean

The equation for the Arithmetic mean( X ) is:

X (2.3

Dos

x=1
N

W
58

The mean has a number of unique properties including
(@ the sum of the values of a set of itemsis equal to the mean multiplied by the

number of items:

ax =nx

i=1

(b) the sum of the deviations of the X; values from their mean X is zero:

n
[o]

a(X;- X)=0

i=1

(c) the sum of these squared deviationsis aminimum when A= X :

5 (X, - A)? isaminimum when A=A
i=1

Geometric mean

The equation for the geometric mean is:

GM; = ¥y Yo Vo (2.4)

The harmonic mean is undefined for a data set that contains zero or negative value.

Harmonic mean



The equation for the harmonic mean (H,) is:

1_1g1 25)
Hy na VA

The harmonic mean is undefined for a data set that contains zero or negative value.
Standard deviation

The most commonly used measure of variability in statistical analysis is called the
variance. It is a measure that takes into account all the values in a set of items.

The variance s? of a set of values X1, Xo, ..., X, is defined:

é (Xi - Y)2

The standard deviation is a measure of absolute variability in a set of items.
Frequently, the relative variability is a more significant measure. The most commonly
used measure of relative variability isthe coefficient of variation. The positive square

root of the variance is called the standard deviation and is denoted as by s:

s=s 2.7)

Coefficient of variation is the ratio of the standard deviation to the mean expressed as

a percentage:
s

C =100~ (2.8)
X

Therefore the error would be introduced in the recharge estimation using different
mean value. There are large errors when the concentrations of chloride are between x'

+s to X'+3s, so the chloride mass balance method is unfit to calculate the recharge
rate under the conditions.



2.1.3.3 Analysis of confidence

The confidence interval is a range on either side of a sample mean. Confidence is a
function of alpha, standard deviation and size. Alpha is the significance level used to
compute he confidence level. The confidence level equals 100 (1 - apha)%, or in

other words, an alpha of 0.05 indicates a 95 percent confidence level.

Population standard deviation for the data range is assumed to be known. Size (n) is
the sample size. If we assume apha equals 0.05, we need to calculate the area under
the standard normal curve that equals (1 - apha), or 95%. This value is + 1.96. The

confidence interval is therefore:

X interval = Y * 196(%) (29)

When the sample size n exceeds 15, for adesired 1-a confidenceinterval L, £h £U,,

select the largest integer r that does not exceed (Neter et al., 1988):

05[n+1- z(1- a /2)vn] (2.10)
2.1.34 Error analysis

The relationships between time series of rainfall data and time series of water level
fluctuation, spring flow and chloride concentrations of the borehole water were
analysed statistically using correlation analysis, regression analysis, auto-regression

and trend analysis. An F-Test was carried out in cross-correlation analysis.

The error analysis was conducted according to the influence factors of recharge rate.
For example, the chloride mass balance mixing model method is dependent on the
recharge areas. The errors are discussed in comparison with different recharge aress,
such as the catchment area, the area related to the hydrogeological boundary, the area
affected by pumping and an assumed elongated area. The echarge estimates from

method of cumulative water level departure versus cumulative rainfal departure are

10



dependent on storativity. Therefore, the error analysis concentrated on the variation of
storativity including its confidence.

Recharge estimates with water balance approach are dependent on multiple factors
(i.e. temperature, soil parameters, vegetation type, cover rate and rainfall parameters).
The error analysis of the estimates is made according to the interva analysis (Moore,
1966) as follows:

Suppose | (R)isaggregate of recharge estimates for an interval, the classical intervals
St is
I(R)={[a,b] | aEb,abl R}

If &=b

a=[a, g iscaled as point interval
Suppose two intervals | ,J T 1(R),
| =[a,b], J =[c,d]

then, arithmetic operation

[a,b] +[c,d] =[a+c,b+d],

[a,b]- [c,d] =[a- c,b- d],
[a,b] :[c,d] =[min( ac, ad,bc, bd), max(ac,ad, bc,bd)]

él 1y

[a,b]/[c,d] =[a,b] "ol

0l [c,d]
For 1,J,KT I(R),

[2(j+K)T 1:3+1.K

The recharge rate range can be calculated following the above steps.

11



22FIELD WORK

A detailed list of the fieldwork performed in this study is presented in Appendix 1. It

can be categorised as follows:

Geomorphological investigations using satellite images
Hydrogeologica surveys

Borehole water, surface water, spring sampling in the Vermaaks River
Wellfield

Sail sampling

Setting up monitoring rainfall stations

Rain water collection
2.3CONSTRUCTION OF CONCEPTUAL MODEL SOF RECHARGE PROCESSES
At different scales, the structural geology and topography play a significant role in

understanding the recharge processes and mechanisms. A framework for assessing

recharge processes in the study areaisillustrated in Figure 2.3.

Rechar ge processes

_________________________________ t -

Hydrogeological units

%’<\\

| Geology“ Geomorphology|| Vegetation| Soils | Hyd@mology| | Hydrogeochemistry|

> 2] I [%) (4]
§- < £ 4] = S 4 2| g Ba
© = S §_ D 5 c = slle2
5|8 ol | & % S S 13 | 8|28]|e=
Bl 3 S| |F a R EREEREE
& s ol |+ || S

Figure 2.3 A framework for study of rechar ge processes



24RECHARGE ESTIMATION

An approach of cross-calibration of the following set of methods was adopted to
quantify groundwater recharge rates:

Tracer techniques: Chloride Mass Balance (CMB) method;

Catchment Water Balance techniques, e.g. the Spring V olume Fluctuation
(SVF) method; and

The Cumulative Rainfall Departure (CRD) method by Bredenkamp et al.

(1995) and Xu and Van Tonder (2001) and the Extended model called Rainfall
Infiltration Breakthrough (RIB) by Xu and Beekman (2003).

Verification of a numeric model ssimulation

A comparative study in the case study area enabled the testing of various methods and
approaches to recharge estimation. A framework for the recharge estimation is
illustrated in Figure 2.4. In this study, the CMB method is discussed in detail because
the method has been widely applied to estimate groundwater recharge in semi-arid
regions, especialy in South Africa

| Quantification of groundwater recharge |

| Casestudy | | Spatial distribution |
| | |
| MultipleTretechnique~3| | CRD || Water Balance| GIS

| 12H,180| | 14, 13C| |CFC | | WEM | | SVF ||Evapotranspirationrunoff model|

Figure 2.4 A framework for study of recharge estimation

A mixing model based on the CMB method was constructed for estimating recharge
rate. Figure 2.5 shows the framework for the mixing model based on the study of

13



hydrogeochemistry. The framework includes four steps, which are literature study,

field study, interpretation of chemical data and constructing conceptual model and

modelling.
Mixing model of chloride for recharge estimation
General concept Literature Study
|
[ |
Review Methodology
I |

— | e ——————— .:

Physical model Field study .
1 I :
| | | ;
' | Hydrogeological setting Hydrogeol ogical background | :
1 [ | :
| Structure and lithology Mineral, soil, rainfall and water i
; | [ :
| | :
| Sampling and analysis .
Suiyatiietpaigly I I T II I .‘:.:t:_'_‘E
| LT Hydrogeochemistry :
p— S
| General Evolution Statistics
; [ [ [ ;
| Piper Process Relationship |
: Fingerprint Reaction Autocorrelation |!
: plotter Species i

Modelling and # |

calculation {| Hydrogeochemica model '
! | !
| Mixed model :
\ [ i
: Recharge '
i PR !

Figure 2.5 A framework for study of mixing model
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25SENSTIVITY OF RECHARGE ESTIMATES

A research methodology was developed to address the impact of climatic change in
areas with various geomorphological characteristics, in the Kammanassie area.
Geomorphological characteristics, relevant to groundwater recharge, of different areas
of the TMG aquifer systems was classified within a GIS framework. Changes in
climate and rainfall patterns and frequencies were related to aquifer recharge within
the Kammanassie region. Influence factors of recharge such as temperature, soil,
vegetation and rainfall intensity were examined and analysed. A framework for the
sensitivity analysis of the recharge estimates isillustrated in Figure 2.6.

Sensitivity of recharge estlmates|

Climatic changes ' rphology

| Temperature change | | Ralnfallpattern Evapotranspiration || Runoff |

2]
£
£
S
2
o
2
8
=

Periodicity
Altitude

Figure 2.6 A framework of approach to sensitivity analysis of recharge estimates
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Chapter 3

Literature Review

Quantification of recharge is prerequisite for the assessment of groundwater
resources. Yet it is impossible to measure recharge directly at a catchment and
regional scale, especially in hard rock areas. Although there are various well-
established methods for the recharge estimation (Lerner et a., 1990), few can be
applied successfully to the TMG area. Assessment of groundwater recharge is one of
the key challenges in determining the sustainable yield of TMG aquifers, especially in
the Kammanassie where people are concern about negative impact on the National
Park. The recharge rates are generaly low in comparison with annua rainfall or
evapotranspiration, hence research efforts are still needed to determine them
precisely. This review focuses on the recharge estimation methods,; the relevant
literature related to the subtopic was incorporated in the each suktopic. Here is not

given unnecessary details.
3.1REVIEW OF RECHARGE ESTIMATION METHOD S
3.1.1 Overview of recharge estimation

Most of the classification methods focus on the unsaturated and saturated zones and
approach to the recharge, including direct measurement and indirect estimation, which
are constructed by Darcy’s Law or water balance. Beekman and Xu (2003 classified
the recharge estimation methods based on spatial scale and technigue method as

follows:
- Hydrogeological provinces. regions of similar climate and geology with similar
geomorphic history. For example, aluvia fans and riverbeds, sand and sandstone

and volcanic areas (Lerner et a., 1990);

- Hydrological zones. atmosphere, surface water; and unsaturated and saturated zones
(Bredenkamp et al., 1995; Beekman et al., 1999 and Scanlon et al., 2002); or
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- Physical and Tracer approaches: direct versus indrect, water balance and Darcyan
physica methods; and chemical, isotopic and gaseous tracer methods (Lerner et a.,
1990; and Kinzelbach et a., 2002).

An overview of commonly used recharge estimation methods is given in Table 3.1.
The methods were grouped according to hydrological zones. A brief description of the
principles, formulae, limitations and references is given for each method. Methods
referring to surface water and the unsaturated zone estimated the potentia recharge,
whereas methods referring to the saturated zone estimated the actua recharge. A
review about choosing appropriate technique for quantify groundwater recharge,
including the applicable space and time scales, the range of recharge rates that have
been estimated with each technique, the reliability of the recharge estimates, and
important factors that promote or limit the use of a particular technique was presented
(Scanlon et al., 2002). Methods that have great potential to forecast recharge are those
which have established relationships between rainfall, abstraction and water level
fluctuations, such as the CRD, EARTH, Auto Regression Moving Averages and
empirical methods. Critical in reliable forecasting of recharge is the accuracy of
forecasting rainfall in terms of frequency of events, quantity and intensity. Note that
the accuracy of forecasting recharge is further complicated by the non-linearity of
groundwater resources in their response to rainfall (Beekman and Xu, 2003).

A review of commonly used methods in semi-arid Southern Africa is presented in
Table 3.2. Methods were evaluated in terms of applicability and ratings (Beekman and
Xu, 2003). The ratings themselves are mainly based on the authors experience. They
should be treated with caution since they are subjective by nature. Table 3.2 highlights

the following:

All methods can be used in large ranges of flux. Most methods are only
applicable at small scales. Some methods are used for short periods of time,
which may not reflect the groundwater regime related to recharge.

The CMB method can be used in the unsaturated and saturated zones at scale
with arange from 0.1m? to 10 000m? from years to thousands of years (spatial
scales range from ~200 mto several kilometres, Scanlon et d., 2002).
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Table 3.1 Outline of estimation methods of rechargein literature

Zone Method Principle Formula® Limitations Ref.
h Stream  hydrograph - separation: Groundwater recharge (Q;) is fundion of input (1) and output (O), the general Ephemerdl rivers, related to numerical
Hydrograp outflow balances recharge minus| form s model. Storativity is sendtive. Water | 11, 31,
- separation evapotranspiration and Q.=f (I, 0) table contour is not easy to obtain. O | 32
= abstraction 9 ' and | values are difficult to control.
q% Recharge derived from Flow measurements areinaccurate.
& Channel Water | difference in flow upstream and
w—
= downstream  accounti for
3 Budget | eccounting REs = Ry —ROgft - ET o 7
evapotranspiraion, in  and
(CWB) outflow and channed storage|
change
R=DSFC; R=DPF*(DS+C); R=CREC*(SFC)*DS/SC; Many estimation models must be
Difference in  flux  between ReCr+{b (DS O} RC (0 FO b R = | il - DS’ compared. It|sc?|ff|cu|t-to oon?rol. <.1ata
Lysimeter rainfall and seepage proportional ' TR el W% ’ quality and their spatial variability. | 4, o
o recharde ! Thisis ineffective for hard rock area
® 9 IHACRES modd: R=P*(DS-FC)** C-Q; R=CRAK* (P-Q-E)*DS/SC; GSFB
5 model; ARBM model; R=BFI/(1-BFI)*Q.
N - -
B Unsat. Flow Mod. Unsaturated flow smulation eg. o p asly Poorly ) known rda_“c.)nmlp bet.ween
© (UFM) / Richards' | by using numeria solutions to — =K@ )(é—- & hydraulic conductivity — -moisture| 5
5 : . dt & dz &i content
ﬁ Equation Richards eguation
5 Subsurface heterogeneity; periods of
Changes in soil moisture storage high infiltration; there is a problem
t2 t2
Zero Flux Plane | peiow zero Fiux Plane (=zero when flux is low. Poorly known| , o o

(ZFP)

vertical

proportional to recharge

hydraulic  gradient)

F(2)=(@dt = ga th)- @(t2)|dz
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Table 3.1 continued

Longterm atmospheric  deposition

; Chlaid M Ba -
Q Environmental aice e ance TD*TM unknown.  Chlorine recydling in| 1,289
o] Profiling: drainage inversely F%m( = . .
N (CMB) . ] °) TC biosphere and atmosphere is not| ,35
proportional to Cl in pore water
8 rtiond to Cl at
— known.
g Verticad digtribution of tracer as Presnt °H levdls are  dmod
L tAri ~al - i stributi
5 Historical: Ko 0 o Hy undetectable, °H is lost in other ways| 1,2,
- . a result of activities in the past RE(%) = -—=200
5 Tritium profiles e, %C) H, or °H water has penetrated beyond the | 8,9
' soil.
Deep (multi-layer) aguifer; sensitive
i =rCRD =S |Dh +(Q_ + AS
Cum ulative Water evel response \T/rith 1= S,[0n +(Q, + Qu)/(AS)) oS
rainfall departure | proportiond  to  cumulative ) 2,3
. cro=4p-B.- L 4 pl
(CRD) rainfall departure e g RiG gt
(O]
c
8 Water Bal Et and Qt ae theoreticd;
er ance i
Based hydrologic cycle water
-§ yereoae Re(t) = P(t) - Et(t)- Q(t)- Dq(t) Dq(t) should be equd to zero, 30
© (WB) balance and climate dlements
2
@ Lumped  digtributed  model 11 parameters are required.
% simulating water level| RE=f (Maxil, SOMOS, LINRES, Satflow) Poorly known S,.
= EARTH fIgduﬁtions ‘ by - coupling RE = S(ht _ CRh[»l) 5 8
5 climatic, soil moisture and
37; groundwater level data for pe + Rp +RE + Qd =P
estimating recharge
Water Table Water level response Infoutflow and S, usualy unknown
Fluctuation proportional to RE=aR+b 2
(WTF) recharge/discharge
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Table 3.1 continued

© T Longterm atmospheric depositiqn
8 Chloride mass balance: amount R, == " u_nknown. Chlorine feCVd”.‘g in
\ N Cl o biosphere and amosphere is not
-8 '8 of Cl into the system balanced by dE dF known. 1268
° = Environmental | 500t of out of the system s=Q+D,Nx =—¥*=R o
2 5 (CMB) . 9 32
5 = for negligible surface| h
g runoff/runon fixp =JF, JFW _ o . g-Rr'F.= g LAer
=] R % Ty 0
Groundwater . . Time consuming; poorly known
. Recharge inversely derived from W dh, ; i vty it
Modelling . . RE =Tx—x— 3651000 mm/a ransmissvity;, - senstive - to) 2,8
GM numerical modelling average A d boundaries.
( ) I T and S vaues are usudly derived by
| f th groundwater flow and calibrating assuming steady state condiitions.
nverse o the 1o hydraulic heads / groundwater Mh 9 Th o 1 a—ﬁ‘_ Th ('j
dynamic model S,y T = ﬂ_gel_ ™ ﬂ Yy _RE(yn T Quuyn
(Moddl flow) | & xe"xg Tyé 'y
Water balance over time based Sisnot easy to decide. | vaueis often
GC-’ SE;I'VOIU_me on averaged groundwater levels S DV —|-O+RE assumed equal to O vaue. Flow- 5
S Fluctuation o +RE- Q, through region; multi-layer aquifers
N (SVF) from monitoring boreholes
-?.; Shallow groundwater, regional flow
= Water Water balance at catchment scale RE = % cannot be considered 2
(% balance:EV-F A
Age gradient derived from
99 ) ] 1C, *HPHe, CFC: poorly known
tracers, inversely proportional to ity / ion for dead carbor
Groundwater reherge nH 6EH 0 B nD & porosity / correction for carbon | 1,4, 9
) ) ) tg=— o == + I = contribution. Poorly known porosity. | 33,34,
dating (GD) Recharge unconfined aquifer REg g h g REs g Rech nfined aquif %
arge confiny uifer based on
based on vertical age gradient . 9 la:] 4 6
éH, CFCs *HHg horizontal age gradient t*Cand *°Cl)
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Table 3.1 continued

There is no monogamous relationship
between rainfal, rivers  and
Stable isotopes 180,24 Q :Qw?—isow - isogg groundwater. Flow paths are nat)
qC) d 809 -d SOR,'Z easly known. Various mixing ratios
9 could yield the same find isotopic
8 value, lack of adigtinct signature.
© The thermal diffusivity and the heat
;:, T(z,t) =T, + T, (z- Ut) +{(b+TU)/ A }[(z+Ut)e’*? capeity of the annifer are not eesy to
3 Groundwater . * erfo{ (z+Ut)/2(at)"?} obtsin,
temperature + (Ut - 2)erfc{z- Ut)/2(at)'3]
U =wvg,r,/cr

1Beekman et al., 1996

2 Bredenkamp et al.,
1995

7 Lerner et al., 1990

8 Gieske, 1992

13 Chapman and Malone,
1999

14 Aston and Dunin, 1997

19 Boughton, 1993b

20 Fleming, 1975

25 Chiew et d., 1993

26 Lopeset a., 1982

31 Whiteet al., 2003

32 Cook et al., 2001

3 Xu & van Tonder,
2001

9 Selaolo, 1998

15 AWRC, 1969

21 Chapman and Malone,
1999

27 Dawdy and O’ Donnell,
1965

33 Cook and Solomon,
1997

4 Weaver & Tama,
2002

10 Sami & Hughes,
1996

16 Black et al., 1969

22 Huggins and Monke,
1967

28 Yeeta., 1997

34 Cook et al., 1998

5 Lee and Gehrels,
1997

11 Xu et al., 2002

17 Boughton, 19933, b

23 Chapman, 1999

29 Evans and Jakeman,
1998

35 Cook et al., 1994

6 Beekman and

Sunguro, 2002

12 Fritz et a. 1976

18 Boughton, 1993b

24 Jakeman and Hornberger,
1993

30 Tyner et al., 2000

36 Cook and Solomon
1995

1) Symbols are designated in general notation
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Table 3.2 Review of common rechar geestimation methods used for semi-arid
Southern Africa (Beekman and Xu, 2003)

Applicability? Rating®
Zone | Method — i
Flux (mm-yr ™) Area (knT) Time(yrs) |[Acc. |[Ease | Codt
Baseflow 400-4000 107%-1300 0.350 2 2 1-2
(0.1-1000) (10-1000) (1-100)

% CwB 10C-5000 10%10 1d-1yr 2-3 2 3
WM 1-400 101-5 10° 1d-10yr 2 2-3 3
Lysimeter 1-500 0.1-30m? 0.1-6 1-2 3 3

Hg UFM 20-500 0.1-Im 0.1-400 3 2

® |ZFP 30-500 0.1-Im 0.16 3 2

=]

= CMB 0.1-300 2 )

2 (0.6-300) 0.1-Im 5-10000 2 1 1

) —

Historical 10-50 42 | X -
(10-80) 0.1-Im 1550 2-3 2-3 3

.5 CRD (0.1-1000) (1-1000) (0.1-20) 1-2 1-2 1

% ® |EARTH (1-80) (1-10m? (1-5 12 2 1
=]
S § |WTF 5-500 5%10°%>10"° 0.15 2 1 1
c
35 [eme 0.1-500 2> 105->10? 5->10000 2 1 1
GM (0.1-1000) (206-109 (1d-20yr) 2 3 2-3

B | SVF (0.1-1000) (1-1000) (0.1-20) 12 1-2 1

g EV-SF (0.1-1000) (1-100) (1-100) 12 12 | 1-2

g *C: 1-100 *C, *HIHE®, *C: 200-200000
GD *H/*He, CFC: 30- CFC: *H/HE, CFC:2-| 3 23 3

1000 2¢106->10°3 40

HS: Hydrograph Separation— Baseflow EARTH : Extended model for Aquifer Recharge and Moisture Transport

CWB  Channd Water Budget through Unsaturated Hardrock

WM: Watershed Moddlling WTF:  Water Table Fluctuation

UFRM: Unsaturated Flow Modelling GM: Groundwater modelling

ZFP Zero Flux Plane SVF: Saturated Volume FHuctuation

CMB: Chloride Mass Bdance EV-SFE  Equa Volume - Spring Flow

CRD Cumulative Rainfall Departure GD: Groundwater Dating

All methods for estimating fluxes through the unsaturated zone assume diffuse vertical flow wheress in redlity
flow dong preferred pathways is the rule rather than the exception. These methods therefore tend to overestimate
the diffuse flux.

2Datain brackets are estimates from Southern Africa; Rainfall may be up to 2000 mm-yr?,

3Ratings for methods applied to semi-arid southern Africa.

3.1.2 Rechar ge for ecast

Forecasting groundwater recharge has become increasingly important, particularly
with regard to the envisaged impacts of climatic change in short and long term on the
limited water resources in the TMG area. Some guidelines for recharge estimation are
given in Lerner et a. (1990) and Scanlon et a. (2002). The combined chemical and
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isotopic mass balance approach is based on dating moisture and groundwater using
the CMB Balance and **C groundwater dating methods.

Some methods can be applied with greater certainty in the arid and semi-arid region
of Southern Africa, such as CMB, CRD, EARTH, WTF, GM and SVF (Xu and
Beekman, 2003). Three of these methods: WB, CRD and CMB are widely applied
and will be discussed in more detail. They represent an increasing complexity in their
use and data requirements. It is worth mentioning that the approach based on
integrating spatial climatic and hydrogeological datasets in a GIS environment,
namely DRASTIC approach (Aller et a., 1982), may have the potentia to become

quantitative once it is combined with recharge estimation methods given in Table 3.1.

3.2RECHARGE STUDIESINTHE TMG AREA

The first systematic recharge studies carried out in South Africa date back to the early
1970 s and were undertaken in the Western Transvaal (Bredenkamp and Vogel, 1970
and Bredenkamp et al., 1974) and the Northern Cape (Smit, 1978). Recharge studies
were mostly carried out on alocal scale and as part of alarger groundwater resource
assessment project. A manua, namely “Preparation of a Manua on Quantitative
Estimation of Groundwater Recharge and Aquifer Storativity” (Bredenkamp et al.,
1995), presents a great variety of well-tested (semi-empirical) methods that are widely
employed in South Africa. In addition, it contains a wealth of recharge case studies
and data covering the last 30 years. Of particular interest is that a first attemp was
made to rate the different estimation techniques in terms of ease of application,
reliability and availability of data

In the last 10 years, some recharge studies were conducted in the TMG area. The
results are listed in Table 3.3. The following becomes clear:

CMB is the most independent method to estimate recharge in the TMG area
There are large differences in the recharge estimates using different methods
by different researcher in the same area. A typical example is the Vermaaks
River area.
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High recharge rates were obtained by using GIS but no detailed agorithm
documented.

Table 3.3 Review of recharge estimatesinthe TM G area

Place Method Aquifer MAP RE % Source
Baseflow Peninsula 560 8.9
Bredenkamp,
) 1995
Unknown Peninsula 17
CMB 435/11.1
SVF 3.1/19.7
SVF (fit) 3.4/16.4
CRD 3.2/144 Kotze. 2000
; Nardouw / ;
Vermaaks River Baseflow | peninsula 2147125 and 2002
EARTH 299714 T 91230
H
displacemen 037127
“Cage 1.8/2.0
Woodford,
GIS raster 2.54.8 2002
CMB ™G 5 Weaver et al.,
2002
CMB 9.7
Bredas-
. CMB 396.4- 11.2 Weaver and
Langebaan Road Field VB dorp 648.9 135 Talma, 2002
CMB 11.5
Empirical Peninsula 165 14 Hartnady and
Greater Oudtshoorn Districts - Hay, 2002
Empirical Nardouw 1049 7
Struibaai CMB T™MG 436 17.4
- Weaver and
Agter Witzenberg Nardouw 579-777 50, 44 Talma, 1999
CMB 3 2002
Botriver Nardouw ‘11;622 20
1 Rosewarne and
Hermanus “c 635 22 (20-24) Kotze, 1996
Spring flow 208.2 10 Kok, 1992
Uitenhage Artesian Basin CMB Groot 12026 % Maclear, 1996
cmp | Winterhoek 55 R Parson, 2002
Whole TMG (within aradius of GIS 13200km? 600- e Weaver and
200km from Cape Town) outcrop 2,020 Tama, 2002
Low rainfall Low lying | 285.8- 8 Hartnady and
CAG High mountain GIS 371.2 23 Hay, 2000 and
E Mountain area ™G 30-40 2002
Weaver et al.
| sot 50 )
opes 1999
WB TMG 460 83 Kok, 1992
CMB 24-55 Maclear, 1996
Uitenhage, Coega aguifers
o0e Lossa ™G 250-850 Bredenkamp,
wWB n 2000; Xu and
Maclear, 2003
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3.3CHLORIDE MASSBALANCE METHOD

The CMB method has been extensively applied to estimate groundwater recharge in
arid regions (Erisson and Khunakasem, 1969; Allison et al., 1985; Johnston, 1987,
Phillips, 1994; Wood and Sanford, 1995; Sami and Hughes 1996; Tyner et a., 1998
and Cook et al., 1994 and 2001). It equates the mass flux of chloride at the ground
surface to that of chloride beneath the depth at which evapotranspiration takes place.
At the soil surface chloride occurs naturally from precipitation and dry fallout.
Slightly higher recharge rates can be estimated using Cl in groundwater than in soil
water because extraction of water from the soil generaly requires additional dilution
(Scanlon et a., 2002). The uses of the CMB method that involves chemical tracers
provide more accurate estimates of groundwater recharge in arid to semi-arid regions
(Bazuhair and Wood, 1996). The method is applicable in areas of high evapotranspir-

ation where the infiltrating water becomes concentrated (Johansson, 1987).

The CMB is often used as a first approximation of recharge due to its simplicity and
cost effectiveness. Preferably, results should be verified with other methods. There are
three approaches to estimate recharge using the CMB method:

* The first approach involves the chloride concentration of rain and soil moisture
(unsaturated zone) and gives an estimate of the moisture flux.

* The second approach involves the chloride concentrations of groundwater
(saturated zone), whereby the total average recharge is estimated.

* The third approach involves the comparison of the first two approaches to define
the recharge mechanism.

3.3.1 Theoretical aspects

3.3.1.1 Unsaturated zone

Chloride concentrations generally increase through the root zone as a result of

evapotranspiration and then remain constant below this depth (Scanlon et a., 2002).
Three conceptua chloride concentration profiles are shown in Figure 3.1. Bulge-
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shaped CI profiles at some sites have been attributed to paleoclimatic variations or to
diffusion to a shallow water table (Scanlon 1991, Cook et a., 1989).

Cl-concentration Cl-concentration Cl-concentration

Dapth

A B C '

A. Piston flow with abstraction of water by roots. B. Abstraction of water by roots but with either
preferred flow of water to beneath the root zone, or diffuse loss of chloride to the water table. C.

Profile that may reflect the recharge history of a site.
Figure 3.1 Conceptual depth profilesfor the chloridetracer
(After Allison, 1988)

The CMB method is applied to the unsaturated zone between the deepest zero flux
plane and the water table. The method yields a recharge flux for a specific locality and
should ideally be integrated with area weights to estimate areal recharge. Most plant
species do not take up significant quantities of chloride from soil water, thus chloride
is mainly concentrated by evapotranspiration in the root zone (Allison et a., 1994).
Edmunds and Gaye (1994) correlated recharge with the chloride concentrations in
soils. High chloride concentrations are generally associated with lower rates of
recharge and vice versa. If a steady state is attained between the chloride flux at the
surface and the chloride flux beneath the evapotranspiration and mixing zones, the
following mass balance can be defined (Eriksson and Khunakasem, 1969, quoted

from asecondary source: Beekman and Xu Y, 2003):

R :PXCkp+D = T (31)
o cl sm c sm

where Rem is moisture flux (mmyr™), P is precipitation (mm-yr™), Ckp, is chloride
concentration in precipitation (mg¢™), Clgy is chloride concentration in soil moisture

(mg-r1), and D is dry chloride deposition (mg-m2yr?). The sum of P-Clpand D is
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also referred to as “Tota atmospheric chloride Deposition” (Tp) and originates from
both precipitation and dry fall out.

A better estimate of the moisture flux is obtained from a mass balance, which
integrates chloride and moisture contents cumulatively (c) over a specific depth
interval (Gieske, 1992):

R S IR I (3.2)

where Tw is total moisture content (mm-m), and Tc istotal chloride content (mg-m).
Three potentia problems have been identified with the above calculation methods

(Wood, 1999):

= Itisdifficult to quantify the mass flux of chloride that is due to run on, or o
the topographic features present at the sampling sites.

= The system may not be at a steady state with respect to the input mass flux.

= This method cannot measure total recharge if any unmeasured recharge

takes place through macropores in the system.

To incorporate the additional mass resulting from run-on, Wood and Sanford (1995)
have suggested the following equation for a closed depression:

R, =&l 9, g ACI, 9 (33

€Cl 5 SACLS

where r is run-on flux from the catchment area, A, is total area of the basin, Cl; is
chloride concentration of the runoff weter to the basin floor, and As is area of the

basin floor.

If recharge takes place through macropores, equation (3.3) is inappropriate. Total
recharge is a combination of macropore and interstitial (matrix) recharge. Macropore
recharge occurs through cracks, fractures, solution holes, natural pipes, animal
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burrows, root tubes and other macro-scale openings, while interstitial flow moves
largely between individual grains or a fine mesh of fractures. Macropore flow allows
solutes to reach the water table faster because of greater permeability and with less
surface areg, thus, less opportunity for sorption and kinetically controlled reactions to
mitigate constituents, which are concerned (Wood et al., 1997). Macropore flow is
addressed in many studies (Boumaet a., 1977; Beven and Germann, 1982; Thorburn
and Rose, 1990; Watson and Luxrnoore, 1986 and Germann, 1990). From
contaminant hydrology point of view, it is typified by the work reported by Sharma
and Hughes (1985), Pettyjohn (1987), Hess and Parks (1988), Germann and Gupte
(1988), Hornberger et al. (1990) and Mathieu and Bariac (1996).

Based on the equation (3.3), interstitial recharge is rewritten as (Wood et a., 1997):

PCy AL (3.4)
CI uz A’ CI uz

q:
where q is interstitial groundwater recharge flux rate (L-T™Y). Cly is chloride
concentration in the unsaturated zone (M-L3); the other notations are same as

equation (3.3).

The ratio of average chloride content in precipitation (wet and dry deposition) to that
in groundwater can be used to calculate recharge rates. The input flux is the product
of the chloride concentration in precipitation multiplied by the amount of precipitation
over the study area. The input flux is divided by the chloride concentration in
groundwater. Total recharge is estimated using the following equation (Adams, 2002;
Beekman and Xu, 2003):

RT = TD (35)

where Ry istotal recharge, Tp istotal deposition, and Clg, is chloride concentration in
groundwater. The Clg, originates from various flow components in the unsaturated
zone. For an areal Ry, Clgy represents the harmonic mean of chloride concentrations in

groundwater.
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3.3.1.2 Saturated zone

The computations of recharge rates are based on the chloride balance and water
balance at a steady state. They are similar except that the evaporation term for
chloride is zero. The general formulation has been given by Eriksson and
Khunakasem (1969) and can be presented as follows. The integral ground water flow

of water K, which is avector, is defined as

T
1
OQ,D'
o
N

(3.6)

where ? is the so-called filtration velocity vector (actual mean velocity times porosity),
Z the depth co-ordinate and h the total depth of the aquifer. F, is thus a vector in a
plane. In a similar way, the integral ground water flow of sdinity, Fs (measured by
chloride) is defined as

F, = Qyc,dz 37

where cg is the concentration of chloride in the groundwater, and is like u , whichisa
function of depth. The divergence of the integral flow of water is related to
precipitation and evaporation by

RoE, =k (JFW_ 5 El soR (3.8

Yox Ty

where P is precipitation, E evaporation, S surface run-off and R recharge rate. If the
average c,can be estimated, the relation above can be utilized for further derivations.

It is not at all evident that the chloride concentrations determined are averages of the
vertical distribution. If a great number of samples are taken at different points and

varying depths and the results are smoothed by constructing isolines of ¢, this will be

afair representation of the true average c,. Assuming this to be the case then:
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dF. _d

dx =&(CQFW):Q (39)
or
coF,, = (X (3.10)

The integration, beginning at the upstream boundary (water shed) is carried out along
the general direction of groundwater flow, the recharge rate(R) can be computed as

follows;
F, :i (‘pdx (3.11)
Cyo
and since
w = (‘)'?dx 312

Under steady state, 1-D flow, the chloride mass flux at any depth will equa the
chloride mass flux at the surface. The chloride mass flux under steady-state conditions
as defined as (Scanlon, 1991):

E:-Dd_+cq (313)

Solving for g yields the volumetric water flux:

q:ie_+ Dd_cu

c g‘n =z H (3.14)

where g is the volumetric water flux, C is the pore water chloride concentration, mis
the chloride mass flux, D is the hydrodynamic dispersion coefficient, and z is the
vertical space coordinate.



As water moves downward through the soil profile, some of it is removed by
evapotranspiration, reducing the water flux and causing the remaining pore water
chloride to become increasingly concentrated with chloride (Scanlon, 1991). In arid
regions, it is often assumed that D is negligible (Allison et al., 1985, Phillips, 1994),
and equation (3. 14) simplifies to:

QZE/C (3.15

The pore water age at a given depth can be calculated by dividing the mass of chloride
in the profile above that depth by the surface chloride mass flux ( Phillips, 1994):

‘Zq Cdz
= Q4 (3.16
18

where t; is the pore water age at a depth of z, and ? is the volumetric moisture content.
3.3.1.3 Combined method

The chemistry of groundwater at the water table may be further enriched in chloride
due to the uptake of evaporative sdts or formation water in the saturated or
unsaturated zone, leading to te underestimation of recharge. Similarly, lateral flow
from different recharge areas in non-homogenous porous media may give rise to
sdinities different from that found in the unsaturated zone. Edmunds and Gaye (1994)
suggested that the combined use of unsaturated and saturated zone data for
determining recharge, avoids the uncertainties derived from using the water table data
alone. In a bimodal flow regime, it is assumed that Rt originates from only two flow
components in the unsaturated zone, which are fully mixed in the groundwater: a
(slow) diffuse (Ren) and a (quick) preferential Ry) flow component. As Cly « Clgy <
Clgn, the relative contribution of either Ren o Ry to Ry expressed as a fraction, is
calculated as (Sharma and Hughes, 1985):

L
f(Ry)=1- f(Rsm)»?SaJ% (3.17)

31



3.3.2 CMB assumptions

The CMB of unsaturated zone assumptions are summarised as follows (Tyner et al.,

2000):

D

2)
3
4)
5
6)

Vertica downward piston displacement adequately represents the chloride
transport (that is little to no preferentia flow);

Chloride is not retarded by adsorption nor accelerated by anion exclusion;
Chloride is conservative;

Chloride application rate is constant and known;

There is no appreciable runon or runoff from the sampling sites; and
Steady-state conditions prevail in the soil column (Johnston, 1987; Dettinger,
1989; Scanlon 1992; USGS, 1994; and Ginn and Murphy, 1997).

Any changes as stated above, should derive an error of the estimated recharge rate.

Large errors or mistakes would be produced if the conditions did not satisfy the

presupposition. This is also the process of error propagation. It is well known that

preferential recharge processes occur in the outcrop of the TMG, therefore if the

method is used there should be large discrepancy in the recharge estimates.

3.3.3 Applicability and gpplication

Based on the above discussion of CMB method, the following comments should be

noted:

These formulae can be used for 1-D flow at steady state;

The changes of soil moisture are ignored; no recharge occurs across the
catchment boundary.

Recharge is not unidirectional in most realistic recharge scenarios,

The deposition of arborne chloride related to precipitation and
evapotranspiration is not constant;

The chloride concentration aong the flow path is not easy to measure. In order

to obtain spatial and tempora recharge rather than point recharge, long
network monitoring runs are also needed at different scales.
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Walker et al. (1991) demonstrated non-steady state conditions in cases where changes
in land use occurred. The main source of uncertainty in applying the CMB method is
the rainfall chemistry for the preceding periods (Edmunds and Gaye, 1994). Idedlly,
the method requires a minimum of three to four years of chloride input data and
undisturbed soil samples up to the water table (Sukhija et a., 1988). Other important
sources that need to be considered are applied fertilisers and the biological activity of

the soils.

The method can be used to estimate recharge ranging from 0.05 mm to 300 mm per
year over tempora scales ranging from a few decades to thousands of years. The
CMB method gives site-specific estimates (up to 1m?) in the unsaturated zone
(Scanlon et al.,2002). The most reliable estimates of site-specific moisture fluxes may
be obtained through a multiple tracer profiling approach (Simmers et al., 1997). Cook
et d. (1989) used the CMB method with the electromagnetic geophysical technique to
identify the spatia variability of groundwater recharge in a semi-arid region. Wood
and Sanford (1995) found that in semiarid areas recharge rates obtained using the
CMB method is comparable to recharge rates obtained by physically based methods.
The method is independent of whether recharge is focused or diffused (Bazuhair and
Wood, 1996). The spatial scales of recharge increase significantly when the saturated
zone is used to estimate recharge and similar temporal scales and fluxes are observed

as with the unsaturated zone profiling techniques as shown in Figure 3 2.

| Flux - mm/yr
Area-m?
| Time- yr

0.1 1 10 100 1000 10000

Figure 3.2 Range of fluxesthat can be estimated in the saturated zone
(After Scanlon et a., 2002)

3.3.4 Data requirements and accur acy of method

The following data is required in the CMB method, namely, precipitation,
precipitation chemistry, dry chloride deposition, soil moisture chloride concentration
and groundwater chloride concentration related to rainfall events. Uncertainties in the
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rainfall chloride concentrations, as a result of measurement errors and other
contributing sources, and the vaidity of assumptions, are the main factors that
influence the accuracy of the method.

3.4 GROUNDWATER LEVEL FLUCTUATION METHOD

Hydrographs are charts that display the change of a hydrologic variable over time.
Although they are from a stream, hydrographs can aso be made for lakes, water
wells, springs and other bodies of water. A hydrograph provides a way of seeing
seasonal and yearly charges in the water level of an aquifer related to rainfall. The
Water-table Fluctuation Method (WFM) may be the most widely used technique for
estimating recharge. The advantages of the WFM include its simplicity and
insensitivity to the mechanism by which weter moves through the unsaturated zone.
Uncertainty in estimates may be generated by the limitation of specific yield (Healy
and Cook, 2002).

The Cumulative Rainfall Departure (CRD) method is based on the premise that water
level fluctuations are causedby rainfall events (Bredenkamp et al., 1995). The method
is applied extensively in South Africa. The method was revised to accommodate for
trends in rainfall time series (Xu and Van Tonder, 2001, Xu and Beekman, 2003). It
would be used to obtain the variability of recharge even without a recharge coefficient
or storativity. The method cannot be applied in areas without groundwater level
fluctuations or water levels not responding well to rainfall. In the above form it should
only be applied to unconfined aquifers. Groundwater levels of fractured aquifers with
small storativity are particularly sensitive to estimates resulted from the method.

A method, namely Rainfal Infiltration Breakthrough (RIB or recharge) was used to
estimate recharge, which only part of infiltrated rainfal breaks through the zone
where evapotranspiration occurs and percolates to the groundwater table (Xu and
Beekman, 2003). The arrival time of this water at the water table is delayed due to the
3-dimensional spreading of moisture (Figure 3.3). The records of rainfall events are
expressed as atime series. Py, Py, Ps, ... Pm, Pmi1, Bne2 ... Pn Pria, Pre2, ... B (Figure
3.4), scenario a (a combination of point and diffuse recharge): recharge is the

cumulative result of all previous rainfal. Scenario b (quick infiltration process):
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recharge results from the previous n rainfall events immediately before the current
rainfall event. Scenario ¢ (a piston flow in unconsolidated aquifers): recharge results
from alimited rainfall series between m and n.

Rainfall
Effective rainfall is
rainfall minus loss at
round surface
. lll’
0 Ground surface
h, 185 /H\ Infiltrating rainfall subject
B to evapotranspiration
ho E M
e Y Infiltration
] breakthrough line
hin ‘—§ Breakthrough rainfall ——7 " ~——
o} to water table n
T Water teble
Ti
Depths me

Figure3.3 Sketch of the Rainfall Infiltration Breakthrough process
(After Xu and Beekman, 2003)
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Figure3.4 Timelag scenarios ac (adapted from Xu and Beekman, 2003)

A RIB is defined as follows (Xu and Beekman, 2003):

= _%__prmt:')g 0
RlB(I)m_réng gz o :@mP‘E,
(i=12,3..1)
(n=i,i-1i-2,..N) (3.18)
(m=i,i-Li-2..M)
M <Nc<I

where r is that fraction of CRD which contributes to the RIB (recharge percentage);

P. is average rainfall over the entire rainfal time series; p_ . is the average vaue
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from mth to nth month; P; is a threshold value representing aquifer boundary
conditions, and Py, representing an open aquifer system); the symbol i represents a
sequential number of a rainfal record, while parameters m and n, introduced as
memory markers, represent the start and end of a time series length, during which

period rainfall events contribute to the RIB(i).

The groundwater table fluctuation ?h is is a function of aquifer storativity S and
recharge fluctuation ? RIB (Haijtema, 1995; Xu et a., 2001):

Dh =1/ 94RIB()" - 2Th, /1?) (3.19)

where hy, isthe average saturated aquifer thickness, T is aguifer transmissivity, and L
is average distance of groundwater flow away from the groundwater mound.

3.5WATER BALANCE APPROACH TO RECHARGE

The hydrological water balance for an area can be defined as:
R.(t) = P(t) - E/(t)- Q(t)- Da(t) (3.20)

where R((t) is recharge, P(t) isprecipitation, E(t) isevapotranspiration, Q(t) is runoff,
and ?2(t) is change in volumetric water content. The term (t) designates that the
terms are distributed through time. A common approach for approximating Ef(t)
involves first, the estimation of a reference crop, evapotranspiration as a crop
coefficient, soil and rocks types. A common method to estimate Q(t) is to apply the
SCS runoff equation (USDA-SCS, 1985). E(t) and Q(t) were initialy estimated based
on meteorological and site-specific. Assuming ?(t) is negligible between subsequent
years, an annual estimate of Re(t) can be calculated The method can be applied in
most recharge scenarios. The accuracy is related to the recharge process and impact of
soils and vegetation. Monthly or daily rainfall and temperature data, together with

coefficients of soil and vegetation are required.



3.6 SUMMARY

A wealth of recharge estimation methods for (semi)arid areas is currently available
with each method having its own limitations. Whereas one method may be applied in
specific site studies, another method may be suited for regional studies. Whereas one
method may represent a short time scale, such as from event-based recharge to
daily/monthly/yearly recharge, another may represent a much longer time scale,
ranging from decades to thousands of years. Clarity on the aim of the recharge study
is crucid in choosing appropriate methods for recharge estimation. Confidence in the
recharge estimation improves when applying a multitude of methods.

An extraordinary concern in application of the methods is the difficulty in assessing
the uncertainty associated with any given estimate. Uncertainties and inaccuracies of
the estimates arise from spatial and tempora variability in processes and parameter
values, measurement errors, and the validity of assumptions, which different methods
are based on. Therecharge estimates w ith statistical confidence levels would be better
presented in a range of integrated values, which are combined with the results of
variety of method.

In South Africa, experience in recharge estimation covers a time span of at least three
decades. In comparison to the various techniques, including the range, space/time
scales, and reliability of recharge estimates, the following methods based on different
recharge processes can be applied with greater certainty in the TMG area the CMB,
CRD, WB, and Regression of spring flux, as data required for application of these
methods are readily available in most cases. Of course, recharge estimation goes
forward one by one, and it posses an iterative process that includes refinement of
estimates as additional data are gathered.
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Chapter 4

Geological Background

4.1 INTRODUCTION

The sediments of the Cape Supergroup were deposited in a shalow marine
environment under tidal, wave and storm influences, as well as in a non-marine,
braided-fluvia environment from early Ordovician to early Carboniferous. This
predominantly siliclastic sequence is exposed aong the entire length of the Cape
Fold Belt (CFB), the 280-220 million year old Orogenic belt straddling the west and
south coasts of South Africa. The succession of quartz arenites, shales and siltstone,
with minor conglomerate and a thin diamictite unit, has been subdivided into the
Table Mountain, Bokkeveld and Witteberg Group (Du Toit, 1954; Rust, 1967;
Theron, 1962; Theron and loock, 1988; Broquet, 1992). For the western and Eastern
Cape, maximum thickness of the Cape Super group amounts to 5, 300m and 9, 600
m respectively (SACS, 1980). The medium to coarse grain sizes and relative purity
of some of the gquartz arenites, together with their well indurated nature and
fracturing due to folding and faulting in the fold belt, enhance both the quality of the

groundwater and its exploitation potential.

The presently exposed structure and thickness of the Table Mountain Group (TMG)
rocks are the result of initial deposition within an eag-trending basin (Rust, 1973)
along the Southern and Southwestern Cape regions, which was modified by two
major tectonic events, namely the PermoTriassic Cape Orogeny and the
fragmentation of Southwestern Gondwana during the Mesozoic. The Cape Orogeny
had the effect of tectonically thickening the sequence in areas of high strain like the
Southern Cape. The CFB consists of two branches forming a mountain chain of
about 1 200 km aong the south coast and part of the west coast (De Villiers, 1944;
Sohnge and Habich, 1983). The Cape Orogeny resulted in further deformation of
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the metamorphosed Neoproterozic rocks, the Cape Granite Suite, together with its
cover sequence of Ordovician to Triassic rocks (Cape Super Group and part of the
Karoo Sequence). The outcrop of the southern branch is about 200km, and of the
western branch, about 150km. Both branches are arcuate in plan view and convex
towards the Karoo Basin merging with northeast-trending folds in the syntaxis of the

Southwestern Cape.

4.2 STRATIGRAPHY

The CFB is a largely east-west striking feature located roughly south of 33°S. It
consists predominantly of sedimentary and metamorphic rocks. The entire geol ogical
succession in the study areas includes the basement rocks, Cape Supergroup and part
of the Karoo. The succession with their associated thickness and lithological
compositions were summarised in Figure 4.1. All the Cape Supergroup rocks namely
the TMG, Bokkeveld and Witteberg Groups are presented in the study area. Of the
above, only the TMG is of relevance in this study. A stratigraphical aitline of the
study areais presented in Figure 4.2.

The TMG comprises of an approximately 4 000 m thick sequence of quartz arenite
and minor shae layers deposited in a shalow, but extensive, predominantly
east-west striking basin, changing to a northwest orientation near Worcester. The
maximum thickness in the east section (Port Elizabeth) is approximately 3010 m
(Rust, 1973, Figure 4.3). The TMG comprises of the Piekenierskloof Formation,
Graafwater For mation, Peninsula Formation, Parkhuis Formation, Cederberg

Formation and Nardouw Subgroup.

The bottom of the TMG is the Piekenierskloof Formation or Graafwater Formation.
The Piekenierskloof Formation is quartzitic sandstone with coarse-grained to gritty
zones, 10-150m. The Graafwater Formation has thickness of 25-65m and comprises
of thin-bedded sandstone, siltstone, shale and mudstone.

39



Karoo Supergroup

Cape Supergroup

it f Formatian f,‘.mjurrmm thin :ammm mudsiane:
: Kirkwood Formation Conglamerate, iisiors,
Uitenhage Group I Erin Fosmation Conglomerste, thin am:\swne s.lllmrla miststons
i = e S re Teekloaf Farmation Mudslons and snale (1000)m.
Beaufort Grouip l ( kraal Farmation Mudstons, Slisions and sandsions (2400]m

Waterford Farmalisn Sarsdsione, mingr sllalore ard shale (B007m

Fart Blawn Farmation Skaiiz, thin sikstone and sardssane {100)m.
LaingsburgRippon Formation Sandsione, grgwacke sitstaneimaliled
gray sandshone,shale (100)m.

Wischicull Formatlon Aranaceous shale, siistane and thin sancstone (100)m
Callngham Farmation Sikstone, cramy mudslongl, sandetone, wicsnic gxh S5300m.
Whitehill Fermatian Isashioniis markes Cambon-besring black shale, 30m.

Ecca Grou
b T Princa Albart Formation Laminated ohala wih Inlermittent 611 to charty ssvers, 120m
Dwryka Group — e T Dwyka Farmation Diarmictile and shaie 60rm.

Witteberg
Group

Bokkeveld
Group

Mandouw
Subgroup

Table Kountain Group

Laks Mantz ‘Waaipoort Formation Shake, mudstone, sitsione, thin sandsione 28.97(3400m
Subgroup Flarishrasl Fermation Felspailie quariziic sanésions,sifsions and micacecus shala, 25-T01E0m.
Kwewkviei Formaticn Moaceous shale and sitstone, 35-50[200m.
Witpoart Farmsation Quanzive sandskene, minor sllslors, penbly sandslons and thin congiamanals lees, B5-380E50m
] Bwariruggens Formation Sitalone, mudslers and thin-bedded sandstone, 300m.
Welleyrade
Subgroup Blinkbarg Farmatian Thick-tacded quarzillc sancstong, 15-50m,
B0

__________ £

Traka
Subgroaup

Ceres
Subgroup

el T Sitstona, sardy shale, mudstons and ithic sancstong, 135-165m
Karoapaart Farmation Sitstlona, sardy shala and mince mudslons S0m
BidahniAdolphspoart Farmation Sitstong, shate, sanostone, (10007m
Klipbokkoplaries Formation Shale 300-800(1200)m,
Wippartal Formation Sandsiena, sitstons, shats 26m
Waboomberg Farmation Silistane. shale200m.
Bopiaas Formation Sardstane 35-100m.
Tra-Tra Farmation Shale slisione 250-3001351)m,
Hax Rivar Farmation Sandsicra, sitslons 20-55(70/m
Waorstehask!Swarterans Farmation Shake, sitstons 200-300( 300 m.

Gamka Sanistong, sikzbana 17-T0(200Hm,
‘Gyda F fion Shale, sitstane and thine sandstone bads, 1G0[E0m,
....... Farmratien Think-I diur-bedded B QAT & seme gnale SO-Z00030 Hm

Skurwoberp/Kowga Formation Light-grey. thick-beckded fekpathic quaricse sandsicne, 180.200(500jm,
BoudiniTchanda Farmation Brcwn weatherng arenile, minar s llstare, shale 801100400 jm.

Coderbarg Formation Shale. sillsiore and silty sandstons 45-E0{50-120)m.
Pakhuis Formation Fluvia-giacial Tilktz fokded, Diamictite, quartz-arenite and thin-badded quarzitic sandsions, 1-Fim.
i Paninsula Farmation Lamety thck-badoed, coarsa-granad gUAanT anenie 575200001 H00 m
{ .+ Graafwater Fosmation Thin-becded sandstone, Sitstone, shale and mucstoon 25.65m.
# Farm Chusartzit wilh coarse-grainad s grity ones and nadites, 10-150m

] Kliphewwel Formation
Malmesbiery Graup ¥
Cape Granite Suite 1AN90 Group Thickness data is S6o0ENG 16 S, Meyer, 2001: 43t in beacksl shar Kolze, 2002 Mot boseale
Mamap Group i

Figure4.1 Geological sequencesin the study area
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Figure 4.2 Stratigraphy in the study area
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Figure 4.3 Isopach of the Table Mountain Group

The name of the Peninsula Formation is derived from the Cape Peninsula (Rust,
1967), where the full succession (550m) is exposed against Table Mountain. It
comprises a succession of coarse-grained, white quartz arenite with scattered small
pebbles and discrete thin beds of a matrix-supported conglomerate. The formation
reaches a thickness of about 1800m at Clanwilliam in the west (Rust, 1967), but is
reportedly much thicker (Rust, 1973; Johnson, 1991) in the Eastern Cape. The exact
thickness is difficult to measure due to the severe folding and unknown amounts of
thickening due to thrusting (Booth and Shone, 1992) within the formation. It is
noticed that the residual thickness of the TMG (as stated above) is very different
from borehole to borehole. The determination of formation thickness is aso impeded
by the genera lack of marker beds. In the Cape Peninsula, Fuller and Broquet (1990)
identified two informal members within the formation that are separated by a meter
of clast-supported conglomerate (probably equating with the Slanghoek Member of
Rust, 1967). The Pakhuis Formation occurs above the Peninsula Formation and
comprises a 40m which succession of glacially derived sediments, but is restricted to

the Southwestern Cape (Broquet, 1992; Rust, 1967).
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The Cederberg Formation with a thickness of 50-120m comprises shae, siltstone
and silty sandstone. It is prominently a marker band between the Peninsula

Formation and the Nardouw Subgroup. It is a hydrodynamic and recharge boundary.

The Nardouw Subgroup, with its three subdivisions, the Goudini, Skurweberg and
Rietvlei (Baviaanskloof in the Eastern Cape) Formations, is another thick (maximum
1200m) unit of sandstone that varies between quartz arenite, silty and feldspathic
arenites, accompanied by minor inter-bedded conglomerate and shale. This
lithological diversity, together with textural, grain size and bedding thickness
differences, lead to pronounced differences in weathering, structural and
hydrogeological characteristics. The basal unit, the Goudini Formation, is
characterised by reddish weathering, thin sandstone beds with common shale
intercalations. The Skurweberg Formation is thick bedded arenite. The topmost unit,
the Rietvlel Formation contains more feldspar and is characterised in the field by a
vegetation growing on it. The contact with the overlying dark shale of the Bokkeveld
Group is usualy abrupt.

Basement rocks ae comprised of the Maalgaten Granite and a variety of
sedimentary and metamorphic rocks, respectively belonging largely to the Cango
and Kaaimans Groups. Basement rocks are exposed south of the Outeniqua
Mountains and north of the Cango Fault Zone in the south and north, respectively
(Figure 4.3). The cratonic sheet sandstones (Rust, 1967; Tankard et a., 1982) of the
TMG in the lowest part of the Cape Supergroup form the backbone of CFB from
Vanrhynsdorp in the west to Port Elizabeth in the east.

Alluvid valley deposits are associated with the larger river channels, while colluvial
(slope) depasits produced by sheet-wash, occur on gently sloping surfaces away

from the river channels.



4.3 REGIONAL STRUCTURE

The entire geological succession of the CFB was subjected to severe north-south
orientated compressive stresses during the Cape Orogeny. This resulted in a variety of
geological features and structures. Figure 4.4 shows the tectonic pattern and outline of
structures. The CFB consists of two branches, namely western branch and southern
branch, which form the characteristic mountain chain along the southern and part of
the western coasts of South Africa. The western and southern branches of the CFB
meet in a 100 km wide syntaxis area, comprising NE-trending folds situated between
Ceres and Ganshaai (approximately 200 km to the west of the study area).

In the Southern Cape and Klein Karoo, the southern branch of the CFB comprises a
900 km long gently arcuate belt. The more resistant strata of the group form
prominent EW trending mountain ranges, that is Swartberg, Rooiberg, Gamkaberg,

Kammanassie and Outeniqua Mountains.

The above-mentioned mountain ranges are separated by synclina intermountane
basins. The resistant quartzites are exposed in the cores of anticlinal mountains and
form a rugged topography. The valleys are broad and due to the underlying less
resistant Bokkeveld Group sediments.

The compressional deformation during the Cape Orogeny was followed by
extensional tectonic, during which the Uitenhage Group was deposited within a
number of fault-bounded basins, reaching a thickness of > 2000m in places. The

examples of the extensional tectonics include the following (Duvenhage et al., 1993):

Reverse faults associated with over-folding, during the Cape Orogeny;
The Cango Fault (CF), areverse fault on a previous thrust fault plane; and

Several normal faults of the post-Cretaceous age.
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Figure 4.4 Sketch of the structurein the study area
(Faults are adapted from Council for Geoscience, 1997)
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Several examples of recent tectonic activity (neotectonics) exist in the south-eastern
Cape (Andreoli et al, 1989; Hill, 1988; Hattingh and Goedhart, 1997; Hartnady, 1998)
and Karoo (Woodford and Chevallier, 1998). The tectonic activity suggests that an
extensional tectonic regime continues to prevail, with an extension in a NNE-SSW
direction and compression in a WNW-ESE direction. These were associated with

the following events:

Cape Orogeny: N-S, NW-SE, NE-SW, E-W (thrusting) systems.

Gondwana breakup (extensional tectonics): development of EW oblique
shears.

Extension with a right-lateral shear component and reactivation of earlier
fractures (E-W, WNW, and N-S).

Tertiary to present time: continuation of the extensional stress regime in a

NNE-SSW direction.

The E-W striking system consists of long, continuous E-W and WNW trending faults
extending across the entire study area, of which only the most prominent faults, with
large displacements, are shown on the 1: 250 000 scale geologica maps. The satellite
lineament map, therefore, provides a much more complete representation of the most
predominant fracture sets, which are EW, WNW and ENE trending fracture sets

(more fractures and longer extent) in the east section of the TMG.

The N-S trending fracture system consisted of shorter, more discontinuous fractures,
which generaly corresponcded to a dense network of NNW-SSE, NNE-SSW trending
joints (forming a conjugate) and less prominent N -S trending joints, often not showing
any displacements on geological maps or satellite images. These fractures or joints

can be very penetrative and form prominent morphotectonic features.

The observed fracture pattern is the combined result of at least two maor tectonic
events, that is the Cape Orogeny (280220 million years ago) and the fragmentation of
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Gondwanaland (200-123 million years ago). Most of the E-W trending fractures
represent normal faults, with variable components of oblique, often right latera
movement, associated with continental break-up. WNW trending fractures may
represent Riedel-shears, while ENE trending fractures may represent the P-shear

direction.

However, the orientation of thrust faults formed during the Cape Orogeny were also
E-W trending or paralel and curvilinear with respect to the genera trend of the CFB.
Extensive field mapping and construction of balanced cross-sections wasthe only way
to determine the abundance of thrust faulting relative to normal faulting. Normal

faulting seemed to have controlled the emplacement of dolerite dykes in the Western

Karoo and deposition of the Uitenhage Group and even high-level terrace deposits.

North-south trending fractures display large variations in geographic distribution.
The Kammanassie and Rooiberg Anticlines have by far the highest density of
fractures and joints, of which the majority were most probably related to the Cape
Orogeny. The NNW, NNE and NS trending fractures have left a strong overprint over
the CFB structures. Some of the lineaments crossing the Uitenhage Group outcrops
were older than the fractures. Some regiona faults, with more than 50km in length

related to hydrodynamic system and recharge boundary, are listed in Table 4.1.
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Table 4.1 General characteristics of mega faultsin the CFB

Name

Characteristics

Clanwilliam Fault

Normal fault NE/SE, extends more than 90km.

Leipoldtville Fault

>50km, through Piekenierskloof Formation.

Redelinghuge Fault

>50km, NW strike in northwest and NS in south section.

Theerivier Fault

>50km, NW-SE strike, near anticline axis.

De Hoek Fault

>90km, NW-SE strike, inflexion point locates nearby De
Hoek.

Touwsriver Fault

>70km, NWW-SSE,

Worcester Fault

>100km, Thrust fault.

Cango-Baviaanskloof
Fault

The Cango Fault Zone (CFZ), previously known as the
Swartbergverskuiwing (Du Preez, 1965), is a prominent east
west striking regional structure, dipping approximately 70° to
the south. The CFZ starts east of Ladismith and continues
past Uniondale (the eastern and western boundaries of the
study area) over a distance of more than 220 km. The CFZ
has a span of ailmost 7000 m and has exposed pre-Cape rocks
to the north. This block of pe-Cape rocks, bounded by the
Swartberg in the north and Enon Formation in the south, is
known as the Cango Inlier.

Olifants Fault
System

NW/SE-striking faults crossing the area, form a sub-parallel,

continuous,  intercortinuous,  interconnected  system,
extending over distances of more than 100 km. Together
these systems constitute four megafault zones,
Saron-Aurora  Megafault  (SAM),  Gydo-Verlorevlei
Megafault(GVM), Twee Riviere-L iepoldtville

Megafault(TLM), Krakadouw-Klawer Megafault(KKM).

i.e

Suurbraak Fault

>100km, EW, wave strike, normal fault.

Outeniqua Mountains
Fault

>100km, arch fault, strata reverse.

Genadenda Fault

>100km, arch fault, NW-SE strike in West section, EW strike
in middle section, NEE in east section, wave.

Hawston - Middleton
Fault Zone

>70km, NE to NEE strike fault group.




Chapter 5
Aquifer Settings

5.1 INTRODUCTION

A pproximately outcrop areas of 37 000 km? of the TMG distribute within an area of
248 000km? in the Western and Eastern Cape Provinces, South Africa. The TMG
comprises about 4 000m thick sequence of quartz arenite, which form the TMG
Super Aquifer. Information of climate, hydrology, geomorphology and geology are
used to develop conceptual models of recharge in the TMG system.

The TMG area has been subdivided into groundwater regions on the basis of both
lithodratigraphy and physiography, namely crystaline metamorphic and igneous,
intrusive, extrusive, sedimentary and composite (Vegter, 2001). There are twenty one
groundwater regions shown in Figure 5.1, in which six groundwater regions in the
north of the TMG may have hydraulic connectivity at depth, namely to Bushmanland
Pan Belt (35), Hantam (36), Tanqua Karoo (37), Western Great Karoo (41), Southern
Highland (40) and Eastern Great Karoo (42).

Inearlier studies, four sections of the entire TMG Super Aquifer were outlined, based
on different thickness of geological successions or their positiors in the CFB and on
associated tectonic regimes present (Figure 5.2):

A. TheWestern TMG Section (A), the CAGE study — Hartnady and Hay (2000).

B. The Agter-Witzenberg and Ceres-Hex River (B) — Central TMG Section,
Rosewarne (1984), Kotze and Rosewarne (1997) and Weaver et al. (1999).

C. The TMG Aquifer in the Klein Karoo Section (C), Kotze (2001).

D. The Eastern TMG Section, Murray (1996).

The above-mentioned case studies have indicated that significant differences in
fracturing and faulting styles, lithological sequences, recharge and natural discharge
(springs) prevail in each section of the TMG Aquifer. Informally named aguizones
were made for outside or apart from the formal hydrogeological hierarchy (Al-Aswad
and Al-Bassam, 1997; Kotze, 2002).
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Refer w Vegter, 2001

Legend

36 Hantam

37 Tanqua Karoo

41 Western Great Karoo
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Figure5.1 Groundwater regionsin the TM G area (After Vegter, 2001)
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Figure5.2 Four sectionsof the TM G aquifer in early studies

The interpretation of satellite imagery, structural, hydrochemistry and
hydrogeological data were collated to define the conceptual hydrogeological model
for the Klein Karoo Section of the TMG aquifer. For delineation of fractured rock

aquifer at a local scale, a term, namely Keystone Block was put forward by Kotze
(2002).

This chapter aims to study the hydrogeological outline including the type of aquifer
system, hydr ogeological boundary, identification of the hydrogeological unit and
hydrogeochemical characteristics of the aquifer systems.
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5.2AQUIFER SYSTEMSOF THETMG

5.2.1 Generic model

Generally a hydrodynamic aquifer system has three elements, namely aquifer,
aquitard and hydraulically impermeable boundaries, and possesses a recharge area, a
flow area and a discharge area aswell (Figure 5.3). In some cases, the discharge area

isvery close to the recharge area or even overlap, so the flow path is short.

Recharge zone Flow zone Discharge zone

SR,

| aguifer 2 aquitard
1} impermeable boundary

l Recharge wa Discharge ™— Flow line

Figure 5.3 Elements of the hydrodynamic system

5.2.2 Typesof the TMG aquifer

Folded and fractured rock aquifer systems are domination in the TMG area. The TMG
aquifers, i.e. geological units with economically exploitable groundwater quantities,
are classified as secondary aguifers. Extensive folding and faulting gave rise to the
secondary porosity during several tectonic events. The style of fracturing and folding
depends on the matrix and regional tectonics of the fracture pattern. The following
TMG aquifer systems are presentedin the TMG area:

" Horizontal terrane aquifer system
Ll Inclined strata aquifer system
" Folded strata aquifer system

0 Syncline aquifer sub system

o Anticlineaquifer sub system
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=  Fracture zone aguifer system
=  Weathered rock (crust) aquifer system (not discussed here)

5.2.2.1 Horizontal terrane aquifer
Two types of aquifer occur in a horizontal terrane, namely perched and unconfined

aquifers. An example is Platteklip Gorge Spring as can be seen in Figure 5.4. The

issue point of the spring is on an interface of the Peninsula and Graafwater Formation.

Rainfall
¥
- -+ v v 13
i SeRE S - e R N
L i = ? - Peninsula Formation g -. ,.El.-'?- & ridia
- b Choean

. - Platteklip Gorge Spring d
Graafwater Formation Malmeshury Group i + . Granite

Figure 5.4 Horizontal terrane aquifer in the Table Mountain

5.2.2.2 Folded grata aquifer sysem

The folded TMG aguifer system includes syncline and anticline sub systems. The
syncline sub system located in basin area is a permeable rock layer within low
permeable rock layers. Four typical configurations, namely fault-fold-lithology
controlled, fold-lithology controlled, leakage and overflow system, are shown in
Figure 5.5. The anticline aquifer sub system distributes a core of the anticline with

wide-open fractures, such as the Kammanassie mega-fold (refer to Figure 8.6).

Fauft. fold-Shology contralled Foid-Ethology controlled Ty
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D ik
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. «
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Figure 5.5 Models of synclineaquifer systems

53



5.2.2.3 Fracture zoneaquifer system

According to the hydrogeological function of a fracture, five types are classified as
follows (Sheng et al., 1985):

Fracture: Tensile, the permeability of this fault is larger than the hanging wall
and footwall.

Fracture conduit: Connecting different aquifers or aguifer system, for example
the Brandvlei Fault.

Impermeable fracture, such as Wemmershoek Fault, Worcester Fault, Cango
Fault. The permeability of the faults is much smaller than that of the hanging
wall and footwall.

Storage fracture is defined as a closed storage space in a fault zone.

No water fracture, which a fault with no water-runs where there is no storage

space and very low permeability in these fault zones.

The heterogenous and anisotropic fractured rock aquifer system comprises an open

fracture, conduit and hydraulic boundary (impermeable fault) as can be seen in Figure

5.6. The following points are illustrated:

D
2)
3

4)
5

6)

Fractures are divided into open, closed and infilled fractures.

Fracture density is related to the thickness of the layer of lithology.

Conduits, storage as well as exclusion of groundwater can be present in a
fracture.

There are weathered and tectonic fractured rock aquifer systems.

Hydraulically connected aquifers occur in different aquifers by conduit
fractures.

In afractur e zone aquifer system, groundwater can be obtained at another side
of the mountain and the opposite bank of the river as well.

Cool water occurs in loca flow, but thermal water can occur in regional flow,
which may flow along the TMG buried by thick younger formations in basin

area.
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Figure 5.6 A model of the TMG fractured rock aquifer system

5.2.3 Composite aquifer system

An independert aquifer system usually occurs locally, but regional aguifer systems
are adways complex and synthetically produced. Different aquifer systems may
connect to each other through the faults or leakage layers. The composite aquifer

systems are

1) The monocline -fault aquifer system [Cape Peninsula

2) The syncline-fault aquifer system [Montagu, Witzenberg]

3) Theanticline-fault aquifer system [Vermaaks River Valley]

4) The syncline-anticline-fault (fold-fault) aquifer system [Brandvlei]

5.3HYDROGEOLOGICAL BOUNDARY OF THE TMGAQUIFER

5.3.1Lithology

Lithology may control springs occurrences due to the impedance or presence of
impermeable layers. Springs discharge at contact zones with interbeds and lithol ogical
boundaries, such as the Bokkeveld, the Malmesbury, the Kango and the Namap Group

and the Cedarberg Formation. There are a few well-known Cedarberg Formation

55



related springs, such as Hoeksberg Spring (south of McGregor), Vermaaks Spring,
Marnewicks Spring, the Meirings, the Swartberg Spring (feeding the Dorps River at
Price Albert) and the Humansdorp Spring.

5.3.2 Faults

A regiona fault is normally a structural boundary as well as a hydrogeological
boundary. Most of the regiona faults are impermeable boundaries, but fault branches

are tensile faults, which are excellent infiltration paths.

There are fault-controlled hot springs, occurring from Citrusdal in the west to
Uitenhage in the east. The alignment of these springs follows a remarkable imagining
curved line, which appears to mimic the shape of CFB (refer to Figure 4.4). The
alignment of these springs may be meaningful in terms of the deeper CFB structure

(Meyer, 2002). The major fault controlled springs have the following characteristics:

- They dl come out of conduits in competent, fractured and fissured
quartzitic -sandstone of the TMG, which are in all instances faulted against, or
are in contact with the incompetent Cedarberg Formation and Bokkeveld and
Uitenhage Groups aquicludes.

- They are hypothermal springs, with water temperatures in excess of 20°C.
They are thus al relatively deep circulating springs. The yields range from 9
to 127¢-s *with limitedseasonal fluctuations.

- The ECs of the groundwater do not exceed 35 mSm™. The dominant chemical
determinants of the groundwater are sodium and chloride. Hydroxides of iron
and/or manganese, ranging between 0.1 and 2.0 mg-¢%, have been recorded in

most of them.



5.3.3 Drainage system

A watershed is usually a groundwater recharge boundary, but groundwater recharge
can be obtained from vicinity catchments through fracture networks. In most cases,
primary and secondary catchment boundaries are related to structures or are one of
hydrodynamic boundaries in the TMG area (Figure 5.7). The main river, which is a
very active hydrogeological boundary, is not only a discharge area but also a source of
recharge. Most of the perennial rivers occur in the discharge areas of the TMG aquifer,
such as the Olifants River (Olifants Doorn area), Great Berg River, Breede River,
Gourits River (Figure 5.7). The Indian and Atlantic Oceans are important groundwater
discharge zones for the TMG aquifer. Groundwater discharges directly into the oceans
in most of the southern coast from Strand to Port Elizabeth.

Some important hydrogeological boundaries ae used in identifying of
hydrogeological units, namely fault, lithologies, rivers and oceans, are listed in Table

5.1

Table5.1 Types of hydrogeological boundary inthe TMG area

Boundary Class Name / Characteristics

Clanwilliam Fault, Leipoldtville fault, Red elinghuis
Fault, Theerivier faults, De Hoek Fault, Touwsriver
fault, Worcester Fault, Cango-Baviaanskloof Fault,
Fault Regiond, >50km, | Olifantsfault system, Suurbraak fault, Outeniqua
mountains fault, Genadendal fault, Hawston -
Middleton fault Zone, Baviaanskloof Mountains

thrust fault etc.
) Group: Mamesbury, Kango, Namap, Bokkeveld,
Lithology/ ]
Strat h Group, Formation | Witteberg, Dwyka, Ecca, Beaufort, Uitenhage
ratigraphy
Formation: Cedarberg
. Olifans (Western coast), Great Berg, Breede River,
) Main branch, ) )
River ) Sonderend, Touws, Groot, Gourits, Gamka, Olifans
perennial

(Cdlitzsdorp), Kammanassie, Gamtoos, Swartkops.

Drainage Primary catcchment | E,F, G, H, L, M, N

Oceans Atlantic Ocean and India Ocean
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54HYDROGEOLOGICAL UNITS

According to the similarity of hydrogeological properties of the TMG, nineteen
hydrogeological units were identified, covering the area of 248 000km? in the Western
and Eastern Cape provinces (Figure5.8). The general characteristics of the
hydrogeological units are listed in Table 5.2.

Table 5.2 Hydrogeological unitsinthe TM G area

Unrgt Name Boundary Characteristics and Stratigraphy
The TMG aquifers are covered by
younger Formations. Recharge

North: Zero deposit boundary of | comes from an outcrop of the
0 Karoo the TMG, South: End of the | TMG inthe southern area.
outcrop of the TMG Stratigraphy involved: DI, Dbi,
C-Pd, Pt, Ppw, Pr, Pa, Pf, Pwa
Ope, Sn.
North: End of outcrop of the | Anticline is dominant.
TMG; Stratigraphy involved: C-P, Dc,
1 Vanrhynsdorp South: Clanwilliam Fault. | Dw, TraTra; Ope, Sn.
Cango-Baviaanskl oof Fault,

Baviaanskl thrust Fault.

Anticline-syncline-anticline —Fault
system. The strata are NW-SE
trend.
Stratigraphy involved: Ng, 7kn,
Dc, Dhi, Tra-Tra, Op, Ope, Sn.

. ; ; Anticline -Fault fracture aquifer
" North: . Leipoldtville Fault system. Stratigraphy involved: Np,
3 | Piketberg (NW SE); Npo, Nbi, %, Op, Ope, Sn
South: De Hoek Fault (NW SE) po, NI, 7k, Lp, LUpe,

North, De Hoek Fault (NW-SE), | Fault-anticline aquifer system.
Worcester Fault (NESE to E-W) | Stratigraphy involved: Nno, Nbi,
South: Mooreesburg- Ny, NKi, N?w, N-?m and Ope,
Wellington ((NW-SE)- Sn

Paar| -Franschhoek (NWW -SEE)
East: Brandvlei (NE-SW)

North: MooreesburgWellington | Fault aquifer system.

((NW-SE)- Paarl- Stratigraphy involved:
Franschhoek (NWW-SEE); ?g,N-?k, N-?s, Nf, 2k, Nty; Ope
South: Table Mountain

East: Franschhoek-
Stellenbosch Fault (NE-SW).

North: Clanwilliam Fault;

2 | Clanwilliam | o iy | eipoldtville Fault

4 Wellington

5 Stellenbosch

Monocline aquifer system, TMG is

6 | CapePeninsula | CapePeninsula Atlantic Ocean | located on top of Malmesbury
Group (?cc) and granite.

North: Theeriver Fault (NW-SE) | Fault controlled aquifer system.

and Touwsriver Fault (E-W); Stratigraphy involved: Npo, Nbr,
7 Caes South: Worcester Fault (NESE to | C-Pd, Dbi, Dc, Dw; Ope, Sn
E-W);

East: Hex River Fault (NESW)
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Table 5.2 Hydrogeological unitsin the TM G (continued)

L’J\ln(;t Name Boundary Characteristics and Stratigraphy
North: Worcester Fault (NESE to | An anticlinesynclinefault
E-W) aquifer system.
West: Brandvlei Fault (NESW) and | Stratigraphy involved: N-?, Nf,
8 Worcester Franschhoek - Stellenbosch Fault | Ppw, C-Pd; Ope, Sn
(NE-SW).
East: Betty’'s Bay-Botriver-
Berea Fault Zone (NESW) and
Robertson Fault (NESW)
North: Touwsriver - Herbertsdale | Fault-syncline aquifer system.
Fault Zone (NW-SE) Stratigraphy involved: N - ?
9 Montagu South: Worcester- Swellendam - Dbi, Dc, DI, Dw; Ope, Sn
Herbertsdale Fault Zone
West: Hex River Fault (NESW)
North: Worcester- Swellendam Fault | Fault-syncline aquifer system.
South: Berea-Greyton-Stormsvlei | Stratigraphy involved: N- ?, Nf,
10 | Bonnievale Fault (E-W) and Wydgelee Fault. Dbi, Dw, Je, Ope, Sn
East: Bontebok Fault (NW SE)
West: Robertson Fault (NESW)
North: BereaGreyton - Stormsvlei | Fault controlled aquifer systems.
Fault (E-W) and Wydgelee Fault | Stratigraphy involved: N- 2,
(NW-SE). East: Bontebok Fault | Nty, Dbi, Dc, Je, T-Qb, Qst;
11 | Caledon (NW-SE) Ope, Sn
West: Betty’ sBay-Botriver-
Berea Fault Zone (NE-SW)
South: Coast line
North:  Worcester-  Swellendam- | Fault aquifer system  and
Herbertsdale Fault Zone monocline aquifer system.
12 | Riversdae South: Coast line Stratigraphy involved: Dc, Dbi,
West: Bontebok Fault (NW-SE) Dc, Dw, Je, JK, T-Qb; Ope, Sn
East: drainage boundary
North: End of outcrop of the TMG; Fault — overturned anticline
South: Ladismith Fault (E-W) and | aquifer system. Stratigraphy
13 Swartberg Cango Fault (E-W) involved: Nk, Dt, Je; Ope, Sn
North: Ladismith Fault (E-W) and | Fault- fold aquifer system.
Cango Fault (E-W); Stratigraphy involved: Dbi, Dc,
14 Oudtshoorn Northwest: Touws Fault zones Dt, Dw, JK, Kb; Ope, Sn
Northeast: Baviaanskloof Fault zone
South: watershed.
. . Fault-monocline aguifer system
gg&m: \(/:v::;r??r?g’ Stratigraphy involved: N- ?g,
15 | George West: Drainage; Nka, Tg, T-Qb, J-K, Ope, Sn
East: Outeniqua Fault zone
North: End of the outcrop of the | Fault- syncline aquifer system.
16 | Studis TMG (Baviaanskloof Trust Fault); Stratigraphy involved: Nk, Jeg;
South: Kouga Fault zone Ope, Sn
) Fault-anticline aquifer system.
17 | Humansdorp QSSE Pégggtal::nagltzone Stratigraphy involved: Dc, Je,
) JK; Ope, Sn
North: End of the outcrop of the | Fault-anticline aquifer system.
18 Uitenhage TMG; Stratigraphy involved: Nga, Ks,
South: Coast li ne Qsc; Ope, Sn
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Figure 5.8 Hydro geological unitsin the TMG area
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55HYDROGEOCHEMICAL CHARACTERISTICSOF THE TMG AQUIFER

The statistical analysis was based on chemica data of 98 samples distributed
throughout the whole TMG area (collected from NGDB and Vegter, 1995 a, b), in
which 89 samples were taken from the Peninsula Aquifer. The major ion patterns in
the groundwater are predominately (Table 5.3). A CkNa type water occurs based on

Durov’s hydrogeochemical classification system (Figure 5.9).

Table5.3 Water qualitiesin the TMG aquifer (unit: mg/™; EC: mS:m™?)

Item EC [TDS| pH | K* [N& | c& M| F | C |[HCO;y NOs N[22 |POS SO,

Minimum| 5. | 210/ 4.2 {01 {39 05]| 0.7 |001| 74 04 001 | 0.z [001 459

Average (148834 6.C | 2.C (168 3.8 | 2.6 |015(28.6(16.140 1.88 | 54 [003 134

Maximum| 53.0|189.0 7.€¢ |10.0 |46.0]18.0| 7.1 | 0.49]82.0(85.440 17.9C |189 |016 37.9

Stand. dev| 8.4 [426] 0.6 | 2. 196 | 40 [ 1.5 [013]171] 179 342 | 4. 1003 84

5] " /e
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Figure 5.9 Piper diagram of hydrochemistry in the TM G aquifer

5.5.1 Chloride concentration in the TM G aquifer

The analysis results of the 98 samples were used to calculate the background value of
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chloride in the TMG aquifer. Figure 5.10 shows the characteristics of chloride
concentration. Most of them are less than 40mg-¢™. The distribution of the
concentration is shown in Figure 5.11. The frequency is 32.7%, 24.5%, 15.3% for

concentrations of 10-20mg-¢%, 20-30mg-¢' and 30-40mg-/?, respectively. The

frequency is 8.2% in 50-60mg: ¢ and 60-70mg: /. The concentration can be divided

into tw o levels, which are 10-40 mg- /'t and 50-70mg- ¢ ™.

100
80
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40

Cl (mg/l)

20

0

1 11 21 31 41 51 61 71 81 91
Samples

Figure5.10 Chloride concentrationsin the TM G aquifer
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Figure5.11 Frequency of chloride concentrationsin the TMG aquifer

The statistical analysis results of the 98 chloride concentrations are listed in Table 5.4.
The discrepancies between arithmetic and harmonic and geometrical are 38%, and
18%, respectively. Therefore the error would be introduced in the recharge edimation
using different mean value. There are large errors when the resultant concentration
lies between x' +s to x'+3s, so the chloride mass balance method cannot be used to

estimated the recharge rate under these conditions.
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Table5.4 Chloride concentrations of the TM G aquifer (mg+ %)

Tvpe Mean X +s” X'+2s X'+3s X-s
Arithmetic 30.9 50.1 69.1 88.1 7.12
Geometrical 26.2 452 64.3 83.4 118
Harmonic 22.5 416 60.6 79.7 3.43

Y s- gtandard deviation

The population mean and the interval of the chloride concentration for 95% and 90%
confidence are listed in Table 5.5. The confidence of the samples indicated that the
interval of chloride concentration increases with decreasing sample size. For instance,
the interval is 22.4-29.9mg-¢™* for 100 sample sizes, but 4.56- 47.8mg-¢™ for 3 sizes.

In other words, the error [(max-min)/max] is 25% when the sample size is 100; but

the error is 90% when the sample sizeis 3.

Table 5.5 Confidence of the chloride concentration

Conditions a=0.05,5=19.1, mean=30.9 a=0.1,5=19.1, mean=30.S

Sample size 10C | 50 20 10 5 3 10C | 50 2 10 5 3

Confidence 374 1529|1837 118|167 | 216 | 314|444 | 702 993 | 14 | 159
Maximum (mg- /3] 209 | 31.5| 345| 38 [429 | 478 293 (306 33.2[ 361 | 40.2 | 42.1
Minimum (mg-¢ 3| 224 | 20.9 | 17.8| 143944 | 456 | 23 | 21.7| 19.2| 162 | 121 | 10.3

5.5.2 Chloride in the other aquifersof the study area

In comparison to chloride concentration in the TMG aquifer, the chloride
concentrations in the other aguifers of the study area are illustrated in Table 5. 6. Large
differences of the concentration occur between the TMG aquifer and the aquifers
around the TMG due to lithology. A very low recharge rate would be produced based
on the chloride concentration presented in Table 5.6 if equation (3.1) is adopted. This
may be the reason why the CMB method cannot be used to estimate the recharge rate
in the aquifer with high background concentration values of chloride, which comes
from multiple sources. A contour map of chloride concentration of rainfall is

constructed as shown in Figure 5.12. If the chloride concentration of rainfall is taken
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from the map and the concentration of groundwater taken from the Table 5.6, large
difference in recharge rate should occur in the same contour of chloride concentration
due to different chloride concentration of groundwater in the aquifers. It is worth
mentioning that the contour of chloride concentration of rainfall is not accurate, thisis

beyond the study, and this is left for future work.

Table5.6 Chloride concentrationsin the surrounding aquifersof the TMG

Aquifer Maximum [ Minimum Mean .
Sample size
(Group or Formation) ( mc-[]) (mg-~ 1) ( mc-[l)

Malmesbury 3196.C 37.0 636.€ 9
Cape Granite 688.C 86.0 365.€ 5
Bokkeveld 4393.C 112.0 1092.7 9
Witteberc 1638.C 71.0 595.4 7
Dwyka 1984.C 53.0 673.C 7
Ecca 1550.C 104.0 519.2 6
Beaufort 394.C 67.6 249.3 6
Suurberc 864.C 829.0 846.5 2
Uitenhage 2537.C 336.0 1497.3 6
Algoa 856.C 615.0 735.5 2
DeHoopvlei 150.C 140.0 145.C 4
Coastal sand 745.C 106.4 431.4 4
Alluvial 2400.C 16.0 656.7 7

Legend

Conteur of chiarde concanivation of raindall
o) Sampling sité and chiorsds concenbratien of rainfall

Saewpbeg aile by Weavar and Tasa, H002

| |
Imdian Ocean = Shady area
Maotolions of growps can b= referred in Figure 4.3

Figure5.12 Contour of chloride concentration of rainfall in the Kammanassie
area




5.6 SUMMARY

According to the occurrence of aquifer, five types of aquifer systems, namely the
horizontal terrane aquifer system, incline strata aquifer system, folded strata aquifer
system, fractured rock aquifer system and weathered rock (crust) aquifer system, are
classified. Based on geologicd and hydrodynamic characteristics, namely,
geomorphology and boundary conditions of groundwater flow, nineteen
hydrogeologica units in the TMG area have been identified, covering the area of

248,000km?.

Groundwater in the TMG aquifer with CI-Na type of water is characterised by its low
TDS. Chloride and sodium are main ions, as al other mgor ions are very low

concentrations. Based on the 98 samples distributed in the TMG area, the frequency is

32.7%, 24.5%, 15.3% for concentrations of 10-20mg: ¢, 20-30mg-¢* and 30-40mg-/2,
respectively. The frequency is 8.2% each for concentrations of 50-60mg-#* and

60-70mg-/ L. The errors between arithmetic and harmonic and geometrical are 38%,
and 18%, respectively. Therefore the error would be introduced in the recharge
estimation using different mean value. Large differences of the chloride concentration
occur between the TMG aquifer and the aquifers around the TMG due to lithology.
These would be the limitation of the application of chloride mass balance because of

multiple sources of chloride.



Chapter 6

Role of Geomor phology in Rechar ge Processes

6.1 INTRODUCTION

Geomorphology plays a vital role in the formulation of groundwater recharge. The
recharge areas of the TMG aquifer lie primarily in the rugged mountainous areas with
atitudes ranging from 200m to 2 250m. To the northeast of the mountains lies the
relatively high altitude plateau of the Karoo at an elevation of between 800m and
2 000m. In the west section, the NW-SE trend of the mountains runs parallel to the
coadtline and consists of the Bokkeveld, Piketberg, Cedarberg, Skurweberg, Cold
Bokkeveld and Witsenberg Mountains. In the syntaxis area, the ranges strike northeast,
such as the Hex River Mountains, Riversonderend and Overberg Mountains. The
Swartberg Mountains lie in the north, and the Langeberg Range and Outeniqua
Mountains in the southern E-W striking range, which runs parallel to the coastline
with the Kammanassie Mountain range, lying in the east between them (refer to
Figure 7.1). The topography of the eastern section is, to a large extent, characterised
by a number of northwest-southeast striking mountain ranges and ridges, such as the
Kouga, Tsitskamma-Kareedouw, Baviaanskloof, Grootrivier Mountain and Great

Winterhoek Mountains.

The influence of lithology and geomorphoogy in semi-arid areas is illustrated in
Botswana by differences between the Kalahari sands and adjoining Precambrian hard
rock area (Gieske 1992; De Vries 1997; Selaolo 1998; De Vries et al. 2000). The
impact of topography on local and regiona groundwater flow paths was demonstrated
by Téth (1963). Water runs off steeper dopes more quickly with less infiltration into
the ground, and thus produces less recharge than flatter areas where water has more
time to soak into the ground (Sophocleous and Buchanan, 2003). The texture of the
soil became heavier the recharge decreased (Kennett-Smith et al., 1994). The rate of
evapotranspiration increases as the vegetative cover increases. Evapotranspiration
losses may range from 38.1cm per year for barren rocky areas to 89cm per year for
heavily forested areas (Widler and Brater, 1963). Recharge is generally much greater
in nonvegetated than in vegetated regions (Gee et a., 1994) and grester in areas of

67



annual crops and grasses than in areas of trees and shrubs (Prych 1998). Plants,
especialy exotics consume amount of water from soils (Le Maitre et a., 2002). A
poor vegetation cover on a permeable soil or a fractured porous bedrock near the
surface, together with high-intensity rainfall, create favourable conditions for recharge
(De Vries and Simmers, 2002). Preferential flow contributes on average ~50% of the
estimated total recharge, though values as high as 70-90% are known (De Vries and
Simmers, 2002). Gieske et a. (1990) observed horizontally concentrated infiltration
into rills and lateral soil -water movement toward intervening ridges.

The interaction of climate, geology, morphology, soil condition, and vegetation
determines the recharge pracess. Recharge induced by minor topographic variations is
also important at a local scae (De Vries and Simmers, 2002). An understanding of
the geomorphology contributes to a better delineation of the recharge processes of the
TMG aquifer system and an improved appreciation of recharge estimation. This
chapter aims to conceptualise models of recharge processes in the TMG area through
field investigation.

6.2 TOPOGRAPHY

The topography of recharge areas of the TMG aquifer is controlled by lithology and
structure. The mountain ranges are consistent with the orientation of structures.
Gentle slope topography is characterized in southern Grabouw. Gorge topography
predominates along river valey in the outcrop of the TMG area. Fault controlled
topography is typified by a mega fault, such as the De Hoek Fault, Worcester Fault
and Cango Fault.

Four types of topography controlling different recharge processes are identified in the
TMG area, namely mesa (Figure 6.1), cuesta (Figure 6.2), fold-controlled topography
(Figure 6.3) and fault-controlled topography (Figure 6.4). Vertical infiltration controls
the recharge process in the mesa area. Percolation occurs along the bedding fractures
and recharges vicinity catchment in the cuesta area. Recharge processes are more
complex in the folded and faulted rock area where more effective recharge may occur
in the area with high density of fractures and percolate to local or other catchment via

fracture networks.



Figure 6.4 Fault controlled topography in Rawsonville
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6.3 A ROLE OF FRACTURE ON RECHARGE

The processes of recharge are specifically associated with open fractures. These
fractures, when near the surface, are often totally or semi-infilled by soil with
vegetation. An open fracture can be identified using Radon technique (Wu et a.,
2003). A typical example is the fractures in the Table Mountain (Figure 6.5). In this
figure the ongoing infiltration process is observed through bubble formation on the
water surface. If the infiltration rate is smaller than the intensity of rainfall, surface

flow occurs.

High infiltration rate may occur in unfilled fracture. The infiltration may be
influenced by soils due to reducing aperture of fractures and vegetation due to
increasing evapotransporation in semi filled-in fracture. A good example is the

Blikhuis area shown in Figure 6.6.

The outcrop rocks are highly fractured in most area of the TMG. Stress relief fractures
are often seen in the near land surface, especially in steep slopes. Rainfall can produce
as high as 100% infiltration rate near land surface, but the fractures trend to close at
depths, therefore, most of rainfall infiltration comes out as interflow. An example is
the Vermaaks Valley (Figure 6.7).

The fractures without displacement are one type of preferential fractures. These
fractures can link to the aquifer directly. Some paleofractures are sealed but some
subsequent fractures are not cemented. These fractures in Rooiels Bay are typical
examples (Figure 6.8). The fractures a& Dunn’s Castle are the typical examples
(Figure 6.9). Thetectonic fractures together with weathering and stress relief fractures
can form the preferential fracture zones,in which effective recharge will be increased.
Thistype is characterized at Platteklip Gorge (Figure 6.10). The open fracture density
near the surface is the key factor controlling the infiltration rate, but recharge is
constrained by characteristics of fractures at depth. The wide-open fractures not only

enhance rainfal infiltration but also form preferentia recharge.
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Figure 6.5 Fractures clogged with infillings Figure 6.6 Open and semi infilled
near the surfacein the Table Mountain fracuresin the Blikhuis

Figure6.7 Stress-relief fracturesin Figure 6.8 Fissurewithout

the Vermaaks valley displacement in the Rooiels Bay

Figure 6.9 Preferential fracturesat Figure 6.10 Preferential fracture zone

Dunn’sCastle at Platteklip Gorge, Cape Town

71



6.4IMPACT OF SLOPE ON RECHARGE

6.4.1 Slopetype

Recharge is related to the dope gradient of mountains. For instance, rainfal has
sufficient time to infiltrate into soils and rocks if the slope gradient is gentle; rainfall
is unlikely to infiltrate effectively if the dope gradient is steep. The reationship
between the dope and the dip of strata, together with the occurrence of fracture
networks, is the main factor influencing the recharge rate. A gentle slope gradient
with the strata dipping away is good for recharge if the dope angle is less than the dip
angle (Figure 6.11), but an escarpment with the strata dipping in the opposite direction
hampers recharge, which is illustrated by the snow cover on the slope in Boland area
Snow stays at a moderate slope, but no snow accumulate on steep slopes (Figure 6.12).
A slope surface with strata forming the surface is the worst-case scenario of recharge
if there are not well open fracture networks for infiltrating. The Ladismith is a typica
example as shown in Figure 6.13.

Figure 6.12 Slope and snow in Boland (Cape Nature Reserve? )
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Figure 6.13 Layer slopein Ladismith
6.4.2 Form of slope

Estimating the impact of the concavity, convexity, regularity or warp of a slope on
recharge is a very delicate procedure. These factors are often neglected so that such
divergent results are come up. Slope length will increase rainfall directly infiltrating in
convex slope. The outcragps of the TMG usually have a convex slope; an example isin
Citrusdal (Figure 6.14). The presence of concave slopes in a landscape indicates that
there must be trapping, siltation and colluvial deposits in the valley. A concave
ground surface or slope surface can often hold a certain amount of water after rainfall.
For instance, it can hold water in hollows such as on the top of the Table Mountain
(Figure 6.15). It is advantageous for infiltration if micro fractures occur under hollows
and free water vapour occurs simultaneously.

e, .
-
]

-
o ¥

Figure6.14 Convex slopesin Citrusdal
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Figure6.15Held water (brown) in hollowson thetop of Table Mountain

6.4.3 Slope gradient

As the gradient increases, the kinetic energy of rainfall remains constant, but transport
accelerates toward the foot as the kinetic energy of the runoff increases and outweighs
the kinetic energy of the rainfall. This occurs when the slope (S) exceeds 15% (Roose,
1996). Roose (1996) aso mention that runoff does not necessarily increase with slope.
In general, there are mesa on the top of mountain and long cuesta with steep
transection valley in the outcrop of the TMG area. A gentle watershed occurs in most
of the outcrop area of the TMG in the western and eastern section (refer to Figure
4.3), for instance, Witteberg Mountain (Figure 6.16). In the syntax area, precipitous
cliffsand narrow valley are domination; the slope gradients of the banks of valley are
greater than 30° in most cases, but gentle dope on the foot of valley (Figure 6.17).
There are wide slope on the gentle side where the slope is coincide with strata dip and
narrow slope on the steep side where the slope is opposite to the strata dip in the
cuesta. A typical example is the Langeberg Range (Figure 6.18). More complex slope
gradient occurs in some areas, such as the Swartberg Pass (Figure 6.19). In the
hydrogeological unit 3 and 6, there is a broad and gentle land surface with an
approximately horizontal dip of strata. Based on the slope character, three grades of
the slope gradients are classified, namely 10-20°, 20-30° and >30°. More effective

recharge occurs in the slope of less than 3¢ in the outcrops of the TMG area.
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Figure6.17 Slopegradient in the Hex River Mountan
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Figure6.19 Slope gradient in the Swartberg Mountain
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6.5IMPACT OF VEGETATION ON RECHARGE

6.5.1 Vegetation type

Impact of vegetation on recharge can be observed in many ways, such as interception
and transpiration. The vegetation can consume water from deep soils and fractures.
Three types of vegetation are dominant in the recharge area of the TMG aquiger,
namely indigenous Mountain Fynbos, exotic plants and sparse or no vegetation. The
most canmon of which is the Fynbos, an example of which can be seen in Figure
6.20. The sparse vegetation can often be seen in the outcrop of the Skurweberg
Formation, an example of which can be witnessed in the Michell’s pass area (Figure
6.21). Exotics, such & Pinusand Eucalyptus species are planted at the foot of the
mountains or gentle slopes (Figure 6.22 and Figure 6.23). Due to natura spreading

some areas later become invaded. For the outcrops of the TMG, there is a high

vegetation cover rate on the gentle slopes and sparse vegetation on the steep dopes
because of the soil thickness.

= ..:'i'.'[":‘-'.?l'l
Figure6.20 M ountain Fynbosin the Figure 6.21 Spar se vegetation in the
Mont Rochelle Nature Reserve Michell’s Pass

-

Figure 6.23 Exotic—Eucalyptus in the

Sir Lowry’s Pass



6.5.2 Impact of exotic plants on recharge

The first robust estimate of the impacts of plantations at a national scale, was based on
the forestry impact curves and catchment mean annua runoff (MAR) calculated by
HRU (1981). Plantations were estimated to be using an additional 1 284x 10° m® of
water in 1980, which is approximately 7.9% of the usable portion of total water
resources (DWA, 1986). Given a total plantation area of 1.13 x 108 ha (DWA, 1986),
an average reduction in annual runoff from afforested land of 113.6 mm (Scott et al.,
1998).

The estimated impact of invading exotics on the water resources of South Africa, at
approximately 6.7% of the total surface runoff, is substantial. Even at a conservative
rate of new invasion of 5% per year, the size of the invaded area could double in 15
years, potentialy doubling the water use (Versfeld et a., 1998). There is clear
evidence that exotic species will increase in extent and density if given time and
sufficient area to invade to use an even greater proportion of the available water in
catchment areas (Le Maitre et al., 2000).

About 10 million ha (8.28%) of South Africa area have been invaded to some degree
by awide range of exotic species. If the invaded areais ‘ condensed’ to adjust to 100%
of the cover, then the equivalent of approximate 1.7 million ha (1.39%) has been fully
invaded. The invaded area in the TMG area is presented in Table 6.1

Table 6.1 Areasinvaded by exotic plantsin the different primary catchments

(After Le Maitre et al., 2000)
Total area invaded Condensed invaded

C;r(':rr?:]%t Drainage system Area (ha) area area
(ha) % (ha) %
E Olifants (W Cape) 4906 528 972 10.78 | 37623 0.77
G Agulhas coast 2524 1597036 | 63.26 | 384636 1524
H Breede, SW Cape 1551 741 408 47.78 84 398 544
J Gouritz 4513 711 436 15.76 59 399 132
K S Cape coast 716 816 132 030 18.42 52993 7.39
L Gamtoos 3473 277 428 7.99 34289 0.99
M Port Elizabeth region 261 156 70 376 26.95 11 358 435
N Sundays 2122 25191 119 3964 0.19
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The top 10 invading species or groups of species in South Africaranked by condensed
invaded area are listed in Table 6.2. Habitat-indicates the main habitats invaded by the
species, which are: landscape (1), riparian (r) and aluvia plants (r(a)). The condensed
area is the total area adjusted to bring the cover to the equivaent of 100%. Density is

the estimated mean cover over the total invaded area

Table 6.2 Top 10 invading spedesor groups of speciesin South Africaranked by
condensed invaded ar ea(After Le Maitre et al., 2000)

Species Habitat Condensed Total invaded Density
Acacia Cyclops I 339153 1855 792 18.28
Prosopis spp. R () 173 149 1809 229 957
Acacia mearngii r, | 131 341 2477 278 530
Acacia saligna I, r 108 004 1852 155 5.83

Solanum r, | 89374 1760 978 5.08
Pinus spp. I 76 994 2953529 261
Opuntia spp. I 75 356 1816714 415
Mélia azedarach rl 72625 3039 002 2.39
Lantana camara r 69211 2235 3% 3.10
Hakea spp. I 64 089 723 449 8.86

The impact of invading exotic plants on mean annual runoff is 5.58 % and 15.82% of
MAP for water use in the Eastern and Western Cape Provinces, respectively. The
impact of water use by invading exotic plants on the mean annual runoff (MAR) in
primary catchment areas of the TMG is present in Table 6.3. The highest impact
appears on the Agulhas coast in the hydrogeol ogical unit 11.

Table 6.3 Impact of water use by invading exotic plants on MAR in primary
catchment areas of the TM G (After Le Maitre et al., 2000)

Primary ) “MAR Condensed | Incremental Water Reduction
Catchment | Drainagesystem invaded | water use use | useMAP | Equivalents
(x10° m°) area(ha) (x10° m®) (mm) (mm)
E Olifants Sout, Doring | 1 008.35 37623 35.52 352 A
G Agulhas coast 2 056.75 384 636 646.50 3143 168
H Breede, Riversdale 2 088.35 84 398 181.63 8.70 215
J Gouritz 670.63 59 399 74.79 11.15 126
K S Cape coast 1297.30 52 993 134.46 10.36 254
L Gamtoos 494.71 34 289 96.53 19.51 282
M PE Coast Swartkops, 150.04 11 358 40.18 26.78 354
N Sundays 279.89 3964 8.34 2.98 210
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The ranks of the invading species are present in Table 6.4. As a group the acacias,
with seven species in the top 25 -notably A. mearnsii, A. cyclops and A. dealbata - are
the prime water users, accounting for 55% of the total water used. They are followed
by the Pinus, Eucalyptus, Prosopis species and Melia azedarach. The top ten account
for 81% of al water used by invading exotics. The impact of the latter species (11-25
in Table 6.4) on surface runoff is limited because of its coastal distribution pattern,
except where communities depend on groundwater supplies, as in the case of the town
of Atlantis in the Western Cape (Le Maitre et ., 2000).

The effects on stream flow by E. grandis were assumed to be representative of all
eucalypt species planted in plantations at present. An analysis of some measurements
of transpiration by poplars suggested that their annual water tse was similar to pines
(Scott and Le Maitre, 1993). Nevertheless, because all hardwoods (e.g. poplars and
oaks) were grouped with eucalypts in the National Forestry Coverage Map
(Thompson, 1995), the flow-reduction curves for Eucalypts were used for all
hardwoods except Wattles. The inclusion of Poplars and other species under
Eucalypts is unlikely to have a significant impact on the estimates because the areas
planted with these species only amount to about 0.6% of the total afforested area
(DWAF, 1996). The impact of Eucalyptus and Pines on flow is illustrated in Figure
6.24. An adult tree would use more water and reduce flow more.

Eucalypliis: nan-rapanan arsas only Plinigs: pon-riparian ansis anky

— ————

por Tepianied)
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L
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Plantation age in years Flantation age n years

L Todal fiow, Opdinal _==" Lo Mow, Optima B Total Row, Sub-optenal Lo fiow, Sub-aplima

Figure 6.24 Flow reduction curvesfor Eucalyptus and Pines(Scott et d., 1998)

Several studies concentrated on the impact of the exotic species on runoff, but the
impact of the exotic species on recharge has not yet been discussed. Although the

invading exotic plants consume large amounts of water in the whole TMG area, the



cover rate and density of the exotic plants in the outcrop of the TMG is still small.
From the water balance point of view, the exotic plants consume more water than
indigenous plants and this can reduce the recharge rate as well. Further studies of the

impact of exotic species on recharge are necessary.

Table 6.4 Rank of the mean annual water use of invading speciesin South Africa
(After Le Maitre et a., 2000)

N Soec Water Use Cumulative percentage
0. | Species (millions of m3) of thetota water use
1 Acacia mearnsii 576.58 17.46
2 Acacia Cyclops 487.63 32.22
3 Acaciadealbata 248.32 39.74
4 Acacia mixed spp. 242.63 47.08
5 Pinus spp. 231.53 54.09
6 Eucal yptus gmp. 213.98 60.57
7 Prosopis sop. 191.94 66.38
8 Acacia saligna 171.13 71.56
9 Melia azedarach 164.91 76.56

10 Solanum 139.97 80.79
11 Lantana camara 97.14 83.73
12 Chromolaena 68.2¢€ 85.80
13 Hakea sop. 66.30 87.81
14 Populus spp. 53.83 89.44
15 Jacaranda 48.40 90.90
16 Sesbania punicea 42.57 92.19
17 Rubus gp. 41.3¢ 93.44
18 Acacia longifolia 38.73 .62
19 Psidiumguajava 37.31 95.75
20 Caesalpinia 33.82 96.77
21 Salix spp. 33.21 97.78
22 | Acacia melanoxylon 32.2C 98.75
23 Acacia decurrens 9.83 99.05
24 Quercus Jp. 7.24 99.27
25 Other spp. 17.27 100.00
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6.6 RECHARGE PROCESSESRELATED TO TOPOGRAPHY

Recharge processes are related to topography, structure and texture of soils and rock
fractures and rainfall patterns in the TMG area. The rainfall intensity is one of the
important controlling factors. An example
of the effective infiltration depth is shown in
Figure 6. 25. The infiltration depth varies
from 20 to 40cm near Brandvelei in June 6,
2004 after about 30mm of rainfal.
Infiltration is reduced due to the surface

sealing effect resulting enhanced rainfall

intensities and rain splash. The infiltration

Figure 6. 25 Infiltration depths

depth is dightly d along the roots of
> Iy e o _ _ _ near Brandvelei in June 6, 2004
plants and macro pores. The soil moisture is

also one of the factors, which influence the infiltration depth.

Based on geomorphology and hydrogeology, six models of the recharge processes in
the TMG area are conceptualised, namely (1) recharge processes in soil zones, (2)
recharge processes in horizontal strata zones, (3) recharge processes in upright strata
zones, (4) recharge processes in incline strata zones including three different cases.

6.6.1 Rechar ge processesin soil zones

The recharge process with soil cover is depicted in Figure 6.26. This modé contains:

1) The unsaturated zone, which is composed of soil and rock zones. The
infiltration processes in the unsaturated zone are much more complex. Four
zones can be characterised: the leach zone, the illuvia zone, the root zone and
a no impact zone. Moisture in the eluviation and root zones is lost by direct
evaporation or transpiration of plants.

2) Rainfall, which contributes to both munoff and infiltration. During a rainfall
event the rate of precipitation can exceed the infiltration capacity of soils, in
which case excess water will pond on the soil surface. It is the ponded water

that is available for overland flow to surface streams.
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3

4)

6)

8)

9

The concentration of runoff that varies from place to place, depending upon
the surface environments. Its concentration C; is greater than C..

The concentration of infiltration water noted as G, which is greater than G.
When the infiltration water emerges as interflow, its chloride concentration is
termed C11 with C11= Ci.

The concentration in the illuvia zone C», with C,>C,. When the infiltration
water emerges as interflow, its chloride concentration is termed Cy; with Co=
C. There is a maximum corcentration (Cz) in the scenario.

The concentration of chloride from the illuvia zone is Cxwith Coo= Co
When the infiltration water emerges as interflow, its chloride concentration is

termed as C .
The infiltration water recharges groundwater with concentration Cy,.
The chloride concentration of interflow (C i) should satisfy

Ch Vin=Cy V3 +Cy " V,; +GCy, "V,

Vin =V +Vy +V,,

The concentration of surface water should satisfy:

The mixture concertration of groundwater should satisfy
C, V,=Cy Vo +Cp " V,,

Cyis the chloride concentration of old storage water in aquifer. The subscript
of volume (V) is corresponding to the components of concentration.

The infiltration water, which temporarily stayed in the unsaturated zone,
would have a constant concentration. This water may be flushed into the water

table by sequential infiltration events.

10) In any given topography, only one or two types of interflows can prevail.

11) The concentration Cy;is similar to C» in most scenarios because it originates

from the same zone.
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Figure 6.26 Sketch of recharge processes: case 1 with soil cover

The model depicted in Figure
6.26 would occur mostly in
valeys in the TMG areas.
For example, the Vermaaks
valley belongs to the model
as shown in Figure 6.27. The

seepage zone with growing
grass is the start point of the

Figure 6.27 Interflow originated from soils zone

Vermaaks valley.
& in theVermaaksvalley



6.6.2 Recharge processes in horizontal strata zones

Figure 6.28 depicts the recharge process in horizontal strata zones (mesa). In this

model, the following assumptions are made:
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C; - chloride concentration of rainfall

Cs- chloride concentration of surface water

Cy- chloride concentration of groundwater

Ce chloride concentration of sheet flow

C in - chloride concentration of interflow

Ca- chloride concentration of runoff (sheet flow)

Ciand Cy;- chloride concentration of water from weathered zone
Ci2and Cy3- chloride concentration of water from preferential bedding
fractures

Figure 6.28 Rechar ge processes: case 2 with horizontal strata

1) The strata are amost horizontal. The weathered zone only occurs in a certain
area.

2) The plants thrive along fractures or weathered zones.

3) Hollows occur on ground or rock surface. Evaporation is considerable if water
is held in hollows.

4) There is a preferential fracture zone between strata layers and many
preferential fractures in arock mass.

5) Evaporation occurs near the surface and evapotranspiration occurs aong the
fracture through plants.



6) The chloride concentration of preferential flow stays stable; it is similar to that
of rainfall.

7) The concentration of runoff is Cy with Co;>C..

8) Concentration of interflow is the max value of the output of the weathered
zone.

9) The concentration of infiltration water in fractures with plantsis C;with C>C,,
but the recharge volume can be smaller than that through preferential fractures.

10) When the infiltration water seeps as interflow through the weathered zone or
preferential fracture zone, the chloride concentrations denote as Ci 1, Ci2 ad Cia.
The concentrations are amost similar in most scenarios.

11) The concentration of groundwater is a mixture of rainfal, interflow and

regional flow. They satisfy
C, Vy=Cy Vyu+C Vi +C TV,

Cyis thechloride concentration of old storagewater in aquifer. The subscript d

volume (V) is corresponding to the components of concentration.

Typical physical model expressed in the conceptual model (Figure 6.28) can be found
near the Maclear’s Beacon on the Table Mountain (Figure 6.29).

Figure 6.29 Preferential fractureswith plantsnear theMaclear’ sBeacon on

TableMountain



6.6.3 Recharge processesin upright strata

Concentration of chlonds Fudoiall 2002 L

Infiltration Cs
Vapar .
-
/ ! 4 }
;“P-*L"*-j“wm-r*“w
' Unsalurated zone l»
ot

C; - chloride concentration of rainfall
Cg- chloride concentration of groundwater
C1- chloride concentration of water |eakage from weathered zone

Figure 6.30 Recharge processes: case 3 with upright strata

Figure 6.30 shows the model of the recharge process in amost upright strata. In this

model, the assumptions are the following:

1) The strata are almost upright. Weathered zone only occurs in a certain area.
There is a weathered zone with potential high hydraulic conductivity.

2) There is preferential fracture zone between strata layers and many vertical
preferentia fractures in the rock mass.

3) Evaporation occurs on the surface of a weathered zone. Salinity can
accumulate in weathered zones by evaporation.

4) The chloride concentration of preferential flow remains stable; it is similar to
rainfall. The chloride concentration of infiltration water in the weathered zone
is C; with G>C,. The concentration of groundw ater is a mixture of those of
rainfall, interflow and old aquifer storage. They satisfy

Cy, Vyg=Cy Vyut+C V,+C "V,

Cgois the chloride concentration of old storage water in aquifer. The subscript of
volume (V) is corresponding to the components of concentration.
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The typical topography expressed in the conceptual model (Figure 6.30) occursin the
core of anticline, such as Old English fort in Montagu and Uniondale Poort- Upright
strata with open fractures shown in Figure 6.31 and Figure 6.32.

Figure 6.31 Upright strata with open Figure 6.32 Upright strata with open

fracturesin Montagu fracturesin the Uniondale Poort
6.6.4 Rechar ge processesin incline strata zones

In this scenario, three recharge processes related to dip and slope in cuesta or inclined

topography areas are considered, there are asfollows:

the angle of dip is less than the angle of dope (case 4, Figure 6.33 A),
the angle of dip exceeds the angle of dope (case 5, Figure 6.33 B) and
the angle of dip is opposite to the dope (case 6, Figure 6.33 C)

From the above modds, some common feathers can be drawn asfollows:

1) The strata are monocline, and the dip angle is less or greater than the slope
angle.

2) The weathered zone only occurs in a certain area.  Stress relief fractures are
located in relief. Thereis a preferential fracture zone between strata layers and
many vertical preferentia fracturesin arock mass.

3) Infiltration water may recharge the aquifer in the opposite catchment area
through preferential fracture networks.

4) Part of the rainfall intercepted by plants infiltrates into soil aong trunks of
plants. Evaporation occurs on the surface. Evapotranspiration occurs along the
fractures with plants.



C; - chloride concentration of rainfall, Cs - chloride concentration of surface water,
Cq4 - chloride concentration of groundwater, Ce chloride concentration of sheet
flow,C in - chloride concentration of interflow, Coi- chloride concentration of runoff
(sheet flow), C; - chloride concentration of water fromweathered zone

A: case 4 with strata dip smaller than slope angle

B: case 5 with strata dip bigger than slopeangle

C: case 6 with strata dip oppositeto theslope

Figure6.33 Recharge processesin theinclinearea
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5) The chloride concentrations of the preferential flow are amost similar to that
of rainfall. The chloride concentration of water in the weathered zone is G
with C;>C,.. The concentration of groundwater is a mixture of rainfall,
interflow and old storagewater. They satisfy:

C, V,=Cy Vo tC,"V,+C 7V,

Cy isthe chloride concentration of old storage water in aguifer. The subscript
of volume (V) is corresponding to the components of concentration.

6) Interflow occurs in the weathered and preferential fracture zones above the
elevation of local stream or river. The chloride concentrations of interflow are
almost same in most scenarios. Interflow occurs more easily in case 4 than in
the other two cases because bedding fractures are cut by valley.

The typical scenarios of these cases occur in a limb of a fold. Typical examples of

case 4 and case 5 are shown in Figure 6.34 and Figure 6.35. The case 6 can be
referred to Figure 6.2.

: : : o T
Figure 6.34 Dip angle lessthan the Figure 6.35 Dip angle bigger than the
slopeanglein the Bain’s Kloof slope angle in thePiketberg Pass

6.7 SUMMARY
Recharge processes in horizontal zones, incline and upright zones are discussed. The

factors of recharge processes include topography, characteristics of fracture, texture
and thickness of soil and vegetation etc. Infiltration rate is related to characteristics of



ground surface; the percolation rate to the aquifer is not only constrained by the
infiltration rate but also by fracture characteristics at depth. In most cases, the
percolation rate is much smaller than infiltration rate. Interflow occurs in the
weathered and preferentia fracture zones above the elevation of the local stream or

river due to the limitation of percolation rate.

In the TMG area, the fracturing of quartzitic sandstone into breccia and a cataclastic
rock can increase both the porosity and permeability of the rock mass considerably.
However, recementation of the breccia by secondary silica, deposited from silicic
solutions and complexes in water circulating through the fractures since the time of its
formation can further reduce porosity and permeability. The presence of both vertical
and horizontal fracturesis of importance for infiltration water movement. Most of the
recharge occurs along the vertical fractures, while the actual groundwater flow is
controlled by both vertical and horizontal fractures. The structural fractures in shallow
rock layers together with fissures by weathering near the surface are the most
important factors for rainfal infiltration and groundwater recharge in the outcrop of
the TMG area.

The $x models of recharge processes, namely soil zones, horizontal strata zones,
upright strata zones and three incline strata zones, are identified and discussed. Inthe
most of the TMG area, the mentioned models can be combined with each ot her thus
forming a more complex model of recharge processes. Three types of vegetation,
namely the Mountain Fynbos shrub, sparse or no vegetation and exotic plants, are
dominant in the recharge area of the TMG aquifer. The most common vegetation is
the Fynbos shrub. The exotic plants consume more water than indigenous plants and
they can also reduce more recharge. Severa studies focusing on the impact of the
exotic species on runoff suggest that study of the impact of exotic plants on recharge

is necessary in the future.

91



Chapter 7
Spatial and Temporal Rainfall Variability and Trendsin the

Kammanassie Area

7.1 INTRODUCTION

The type of rainfal is often used to formulate management strategies of the limited
water resources. The Kammanassie area is located in the eastern section of the Klein
Karoo, which is known as a semi-arid region. The annual average precipitation of arid
and semi-arid is 50-200mm and 200-500mm, respectively (Lloyd, 1986). There is not
a distinctive bimodal seasona cycle and a genera positive rainfal trend since 1925,
but a general negative trend in short period appears from 1971 to 2001 (Cleaver et d.,
2003). The low precipitation and large spatia and temporal variation lead to more
complexity of recharge estimation in the study area.

This chapter aims to determine spatia distribution, tempora variability and tendency
of rainfall in the Kammanassie areain order to facilitate the evaluation of the recharge

in response to change of rainfall.
7.2 PRECIPITATION

The standard 15 homogeneous rainfall districts over the TMG area defined by the
South African Weather Service (SAWS) is shown in Figure 7.1 The Kammanassie
area belonged to the temperate-maritime type is located in district 10 and 11 The
Outeniqua Mountains form a barrier between the Klein Karoo and a relatively narrow
coastal plain to the south. The northern boundary of the Klein Karoo is formed by the
Great Swartberg, which separates the region from the rest of the country. The
Kammanassie Mountain lies between the two mountains (Figure 7.2). This
topography limits the spatial distribution of the rainfall; thereby it results in more
complicated spatia distribution of recharge.

The average monthly rainfall data captured from the WR90 for 111 rainfall stations

over the Kammanassie and surrounding region from 1920 to 1989 has been used in a
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spatial distribution analysis. The dot marked in the Figure 7.2, namely Parshall, V-
notch, Wildebeesvlakte and Purification Works East rainfall stations, were used to
analyse rainfall pattern in the Kammanassie mountainous area in 1994-2003.
Approximately 400 to 600mm of the Mean Annual Precipitation (MAP) are observed
from the contour map made by Kriging's method in the Kammanassie area (Figure
7.3). Therainfal in the northern area of the Kammanassie Mountain is lower than that
in the southern area. The rainfall is more than 800 mm-a™ in the Outeniqua Mountains,
which is an obvious rainfall boundary.
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Figure 7.2: Selected areafor rainfall analysis
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Figure7.3 Contour of the mean annual precipitation in the Kammanassie ar ea

For discussion the impact of seasonal rainfall on recharge, the monthly average
rainfal over a period of 76 years (1921-1996) is shown in Figure 7.4 (Cleaver et al.,
2003), in which the fresh grey is 1921-1996 for district 10, the grey is 1971-2000for
rainfall stations 1, 3, 4, 10, 24and 31 (see to Figure 7.3); the black is 1926-1966 for
Oudtshoorn. The relative effective recharge may mainly occur in March, April and
November because its higher average monthly rainfall. This may result in limited

recharge, but rainfall including high rainfall events in the other months can contribute

to the recharge as well.

Rainfall {mm)
M

1 2 3 4 5 g 7T B B
Monthiy

Frenchgrey -district 10; Grey-stations 1, 3, 4, 10,24 in Figure 7; Black-Oudtshoorn

M 11 12

Figure 7.4 Monthly averagerainfall calculated for district 10 from 1925 to 1996

(After Cleaver et d., 2003)




7.3VARIATION OF RAINFALL

Rainfall variation with time scales is another important factor for recharge. The
rainfall records (1925-2000) of Hoekplaas rainfal station for the Klein Karoo, the
records (1925-2000) in the Kammanassie Dam for the southern Kammanassie
Mountaion area, and the records (1994-2003) in Wildebeevlakte, Parshall, V-notch
and Purification Works East rainfal stations especially for the Kammanassie
Mountain area, are selected to address the long-term and short-term issues (see to
Figure 7.2).

7.3.1 Long -term tendency

Hoekplaas rainfall station is located at 33° 33 03"S and 22° 58' 30" E (owred by Mr.
| Barnard, unofficial site, location indicated by a triangle in Figure 7.1). Linear
regression indicates that the record contains a gradual positive trend with a slope of
+0.55 in monthly rainfal time series since 1925 (Figure 7.5), but the one-tailed
probability (9.72E-22) from the F-Test that indicates the variances in time and the
MAP is no significance. The high rainfall values were measured in 1981, 1985 and
1996. The CRD has increased since 1966 (98.5mm), and increased considerably after
1992. The frequency of an extreme rainfall event has increased as well after 1978.

To avoid the impact of extreme rainfal events on the postive trend, the new
regression in which extreme values greater than 400mm-a*are replaced with average
values of 232.1mm in 1981, 1985 and 1996 are shown in Figure 7.6. The positive
trend with a dope of 0.0672 still appears. This would illustrate that the positive trend
is not influenced by the extremely high rainfall events after the 1980’ s. Of course, the
one-taled probability (3.46E-14) from the F-Test is no significance as well. For the
short period of recent 30/31 years (1971-200), a genera negative trend appears
(Cleaver et d., 2003).

For the Kammanassie Dam rainfall station, a gradual positive trend with a dope of
+0.6156 in the monthly rainfall series occurred since 1925 (Figure 7.7). The
coefficient of correlation and the one-tailed probability of F-Test between time (1925
2002) and MAP are 0.14 and 5.41E-29, respectively. Thus, there is not significant
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correlation The high rainfal values measured in 1980/1981, 1992/1993 and
1996/1997 indicate an increase in the magnitude of rainfall totals implying an increase
in the magnitude of extreme rainfall events. The CRD seems to have the period of 43
years from 1948/1949 to 1990/1991. The new increasing period began in 1990/1991
although an extremely low rainfall event occurred in 1997/1998.
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Figure 75: Rainfall and CRD patter ns of the period 1925-2000 in the Hoekplaas
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Figure 7.6 Trend of rainfall in theHoekplaas rainfall station (Precipitations in
1981, 1985 and 1996 arereplaced with mean of great average value of 232.1mm.)
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Figure 7.7 Rainfall trend in the Kammanassie Dam rainfall station (1925-2001)



7.3.2 Seasonal variation

Recharge may be significantly influenced by seasona variation of rainfal. Some
seasons may have more recharge; the others may be less. Four seasons have been
distinguished (Cleaver et al., 2003) in the Klein Karoo, namely December-January-
February (DJF), March+April-May (? ? ? ), June-July-August (JJA) and September-
October-November (SON).

A large ranges with low mean monthly rainfall are listed in Table 7.1. The lowest
precipitation with mean values from 11.9 to 12.9mm-a* occurs in the DJF season. The
highest one is from 19.1 to 21.5 mm per month in MAM season. A high standard
deviation value was found in the each month. Perhaps this would be mgjor issue in
recharge estimation. The effective recharge may be contributed by extreme rainfal

event due to highest monthly rainfall from 74 to 140mm (Figure 7.8).

Table 7.1 Seasonal rainfall patterns at the Kammanassie Dam rainfall station
(1925-2001)

o ) SON DJF MAM JIG
Statistic analysis
SEP|[OCT | NOV [DEC [JAN|FBB | MAR|APR |[MAY |JUN| JUL [ AUG
Size B B 74 4 | A 74 74 74 74 75| 75 75
Min (mm) 0 0 0 0 0| O 0 0 0 0 0 0

Max(mm) |104| 77 | 137 | 82 |114| 94 | 83 | 140 | 114 | 86 | 74 | 118
Mean(mm) | 178|192 | 203|122 |11.9|129| 215 | 211 | 19.1 | 164 19.1| 203

Sand. deviation | 204| 19.1 | 27.1|17.0 | 202|17.9| 198 | 260 | 210 | 17.0| 17.6| 236
Coef. of variation [114-9 99.4 | 133.3]139.0/170.6138.7] 92.3 |122.9]110.0 [103.6| 91.9| 116.4

160

[ @ Mimimum g° Maximum —e— Mean

120 4
80 1

40 1

Monthly rainfall (mm)

01 : ———————— —————a———

SEP OCT NOV DEC Jan FEB MAR APR MAY JUN JUL AUG

Figure 7.8 Ranges of monthly rainfall in the Kammanassie Dam rainfall station
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7.3.2.1 Monthly trend

Figure 7.9to Figure 7.12 express the monthly tendency in the different seasons. There
are positive trends in January, April, June, October, November and December. The
other months have negative trends. The F-Test shows relative significant tendencies in
January, March, May, August, September and October although the coefficient of
relation issmall (Table 7.2). In general, excluding influence of extreme rainfall event,
more effective recharge may occur in the positive trend month; but less recharge in

the negative trend one in recent years

Table 7.2 Seasonal tendenciesin the Kammanassie Dam rainfall station

Month Tendency Correl. |F-Test|Month Tendency Correl.|FTest
Jan. | y=0.0951x-174.98 010 | 052 | Jul. y=-0.0046x + 28.223|-0.01| 0.07
Feb. [y=-0.0711x + 15250 -0.09 | 0.10 | Aug. y=-0.0361x + 91.218( -0.03 | 0.49
Mar. | y=-0.0797x + 177.97 -0.09 | 043 | Sep. y=-0.0234x + 63.748| -0.02| 0.58
Apr. | y=0272x - 512.87 023 | 013 | Oct. y=0.0634x - 105.18 | 0.07 | 0.25
May |y=-0.0568x + 130.64 -0.06 | 0.76 [ Nov. y=0.1442x-262.78 | 0.11 | 0.06
Jun. | y=0.0892x -158.75 011 | 0.04 [ Dec. y=0.1058x -195.53 | 0.13 | 0.04
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Figure 79 Rainfall tendency in the DJF season
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Figure7.10 Rainfall tendency in the MAM season
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Figure7.11 Rainfall tendency in the JJA season
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Figure7.12 Rainfall tendency in the SON season

7.3.2.2 Monthly variation

The rainfall in the same month has its own variation in long-term. This would lead to
more complex recharge process For any month, the increased monthly rainfall in a
time series would potentially increase recharge in the period. The period with
increasing or decreasing rainfall is identified through the pattern of the CRD. The
increasing CRD indicates relative more rainfal than monthly average rainfal. The
decreasing CRD pattern implies less rainfall than monthly average rainfall. The
records in the Kammanassie Dam rainfall station are used to perform the CRD
anaysis. The monthly CRD (1925- 2000) in the different seasons is shown in Figure
7.13to Figure 7.16. The following observations were made:

In December, the decrease in the CRD was sustained from 1933 to 1992.

In January, the first continuous decreasing CRD period was in 1933 to 1958;
the second period started in 1964 and ended in 1998 after a short period of

increase.



In February, the lowest CRD was in 1938, 1951 and 1998; the longest
sustaining period of unusually scarce rainfall was for 1959 to 1997.

The period of more rainfal started in 1992 with increasing CRD in the DJF
Season.

A similar tendency occurred in March and May. The period of increase for
CRD was from 1944 to 1979 and from 1992 to 2001. The period of decrease
in the CRD was for 1979 to 1991. Relatively more rainfall occurred from 1944
to 1979 and 1992 to 2001 but unusually scarce rainfal occurred from 1979 to

1991 in March and May.

The longest period of decrease in the CRD occurred from 1925 to 1980 in
April. The CRD increased a little and reduced again from 1964 to 1980. The
period of increasing CRD occurred after April 1980. An anomalous scarce
rainfall period lested for 65 years in April. More rainfal has been occurring
since 1980 in the MAM season.

A period of increase in the CRD started in the 1990's in the MAM season.
The period of increase in the CRD was from 1951 to 1992 in June, and from

1949 to 1972 in Jly. The period of decrease in the CRD occurred after 1972
in July. Relatively more rainfall was recorded in 1951 to 1992 in June and
unusually scarce rainfall occurred after 1972 in July. A period of decreasing
CRD started since 1992 in the JJA season.

Far September, the decreasing period of the decreasing CRD patterns had been
occurring since 1943. For November, the period of decreasing CRD pattern
was from 1966 to 1994. An unusually scarce rainfall occurred in these years,
and relatively more rainfal occurred in November after 1994, but up to now
the scarce rainfall period occurs in September.

The points of the lowest CRD patterns occurred in 1942 and 1988 in October.
In the 1925 to 2001 period, two scarce rainfal periods and two high rainfall

seasons occurred in October.
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Figure7.14 CRD patternsin the MAM season
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Figure7.15 CRD patternsin the JJA season
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Figure7.16 CRD patternsin the SON season
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7.3.3 Extremerainfall event

The extreme rainfall event may play a mgjor role in the recharge in the study area

There is a smaller average value as well as the amplitude of rainfal event in the

Kammanassie area than those in the Hoekplaas rainfall station (Table 7.3). For the

Hoekplaas rainfall station, the average value is 232.1mm-a™; the minimum mean of

the rainfall is less than the average value, which is 181.3mm-a; the maximum mean

of the rainfall is higher than the total average values, which is 295.5mm-a™. The

anomaly events with 16 extremely low rainfall events and 12 extremely high rainfall
events are identified (Table 7.5 and Table 7.6) using the critical values (Table 7.4).

Table 7.3 Statistical resultsof precipitation in the Kammanassie area (mm-a*)

Rainfall station Hoekplaas (1. Barnard) Kammanassie Dam
ltem Total Below totd | Abovetotd Total Below total | Abovetotd
average average average average
Years 75/76 42 34 S 38 37
Minimum 985 985 240.8 0.0 0.0 214.0
Maximum 517.3 231.3 517.3 498.0 208.0 498.0
Mean 232.1 181.3 295.5 209.3 138.8 283.9
Geomean 2255 1764 300.3 191.0 1154 275.6
Standard dev. 75.3 35.2 65.8 97.1 54.2 72.6
Table 7.4 Critical value of anomaly
Extremely high rainfall events Extremely low rainfall events
Site (mm-a?) (mm-a?
Average + Average above Average - Average
Standard total average Standard deviation below
deviation 9 average
Hoekplaas 307.3 295.5 156.8 181.3
Kammanassie Dam 306.3 2834 112.4 138.8
Table 7.5 Extremely low rainfall eventsin the Hoekplaasrainfall station
Year| 1926 | 192719339 (1937|1949 | 1958 | 1960")(1966| 1969|1970 | 1978 | 1984 | 1986 | 1987 [1989%| 1999
P(mm) 116.8/128.0| 172.8 | 171.0{145.5|143.3| 161.0 {98.5{110.3/151.5(132.5(114.5(152.0{ 154.8{ 174.8(176.8

) The events are identified by critical value of 181.3mm-a’.

Table 7.6 Extremely high rainfall eventsin the Hoekplaasrainfall station

Year [19297]19327

1953~

19547 1959

1973|1974

1976 | 1981 | 1985

19937 1996

P(mm]302.3 | 334.0

293.3

300.0 | 294.0

330.5 | 322.0

375.5(517.3|454.3

303.8 | 452.5

“The events are identified by critical value of 295.5mm-a".

102




A major variation in the precipitation occurs in the two rainfall stations although they
were in the same “homogeneous’ rainfall districts. For the Kammanassie Dam rainfall
station, there were 8 extremely low and 8 high rainfall events (Table 7.7). The year
with extremely high rainfal events may produce more recharge, but the extremely
low rainfall year results in less recharge at annual scale. Of couse, the indivadually
high rainfall event must not be ignored.

Table7.7 Extremerainfall eventsin the Kammanssie Dam rainfall station

Critical 1925/ | 1935/ 1936/ | 1943/ | 1977/ | 1982/ | 1984/ | 1997/

Low | tve1103d " | 1026 | 1036 1037 | 1044 | 1078 | 1083 | 1985 | 1998
VeS| mal [p(mm)| 67 85 36 0 21 41 82 68
Lior | Crticdl |y on | 1950/ | 1953 1970/ | 1980/ | 19811 | 1902/ | 1996/ | 1999
. [value 306.2 1951 | 1954 1971 | 1981 | 982 | 1993 | 1997 | 2000

mma® |P(mm)| 430 | 498 331 | 470 | 325 | 411 | 35 | 361

7.4 RAINFALL IN MOUNTAINOUS AREAS

The rainfal pattern in the mountainous area is the most important issuse for the
recharge, because almost entire recharge areas of the TMG aquifer distribute in the
mountainous areas. Four rainfall stations, namely Parshall, V -notch, Wildebeesvlakte
and Purification Works East, are used to perform the CRD analyss in finding the
patterns, which impact on the recharge. There are similar rainfall patterns, difference
in magnitude from September of 1993 to March of 2003 (Figure 7.17). The highest
rainfall occurs in the Wildebeesvlakte rainfall station, and the lowest one in the
Purification Works East rainfall station.

The observationsfrom the CRD pattern (Figure 7.18) are asfollows

1) There are similar patterns of the CRD but different magnitude in the four
rainfall stations. The sequence of the CRD patterns from maximum to
minimum is the Wildebeeslvakte, Parshall, V-notch and Purification works
East rainfall stations.

2) The wave patterns occurred in September of 1993 to September of 1996.

3) The positive trend pattern occurred in from September of 1996 to June of
1997. Negative patterns occurred from July of 1997 to May of 2002.
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Figure7.18 CRD patternsin the Kammanassie mountainous area

High correlation coefficients occur between the four rainfall stations, but the FTest
probabilities are low except between the Parshall and Wildebeevlakte rainfall stations
(Table 7.8). The dignificant correlation may occur between the Parshall and
Wildebeevlakte rainfall stations because of the highest probability of 55.8%. From
this point of view, the selection of the rainfall station should be worked out carefully
if rainfall records are used to estimate recharge. For the Parshall and Wildebeevlakte
rainfall stations, a same distribution of rainfal frequency occurred in 1994-2003
(Figure 7.19); the frequencies of minfall events were 20.7% and 26.1% for rainfall
higher than 50mm per month, and 50.5% and 52.3% for higher than 30mm per month,
respectively.
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Table 7.8 Cross correlation analysisand F-T est

_ Parshll Pasha L Parsha L Wildebeesvlakte Wil debeesvlakte V-notch
Rainfal | VS VS VS VS VS VS
station ) Purification Purification Purification

Wildebeesvlakte V-notch Works East Works East V-notch Works East
Coe.corrdl. 0.98 0.75 0.86 0.81 0.68 0.92
FTest 5.58E-01 806E-03 | 7.32E-09 1.66E-07 384E-02 1.20E-03
probability
100
S 80 Parshall
< Wildebeevlakte
2 60
c
$
g
r 20

>100 >90 >80 >70 >60 >50 >40 >30 >20 >10

Monthly rainfall range (mm)

>0

Figure 7.19 Rainfall event frequencies of the Parshall and Wildebeevlakte
rainfall stationsfrom April 1994 to March 2003

75RAINFALL RELATED TO TEMPERATURE

Recharge may be affected by temperature through evaportranspirstion. The similar

patterns of monthly minimum and maximum temperatures occur in the Kammanassie

mountainous area (Figure 7.20 and Figure 7.21). The highest temperature occurs in

February, and the lowest one occurs in June. The relationship between rainfall and

temperature is illustrated in Figure 7.2. A lower difference in the temperature but

higher rainfall occur in March, April and November, thus the recharge indicate by

comparsion may aso be higher. Although the lowest temperature and difference in

temperature occur in June and July, the recharge may be low because of low rainfall.
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Figure720 Minimum temperaturesin the Kammanassie mountainous ar ea
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Figure7.22 Relationship between rainfall and temperature

7.6 SUMMARY

Based on the discussion above, the following observations are generalised:

A gradua positive trend of rainfall occurred in the Hoekplaas rainfall station
in 1925-2002, but the trend is no significance. The anomalous events with 16
extremely low rainfal events and 12 extremely high rainfall events are
identified by different critical values.

A gradua positive trend with low one-tailed probability occurred in the
Kammanassie Dam rainfall station sincel925. There was a positive tendency
in January, April, June, October, November and December, and a negative
tendency in the other months in the Kammanassie Dam rainfall station.
Negative CRD patterns occurred in the mountainous area from July 1997 to
May 2002.
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The similar patterns of CRD are observed in the Kammanassie Mountainous
area. Negative patterns of CRD occurred from July of 1997 to May of 2002. A
significant correlation occurred between Parshall and Wildbeesvlakte rainfall

stations.

Positive trend of rainfall does not mean positive recharge trend. Neither does
the seasonal trend. The variation of monthly rainfall results in more
complicated water level response
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Chapter 8

Hydrogeology in the Kammanassie Area

8.1 INTRODUCTION

Understanding of the characteristics of the fractured rock of the TMG in the
Kammanassie area would assist the analysis of recharge process and recharge
estimation. The storativity (porosity) and the connectivity of the TMG aquifer rocks
are mgjor factor s response of controlling the recharge. The secondary porosity of the
Kouga and Peninsula quartzites is estimated to be the order of 0.1 to 1%; while the
secondary porosity of the Vermaaks Keystone Block is order of 5%, even as high as
7% aong the faults based on geological conjecture (Habich and Greef, 1995, Kotze,
2002). The width of open joints in the Kouga and Peninsula Formations is estimated
to range between 1mm and 10 mm per metre (0. 1% to 1.0 % of porosity) andthe
storativity of the Peninsula A quifer are from 1%o to 2.260 (Kotze, 2002). From west to
east of the Kammanassie Anticline, four different structura domains (see to Figure
8.14, Chevallier, 1999) related to different types of fracturing prevailing show a

different fracture pattern, which could imply different recharge processes

Groundwater regime in the Vermaaks River areais conditioned by both precipitations
and wellfield developments. The water level has declined as 27.54m-50.60m below
the initial water level because of an annual abstraction of 137,000 to 281,000 ni. A
number o cold springs used to occur aong the lower western slopes of the
Kammanassie Range but have dried up since the early 1970's. These still occasionally
run very weakly after rainfall events according to Mr Haasbroek of Overberg water.
Three small separate hot springs emanated in the valley floor below the Bokkraal
Widlfield until the early 1970's (Smart, 2000).

This chapter aims to comprehend the conceptual hydrogeological model of the study
area including the identification of the recharge area, the feed mechanism of the
springs in the Kammanassie area and storativity of the fractured rock aquifer, in order
toad analysing the relationship between the water level fluctuation and rainfall and

estimating recharge.
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8.2 PHYSIOGRAPHY

Western Kammanassie area including Vermaaks River catchment of 21.6km? and
Marnewicks catchment of 25.3kn? within the southern part of the Quaternary
catchment (code: J33E) in the Klein Karoo region, is between a latitude of 33°34' and
33°38' south and a longitude of 22°3) and 22°42' east (Figure 8.1). The Vermaaks
River Wellfield consists of four production boreholes (VR6, VR7, VR8 and VR11) at
depths range from 177 to 251.3 m in the upper Vermaaks catchment of 10.85 km?
within the Peninsula Formation window of 40.6km? is separated by Cedarberg
Formation.

One of the climatic features of the area is the very large diurna and seasona
fluctuation in temperature. Daily average minimum and maximum temperatures for
summer and winter vary between 15 to 42 °C and -3 to 18.5 °C, respectively. The
annual precipitation range is between 299mm and 714mm in the Parshall rainfall
station from 1994 to 2002. Average annual evaporation varies between 1760mm-a*
and 2050 mm-a™ The study area comprises a narrow valley with an elevation of
approximate 500m to 1340 m above mean sea level (am.s.l.) surrounded by the
Kammanassie Mountains, which have a maximum atitude of 1950 a m.s.l. on the
south side. The main drainage in this region is westward, where the perennial Olifants
River drains the area to the north of the Kammanassie Mountain Range. The
Vermaaks River and Marnewicks River, which have a relatively short tributary are
ephemeral in the steep upper reaches, with more sustained flow in the lower reaches,

and drain northward into the Olifants River.

The slope gradients are measured at less than 10°, 10-20°, 20-30° and greater than 30°
(Figure 8.1). The dope gradient less than 10° distributes along the ridge of the
mountain. The 10-20° slopes extensively spread in the Kammanassie area. The slopes
with gradient 20-30° stretch along the lower Range. The slopes with gradient greater
than 30° extend along the banks of the Vermaaks and Manewicks valleys. From the
slope length point of view, most areas are good for rainfall infiltrating except the

banks of the steep valley.

109



22w 22w

Figure8.1 Physiographyin the Western Kammanassie ar ea
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8.3HYDROGEOLOGY
8.3.1 Aquifer

The TMG aquifer includes Peninsula and Nardouw aguifers, which are separated by
Cedarberg aquitard (Figure 8.2) . The aquifers strike EW; coincide with the axial plane
trace of the Kammanassie mega anticline. The outcrops of the TMG form the main

recharge area of the TMG aquifer.

The Peninsula A quifer distributes along the mountain crests and comprises two thirds
of the tota thickness of the TMG (1 800m to 2 150 m Kotze, 2002). The recharge
areas of the Peninsula A quifer are the outcrop of the Peninsula Formation, whic h are
composed of a uniform succession of medium to coarse grained, thickly bedded, grey
sandstones, characterised by cross bedding (Figure 8.3). The recharge areas are
approximately 40.6km?.

The Nardouw Aquifer distributes around Peninsula Aquifer, which outcrops in the
centre of the Kammanassie mega anticline. The rocks of the Nardouw Subgroup are,
in general, more brownish on weathered surfaces and thin intercalations of shale are
more plentiful than in the Peninsula Formation (Figure 8.4. They become more
feldspathic towards the top. Due to this higher shale content they are less competent
than the Peninsula Formation and deformation tends to be more ductile, giving rise to
the spectacular fold geometries. Much more complicated characteristics of the aquifer
and inhomogeneous recharge occur inthe Nardouw A quifer system The thickness of
the Nardouw Aquifer cannot be estimated due to the folded formation.

The Cedarberg Formation comprises a 50m to 120 m thick shale layer (Kotze, 2002).
It is a clear marker horizon because it weathers deeply to a smooth outcrop, which
contrasts with the grey crags of the sandstones above and below (Figure 8.5). The
shale is greenishand extremely fine grained where fresh. It forms a clear aquitard

between the Peninsula and Nardouw aquifers.

Alluvial and slope deposits, consisting of sand, gravel and other unconsolidated
materials, are distributed at the foot of the mountain and along the valley floor. The
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thickness of these deposits is up to 156m (Kotze, 2002). The TMG aquifer is likely to
receive infiltration from both open fracture networks of the outcrop rocks and the
loose deposits.

A simple hydrogeological section depicting the aquifer system is illustrated in Figure
8.6. The Kammanassie Mountain is an eroded remnant of resistant TMG quartz
arenites, also referred to as the Kammanassie mega-anticline, which were
reconstructed (Halbichand Greef, 1995). In the Nardouw subgroup, that is the Kouga,
Baviaanskloof and most of the lower part of the Bokkeveld Group (Gydo Formation),
the folds are overturned. Due to the repetition of small-scae folding, the outcrop
length of the Kouga Formation is particularly long (Woodford et al., 1998). The
Vermaaks fault cut the mega anticline along NW-SE strike (see to Figure 8.2). The
Vermaaks fault comprises two parts. the centre zone is cemented breccias
(silicification), where is impermeable; the zones beside the centre zone may have high
permeability due to branch fault. High mountainous area forms the recharge area and
the hydrodyramic head. The contact of the Cedarberg shale and Peninsula Formation
is the natura discharge zone at valey floor. The regional flow seems to flow deeply.
The faults linking to the Peninsula and Nardouw aquifers may be leakage zone.

8.3.2 Wdlfields

There are 9 production boreholes (Appendix 11), 27 monitoring boreholes (Appendix
[11) and 19 boreholes with no detailed data in the study area. Their location is shown
in Figure 8.7. Boreholes VR6, VR7, VR8 and VR11 are the only boreholes drilled in
the Peninsula Formation. The production boreholes, namely DP10, DP12 and DP29 in
Varkieskloof Wellfield, DP28, DP15 and DP25 in Bokkraa Wellfield and VG3 in
Voorzorg, were drilled in the Nardouw Subgroup. From the information of boreholes,
the features of water strike, which is the unexpected strike with relevant high
hydraulic conductivity in the TMG aguifer are as follow: two or three water strikes
with a thickness of 1.5 15m were found along the 250m depths of the boreholes. The
first water dtrike is usually drilled below 100m depths that are from 107m to 228m.
The total thickness of the entire water strike is from 7m to 23 m. There is a difference
in position between two strikes at different borehole site. The space varies from 15m
to 62m.
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8.3.3 Monitoring networks

The unsuccessful production boreholes of the KKRWSS, are currently used as
monitoring boreholes (Appendix I11). The boreholes, namely DG, are drilled near the
Droékloof production borehole DG110. VR5 and WN101 are situated in the Nardouw
Aquifer (Baviaanskloof Formation, just south of the Marnewicks wnotch). VG12 is
an important monitoring borehole, midway between the VG3 and the Cedarberg shale
layer in the Vemaaks River Valey. DP27 is situated near the Varkieskloof
production boreholes, and DP13, 14 and 20 near the Bokkraal production boreholes
(Figure 8.7).

® Production borehola
© Menitoring barehole
@ MNodata borehola

Figure8.7 Boreholesitein theKammanassie area

The monitoring boreholes (Appendix 1V) have their individual purpose and specific
monitoring requirements. G40171, G40172 and G40173 are shallow boreholes drilled
on the farm Voorzorg 124, upstream of the Cedarberg shale layer to monitor the inter-
relationships between aluvial and TMG groundwater. G40174 was drilled on the
farm Rietfontein 142 to monitor the water level responses to abstraction from private
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abstraction borehole RN1. G40175 was drilled to a depth of 126 m on the farm
Voorzorg 124, it subsequently collapsed and was grouted. It was replaced by the
nearby G40175A, next to the abandoned G40175. The purpose of this borehole was to
investigate the effectiveness of the C/S layer as an aquitard. G40176 was drilled on
the farm Voorzorg downstream of the Cedarberg shae layer. G40177 was drilled
south of the Bokkraal Wellfield to monitor water level responses to abstraction from
the above-mentioned Wellfield. G40178 was drilled on the southern flanks of the
Kammanassie Mountain to monitor long-term water level fluctuations arising from
private and commercial abstraction from the Vermaaks River Wellfield. The use of
these boreholes seems not to be effective to monitor the water level fluctuation in

responding to the abstraction in the Kammanassie area at different scale.

8.3.4 Water level fluctuation in the Ver maaks River Wellfield

The groundwater levels of the production boreholes have been declining since 1984 in
the Vermaaks catchment (Figure 8.8). Only the water level of VG16 responds to that
of the production borehole. The other monitoring boreholes have their own fluctuation.
There are about 26 private boreholes with a total annual abstraction of 1.85x10%m>.a*
in the Kammanassie Mountain area (Kotze, 2002). This makes more complex and

uncertain in the water level fluctuation in response to the rainfall.
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Figure 8.8 Water level fluctuation in the Vermaaksarea
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8.4 CONCEPTUAL HYDROGEOLOGICAL MODEL

A weir for spring monitoring was built on the Vermaaks River (Figure 8.9). The
perennial pond suggests beds of relatively low permeability at the bottom. There are
no perennia springs in the catchment except the springin the monitoring station. The
relationship between weathered zones and fractured rock aquifer is illustrated in
Figure 810 and Figure 8.11. The shallow zone is extensively weatheredw ith fractures
partly filled in by clayey materias. Groundwater outflow from this zone is in the form
of gravitational springs and seepage zones. The pond is maintained in part of by
overflow from the Peninsula Aquifer and a local shalow groundwater or weathered
zone. The artesian borehole G40175A, which is drilled through the Cedarberg shale,
may confirm this. Due to the abstraction from the Vermaaks River Wellfiled, the
spring (code: 051) dried up, and the water level dropped lower than first water srike
(Figure 8.11).
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Figure8.10 Hydrogeological section along transect A-B
(See Figure 8.1 for location)
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8.5 DISCUSSION OF FRACTURE SYSTEM AND RECHA RGE

8.5.1 Fracture feature and connectivity

The E-W and N-S fracture systems have different characteristics, in terms of fracture
geometries, fracture length and connection. Schematic presentations of the detailed
geometry of (a) E-W and (b) N-S trending fracture systems are shown in Figures 8.12
The fracture density seems to be high, especialy along the major fault.

NS
MV
N

Figure8.12 Fracturegeometriesin the Kammanassie ar ea (After Kotze, 2002)
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The EW trending fault system has an anatomizing pattern with an acute angle in-
between the three main fractures @ joint orientations. Mgjor faults are marked by a
concentration of anatomizing fractures or joints (Figure 8.12a, Kotze, 2002). The N-S
system comprises three sets of intersecting fractures and master joints with NNW-SSE,
NNE-SSW and N-S orientations. Each set of joints has systematic and non-systematic
joints perpendicular to each other (Figure 8.12b, Kotze, 2002). The systematic joints
dominate and are often long fractures (>1 km), which are easily identified with remote
sensing image. The three sets of systematic joints do not seem to correlate with major
faults in the study area, and regiona fracture density has an irregular distribution
(Kotze, 2002). NNW-SSE trending fractures compose of the major fracture
orientation for recharge in the Kammanassie area Although the fractures possess
orientation but the fracture density is high on the land surface, the recharge possesses
diffuse pattern on the land surface in general, but preferential recharge occurs at depth

because the fracture density would be decreased.

The NNW fractures and lineaments are very well developed in the TMG and are
likely to be permeable to groundwater movement. The fractures trending NNE-SSW
and fractures reactivated in E-W, WNW, N-S orientations are the preferred
orientations for groundwater recharge and flow (Kotze, 2002), such as Rooikrans and
Leeublad Faults. Higher recharge may occur along these faults.

A 200 m wide and 9 km long fracture zone occurs along the Vermaaks River valley,
to smaller fault lines with sharply defined planes with up to 20 m wide breccia zones
(see Figure 8.2). These include the ESE trending Brilkloof, SSE-trending Leeublad
and Rooikrans and three EW-trending Klapperskloof Faults. The ENE and NNE —
trending fractures are lying with an angle between 40° and 90° to the direction of
maximum compression, tectonic reactivation will be difficult in this orientation
(Chevallier et al., 1999). Breccia, consists of rounded and rotated fragments in a fine-
grained ground mass. A homogeneous mass of a very fine grained cataclasite, which
is partly recemented and extremely hard (Figure 8.13). Thus the permeability of these
faults should be very low.
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Figure 8.13 Breccia in fault zonein the Vermaaksvalley

The patterns of the four different structural domains (Figure 8.14, Kotze, 2002) from
west to east in the Kammanassie Mega Anticline are included:

Domain A: WNW and NNE fracture systems intersect each other. Space NE:
650m-2300m; NW: 650m-1300m, EW: 300m-2700m.

Domain B: The NNW overprint is very strong and dominant. Fracture
networks connect each other by NNE with a broad fracture space with1000m-
3000m.

Domain C: NW, NE and EW fracture systems connect each other in central
joints. Fracture space is from 400m to 2000m.

Domain D: NW, NE and E-W fracture systems connect each other by E-NE or
near E-W conduit fracture. Fracture space is 500m-3000m.

The recharge pattern should be different in the for domain zones. Notice that the area

of the block is more than 200km?, which means the connectivity is only a surface

phenomenon and more detail should be considered together with stress orientation.

121



Domain A Domain B Domain C Domain D
Erratic directional permeability Directional permeability Erratic directional permeability Erratic permeability
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Figure 814 Lineaments of satelliteimagein the Kammanassie area (After K otze, 2002)
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8.5.2 Porosity and storativity

Porosity or storativity of an aguifer is a mgor factor in many methods for recharge
estimation. There are large irregular spatial differences of the porosity and storativity
in an aquifer. The accuracy and variation of the porosity or storativity is extremely
related to the estimation methods. This would affect the accuracy of the recharge
estimation.

The rock of the Peninsula Aquifer is a pure quartz arenite with a very low primary
porosity due to the cementation of individual sand grains and later recrystallisation.
However, increased rock induration led to a higher potential for brittle fracturing
during latter deformation, as well as higher fracture frequencies and thus forming
secondary porosity. The Nardouw Subgroup contains more silty and shaley interbeds
and is associated with high feldspar content. Shale layers have a great impact on the
fracturing and folding style of Nardouw Aquifers, which gives rise to large variations
in the storativity.

For bedding, joint fractures and massive fault block in the Vermaaks area, the
secondary porosity was estimated up to 6 by Kotze (2002), even in fault zone as
high as 7% (Héabich et al., 1995). However, it is observed these figures seem to be
overestimated. For discussion purposes, the fracture state of 5% porosity of rock mass
is theoretically equal to one fracture of 1000mmx1000mmx50mm or one pipe of
252.3mm diameter in 1m? rock mass (Figure 8.15).

1000 mm

501 fmem f
_

252

Figure8.15 Fracture model with porosity of 5% in 1 m> rock mass
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The theoretical results based on the fracture model are listed in Table 8.1. The width
of a sngle fissure in a 1m® rock mass with 0.1%, 1% and 5% porosity and 1, 2, 3, 6
and 9 fractures are from 1-0.111, 10-1.11 and 50-5.556mm under a parallel condition,
respectively; the width of a fracture should be wider under cross condition. These
theoretical results demonstrate that 1%-5% porosity could not easily occur in the
TMG aquifer, especialy at depth.

Table 8.1 Theoretic aperture of fracturein 1m>cubic rock mass with gross

section of 1n?

Pipe Cross (mm
Condition |Diameter] Parallel (mm) (mm)
Items of fracture (mm) Ix1 | Ix1x1 [2x2x2|3x3x3
Porosity % |Volume of facture m? 1 1 2 3 6 9 2 3 6 9
0.1 0.001 3.568 [ 1.00| 0.50 | 0.333|0.167(0.111| 0.500 | 0.333 | 0.167| 0.111
1 0.01 11.284 (10.00| 5.00 | 3.333| 1.667|1.111| 5.013 | 3.345 [ 1.672| 1.115
5 0.05 252.313 | 50.00| 25.00(16.667| 8.333|5.556 | 25.321| 16.954 | 8.477 | 5.651

The ranges of transmissivity (T) and storativity (S) in the Vermaaks River Wellfield
are listed in Table 8.2. These also illustrate low storativity does not match the
supposed high porosity. The accredited storativity value should be from 0.1%o to 1%o
based on above discussion.

Table 8.2 Ranges of transmissivity and storativity in the Vermaaks River
Wellfield (After K otze, 2002)

Conditions Trin(m*-d ) | Tma(m®-d¥) Tae. (M™dY) Shrin Srax Saver.
Extreme 7 424 103.¢ 1.0E-3| 22E-3 1.35E-3
Condition A 5 144 61.25 1.0E3| 2.2E-3 1.08E-3
Condition B 2 424 191.72 1.0E3| 2.2E-3 1.08E-3
Condition C 17 276 178.92 1.0E3| 2.2E-3 1.08E-3
Condition D 7 161 90.8¢€ 1.0E-3| 2.2E-3 1.08E-3
Condition E 7 161 90.8€ 1.0E3| 2.2E-3 1.96E-3

8.5.3 Geological origin of the hot springs

The hot spring at Calitzdorp is located at the intersection between faults in the TMG
and the basal shale layer of the Gydo Formation (Bokkeveld Group), occuring where
the ENE-WSW trending faults connect with the NE trending faults near the base of
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the Bokkeveld Group (Figure 8.16). The site of the hot spring should be the regional
discharge area. Figure 8.17 shows the site of the Dysselsdorp hot spring (dried),
which is aso located at the intersection between faults in the TMG and Bokkeveld
Group. Three small separate hot springs emanated within an area of approximately
100m? in the valley floor below the Bokkraal Wellfield until the early 1970's. The
water temperature is indicative of deep circulating groundwater, which is up welling
along a geological fault/fracture (Smart, 2000). Andreoli et al (1996) showed the
positions of epicenters of a post Karoo rock age in South Africa. The positions of
epicentres seem to correspond well with the localities of the hot springs. The
Dysselsdorp hot spring dried and this could not only be associated with the earthquake,
but also with a large abstraction near the site and climatic changes (Earthquake: A,
Tulbagh in 1969, Magnitude: 6.5. B, Oudtshoorn: Date: 28 October 2001, Latitude: -
33.542N, Longitude: 22.228E, Magnitude: 3.6, Depth: 5.0 km).

: T SRR
Figure8.16 Calitzdorp hot spring Figure8.17 Thesiteof dried
(The painting from Calitzdorp Spa) Dysselsdorp hot spring

A model for relation between interflow, local flow and regional flow is conceptualised
(Figure 8.18). The interflow occurs in the mountainous areas with elevation of 220 to
1950m. The loca flow may occur 220-1700m, but regional flow can flow at depth
related to the distribution of the TMG aquifer. The regional discharge area supposed
islocated at Calitzdorp Spa based on the following reasons:

= For regional TMG aquifer with about 500km? recharge areas distributedin the
Kammanassie area must have regional discharge zones or points

= Two hot spring discharge points were found near the Kammanassie area, one
is the dried Dysselsdorp hot spring used to occur on the elevation of 500m at
the western foot of the Kammanassie Mountain, this would still illustrate the

125



region flow direction is from east to west in the Kammanassie area because the
regiona flow direction cannot be changed largely in short time. The other one
is Calitzdorp hot spring located on the elevation of 220m in the western border
of the Oudtshoorh Basin.

= The north and northeast boundaries are Cango Fault and Baviaanskloof Fault,
which are supposed as the hydrogeological boundaries. There are no hot
spring discharge zone or points along the faults.

= From stratigraphy point of view, the Cango Group is the bottom strata of
southern boundary in the Outeniqua Mountain. No discharge zones or points
of hot spring are found.

= From topography point of view, the highest peak (1950 am.sl) is located at
Kammanassie Mountain. The main drainage (Olifants River) in this region is
westward, the Calitzdorp hot spring discharge at elevation of 220m located on
the left bank of the Olifants River. This point is aimost the lowest point of the

basin.

It is important to note that the Calitzdorp hot spring can be fed not only by the
recharge from the Kammanassie area, but also by the southern mountainous area.

Kammanassie Mauntain
- 2000M Vermaaks ﬂl-fcr'v"’lleg.-

al Caklzdorp Hol Soring K,JW/(\
44000 v Dyasalsdorp Hot Spring( drisd) w\[ \i}\_’
‘ i % / “:”

N IBL: A ~.'%F:f,k.‘?.“f‘."?.‘.3..?.L.'P-

- =1000 I
Table Mounlain Group
. 2000 | Intaiflow B Lacal Mlow l ifE[ll'i'.l"lﬂ'-“ﬁ'.'.ll”
5||:| 15][] 150 KM

Figure 8.18 Relation between interflow, local flow and regional flow

8.5.4 Recharge area

For the Vermaaks River Wellfield, analysis of satellite imagery and hydrogeological
settings suggests that recharge probably takes place within the outcrops of the
Peninsula Formation window of 40.6 kn?. The Cedarberg shale and the breccias fault
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form the recharge boundary of the Vermaaks River Wellfield. High density of fracture
intersections and frequencies appear to facilitate recharge to the deep Peninsula
aquifer system.

8.6 SUMMARY

The following points are concluded based on the above discussion:

The watershed of the Vermaaks catchment is a natural recharge boundary at
natura state, but the Cedarberg Formation and the fault aong the breccias are
actually hydrodynamic boundary as well as recharge boundary under pumping
condition.

The spring in the V-notch is mainly fed by leakages of shallow aquifer and

partially by overflows of the local or regiona aquifer.

Effective recharge mainly occurs if the slope gradient is less than 30°. The
interflow appears in steep even upright topography area. The soil deposited on
the bottom of the valley should affect the recharge to the fractured rock aquifer.
The different recharge processes occur in the mountainous area and valley.

The preferential recharge is domination in the fractured rocks.

The rechar ge possesses diffuse pattern on the land surface with high fracture
density, but preferential recharge occurs at depth.

The secondary porosity of bedding, joint fractures and massive fault block
with 1%- 7% in the Vermaaks area is regarded to be too high besed on

geological conjecture. The accredited storativity value is from 0.1%o to 1%o.
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Chapter 9

Hydrogeochemical Characteristicsin the Kammanassie Area

9.1 INTRODUCTION

This chapter aimsto work out hydrogeochemical characteristics of the TMG aquifer
in order to distinguish the difference between hot springs, springs, borehole water,
interflow water and surface water. Based on isotopic information, groundwater
circulation, residence time and recharge elevation are addressed. The main purpose is
to assist in finding the components of the mixing model and providing the proof of the

recharge processes through the use of hydrochemical data.

Hydrogeochemical data have potential to reduce uncertainties and evaluate site-
specific longterm hydrogeological conditions and groundwater flow (Plummer et al.,
1990). There may be a significant bias, both in time and sampling dimensions,
between the data sets, which they represent (Pitkénen et al., 1999). Some conservative
tracers like chloride and stable isotopes, which may originate from several sources,
are often used as tracers for determining the water provenance (Epstein and Mayeda,
1953; Kennedy et a., 1986; Maule et a., 1994; Mayo and Loucks, 1995; Liu et d.,
1995; Simpkins, 1995; Wood, 1999), for delineating the mixing of surface and
groundwater (Fritz et a., 1976). Isotopes and chlorofluorccarbons (CFC) have been
used as tracers for interpreting the groundwater dating and recharge estimation
(Mazor, 1991; Cook and Solomon, 1997).

9.20UTLINE OF HYDROGEOCHEM ICAL CHARACTERISTICS

As the start of KKRWSS in 1984, the chemica samples were discontinuously
obtained. The earlier samples were collected from National Groundwater Data Base
(NGBD) of South Africa in 1992 and 1994. Concentrations of some constituents are
given in monthly report of the Overberg BoardWater Management since 1994. The
data used in this study include new measurements of rain water, and in addition to
water samples, soils were sampled from rainfall gauges, boreholes and deposits in the
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Vermaaks valley, specifically collected for the TMG recharge project (2002-2004)
and existing groundwater and surface water data from the NGDB and Kotze (2001).
The sampling included in all, more than 40 sets of samples was collected at
groundwater sites (boreholes and springs) across the area. Borehole depths ranges
from 23m to 150m, with medan of 75m, water level range from 10m to 151m below
land surface, with a median water level of 92.4m. The sampling sites in the study area
are shown in Figure 9.1. The existing data from Kotze (2002) and NGDB (from the
Department of Water Affairs and Forestry (DWAF), Béellville), include pH, TDS, EC,
anions (F’, CI', HCO3, S04, PO,>, NO3), cations (Na', K*, Ca®*, Mg®), nitrogen
components, Fe, Mn, Sr, Ba, SiO, and isotopes of O-18, H-2, C-14, C-13.

Figure 9.1 Sampling sitesin the Kammanassie area

The results of the analysis of water quality in the Vermaaks area are presentedin

Appendix V. Themain hydrogeochemical characteristics is summarised as follows:

The ranges of average TDS in production boreholes of the Peninsula and

Nardouw aquifers are 40-60.4 and 86.8mg-¢™, respectively. The TDS in

129



monitoring boreholes varies from 52 to 71.4mg¢* when pH<7 and from 96 to
110mg-¢* when pH>7.

The TDS values of spring water in the V-notch, rainfal and interflow (VS1,
V2, VS3) are 79, 136.5 and 144-266.8mg-¢ ™, respectively. Na" and CI are
predominant; their concentration ranges are 11.90-56.56mg-/™* and 16.9
83.7mg- ", respectively.

The concentration ranges of HCOs, SO4* and NO3 are 6.0-152.2mg-"*, 0.01-
12.3 and 0.01-2.07mg-/"*, respectively.

The concentrations of K, Mg®™ and Ca®* range 0.86.51 mg/™>, 1.613.46
mg-¢* and 1.6-20.88 mg-/ 1, respectively.

Water sampleswith pH>7 are very few with the maximum being 7.43.

Water quality in the V -notch is similar to that in production boreholes.

The following points are observed through the Piper diagram shownin Figure 9.2 and
Figure 9.3

* Chloride is the major anion and N& is the mgjor cation in the TMG aguifers.
Water quality is of the CkNatype.

= The plots of Piper are concentrated in certain aress close to the Calitzdorp hot
spring and the G40175 artesian borehole. The plot of DP18 (alluvia aquifer) is
located between boreholes in the TMG and the hot spring. There is a dight
difference between VR7 and VR6, VRS, and VR11. The SL2, Koutf, DP25
and DP28 can be grouped together.

= The hot springs are clustered together (Figure 9.3. The Montagu and Caledon
hot springs can be distinguished from the other hot springs. Both of them are
end members of the group. The Caedon hot spring is closer to the seawater
side and the Montagu hot spring is nearer to the rainfal side.

= Interflow samples (VS1, VS2 and VS3) are divided into two groups. The one
group with chloride meq % greater than 80% seeps from unconsolidated

deposit, the other issues from westhe red zones.
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Figure 9.2 Piper diagram of groundwater in the Karmmanassie area
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9.3CHEMICAL CHARACTERISTICSOF CHLORIDEAND SODIUM

The chloride and sodium are very important ions in the study area. The chloride

concentration was discussed in detail because it was used as a tracer in the recharge

estimation.

9.3.1 Chloride

Some chemical characteristics of the chloride in the Vermaaks area is presented in

Table 9.1 and shown in Figure 9.4 and Figure 9.5. The observation are obtained as

follows:

D
2)
3

4)

From concentration point of view, the sequenceis Cf > Na* > Mg?* ¢ Ca®*.

The chloride concentration in the boreholes is only half of that of the interflow.
The ranges of chloride concentrationsin VR6, VR7, VR8, VR11 and VG3 are
19.0- 60.0, 18.0- 46.0, 17.0-56.0, 18.650.0 and 20-86 mg-[l, respectively;

their average values are 34.97, 33.26, 30.78, 34.41 and 56.48 mg/™,
respectively.

The average value of chloride in production boreholes of V R6, VR7, VR8 and
VR11 is 32.51mg¢™. The concentration in the Nardouw aquifer is near two
times that of the Peninsula Aquifer.

The chloride concentrations are less than 50mg¢™ in most boreholes, but the
concentrations in SL2, G40178 and G40177 are much higher than that of
others in the Nardouw aquifer (Figure 9.5).

Table9.1 Satistical results of chloridein the Vermaaks area

Statistical result VR6 | VR7 | VR8 | VR11| VG3 [VR6, VR7, VR8 and VR11

Count 8 92 81 65 86 326

Min 19 18 17 18 20 17

Median 34 | 325 | 30 30 56 32

Max 60 46 56 50 86 60
Average 34.97 [ 33.26 | 30.78 | 31.41 | 56.48 32.5

Geomean 33.96 | 32.27 [ 29.90 | 30.62 | 53.38 -

Harmean 33.27 | 31.60 [ 29.21 | 29.87 | 50.73 31.03
Standard deviation | 7.09 | 6.38 [ 6.95 [ 7.20 [ 13.62 7.03
Confidence 124 [ 1.09 | 1.27 | 147 | 2.42 0.64
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Figure 9.4 Fingerprint of themajor ionsin the Vermaaks area
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Figure 9.5 Distributions of chloride in the Nardouw Subgroup

9.3.2 Sodium

The sodium corcentratiors are smaller than chloride concentration (Figure 9.6).
Considerable differences in range of ion ratios in groundwater, rainwater and soils are
listed in Table 9.2 The ?Na/?Cl ratios of groundwater are close to 1, but the ratios in
s0il are very low due to ion exchange. Large range of the ratios of other ions occur in
the Vermaaks area, such as (Na7Cl)/?SO,, (?Cl-?Na)/?Mg. Most of the SAR values
in groundwater are less than 1.5. The SAR values greater than 1.5 occur in VG3,
VG16 and interflow. Large ranges in SAR and “Mg/?Ca, but small variation in
?Na/?Cl can be seen in Figure 9.7.
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Figure9.7 Diagram of ion ratiosin the Vermaaks area
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Na/[(Ca+MQ)/2] *~

Max
Average| 1.905 1011

7 SAR

Min
Median | 1.560 0.996

Most of the trace element dataincluding Al, Sr, Sr, Ba, Fe and Mnwere adapted from
NGDB and Kotze (2001). These elementsare characterized by low concentration. The
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elements of B, Be V Cr Ni, Cu Zn, Mo, Pb, Ti, Hg, Co etc., are anaysed and the

concentrations are very low or out of the range of the detection

9.4.1 Al and Si

The most of Si concentrations are less than 5mg-¢ as can be seen in Figure 9.8. The
Al concentration is very low (out of limit of detection). It seems to indicate the low
degree of weathering in the rocks of TMG aquifer. The higher concentrations of Si in
G40177, G40178 and SL2 show normal solubility range of minerds of quartz, opal
and chalcedony.
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Figure 9.8 Si concentrations of groundwater in the Kammassie area

9.4.2 Sr and Ba

The S concentrations in the Nardouw, Peninsula and aluvia aquifers, are less than
0.011mg-¢*, 0.011-0.058mg-#* and higher than 0.406mg¢™, respectively. Similarly,
the Ba concentrations are less than 0.002mg-¢"*, 0.002-0.03mg/¢™* and higher than

0.03mg:-/ 1, respectively. Perhaps the concentrations of Sr and Ba are associated with
the presence of shae or evaporation.

9.43 Feand Mn

The concentrations of Fe and Mn in the Nardouw Aquifer are usually higher than

those in the Peninsula Aquifer. In the Peninsula Aquifer, the concentration of Fe in
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production boreholes is less than 0.005mg¢*, while the concentratiors in monitoring

boreholes are from 0.003 to 0.306mg-/>. The concentration features of Fe and Mn

(Table 9.3) based on monthly report of the Overberg Board Water Management are as
follows:

1) The concentration pattern of Fe in the Nardouw Aquifer is smilar to that of
the Peninsula Aquifer in range, median and average. But Fe concentrations in
the alluvial aquifer are 5times greater thanthose in the TMG aquifer.

2) The average concentrations of Mnin the Peninsula and Nardow aquifers are
0.074 0.133mg¢* and 0.428mg ¢, respectively; but their standard deviation
values are 0.077- 0.041mg-¢™* and 0.925mg /™, respectively.

3) Mn in the aluvial aquifer is smilar in magnitude to that in the Nardouw
Aquifer, but the range is smaller than that in the Nardouw Aquifer.

4) There is a large coefficient of variation of Fe and Mn concentrations due to

lithology or weathering, thus they cannot be used as tracer.

Table 93 Statistical results of the Feand Mn in the production boreholes

Trace Statistic VR6 | VR7 | VR8 | VRI1 | VG3 | DP18
dement Size 82 89 77 62 8 26
Min <0.001 | <0.001 | <0.001 | <0.001 | <0.001 | 003

Median 0025 | 0.040 | 0020 | 0030 | 0.040 | 0.300

Max 0500 | 1.020 | 0800 | 2070 | 1.240 | 1.200

Fe Average 0094 | 0074 | 0045 | 0111 | 0.085 | 0445
Standard deviation 0.156 0.149 | 0.106 | 0277 0.197 | 0334
Confidence 0028 | 0.026 | 0020 | 0058 | 0.036 | 0.108

Coefficient of variation| 16596 | 201.35 | 235.56 | 249.55 | 231.76 | 75.06

Min <0.001 | <0.001 | <0.001 | <0.001 | <0.001 | 0.1

Median 008 | 010 | 010 010 | 020 | 035

Mn Max 050 | 030 | 100 1.00 | 600 | 070
Average 0074 | 0081 | 0097 | 0133 | 0428 | 0.389

Standard deviation 0.105 0.077 | 0.140 | 0195 0.925 | 0.239
Confidence 0019 | 0014 | 0026 | 0041 | 0.168 | 0.077

Coefficient of variation| 141.89 | 95.06 | 144.33 | 146.62 | 216.12 | 6144

9.4.4 Correations between chlorideand EC and TDS

Significant differences of chloride and sodium occur between groundwater and rain

water (Table 9.4). This illustrates the components have been changed due to reaction
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or additional congtituents added in recharge processes. Relationships seem to occur
between the chloride concentration, EC and TDS (Figure 9.9 and Figure 9.10), but the
F-Test probabilities are 3.55x10° and 365x10°, respectively. For purpose of quick
estimation of water quality, the correlation equations between chloride and EC and

TDS are constructed as follows;
TDS=7.0306EC-35.503 R°=0.9911 (9.

Cl=1.9238EC-1.3914 R?=0.966 (9.2)

Table 94 Statistical results of chemical data in the Kammanassie area (mg-/™)

Groundwater Rain water

pH [TDS EC | Na| K | Mg| Ca | F | Cl |[NOs|SO, PO4| Na| C
Min 37112 28 2 02| 06| 04 ]005( 4 0 19 0.0019.38(1.74

Max | 8.4 |1310 182.0] 381 | 225 | 630 87.0 | 1.73 | 367 |11.75199.C 0.203| 1 g3|14.5
Median | 6.€ | 89 178| 20 | 14| 28| 35 |0.13| 32 [010 [122 0.011]7 19|28 9
Men | 6. |187.2 31.9|38.7| 3.9 | 6.2 | 108|020 | 60 |0.30 |245 0.00C|1_gg|14.5
Standev. | O.€ [259.4 37.6 | 58.7| 5.1 | 95 |168]020| 74 130352 0.000|1 75]5 76
Confidence | 0.1 |43.8 6.3 | 9.9 | 0.9 | 1.6 | 2.6 | 000|124 |00 | 60 0.00C(o_03| 0.4

Item

Cl =1.9238EC - 1.3913 o )/

TDS = 7.0306EC - 35.503 2
R"=0.966

R? =0.9911
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Figure 9.9 EC versusTDS Figure 9.10 EC versuschloride
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9.51SOTOPES

9.5.1 Deuterium and oxygen-18

|sotopic characteristics can be used to discriminate water origins. Values of 2H or 0
are more negative if the source of the water vapour at the origin of the precipitation is
further away (distance effect). If alarge part of the water vapour is precipitated from
the cloud (reservoir effect) or if the temperature is lower. It can be ascribed to
impoverishment in heavy isotopes during successive precipitations, due to depletion
of the water vapour from the cloud or to a higher value of the equilibrium
fractionation coefficients for oxygen 18 and deuterium with lower temperature.
Deuterium excess is the independent term of the equation D=8%0+d corresponding to
what is referred to as the Meteoric Water Line (Vandenschrick et al, 2002). If
evaporation rates are high, because of high temperature and low relative humidity in
the atmosphere during the formation of the water vapour, there is a strong kinetic
isotopic effect, and d becomes higher (Jouzel and Merlivat, 1984). Deuterium excess
is usualy considered as a more or less conservative property in the part of the
atmospheric water cycle beginning with water vapour formation by evaporation to
rainfall just below cloud level (Ciais and Jouzel, 1994). Deuterium excess in rainfall
of Mediterranean origin generaly has a relatively high value. This is due to a strong
kinetic isotopic effect during evaporation in the summer above the Mediterranean Sea
because of the low relative humidity of the atmosphere. Conversely, Atlantic
precipitation has deuterium excess around +10%o.. If the rain results from a mixing
between water vapours of Mediterranean and Atlantic origins, it will be represented,
in a D- *°0 diagram, on a straight line called a mixing line. This line will connect a
pole of Atlantic points characterised by d-values around +10%o, to a Mediterranean
pole with higher d-values (Vandenschrick et al., 2002).

The Kammanassie MWL (D=7.4%0+9.1, R?=0.75) dvalue is 9.1. Slopes close to 8
are displayed for the Kammanassie area (Figure 9.9), indicating a common origin for
al events or at least similar kinetic conditions at the water vapour source (relative air
humidity and temperature). By contrast, the slope less than8 for South Africa MWL

(IAEA, 1981) could be the signature of evaporation during precipitation travel from
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the cloud to the ground surface. This evaporation would be responsible for enrichment

in heavy isotopes of the residual liquid water and for a decrease in deuterium excess.

Interpretation of the isotopic signature of the different water types in the
Kammanassie area is facilitated by a discussion of the regiona precipitation. Stable
isotopes data are adopted from NGDB and Kotze (2001) as listed in Appendix ? . A
comparison of the environmental isotope data for various surveys showed more
depleted d°o signatures for July 1997 than those for the same borehole during the
survey of January 1996. These differences are postulated to be the result of the effect
of the rainfall amount. The ranges *®0 and °H are shown in Figure 9.11. The

observations are as follows:

Oxygen-18 4 -25

[[ === Deuterium 1 30

5.00 [ .

II I I] II II gg
| _
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d?H %o

-7.00

-8.00

-55

-9.00 1 1 1 1 1 1 60
0 1 2 3 4 5 6 7 8

lrainfall, 2 production boreholes of Peninsula Aquifer, 3 production
boreholes of Nardouw Aquifer, 4 monitoring boreholes of Peninsula
Aquifer, 5monitoring boreholes of Nardouw aquifer, 6 V-notch and M-
notch, 7 hot springs near Karmmanassie area

Figure9.11 Ranges of the'®0 and °H in theKammanassie a ea

The isotope pattern in production boreholes is different from that of
monitoring boreholes. ?H in production boreholes is more affected by
evaporation or atitude than those in monitoring boreholes. It illustrates that
different sources or infiltration paths occur.

Isotopes of the notches in the Vermaaks and Manewicks are clearly
concentrated on evaporation.

| sotope patterns of hot springs differentiate from those of boreholes The water
in the borehole recharges from low elevation areas (more negative value), but

the hot springs recharge from high elevation areas or low elevation during a
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colder period. Thiswould imply the flow paths are different. The flow of the

boreholesislocal, while the hot spring flow is regional.

The d180 and d2H relationships for groundwater and rainfall in the Kammanassie area

are presented in Figure 9.12 The following can be observed:

a)

b)

0)

Three groups are identified which are A: rainfal, B: aluvia aquifer and C:
fractured rock aguifer.

For group A, the isotopic pattern is similar to that of the rainfal. It illustrates
that direct infiltration occurs before evaporation.

For group C, four subgroups are identified, namely monitoring boreholes (C1)
and the hot springs (C2). C3 are the boreholes in the Baviaaanskloof Aquifer.
C4 is VG3 in the Skurweberg Aquifer and the notch water. VG3 is clearly
related to water in the V-notch (Figure 9.13). It is worth noting that VG3 is
located in the lower part of the Vermaaks notch. Part of the notch water may
recharge the Nardouw Aquifer again.

All points of the boreholes in the diagram clearly show an enrichment of
heavy isotopes with respect to the South Africa MWL (IAEA, 1981), but only
VR7, VRS, VR, VG3, V-notch, M-notch, the Toorwater and Calitzdorp hot
springs possess the characteristics with respect to the Global MWL
(Dansgaard, 1964). All rainfall points show an enrichment of heavy isotopes
with the Cape MWL (Diamond, 1997). This is due to the amount effect and
the heavy rainfall event, whereby a greater amount of precipitation will give a
more negative d180 signature. The Kammanasse MWL is suggested as
equation (9.3). The dope (7.4) less than 8 in the Kammanassie is in fact a
mixing line, joining a pole of Mediterranean water vapour to a pole of Atlantic

water vapour.

D=7.4%0+9.1 R2=0.75 (9.3
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Figure9.12 d180 and d2H diagram in the Kammanassie area

Rainfall and mountain seepage (interflow) samples become progressively lighter
(more negative) with increasing atitude (lower temperature). This is particularly true
for the lighter signatures of rain samples taken at the Wildebeesvlakte and Parshall
rain gauges as opposed to the rain samples collected at lower altitudes (Kotze, 2002).
The d180 versus dtitude diagram seems to identify the sources of water and the
precipitation altitude as shown in Figure 9.14. This regional isotopic gradient is
approximate 0.44%. It is higher than the average universal gradient (0.3%). The
eguation of the gradient used is

d180 = -2.1-0.0044Alt. R?=0.7191 (9.4)
The ranges of recharge dtitude of the borehole water are according to the equation

(9.4) shown in Figure 9.15 The range of atitude of mountainous area is from 900-

1500m except DP18. It seems to correspond to the mean altitude of the recharge area.
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|sotopes of O are used as indicators of the groundwater component of stream flow

during periods of storm runoff and the relation is obtained as (Fritz et al. 1976):
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where d®0 denotes the O content in per mille relative to the SMOW standard and
the subscripts w, g, and Run indicate stream water, shallow groundwater, and runoff
water derived from the rainfall (Qw=Qg+ Qrury. Thisrelation provides for separation
of the rain-derived component from the component of the streamflow represented by
water that was in storage in the groundwater zone prior to the rainfall event. From the
mass-balance point of view, the spring flow (Qs) recorded at the V-notch consists of
the upstream groundwater (Qg) of Peninsula Formation and the perched water flow
(Qp) in wesathered zone as seen in Figure 8.11, i.e.

Qs=Qg+ Qp

where the term Q, is apparently influenced by rainfall infiltration. The equation (9.5

changesto
&:a@l %0, - d "0, 0 (9.6
QS gd 1sog d 180p E

where, average d?O of rain, spring, production borehole and monitoring borehole are
—4.8Bko, —T.4%ko, d®0 —7.3%%o and-7.2F%o, respectively (original isotope data can
be referred as presented in Appendix VI1). About 8.37% and 4.86% of spring flow
comes from shallow aguifer same as monitoring borehole and Peninsula Aquifer as

production borehole, respectively. It confirms the conceptual model shown in Fig 8.12.
9.5.2 Tritium

Tritium is the heavy isotope of hydrogen. Tritium atoms are unstable and disintegrate
radioactively, forming stable *He atoms. The half-life of the tritium is 12.3 yeas. The
concentration of titium in water is expressed by the ratio of titium (T) atoms to
hydrogen (H) atoms:

A ratio of T/H=10"®is defined as 1 Tritium unit (1TU)

Tritium concentrations in groundwater may be used as indicators of groundwater age
based on a comparison with historica records of elevated tritium levels in
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precipitation (maximum 3000TU in the northern hemisphere), attributed to
atmospheric thermonuclear testing between the 1950s and the late 1996 (Schlosser et
al., 1988; Busenberg and Plummer, 1993; Dindane et a., 2003). The tritium level in
young groundwater is about the same level as in precipitation, but *H is significantly
diluted by water content of the unsaturated zone. Since the mid-eighties the tritium
values in rain water are 10 TU in the northern hemisphere (Mook, 2001). The semi-

guantitative dating is possible and very informative (Mazor, 1991):

Water with zero (in practice<0.5TU) has a pre-1952 age.

Water with significant tritium concentrations (in practice >10TU) is of a
post-1952 age.

Water with little, but measurable, tritium (between 0.5 and 10TU) seems to
be a mixture of pre 1952 and post 1952 water.

The variation of the tritium contents (Appendix VI) seems to show two types of water:
(i) deep circulation old water including al fractured rock aquifers that is not
influenced by the modern recharge (lower than 1.0 TU). (ii) Mixing water near the

surface including alluvial aquifers, which have modern water contributions (3.2TU).

The resident time of groundwater samples in summer season seemsto have a short to
long sequence as follows (Figure 9.16): DP18 (3.2TU) to the rotch in the Vermaaks
and Manewicks River (1.6TU) to VG3 (1.3TU) to VR7 (1.0TU) to VR6, VRS, DP28
(0.4TU) to VR11, DP12, WN2 (0.3TU) to DP29, DG110 (0.1TU). For winter samples,
the tritium (0.5TU) in the notch of the Vermaaks and Manewicks Rivers corresponds
toVR6 and VRY7. It seemsto demonstrate that the water in the V-notch is partialy fed
both by local flow and by rainfall in summer season, but totally fed by groundwater in
winter season. The sequence seems to illustrate the circulation is deeper or dower in
VR6, VR8 and VR11 than that in VR7 and VG3, or preferential recharge paths occur
in VR7 and VG3.
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Figure9.16 Fingerprint of tritium

9.5.3 Carbon-13 and carbon-14

Stable carbon isotopes **C of water samples were analysed to aid in determining the
flow paths of water entering the boreholes and to distinguish between source waters.
Based on piston flow model, new water should have a more negative *C signature
relative to the 'old water in the system, since new water is heavily influenced by
contact with soil zone CO,. The *C in water of boreholes and hot springs varies from
-18.8t0 -21.3%0 PDB and -14.5t0—17.3%0 PDB, respectively. Theseseem to indicate
more modern water components in boreholes than those in the ot springs. For 3C in
the alluvial waters is as heavy as, or heavier than, 3C measured in the hot spring and
in the TMG aquifer. This borehole water, in theory, should represent ‘old' water.

The pattern of distribution of *3C and 1*C tends to be opposite to each other except for
sample DP18 (Figure 9.17). The "¢ values for the boreholes in the Peni nsula Aquifer

are from 74.6 to 83pmc. Boreholes in the Nardouw Aquifer give a value of 41.2
62.3pmc, which is much lower than those in the Peninsula Aquifer. The carbon
isotopes in the Calitzdorp, Toorwater and Warmwaterberg hot springs are completely
different from those of boreholes. The lower “C and higher **C to demonstrate that
hot spring water is much older than that in boreholes. The results further suggest that
the groundwater flow of boreholes in the Peninsula Aquifer is faster than that in the
Nardouw Aquifer and the hot springs.
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Figure9.17 Diagram of carbon isotopesin the study area

The law of radioactive decay describes the rate a which the activity of 4C and all
other radioactive substances decreases with time. This is expressed as (quoted from
Freeze and Cherry, 1979):

A= Abz— t/T (97)

where A is the radioactivity level at some initial time, A is the level of radioactivity
after timet, and T is the half-life of the isotope. Use of *C for dating of groundwater
was first proposed by Munnich (1957). A formulato calculate how old a sample is by

carbon-14 and tritium dating is rearranged as:
t=[InA7Ay)/(-0.693) ] xT (9.8

where In is the natura logarithm, A{/A, is the percent of carbon 14 in the sample
compared to the amount in DP18 (alluvia aquifer), and T is the half-life of carbon-14
(5,730 years) and tritium (12.3 years).

Difference tracers may aso give different ages where mixing of very young and very
old groundwater (Cook and Solomon, 1997). In comparison to DP18, the relevant
resident time from carbon-14 and tritium shows large differences (Table 9.5). The hot
spring water would be old water and piston flow feeding. The water in code of DP
boreholes would have components of old water. The water in VG3 is probably young.
For the borehole water, the resident time of “C is from 2628.6 to 8968.7 years; but
the resident time of tritium is from 12.3 to 61.5 years. For springs in the notches, the

tritium ages are10.2 —36.9 years. For the hot springs, the *C ages are from 12364.2to
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19348.5 years. It is important to note that the resident time estimated here would be
higher than actual ages because Ao of carbon-14 must be larger than that in DP18. The
measured 3H/%He age will reflect the resident time of the younger water component,
because the ®H/%He ratio is unaffected by dilution with old (greater than 50years)
water (Kamensky et al., 1991). CFC ages of 30-45 years (Weaver et a., 1999 may
aso reflect the younger water component. Therefore the abstraction may be the
mixture of the old water (old storage) and new recharge water. Similarly, the spring
water may have more younger water component. High **C seems to be the indication
of the recharge, while low **C may attribute to the low source of the *4C, otherwise,
the recharge process does not obey the piston model or mixing and the dilution
process occur in the fractured rock aquifer system. The relations between temperature,
tritium, CFC age and **C can be seen in Figure 9.18. The VR6, VR7 and VRS in
Peninsula Aquifer seem to be a group, but VG3, DP15, DP25 and DP28 in the

Nardouw Aquifer are another group.

Table 9.5 Dating results from carbon-14 and tritium

Resident time in comparison to DP18 (years)
Site DATE | ¥C(pmc) | T (TU) ¥c °H
Minimum|Maximum |Minimum [  Maximum
DP18 1996-1-31 114.2 3.2 0.0 0.0
VR6 1996-1-31 79.4 0.4 3005.2 36.9
VR7 1997 7-1 | 80.6£2.5 1.0+0.2 | 2628.6 | 31417 17.4 24.6
VR7 1996-1-31 83 0 2638.5 12.3
VR8 1997-7-1 | 79.3+25 0.4+0.1 | 27589 | 3280.5 329 420
VR11 1996-1-31 74.6 0.3 3520.8 42.0
DP12 1996-1-31 0.3 42.0
DP15 1996-1-31 52 6504.8
DP28 1996-1-31 62.3 04 5010.6 36.9
DP29 1996-1-31 412 0.1 8429.7 61.5
DP29 1997-7-1 | 40.6£2.0 0.0+0.2 | 81534 | 8968.7 29.2
VG3 1997-7-1 78.1+25 1.3+0.2 2881.1 | 3410.7 134 19.0
VG3 1998-6-1 65.7+2.3 4286.7 | 4865.8
WN2 1996-1-31 2 0.3 3814.1 42.0
DG 110 1997-7-1 | 41.0+£20 0.0+0.2 | 8076.2 | 8883.5 49.2
MarnewicksNotch 1997-7-1 1.6+0.2 10.2 14.7
MarnewicksNotch 1996-1-31 05 329
Vermaaks (Partial) 1997-7-1 0.5+0.1 29.7 36.9
Vermaaks Notch 1997-7-1 1.6+£0.2 10.2 14.7
Vermaaks Notch 1996-1-31 0.5 329
Calitzdorp hot spring | 1996-1-31 13 17967.2
Toorwater hot spring | 1996-1-31 25.6 12364.2
W armwaterberg hot spring 1996-1-31 n 19348.5
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Figure 9.18 Diagram of temperature, tritium, CFC and carbon-14

According to piston model, flow velocity of the water for production boreholes are
estimated based on the distance between the borehole and the watershed and the
maximum eastern lithological boundary (Table 9.6). Large ranges of flow velocity
and recharge rate occur in the Nardouw Aquifer because the recharge can occur in the
whole outcrops of the Nardouw Subgroups. If the recharge area is close to the
borehole, the recharge should be less than these values. From the watershed point of
view, the recharge rate in the Peninsula Formation is larger than that in the Nardouw
Subgroup; but the water resident time of VR11 is older than those of other boreholes
of the Peninsula Aquifer, athough VR11 is closer to the watershed than the other
boreholes. Perhaps the flow paths are different in the fracture nets.

Table 9.6 Flow velocity and rechar ge based on resident time of **C

e ue Distance (m) FlO\EV n;/glc;city RECha(rn%?r,] iaf_ 1?zl%u
orenol g To eastern boundary of ) )
Ages(years) | To watershed Nardouw/Peninsu)I/a Min Max Min Max
WN2 3,814.1 6,100 44,900 1.60 | 11.77 1.60 11.77
VG3 4,865.8 8,150 46,950 1.67 9.65 1.67 9.65
DG110| 8,883.5 12,000 50,800 1.35 5.72 1.35 5.72
DP29 8,429.7 14,750 53,550 1.75 6.35 1.75 14.04
VR6 3,005.2 7,500 15,500 2.50 5.16 2.50 5.16
VR7 2,628.6 7,250 15,250 2.76 5.80 2.76 5.80
VR7 2,638.5 7,250 15,000 2.75 5.68 2.75 5.68
VR8 2,758.9 7,000 14,750 2.54 5.35 2.54 5.35
VR11 3,520.8 6,750 14,500 1.92 412 1.92 412

9.6 SURFACE WATER QUALITY

The chemical data of the surface water in the study area are discontinuously recorded

monthly in the NGDB. The chemical features of surface water, including Stompdrift
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Kammanassie, Calitzdorp, Gamkapoort and Koos Rauben Dams in the surrounding
area are illugtrated in Table 9. 7. The concentrations of constituent, especially major
ions CI and Na" in the dams are higher than those in the boreholes except for the
Koos Raubenheimer Dam (refer to Appendix V). Vaues of pH are usually greater
than 7.0. L ow chloride concentrations near the Kammanassie Dam were accompanied
with extremely high rainfall events from 1985 to 2003 (Figure 9.19). The chloride
concentration appeared to be increasing until a new extremely high rainfall event
occurred in 1996 to 2001. Perhaps the high chloride concentrations are attributed to
high evaportranspiration. The chloride concentrations of the dam water input in period
of flood are lower than that stored in the dam result in the dilution of chloride
concentrations; but the chloride concentrations are still higher than those of the

boreholes in the Kammanassie area.

Table9.7 Chemical characteristics of surfacewater in the surrounding ar eas of

the Kammanassie in 1992-1998 (mg+ ™)

Siation sl ™S |pH| Na | K |Mg|ca|F | a [N Iso. P |si|N | A

Stompdrift Dam | 96.02| 604.39 | 8.3 |112.8(6.0(21.9(44.0| 0.4(164.8| 0.3 |82.5/0.0|1.7| 0.1 |139.4
KammanasseDam | 43.12| 264.51| 7.8 [ 50.8 |7.1(10.3(15.3(0.2| 80.2 ( 0.3 |25.6({0.1(2.3| 0.6 | 63.5
Cdlitzdorp Dam | 26.16|192.05(8.0|16.4 |6.2| 7.9 |22.9(1.0| 15.4 | 0.1 [16.9]1.1{2.2]0.1 | 99.1
Gamkapoort Dam | 62.79|422.09 [ 8.2 [ 65.5 | 7.3]12.5|38.7]0.3| 78.8 [ 0.5 [55.9(0.1{4.0| 0.1 (131.5
Koos Rauben. Dam| 7.20 | 49.18 | 7.3 | 6.1 |0.5( 1.9 (4.1 (0.2 85 0.1 | 5.8 (0.0(1.9(0.0 | 17.9
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Figure9.19 Chloride concentration versusrainfall in the Kammanassie Dam

9.7 SUMMARY

From the Piper plot, the groundwater with low TDS in the TMG aquifer was classified
as Cl-Na type water, as al other ions were present & very low concentrations. The

ranges of average TDS in the production boreholes of the Peninsula are lower than in
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Nardouw aquifers. The concentrations of constituents especially CI and Na" in

surface water are higher than those in groundwater.

Large ranges occurred in SAR and ?Mg/?Ca. Most of the SAR values are less than 1.5.
In both the Peninsula and Nardouw aquifers, ?Na/?Cl values trend to 1, which
indicates the state of lixiviation. Although many data of trace elements or other
congtituents are available, the incomplete data sets limit their utilisation. The Fe and
Mn cannot be used as tracers because they have large variation in time and spatial and

many reactions lead to componentsinput and output.

The isotopic signatures in the production boreholes were different from those in the
monitoring boreholes. All rainfall oxygen and deuterium isotopes show an enrichment
of heavy isotopes with the Cape MWL. The elevation of groundwater recharge for the
production boreholes are the mountainous area of 900 to 1500m based on the altitude
effect of the isotope.

Tritium concentrations demonstrate that preferentia recharge paths occurred in the
Vermaaks River Wellfield. The variation of the tritium in the aquifer shows two types
of deep circulation old water and recent mixing water. The *H cannot be used to
estimate recharge rate in the TMG fractured rock aguifer due to both insufficient data
and its own limitation. The 3C values indicate that recent water component in the
boreholes is more than that of the hot springs. The residert time of C gives rough
rages of recharge estimates due to both its initial level and the uncertain infiltration

sites.
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Chapter 10

Rechar ge Estimation in the Kammanassie Area

101 INTRODUCTION

In the last 10 years, several recharge studies of the TMG aquifer using CMB, SVF,
CRD and EARTH methods and hydrograph separation technique were carried out in
the Kammanassie area The recharge rates estimated using these methods are very
different for the Kammanassie area. The estimated recharge rate was as high as 17%
of mean annual precipitation Bredenkamp, 1995). The recommended abstractions
were adjusted many times in an attempt to stop the continued declining of
groundwater level in the Vermaaks River field since 1984. In order to estimate
redistic recharge rates of the TMG aquifers in the Kammanassie area, conceptual
recharge models need to be developed. Severa new methods were used to cross
validate the results of the other methods.

This chapter aims to quantify the recharge rate using hydrogeochemical, water level,

spring flux and rainfall data.

102RECHARGE ESTIMATION WITHMIXINGMODEL OFCMB

From awater balance point of view, groundwater abstraction from an aguifer can be
considered a mixture of recent recharge and old storage. A mixing model of CMB is
developed to differentiate ratio between the recent recharge and the old storage. The
recharge rates are converted through the recharge volume over recharge areas and the

annual average precipitation of the study area.

A conceptual model for the abstraction from recharge and aquifer storage is shown in
Figure 10.1 (Wu and Xu, 2004). The following information is illustrated:

Direct recharge, which is recharge through preferential fracture networks
without additional chloride input. The chloride concentration of the water thus
remains the same as that of the rainfall infiltration though the fracture.
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Indirect recharge through the unsaturated zone dissolves additional chloride
From the intermix, the chloride concentration of the recharge water will
increase during the infiltration process

Interflow, which flows along the shallow weathered zone and discharges to

local drainage systems in a short time. The chloride concentration of the
indirect recharge is similar to that of the interflow.

Local flow (old aquifer storage) discharges into wells.

'_'H-":"---.._: ‘.1 E ‘;"‘;h.,, ;
Pas \I'“-a_‘__' | ~""f==-u-.. Interflow

. w TR
4 \ g %, Absiraction
— . MR
_--__-"‘—--—.-___ "|-.+_ "'-._
: Local flow —_—— H_t____'—'
¥ Direct recharge y Indiract recharge "-_ Weathering limit

Figure 10.1 Conceptual mixing model

10.2.1 Mixingmodd

A proposed twacomponent mixing model assumes that the abstraction consists of old
aquifer storage and recent recharge. In the three-component mixing model, the rainfall
water component is further divided into direct and indirect recharge components. The
three-component mass balance equations were obtained by sequentially expanding the

two-component mass balance equations.

10.21.1 Two-component mixing model

Based on the conceptual model in Figure 10.1, te two-component chloride mass

balance are written as

Q =Q +Q, (10.1)

Q PCP = Qr Cr + QSCS (10 2)
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where Q, is the volumes of abstraction from production boreholes, Q is volumes of
recharge, Qs is volumes of aquifer storage and the chloride concentrations of the
abstraction water, recharge water and aquifer storage water represented by G, C; and

Cs, respectively.

For direct recharge, an amount of recharge water with low chloride concentration
would dilute that of storage. In this case, the equation for the recharge can be derived
fromequation (10.1) and equation (10.2) as follows

C,-C,

Q=0 when Cp<Cs (10.3)

For indirect recharge, an amount of recharge water with high chloride concentration

would increase that of storage. In this case, the equation for the recharge can be
derived from equation (10.1) and equation (10.2) as follows

c. -C
QV = Qp C\i’ - CS When Cp>CS (104)

where Qy is the volumes of indirect recharge and C, is the chloride concentration of
indirect recharge.

10.2.12 Three-component mixing model
The limitation of the twacomponent model is that direct and indirect recharge cannot

be considered together at a time; one of them must be ignored. Sequel to this andthe

need of further recharge estimation, the three-component mass balance equations
based on the abstraction of the production boreholes can be written as

Q,=Q, +Q, +Q, (10.9

QP ’ CP :Qr ’ Cr +Qv, Cv +Qs, Cs (106)
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where Q and C represent abstraction (L*T™) and concentration of chloride (ML™) in
direct recharge (r), indirect recharge () and aquifer storage €), respectively. If
equation (10.5) and equation (10.6) is divided by Qp, the following equations are
obtained:

1=Q +Q, +Q. (10.7)
C,=Q,C +QC, +QC, (10.8)

where Q =Q,/Q,, Q,=Q,/Q,andQ, =Q,/Q, are the relative contributions to the
abstraction in the Vermaaks River Wellfield at any given time from the direct and
indirect recharge and aquifer storage, respectively. Rearranging equation (10.7) and
eguation (10.8), the following equations are derived:

0. =@ C-CI*C,-C) (10.9)
v Cv - Cs
Q. =1- (Q +Q) (10.10)

The solution of the set of the above equations can refer to the solution of implicit
functions (Geary et al, 1963). For achieving the approach to the solution of the set of
the equation (10.9) and equation (10.10), one of the ways is the utilization of the

rainfall component (Q, ) defined by equation (10.3) or equation (10.4). From equation

(10.9) and equation (10.10), the relative contributions of each water component to the
production borehole in the Vermaaks River Wellfield at any instant could be

determined, although errors occur in the solutions.

The threecomponent mixing model over a given time interval i (month) was
constructed as follows

a

=1

Ci(gi:ér.1 [CsiQsi+CriQri+Cvini] i:1!273”'n (1011)
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a

Q=8 [.+Q,+,] i=1,2,3-n (1012

1

where, C; is monthly chloride concentration in pumping borehole, C4, G; and C,; are
concentrations of chloride in aquifer storage, rainfall and unsaturated Zzone,
respectively. Q is monthly abstraction. Qg, Qi and Qy; are flux from aquifer storage,
direct and indirect recharge, respectively.

10.2.2 Chlorideconcentration of rechar ge components

Based on the above models, the chloride concentrations of the abstraction are the
result of the mixing of the different components including storage, direct and indirect
recharge. Therefore, the chloride concentration of the different components should
initially be identified.

10.2.2 .1 Chloride concentration of the old storage

From a hydrogeochemica evolution point of view, the initial concentration of the
sorage water in an aguifer can be represented by the background chloride
concentration. The background concentration may change due to effects of recharge
water on the concentration. Therefore, it is very important to determine the

background chloride concentration and its evolution in an aquifer. To identify the
background value and the evolution, a statistical analysis method is used:

A classical time series of chloride concentration may be written as
C= Ctr(t) >Ccy (t) >Cse(t) >C”.(t) (1013)

where C is the chloride concentration, and Ci(t), Coft), Cs(t) and Ci(t) are the trend,
cyclica, seasonal and irregular, respectively;t is the time.

The trend describes the net influence of long-term factors whose effects on the

chloride concentration tend to change gradualy. Generaly, these factors include
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changes in size as well as geological and hydrogeochemical evolution. This value
would represent the cHoride background value. The cyclical component describes the
net influence of global and regional climatic change on annua rainfall distribution. It
illustratesthe relationship between the changes of the concentration of chloride with a
change of rainfall. The seasonal component describes effects that occur regularly over
a period of a year, quarter, month, day or rainfall event. The irregular component
describes residual changes that remain after the other components have been taken
into account. Irregular changes reflect effects of unique and nonrecurring factors, such

assampling and analyses

The relationship between the mean annual precipitation and chloride concentration
seems to be negative in the Peninsula Aquifer (VR6, VR7, VR8 and VR11) but
positive in the Nardouw Aquifer (VG3) asillustrated in Figure 10.2. The results show
that rainfall can produce more direct recharge in the Peninsula Aquifer; otherwise it
creates more indirect recharge in the Nardouw Aquifer. The chloride concentrations
relted to the abstractions in the Vermaaks River Wellfield from 1994 to 2003 are

used to perform modelling (Figure 4. It is important to note that the data are only
available up to March 2003.
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Figure 10.2 Chloride concentrations ver sus precipitation in the Vermaaks ar ea

To evaluate the hydrogeochemical evolution trend of the TMG aquifer in the
Vermaaks area, a time series andyss was peformed. The data of chloride
concentration were adopted from a monthly report of the Overberg Board Water
Management. The chloride concentration evolution trend from 1994 to 2003 in the
Vermaaks River Wellfield is demonstrated by regression analysis athough the
correlation coefficient is low (Figure 10.4). The initial background values of chloride
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varied from 25.1- 28.9mg-¢* and 48.7 mg: ¢* for the Peninsula and Nardouw quifers,
respectively (Table 10.1). The background values of chloride concentration from 1994
to 2003 are listed in Table 10.2, which forms the basis of calculation for the mixing
model.
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Table 10.1 Background values of the chloride concentration

Adquif er |Borehole|  Regression equation ng:gﬁ?&? f Col:(lg?lt r;?gl:]g(r;;r.\;_l)

VR6 | C(t)=00901t +2886 | R*=0.1662 289
Peninsula—YR7 | C(0) = 00823t +27.99 | R®=0.1766 280

VRS | C(t)=00864t +2507 | R?=0.1587 251

VRI1 | C(f)=0.0819t+2650 | R?=0.1471 26.5
Nardow| vG3 | c(t) = 01104t + 4874 | R?=0.0618 48.7

Table 10.2 Basis of background values of the chloride concentration (mg+ ™)

Borehole VR6 | VR7 | VRS VRI11 VG3
1904 289 | 280 | 282 24.8 48.7
1995 290 | 281 | 324 35.9 48.8
199 290 | 282 | 237 25.4 490
1997 291 | 282 | 283 31.1 49.1
1908 292 | 283 | 293 30.6 49.2
1999 293 | 284 | 286 29.0 493
2000 294 | 285 | 382 37.0 494
2001 295 | 286 | 318 34.7 495
o002 299 | 287 | 312 33.3 496
2003 297 | 287 | 350 28.0 49.7

10.2.2 .2 Chloride concentration of the other components

The chloride concentration of direct recharge is obtained from the rainfall stations in
Wildebeesvlakte as well as three new monitoring rainfall stations in the Purification
Works at Dysselsdorp. The chloride concentrations of the direct recharge range from

1.33mg-¢ to 1.74mg¢"L. The concentrations of indirect recharge (interflow) were

measured as 74.1-83.7 mg-¢ ! are captured after arainfall event on May 13, 2003.

10.2.3 Scenarios for moddling

In order to identify the relative contributions of different components to the

abstraction, five scenarios are considered. The relative contributions of different
components in enario 1 are computed based on the results of the analysis. The
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scenarios 2 to 5 are designed according to the distribution pattern of the chloride
concentration and possibility of the extreme event to evaluate the changes of the
contributions of the different components with the variation of the chloride

concentration input.

Scenario 1 (S1): Based on the information of the results of the analysis. chloride
concentration of rainfal (C,): 1.74 mg-¢*, chloride concentration of
indirect recharge (C,): 741 mg-¢! and chloride background
concentration of storage water in aquifer (Cs (t)).

Scenario 2 (S2): Cr174mg-rt, C, -741mg-¢t and initid background
concentration in considering time series (Cso).

Scenario 3 (S3): C: 10mg/Y, C,: 60.00mg¢™ and chloride background
concentration.

Scenario 4 (S4): C;: 100mg-/t, C,: 6000mg-¢! and chloride background
concentration.

Scenario 5 (S5): C: 100mg-/!, C,: 85.00mg-¢! and chloride background

concentration.
10.24 Reaults
10.2.4.1 Recharge volume from two-component model

The proportions of components based on the two component model are presented in

Appendix VII (a, b). The following patterns are recognised:

Intheratio of recharge to the abstractions in VR6, VR7, VR8 and VR11 are
0.009 - 0.685, 0.0002- 0.388, 0.002 - 0.586, 0.010 - 0.488, respectively.

The ranges of direct recharge ratio to the abstraction in VR6, VR7, VR8 and
VR11 vary 0.038 - 0.380, 0.006 - 0.381, 0.002 - 0.346, 0.010 - 0.354,
respectively.

The ranges of indirect recharge ratio to the abstraction in VR6, VR7, VR8 and
VR11 range 0.009 - 0.685, 0.0002 - 0.388, 0.007 - 0.586, 0.018 - 0.488,
respectively.
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The direct and indirect recharge ratios to the abstraction in VG3 vary from
0.020 to 0.612 and from 0.024 to 1.473, respectively. A ratio value larger than
1.0 indicates that recharge exceeds abstraction.

The frequency of recharge eventsfrom 1994 to 2003 islisted in Table 10.3. The frequency
of the direct and indirect recharge events in Peninsula and Nardouw aquifers was 14.3% -
26.4% and 73.6% - 85.7%, respectively.

The results of recharge volumes o the scenarios are presented in Appendix VIII.

The following observations were addressed:

The volumes of direct recharge in VR6, VR7, VR8 and VR11 and VG3 from
1994 to 2003 were up to 4874 nPal, 11220.0 ni-a?, 10963.3 nt-a?, 3840.5
m3a’and 19345.2 m®.at, respectively.

The volumes of indirect recharge were constantly larger than that from direct
recharge in different scenarios.

Direct recharge events are often associated with continuous high rainfall
events, such as in September, October and November of 2001; the direct
recharge occurred over along period athough annual precipitation was small.
The largest recharge volume of 2554135m°® associated with abstraction
occurred in VR7; the smallest recharge volume of 65088.3 nt is VRI11.

Table 10.3 Fre quency of the recharge based on direct and indirect recharge
(1994 to 2003)

Peninsula Nardouw
VR6 VR7 VR8 VR11 VG3
Frequency Direct| Indirect| Direct Indirect| Direct Indirect| Direct| Indirect| Direct| Indirect
Count 12 72 21 69 18 64 19 53 17 70

% 143 | 857 | 233 767 | 220 780 | 264 | 736 | 195| 805

Aquifer

The relationship between recharge and precipitation are shown in Figure 10.5. The
recharge volumes seemed to increase from 1996 to 2002. It may imply that the impact
of the flood in 1996 lasted for 6 years or the recharge in the flood period continued to

reach the production borehole.
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10.24.2 Recharge volume from three-component model

Based on chloride concentrations, volumes of the direct and indirect recharge and

aquifer storage water were portioned (presented in Appendix 1X). The results of

scenario 2 are not included in following because the background chloride value is

sameas initial background. The following observations were made:

D

2)

3

4)

The proportions of total recharge volume (Q:+ Q.) of VR6, VR7, VR8 and

VR11 in scenario 1 were 0.066 - 0.262, 0.073 - 0.204, 0.058 - 0.278 and 0.067
- 0.259, respectively.

The minimum and maximum recharge proportions of the boreholes occurred
in different years. These demonstrate that there was a different recharge path
or recharge area for the boreholes.

The minimum proportions related to the maximum precipitation occurred in
1996, but the maximum proportions were related to minimum precipitation for
VR6 in 2001.

The direct recharge was aways small. The proportions of the direct recharge
were smaller than those of the indirect recharge except in 1994.

The results in different scenarios designed were very close to those of the
actual scenario.

The variation of total recharge proportions (Q; + Q, ) with time is shown in Figure

10.6. The high recharge proportions occurred during rainfall events with high initial

chloride concentrations and indirect recharge with low concentrations, such as
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scenario 3. The lowest recharge proportions occurred in the lowest chloride
concentration of direct recharge and in the highest chloride concentration of indirect
recharge (scenario 4). The highest recharge volume occurs in the scenario 4, and
lowest one is scenario 5 (Figure 10.7and Appendix X). The different patterns of the
proportions and volumes demonstrate that different recharge processes occur in the
region. In other words, the fracture networks may not be hydraulically connected in
the Vermaaks River Wellfield.
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Figure 10.6 Total recharge ratios of the different scenarios in the Vermaaks
River Wellfield
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10.25 Rechargevolumetorechargerate

To convert arecharge volumeto arecharge rate, the recharge area must be known. In
other words, rcharge rates are recharge-area dependent. Variations of the recharge
areas related to the pumping time result in a number of recharge rates although the
recharge volume is unique. In this study, the recharge rates are calculated based on the
recharge areas identified from the geological setting and hydrogeological boundary.

For thefour scenariosin the two-component model, both the upper catchment and the
outcrop window of the Peninsula Formation (see Figure 8.1) are cansidered over two
separate periods. The recharge rates based on the twocomponent model are listed in
Appendix XI. The sdient features of the estimated recharge rate are summarized as

follows:

1) Therechargerate, on an annual and cumulative annual basis, ranging between
1.54% to 2.09% and 1.41% to 2.04% respectively of the rainfal is obtained
based on the upper catchment area, and 0.41% to 0.60% and 0.38% to 0.55%
respectively of the rainfall is calculated based on the Peninsula Window area.

2) Therechargerate is affected by the concentration of rainfall input. The higher
the chloride concentration of rainfall, the higher the recharge rate.

3) Theindirect recharge rates seem to be associated with chloride deposition and
dissolution in the unsaturated zone.
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4)

The recharge raes become smaller if chloride concentrations of old storage
water increase.
The annual average recharge rates are slight higher than those obtained from

the cumulative recharge method.

For scenario 1, the recharge rates against the catchmert area in VR6, VR7, VR8 and
VR11 were 0.332%, 0.666%, 0.216% and 0.187% of the precipitation, respectively
(presented in Appendix XIl (a)). The highest recharge rate was obtained from

VR 7 but the smallest recharge rate occurred in VR11. From the recharge rate point of

view, the infiltration condition in the recharge area of VR7 seems to be the most

favourable.

The results of the recharge rates based on the three-component mixing model are

presented in Appendix X1 (b). The observations are as following:

The largest recharge rate was related to the catchment area, and the lowest one
was related to the area of equivalence of Theis's effective radius (see Xu et al.
2002). The rates against the catchment and the equivalerce area of Theis's
effective radius were 1.182%-2.027% and 0.006%-0.011% of the
precipitation, respectively. The recharge rates would increase significantly if
the size of recharge area became smaller, for example, in the form of the
elongated belt zone.

The recharge rates fromthe two methods correspondedwith each other in the
same scenario. Recharge rates from the three-component model were
constantly smaller than that of the two-component model. These would be
attributed to the critical values of the twecomponent model representing the
minimum recharge scenario.

The differencesof recharge rates between the different scenariosw ith different

initial chloride concentration input appear to be small.
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10.2.6 Influencefactor of rechargerate

For recharge rates based on the mixing model, the influence factors include the
chloride concentration, the time lag and the recharge area. If the time lag wereignored,
it would decrease the accuracy of the estimated recharge rate. The uncertainty of the

recharge area would lead to unreliable recharge estimates.

The chloride concentration was collected from the nonthly report of the Overberg
Board Water Management. Some missing data were estimated by an interpolation
method. The relationship between the chemograph of chloride and rainfal in the
Peninsula Aquifer is shown in Figure 10.8. The figure indicates that the chloride
concentrations of the boreholes varying with the variation of rainfal. Chloride
concentration seemedto rise after 3-9 month lag accompanying a high rainfall event.
The longest time lag appeared about 39-40 months after the flood in November of
1996. The high chloride concentration after a high rainfall event may be a sign of
indirect recharge from rainfall. About 23 higher chloride concentrations seemedto be
related to rainfall with precipitation more than 50mm per month at the Parshall
rainfall station, which mainly contributed to the groundwater recharge.
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Figure 10.8 Chloride concentrationsversusrainfall in the Peninsula Aquifer

The relationship between the chemograph of chloride in the Nardouw Aquifer and the
rainfall at the Parshall rainfall station is shown in Figure 10.9. Chloride concentration
rises accompany a high rainfal event with no time lag. The low chloride
concentration with a time lag of 20-34 months seems to be associated with a high
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rainfall event. These should be attributed to the direct recharge via fracture networks

originating in mountainous areas.
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Figure 10.9 Chloride concentrations versusrainfall in the Nardouw Aquifer

However, the time lag observed in the Figure 10. 8and Figure 10.9 cannot be accepted
without scientific explanation, hence auto-regression and cross-correlation for time
lag have to be done. An auto-regression and FTest was performed to confirm the time
lag (Figurel0.10). The quickest response to the rainfall is approximately 14 months,
the longest one is about 54moths (Table 10.4). From continuously higher one-tailed
probability, the chloride concentration has complex response to the rainfall; the later
short response may affect the long one. There are similar response patterns in the

Peninsula Aquifer, but large different from the Nardouw Aquifer

Table 10.4 Timelag and its probability

Peninsular Aquifer Nardouw Aquifer

Borehole VR6 VR7 VR8 VR11 VG3
Timelag(month)l 1 (20| 37| 2 |11 | 25| 2 |33 | 2| 4 15|32| 2|5 |3#A]|54
Probability  [0.84[0.97(0.56({0.85(0.61|0.45| 0.9 |0.98|0.94|0.77 0.79|0.98|0.96|0.94|0.75|0.87

Although the auto-regression can work out the time lag, the cross-correlation is not
significant (Figure 10.11). Therefore, it is difficult to construct the one-to-one relation
between the rainfall and the chloride concentration under the conditions, perhaps the
time series is not long enough. For the effects of time lag on recharge estimation, the
cumulative rainfall from 1994 to 2003 isconsidered instead of monthly rainfal at
present.
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103RECHARGE ESTIMATION WITH WATER LEVEL FLUCTUATION

The type of the groundwater regime, including climatic rainfall-infiltration,
evapotranspiration, abstraction, runoff, hydraulic, irrigation, frozen and leakage types,
can be used to analyse the cause of a particular groundwater level fluctuation (Fang et
al., 1996, refer to Appendix XIII), but some of them, such as the climatic rainfall -
infiltration type, can be used to estimate recharge because of clear relationship
between rainfal and groundwater fluctuation. Thus, identification of the type of
groundwater regime is important for recharge estimation by groundwater fluctuation.

10.3.1Modd of cumulativewater level departure

To keep the dimension of Cumulative Water level Departure (CWD) consistent with
the Cumulative Rainfall Departure (CRD) in process of data analysis, the CWD is

defined as follows:

A time series of water level fluctuation [L]: Xi, Xo,... Xp

J
o ax
The averagevalue [L]: X =12 —
n

The departure [L]: D, = X, - X

The cumulative water level departure [L]: CWD= é D,

i=1

The following information can

be seen in Figure 10.12: i Rainfall

CRD

- The statistical period is
fromTOto T3. G _

. There is a resemblance e — L
between A (CRD) and B
(CWD). The period of A
isfrom TOto T2 and B isfrom T1 to T3. Lag time is assumedas T 1-TO.

Wi

L
=}

Figurel0.12 M odel of CRD-CWD method
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- The dash curve extrapolated from T3 to T4 period might be related to the black
bold solid line from T2 to T3 period.

A simple water balance equation based on the water level response iswritten as

CWD" S" B+Q=rCRD" A (10.14)

where CWD is the cumulative water-level departure [L]; CRD is the cumulative
rainfall departure [L]; Sisthe aquifer storativity; A is the catchment area [L?]; B is the
groundwater catchment area [L 9; r is the recharge rate. Q is the abstraction [L ¥ is
defined as:

Q=Dh" S" Ay, With A,=p R?

Chis the average drawdown related effective radius; R isthe effective radius, R=f(t),
tis pumping time.

Let CWD"S" B+Q=y and CRD" A=x,then

the equation (10. 14) changes as

y =rX (10.15)

Thisis similar to the linear equation y=kx+ co with c;=0. Therefore, r is the sope of
the CWD~CRD. Equation (10.15) is rewritten as

r

:CVV‘D' S’ B+Q (1016)
CRD™ A

Suppose A=B and Q=0 in a monitoring borehole, thus

r_CWD'S

10.1
CRD (10.17
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The resemblance can be determined by correlation analysis. If the plotting series is
long enough, the maximum and minimum points in CWD and CRD curves could be
found We call these points as peak points (similarto the maximum amplitude of a
sinewave). If the minimum error and maximum correlation coefficient between block
A and block B are found in a certain period, the resemblance is identified. Another
method is to use the CRD and CWD to perform a correlation, trend regression

anaysisand F-Test with time lag

10.32 CRD and CWD patternsin the Kammanasse area

In the Varkieskloof area, the CRD curve patterns of the Purification Works East
(PWE) rainfal station do not match with their CWD curve patterns in DP12, DP15
and DP27, but they match well in DP18 (Figure 10.13 and Figure 10.14). The
matched patterns of the CRD and CWD in DP18 seem to have the quickest response
between rainfall and the water level. It may be due to the fact that the borehole is
located in the alluvia deposits near the banks of the Olifants River.

— 100
1o
1 -100
] _ggg 2 —s— DP27
1 1 _a00 = DP15
¥ 1 -500
{ -600 === DpP12]
-200 ~ 700
1993 1995 1997 1999 2001 2003

—— PWE

CRD (mm)

-100

Figurel10.13 CWD patternsof boreholesversus CRD of the PWE rainfall station
in the Varkieskloof area
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Figure10.14 CWD patternsof borehole DP18 versus CRD of the PWE rainfall
station
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The records of four rainfall stations were used for CRD anaysis in the Kammanassie
area from September 1993 to March 2003 (Figure 10. 15). In the Voorzorg area, the
CWD of VG 1 and the CRD of the Parshall rainfall station shows a matching pattern
The CWD of VG 14 and VG15 shows a very good match with the CRD in the
Parshall rainfall station as well. The clear peaks of these CWD patterns occur due to
the high rainfall season of September to November 1996, although a different time lag
exists. Borehole WN3 in the Marnewicks valley shows no match pattern between
CWD and CRD, but the peak of the CWD seems to have similar peak to the boreholes

inthe Voorzorg area. These phenomena would imply that high rainfall events are very

important to recharge.
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Figure 10.15 CWD patter nsof boreholesversus CRD in the Kammanassie area
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10.3.3 CRD and CWD patternsin the Vermaaks River Wdlfidd

The groundwater level of the production boreholes has been declining in the
Vermaaks River Wellfield from 1994 to 2003 as can be seen in Figure 10.16. The
water level recovered a little after a few heavy rainfall events, such as in October
1996, December 2000 and May 2002. Thisis attributed to not only more recharge but

also areduction in abstraction (seeto Figure 10.4).

250

1 200

1 150

Water level (m)
Monthly precipitation (mm)

1993-9
1994-9
1995-9
1996-9
1997-9
1998-9 1
1999-9
2000-9
2001-9
2002-9

Figure10.16 Groundwater levelsin the Vermaaks River Wéllfield

A similar CWD patterns occurred in VR6, VR7 and VR11 although there was a large
difference in abstraction (Figure 10.17). A positive trend occurred in VR6, VR7 and
VR11from September 1994 until May 1998 and a negative trend from May 1998
onwards. There were some correlation between CRD and CWD in VR6, VR7 and
VR11. A positive trend occurred in VR8 from September 1994 to January 2001 and a
negative trend from January 1998 onwards. The peak point on the CWD matched the
peak point on the CRD have a 49 month lag for monitoring boreholes of G40171 and
G40173 (Figure 10.18).

The variances in CRD d the Wildbeesvlakte rainfall station versus the CWD of the
VR6, VR7 and VR8 are not significantly different based on an Ftest for the one-
tailed probability test (Figure 10.19). The coefficient of correlation (R% has the
maximum value while the lag time is 52 months. However, the one-tailed probability
of the CRD of the Wildbeesvlakte rainfall station versus the CWD of the VR6, VR7
and VR8 are 0.121, 0.020 and 0.0177, respectively. Therefore, there are significant
correlation between CRD o the Wildbeesvlakte rainfall station versus the CWD of
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the VR6, VR7 and VR8. It is important to note that the size of the time series, which
is used to perform time lag analysis reduce from 157 to 106 with increase in time lag.
It would increase the coefficient of corrdation (R?. That is why there is a higher
coefficient of correlation (R?) with 0.76 after a 45 montts lag time (see to Figure
10.8). Although there are no time lag between the CRD and the CWD in VR6 and
VRY7, cross-correlation analysis can determine the time lag between the curves. The
lag time is not clear between P-WL and RP,-WL-WI,, pattern (Figure 10.20 and
Figure 10.21). These types of curves cannot be used in lag time aalysis in the
Vermaaks River Wellfield. It is important to note that the best match of the CRD and
the CWD should be selected for recharge estimation.
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Figure 10.17 CWD patterns of production boreholes versus CRD of the Parshall

rainfall station
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Figure 10.21 Time lag analyss using WL-WL, versus P-P, of the
Wildebeesvlakte in the Vermaaks River Wellfield

For confirming the cyclical period of rainfall, the auto-regression of the rainfall time
series in the Wildebeesvlate was performed (Figure 10.22). The cyclical pattern is not
clear due to length of the time series. In other words, the time series is not long

enough to illustrate the effect of the long-term effect of the rainfal on the water levels.
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Figure 10.22 Auto-regression lag analysis and FTest in the Wildebeesvlakte
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10.3.4 Rechar ge estimation with CRD and CWD

Figure 10.23 is an example of the regression analysis for recharge estimation. The
recharge rates vary from 0.24% to 24.34% of the precipitation in VG15 using the
CWD-CRD regression analysis based on different storativity (Table 10.5). This
suggests that the accuracy of estimates is dependent on the storativity of the aquifer.
Another example of the correlation coefficients of the resemblances between the CRD
of different rainfall station and the CWD of G40171 are listed in Table 10.6. The

observations are as follows:

1) The coefficients of correlation and regression constant are positive values.

2) The recharge rates are positively related to Sorativity (s): a high recharge rates
are associated with high storativity.

3) High recharge rates values range from 27.4% to 75.64% of the precipitation if
storativity is 1%. These values are obviously overestimated.

4) Each CRD-CWD match could be used to estimate recharge rate due to
relevant high coefficient of correlation. This suggests that one match with the
highest coefficient of correlation should be adapted preferentialy. In this study,
the best one is CRD of the V-notch versus CWD of G40171.
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Figure1023 Regression of CWD- CRD of VG15

Table 105 Regression analysis results of VG15 using CRD of the Parshall

rainfall station

S (%0) Regression equation RE (%) C (mm) | RE (mm)
0.1 CWD = 0.0024CRD + 0.1507 0.24 0.15 1.07
0.5 CWD =0.0122CRD + 0.7533 1.22 0.75 5.46

1 CWD = 0.0243CRD + 1.5066 243 151 10.88
5 CWD =0.1217CRD + 7.5328 1217 7.53 54.48
10 CWD = 0.2434CRD + 15.066 24.34 15.07 108.96

Table 106 Results of regression analysis of G40171

Coefficient of . . RE C RE
corrdation S (%o) Regression equation (%) (mm) | (m na{)
01 CWD = 0.0076CRD + 0.51 076 051 268
Vencich 05 CWD = 0.0378CRD + 2.55 378 555 | 1431
1 CWD = 0.0756CRD + 5.1 756 510 | 2862
0.83 CWD = 0.3781CRD + 25.4¢ 3781 | 2549 | 14315
0 CWD = 0.7562CRD + 50.98 7562 | 5098 | 28631
— 01 CWD = 0.0061CRD + 0.901 061 090 194
Purification | —5— CWD = 0.0305CRD + 4.50 305 450 9.69
Works East 1 CWD = 0.061CRD + 9.01 6.1 901 | 1937
0.76 5 CWD = 0.3048CRD + 45.02 3048 | 4503 | 968
0 CWD = 0.6095CRD + 90.06 6005 | 9006 | 19356
01 CWD = 0.003CRD + 0.53 0304 | 053 W
Wildebeesylake| 0% CWD = 0.0152CRD + 2.66 152 266 7.27
1 CWD = 0.0304CRD + 5.32 304 532 | 1454
0.70 CWD = 0.1518CRD + 26.61 1518 | 2661 | 7258
0 CWD = 0.3035CRD + 53.21 3035 | 5321 | 14511
01 CWD = 0.0027CRD + 0.762 027 076 121
Pershall 05 CWD = 0.0137CRD + 3.81 137 381 6.13
CWD = 0.0274CRD + 7.62 274 762 | 1227
067 5 CWD = 0.13/CRD + 38.11 37 | 381l | 6133
0 CWD = 0.274CRD + 76.22 5740 | 7622 | 12266
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The recharge estimates of borehole VR6 using the CWD-CRD regression analysis are
listed in Table 10.7. The recharge rate varies from 5.98% to 299.12% based on
storativity from 0.1%o to 5%.. The results could not be used in practice athough the
correlation coefficient is 0.86 (R?=0.74) because abstractions are ignored. It also
illustrates that the CRD-CWD method is unsuited for estimating the recharge under
conditions where the storativity is unreliable, even though the correlation coefficient
is very high. The CRD-CWD method can not work adequately under most pumping
conditions because the effective radius could not be calculated precisdly, that is, more
errors would be introduced due to uncertain factors, especially under unsteady state
and discontinuous pumping conditions.

Table 107 Regression analysis results of VR6 using CRD in the Parshall rainfall

station
S (%o) Regression equation RE (%) C(mm) | RE(mm)
0.1 CWD = 0.0598CRD + 10.685 5.98 10.69 22.64
0.5 CWD = 0.2991CRD + 53.424 29.91 53.42 113.24
1 CWD = 0.5982CRD + 106.85 59.82 106.85 226.49
5 CWD = 2.9912CRD + 534.24 299.12 534.24 1132.50

10.35 Comparison of theresultswith RIB

The water level series is simulated using a computer program named RIB (Xu and
Beekman, 2003). The average pumping rate is 820m>/d for the production boreholes.
Simulated water levels are compared with observedlevels in Figure 10.24, where dh
(crd) refers to water levels calculated by CRD method (Bredenkamp et a., 1995),
while dh (rib) represent water levels calculated using Equation (3.18). For storativity
of 1%o and recharge areaof 11km?, the average recharge rates modeled for VR6, VR7,
VR8 and VR11 are 2.25%, 2.55%, 2.14% and 2.17% of the rainfal, respectively,
athough there are disparities in curve match. These results are consistent with the
results by CRD-CWD as previously indicated
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10.3.6 Impact of preceding rainfall on recharge

Impact of preceding rainfall (X 5 a is the time of the maximum water level) on
recharge is calculated as follows (Sheng et al. 1985):

X o t=K(X gt 1X t-1)
X at-1=K(X at-2+X t 2)

X a =K Xt tKZ X 1 otK 3 Xt gt 4K "X i+ K "X 4 tn (1018)
If time is long enough bef ore the study period

K nXa,t-nzo

wherex 4 israinfal influenced by preceding period during the study period [L, mm].
X gt -1isranfal influenced by preceding period during former period before the
study period [L, mm].
X t-1israinfal of preceding period [L, mm].
K isratio of degression (0.8~0.9, average 0.85).
n isthe interva of two rainfall events [T, days].

The impact of preceding rainfall on recharge rate can be computed as follows:

1) x 4iscalculated, which influence water level increasing obviously

X 5 =K X 1+K X 1+ K3X gt K "X K "X 4

2) X & (the first time of the flux increasing in the study period) is calculated by

X =Xz+X1 (10.23)

3) Second time....... repeat step 1, 2
4) Cdculate recharge rate RE

o
DH
RE=s” & 100% (10.29)

a X
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where ??H iscumulative water level increased (mm) and ? x is cumulative rainfall

(mm), which influences water level in time series.

Eight periods with increased water level responding to rainfall event were observed
from 1998 to 2001 in G40171. The recharge rates are calculated with a storativity
value of 1%o as presented in Appendix X1V (a). The maximum recharge rate, related to
69mm of preceding rainfall from May to August 2001, is 10.87% of the precipitation.
The minimum recharge rate is 0.69% of the precipitation, which is associated with
41mm of preceding rainfall from July to September 2000. The average recharge rate
is 5.38 % of the precipitation or 48.67 mm from November 1998 to December 2001.
This equals to 3.88% of precipitation of 1256mm in the period. The recharge rate is
24.34mm if s=0.5%0, which is 1.94 % of the total precipitation in the period. The
results coincide with those estimated from the CWD-CRD method.

10.3.7 Discusson

The constant of regression Co) value will always be a positive value because the
aquifer has certain storage before the water level fluctuation disappears. The Cy value
could be related to ranges of water level under a no recharge condition, and then the
Co value is the basic water level change. For instance, there is a 5.1m basic water
change in G40171 under conditions of Cy=5.1mm and s=1%o if no recharge occurs. If
the water level range is 4.05m (Cg) this means 4.05mm recharge under condition of
$=1%o in G40171.

Storativity is a very sendtive parameter in estimating recharge with CWD-CRD
method. Based on the storativity range of 1%0-2.2 %o (the storativity data were
adopted Kotze, 2002), the recharge would be 7.56%-16.63 % and 2.43%-5.35 % of
the rainfall in G40171 and VG15, respectively. The large interval of the recharge

occurs because of the uncertainty of the storativity.
In order to confirm the Jorativity, different water level fluctuation and storativity are
assumed to simulate the recharge area of the hot springs. I f the area ssimulated is close

to the natural recharge area, the storativity is assumed to be reliable. The recharge
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areas simulated are listed in Table 10.8 and Table 10.9. The simulated recharge area
with 24,600 kn? and 24,156.5 km?® are close to the area of 24,650km? based on the
geological boundaries if the storativity is 0.060-0.5 %o. It confirms that the storativity
of the TM G should be from 0.1%o to 1%o.. Based on the above discussion, the recharge
rate of 0.24%-7.56% of the rainfall seems to be accredited in G40171 under storativity
of 0.1%o - 1%eo.

Table 108 Recharge area simulation based on the storativity and flow rates of
hot springs: 1.0m water level fluctuation.

Storativity (%o) 0.1 0.5 1 5 10
Specific recharge (m>yrtkm 3 100 500 1000 5000 | 10000
Hot Spring I.sY| myr! | Recharge areafrom 1.0 m change of water level (km?)
The Baths (Citrusdal) | 29 | 914,544 | 9,145.4 | 1,829.1 914.5 182.9 915
Goudini 11| 346,896 3,469 693.8 346.9 69.4 34.7
Brandvlei 127| 4,005,072 | 40050.7 8,010.1 4,005.1 801 400.5
Cdedon 9| 283,824 2,838.2 567.6 283.8 56.8 28.4
Avalon(Montagu) 381,198,368 | 11,983.7 2,396.7 1,198.4 239.7 119.8
Baden 3711,166,832 | 11,668.3 2,333.7 1,166.8 233.4 116.7
Warmwaterberg 3711,166,832 | 11,668.3 2,333.7 1,166.8 233.4 116.7
Calitzdorp 8 | 252,288 2,522.9 504.6 252.3 50.5 25.2
Tooverwater 11| 346,896 3,469 693.8 346.9 694 34.7
Studtis 31| 977,616 9,776.2 1,955.2 977.6 195.5 97.8
Uitenhage 451 1,419,120 | 14,191.2 2,838.2 1,419.1 283.8 141.9
Total 383(12,078,288( 120,782.9 | 2,4156.5 | 1,2078.2 2,415.8 |1,207.9

Table 109 Recharge area simulation based on the storativity and flow rates of
hot springs: 3.0m water level fluctuation.

Storativity (%o) 0.1 0.5 1 5 10
Special recharge (n®yr tkm™ 300 1,500 | 3,000 | 1,5000 | 30,000
Hot Spring I.s'| mPyr! |Recharge areafrom 3.0 m change of water level (km?
The Baths (Citrusdal) | 20| 914,544 | 30485 | 609.7 | 304.8 61 305
Goudini 11| 346,896 | 1,156.3 | 231.3 | 115.6 23.1 116
Brandvlei 127| 4,005,072 | 13,350.2 | 2670 1335 267 133.5
Caledon 9| 283824 | 946.1 | 189.2 94.6 18.9 9.5
/Avalon (Montagu) 3B | 1,198,368 | 39946 | 7989 | 399.5 79.9 39.9
Baden 37| 1,166,832 | 3,889.4 | 777.9 | 388.9 77.8 38.9
Warmwaterberg 37| 1,166,832 | 3,889.4 | 777.9 | 388.9 77.8 38.9
Calitzdorp 8 | 252,288 841 168.2 84.1 16.8 84
Tooverwater 11| 346,89 | 1,156.3 | 231.3 | 115.6 23.1 116
Stuctis 31| 977,616 | 32587 | 6517 | 325.9 65.2 32.6
Uitenhage 45| 1419120 | 47304 | 946.1 473 94.6 47.3
Total 383( 12,078,288 | 2.46E+04 | 1.00E+01 | 2.04E-03| 8.31E-08 |1.69E-12

183



104RECHARGE ESTIMATION WITH SPRING FLUX FLUCTUATION

Spring flow fluctuation is a direct indicator of groundwater recharge. Two perennial
ponds occur at the geological contact zone between the Peninsula and Cedarburg
Formations in the Vermaaks and Marnewicks valleys. The springs are maintained in
part of by overflow from the Peninsula Aquifer and a local shallow groundwater (see
to Figure 8.13). Flows have been recorded since 1994 at the V-notch rainfall station,
the monthly average fluxes, in litres, are available (Kotze, 2002). A good spring flux
curve seems to respond to rainfall (Figure 10.25). Large flow appeared after atime lag
of afew months since the rainfall. The curve based on rainfall-spring is therefore used

to estimate recharge by regression.
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Figure 10.25 Hydrogr aphs of the Vermaaks and M ar newicks Rivers

104.1Theory

According to the hydrogeological model (Figure 8.13), the sring flux is fraction of
the total rainfall, assuming the recharge area is equal to the catchment area, a simple

water balance over a given time intervali can be formulated as follows:

2Q, =ra Qg +c (i=123.n) with
i=1 i=1

(10.25)
Qi=0 At

where Qs is spring flux, Qri israinfall, A isthe recharge area; q is the special flow of
the spring and t; isthe time. cisa constant of regression.
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10.4.2 Regresson

10.4.2.1 Vermaaks catchment

A statistical analysis was carried ait to examine relationships between cumulative
flow (CF) and rainfall (CR), cumulative flow departure (CFD) and rainfall departure
(CRD). The results are given in Table 10.10. A stay correlation coefficient 0.9963
between CF of the V-notch and CR of the Pashal rainfall station exists. The one-
tailed probabilities from the F-Test between CF in the Vermaaks and Marnewicks and
CR in the Parshall are 0.190 and 0.183, respectively. The best correlation coefficient
of 0.9966 between CF and rainfall exists in the preceding month. This suggests that
rainfall from both the current and preceding months is important to estimate recharge.
Therefore, the CF and CR are used to perform the regression analysis for recharge
estimation.

The results of recharge rate by regression analysis with V-notch spring data and
rainfall in different rainfall stations from 1994 to 2001 are listed in Table 10.11. An
example of a regression, based on flow in the V-notch and rainfal in the Parshall
against the catchment area, is shown in Figure 10.26. The recharge of 3.7% of the
precipitation is adopted because it has the highest correlation coefficient between the
CR of the Parshall rainfall station and the CF. Considering about 11.32 % of the
spring water is derived from the local aquifer (8.37% from the shallow aquifer as
monitoring borehole and 4.86% from Peninsula Aquifer as production borehole, see
Chapter 8), the actua recharge rate should be 3.21% of the precipitation.

Table10.10 Statistical results between different components

Pair CF CF | CFD Flow CRD CR Rainfal
of Versus Versus [Versus| Versus [Versus \ersus CRDVersus
Factors cR” CR |CRD| Rainfall | CTF CRD
r 0.9966 0.996310.9032| 0.5756 [0.4038 0.3770 |0.1154
Vermaaks

FTest |1.61E-11.90E-1|2.3E-8| 1.1E-4 |2.3E-8| 1.1E-5 |[8.4E-6
r 0.9962 0.9959(0.7302| 0.1454 1|0.2984] 0.3770 |0.1154

Marnewicks
FTest |1.21E-11.83E-1|3.1E-8|] 2.9E-4 |3.1E-8] 5.93E-5 |1.6E-5

jih)
CR=& (02P+08P_)  i=12---nmonth

i=1
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Table 1011 Recharge estimated with V-notch spring related to different rainfall
stations from 1994 to 2001 by the CF method against recharge ar ea of 10.85 km 2

Station % of Precipitation C R?
Parshall 3.7 311 0.9926
Wildebeesvlate 3 174 0.991
V-notch 477 123 0.9874
Voorzorg 4.88 431 0.9842
Dorekloof 559 16 0.9882

[ y=0.037x +3.1129 oI5
100 T R = 0.9926

0 500 1000 1500 2000 2500 3000 3500 4000
CR (mm)

Figure 10.26 Regression based on flow in the V-notch and rainfall in the Par shall

against the catchment area

10.4.2.2 Marnewicks catchment

The same method of regression analysis is used in the analysis of the Marnewicks
Spring. The recharge rates ranges from 3.65% to 5.76 % of the precipitation from
different rainfall stations for the 1994 to 2001 using the CF method against the area of
Marnewicks catchment (Table 10. 12). A recharge rate of 3.65 % of the precipitation is
related to the maximum correlation coefficient between CR in the Wildbeesval akte
rainfall stationand CF in the Marnewicks flow gauge (Figure 10.27).

Table10.12 Rechargeratesrelated to different rainfall station from 1994 to 2001
against the Marnewicks catchment area

Station % of precipitation C R?
Parshall 3.8 -2.8 0.994
Wildebeesvlakte 3.65 -4.3 0.9961
V -notch 4.93 -4.83 0.9926
V oorzorg 5.05 -1.85 0.9947
Dorekloof 5.76 -7.58 0.9989
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Figure 10.27 Regression based on flow in the M-notch and rainfall in the
Wildebeesvlakte against the catchment area

10.4.3 Discusson

10.4.3.1 Impact of flood on recharge

The recharge rate before the flood is dlightly higher than after the flood in all rainfall
gations (Table 10. 13). If the floods are removed, the recharge rate ranges from 3.93%

to 4.03%, based on different rainfall station data from 1994 to 2001 (Table 10.14).

Table10.13 Rechargerate against recharge area of 10.85 km % from 1994 to 2001

Station Beforeflood After flood
% of P C R’ % of P C R’
Parshall 3.55 3.37 0.9873 3.36 10.87 0.9622
\Wildebeesvliakte  3.53 0.8 0.9919 3.31 11.24 0.9575
V-notch 4.27 253 0.9906 4.07 12.25 0.9489
Voorzorg 5.38 -0.33 0.9923 3.87 11.34 0.956
Dorekloof 474 1.72 0.988 5.05 14.43 0.9484

Table 10.14 Regression results with runoff removed from 1994 to 2001

Catchment Station %of theP| C R? Flood removed (mm)
Vermaaks Parshall 4,03 556 | 0991 250.9
Marnewicks | Wildebeesvlakte | 397 |-4.51| 0.995 270.2
Total Wildebeesvlakte 393 -268 | 0994 270.2

10.4.3.2 Rechargearea

As equation (10.25) has shown, the recharge area is a principal factor in regression
analysis when special flow is converted to a volume. The recharge related to the
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recharge area of the Vermaaks and Marnewicks catchments are shown in Figure 10.28.
It illustrates the recharge rate is recharge-area aependent. This is the limitation of the
method. The recharge rate range from 4.01% to 3.29 % based on a +10% difference
between the natural catchment and recharge area. This means there is a recharge rate
increase of 0.09% of the precipitation if the recharge area is reduced by 10%, and
recharge rate decrease of 0.33% of the precipitation if the area increases 10%. The

recharge rate is underestimated because the impact of abstraction is ignored

—o— Recharge rate

—~— Increment of recharge

Recharge (%)
al
o

0 10 20 30 40

Recharge area km 2

Figure 10.28 Relationship between rechargeratesand rechargearea

Due to the hydrogeological contact of the Marnewicks and Vermaaks catchments, the
recharge rate with 3.2% of the precipitation is computed against two catchment areas
as shown in Figure 10.29 (13.23% of the aquifer leakage was taken out). Thisresult is
only dightly different from the result of the separate catchment. The result removes
the impact of the watershed of groundwater catchment between the two catchments.

y = 0.0368x - 2.5023
R? =0.9959

e Catchment area:36.2 km®
0 p-j'"'. 1 YN Y S S Y Y N N S

0 1000 2000 3000 4000
CR (mm)

Figure 10.29 Regression based on total flow in the two catchments and rainfall in
the Wildebeesvlakte rainfall station
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10.4.3.3 Regression constant

The dope of the regression equation or the recharge rate is given in Table 10.11 to
Tablel0.13 The basis of base flow is the constant in the regression equation. A
positive constant ¢ occurs in the Vermaaks catchment. The nfluence of abstraction
leads to the dewatering of the aquifer in the upper Vermaaks catchment. Spring flow is
not only fed by recharge, but also by aquifer storage. There is a very smdl or no
aquifer storage contribution to the spring in the Marnewicks catchment because a

negative c value occurs
10.4.3.4 Impact of preceding rainfall on spring flux

Impact of preceding rainfall on spring flux can be computed as shown in section

10.3.7. Therechargerate is calculated as follows

o

& DH
RE = 100% (10.26)

a x

where ?? H is cumulative increment of flux and ? x is cumulative rainfall which

influences recharge in time series.

Three periods with an increasing spring flux were observed from 1994 to 2003. The
recharge rates are calculated using the Parshall rainfall data over an upper catchment
area of 10.85km? as presented in Appendix XIV(b). The maximum recharge rate is
5.21% of the precipitation, which is associated with a preceding rainfall of 257mm
from February to June 1997. The minimum recharge rate is 1.73% of precipitation,
which is related to preceding rainfall of 97mm from April to July 1998. The recharge
rate is linked to the rainfal of the study period, such as period 3; the 1.38% and
1.92% of the precipitation are related to 42mm and 37mm, respectively. The recharge
rate is 2.42% of the precipitation of 867mm from February 1997 to March 1999. The
recharge rate is 0.81% of the precipitation of 2,593mm from January 1994 to March
1999 if two or more years lag. This may be attributed to ignore of the recharge
contribution to the spring flow.
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105NUMERIC SMULATION

Assuming the abstraction of the Vermaaks River Wellfield from 1993 to 2002 is equa
to the recharge rate for the same period, it gives crude recharge estimates in
percentage of precipitation as 1109% and 2.96% over the areas of the upper
Vermaaks catchment (10.85km?) and Peninsula Formation Window (40.6km?),
respectively. As water level in the wellfield experienced a continued decline over the
period, the above-estimated recharge rate would be larger than realistic recharge rate.

In other words, the recharge rate must be smaller than the crude estimates.

For confirming the water budget, two 3D models were constructed as shown in Figure
10.30. The aquifer thickness is 750m deduced from Figure 8.7. In the model, the
Cedarberg shale is supposed to act as an inactive boundary because the abstraction
from the Vermaaks River Wellfield can come from the entire Peninsula Formation
closed by Cedarberg Formation. The boundary of the Peninsula Formation and
Nardouw Subgroup is another inactive boundary in the south. The parameters of the
models are listed in Table 10.15. The initia transmissivity can be referred to in Table
8.5. The horizontal transmissivity assigned to each layer is based on weight factors o
borehole penetration and water strike of 0.1 and 0.9, respectively. The ratio of
horizontal transmissivity to vertical transmissivity (THT,) is 10. The time step is 10

seconds in the transient model. The period modeled is from 1993 to 2002.

4
e
%ERH

Figure10.30 Model grids of the Peninsula Formation Windows

Flows are calculated for each zone in each layer and each time step. The unit of the
flows is [m®sY]. Flows are considered IN, if they are entering a zone. Flows between
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subregions are given in a Flow Matrix. HORIZ. EXCHANGE gives the flow rate
horizontally across the boundary of a zone. EXCHANGE (UPPER) gives the flow
rate coming from (IN) or going to (OUT) to the upper adjacent layer. EXCHANGE
(LOWER) gives the flow rate coming from (IN) or going to (OUT) to the lower
adjacent layer. The percent discrepancy is calculated by 100 - (IN - OUT) / (IN +
OUT) / 2 (Chiang and Kinzelbach, 2001).

Table 10.15 Par ameter s of the models

Model| Layer Thickness (m) T (m?s?) ne Pumping(m3s?t)

6.55E-5 (Fold limb)

1 50 6426 4(Fold axi |05-2%| VR6 | VR7 | VR8 VRI1
6.55E.5 (Fold imb)

2 50 6 AFodads | 1-26 | - [364E-3|8.44E-4 7.08E-4
6.55E-5 (Fold i)

3 50 SEdFold axigy | 1B | - [3.64E-3|8.44E-4 1.42E-3
6.55E.5 (Fold limDb)

4 50 6,425 4(Fold axig | 1520 - |844E-4

5 50 %i@gﬁ{ﬁ;‘g ';X”fst)’) 1-15% | 350E-3| - ;

A 6 50 6.55E-05 1%o0 - - -

7 50 6.55E-05 1%0 - - -

8 50 6.55E-05 1%o0 - - -

9 50 6.55E-05 1%o - - -

10 50 6.55E-05 1%o0 - - -

11 50 6.55E-05 1%0 - - -

12 50 6.55E-05 1%0 - - -

13 50 6.55E-05 1%o0 - - -

14 50 2.65E-05 1%o - - -

15 50 2.65E-05 1%o0 - - -

B 1 250 %igijl((FFgllg g)(n:s) 0.5~2%0| 3.50E-3 [7.28E-3|2.53E-3 2.128E-3

The water budgetat steady state using PMWIN islisted in Table 10.16. Calibrationis
performed using a recharge rate of 0.316% (4.23x10 'm-s) from a three-component
mixing model in the transient model and the results are listed in Table 10.17. The

observations are obtained asfollows:

For the model A, negative water balance occurs if recharge is 1.22x10°m-s?
and 2.44x10% m-s™. The discrepancy is —65.54% and —1.5%, respectively.
Positive budget occurs if the recharge rate is 2.5x10 %m-s™ in the model A. It
means that the recharge rate cannot be higher than 1.96% of rainfall because

the water level had been declining since 1993.
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For the model B, the same scenario of the water budget occurs. A positive
budget occurs if therecharge rate is 2.427x10°m-s in the model B.

The simulated water level is higher than those measured if the recharge rateis
4.23x10™ m-s*. The errors of VR 6, VR7, VR8 and VR11 between water
levels from the transient flow model and measurement are 1.8, 2.41, 1.18 and
3.50m, respectively.

Table 10.16 Water budget of the steady state model flow

Rechargerate Recharge Discrepancy of the Peninsula
(%) (ms?) Formation Window budget (%)

0.96 1.22x10°%Y -65.54

Model A 191 244x100 -1.50
1.96 2.5x1070 0.01
0.96 1.22x10" -63.89
1.88 240x10™ -0.3

Model B 1.90 2427x10%° 0.75
191 244x10%° 1.32

Table 1017 Water level running 10 years with recharge of 4.23x10"! m-s? at

transient state for model A

Boreholes VR6 VR7 VR8 VR11
Measured water level in Dec. 2002 (m) 654.40 | 653.87 654.82 652.27
Simulation water level in Dec. 2002(m) 656.20 | 656.28 656.00 655.77

Error (m) 1.80 241 1.18 350

106 INTEGRATED RECHARGE RATEINTHEKAMMANASS E AREA

It is well known that different results are produced from different methods. Each
result can present the degree that is close to the redlistic recharge rate based on the
understanding of the recharge mechanisms and hydrogeological settings. The recharge
can be divided into manageable and unmanageable. The recharge rate estimated from
the production borehole is a reflection of manageable recharge. The others may
represent the total recharge. The research objective of this section is to develop a new
method for integrating such estimates in the TMG area. The uncertainties of factors
related to the methods are analysed, and the reliability of the conversion would be
improved by anadysing raw and empirica data. The determination of weighting

factors is considered as the largest uncertainties for the model in the study area. A
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method will be developed to calculate the weighting factors based on the role of the
factors in recharge estimation processes. Four patterns of recharge rate can be
estimated, namely a highly discrete and bias, b: highly discrete and lowly bias, c:
lowly discrete and bias, d: lowly discrete and highly bias (Figure 10.31). The pattern ¢
would be our ultimate objective, which should be the representation of the actual

recharge rate.

$ [ (@] | | 0 e o) ]

< = == =
a highly discrete and bias b: highly discrete and lowly bias
c: lowly discrete and bias d: lowly discrete and highly bias

Figure 10.31 Four patterns of rechar ge estimates

The factors of the methods are listed in Table 10. 18. The factors size of the mixing
model, CWD-CRD, regression of CF as well as water balance are 4, 3, 3 and 9,
respectively. Generaly, the results derived from the complication of effect factors

may create more discrepancy because of error propagation.

Table 1018 Factorsof the methodsin the study
Sizeof

Method Factor Size domination factor
CMB C., C,, C recharge area A (refer to
Mixing Model | equation 10.8 and equation10.9) 4 | rechagearea A
CWD-CRD CWD, CRD and dorativity of the 3 storativity

aquifer (refer to equation 10.16)
CR, CF, recharge area A (refer to
equation 10.25)

Precipitation (P), meximum (T 1),

Regression of CF 3 recharge area A

Water Balance

minimum (T ), soil factors (fy),
vegetation cover (f,), ranfal last
time (f;), CN, Rsyand ? (refer to
equation 11.3, equation 11.7 and
equation 11.8)

Precipitation (P),
differenceof the
temperature, soil
factors (fs) and

Vegetation cover

For the purpose of better expression of the different results, the integrated recharge

rate is computed as follows:
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R, =& RW

-

(10.27)

where Ry is integrated recharge rate, R is the result of the " method, W is the

weight of the i method.
The total factors of methods considered is defined as
W=§_ S ,i=1.2,.. n method

i=1

where S is the factor size of the i method.

The weight of the i method is defined as

F=gA My, i=12..n
€i=1 u

Fy =gé- Mdig , 1=12,.n
€i=1 u
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The factor size and integrated recharge rate are listed in Table 10.19. The integrated
recharge rates are related to total factors, dominating factors and the integrated weight
of the four methods are 1.68%-4.72%, 1.65%-4.52% and 1.63%-4.75% of the
precipitation, respectively. The recharge rate with 1.63%-4.75% of the precipitation is

preferentially recommended in the Kammanassie area.

Table10.19 Factor size and integrated rechar ge estimates

Recharge Total Factors | Dominating Factors | Integrated
Method Sze | Weght | Sze Weight Weight

CMB Mixing Model 4 0.243 1 0.308 0.26
CWD-CRD 3 0.324 1 0.308 0.35
Regression of CF 3 0.324 1 0.308 0.35
Water Balance 9 0.108 4 0.077 0.03
Integrated recharge  Minimum 1.68 1.66 1.63
estimates (%) Maximum 472 452 4,75

10.7 CONFIDENCE INTERVAL FORRECHARGERATE

The complexities of the hydrogeological settings make estimating local or regional
recharge difficult. The spatial variation of rainfall and topographic conditions result in
complex recharge mechanism. Not all of the components of the mixing model can be
measured accurately within a given catchment. Inputs such as precipitation and
abstraction are quantifiable; however, the time lag has changed significantly relative
to the residence time of the water, and the solutions of three-component model mostly
rely on the results from the two-component model, even the mixing model cannot
include piston flow, which likely occurs in the preferential fracture system. The
recharge area size may not be determined accurately in a fractured rock aguifer.
Under these limitations, estimates of recharge from the mixing model are subject to

large potentia errors.

The sum of the deviations of the X; values from their mean X is zero in atime series.
This may lead to incorrect resemblances identified from the CWD-CRD curves. The
aquifer areais different from the catchment area, and the storativity of the aquifer is
inexactitude as well as high variation. These would produce more discrepancy in the
CWD-CRD, the CTF-CTR and the other area-dependent or storativity-dependent
methods.
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The results of recharge estimation from several methods are summarized in Appendix
XV. The range of the recharge estimates is 1.07-28.62 mm-a™* (0.21%-7.56%) with
coefficient variation from 46.07% to 68.16% (Table 10.20). The estimates have
significant variation. The recharge interval based on equation (2.9) for 95% and 90%
confidence is 12.1814.92 mm-a™ (2.17%-2.93%) and 12.414.70 mm-a* (2.23%-
2.87%), respectively.

Table 10.20 Outline of therecharge estimates
Statistical analysis Annual recharge Rate (%)| Annua Recharge (mm-a-)

Minimum 0.24 1.07
Maximum 7.56 28.62
Mean 2.55 13.55
Median 2.20 14.86
Standard deviation 1.74 6.24
Coefficient variation (%) 68.16 46.07
Confidence interval (95%)
Equation (2.9) 2.17-2.93 12.18-14.92
Confidence interval (90%)
Equation (2.9) 2.23-2.87 12.414.70

To place the heavy reliance either on the assumption or on the sample sizes, the
nonparanetric procedures (Neter et al., 1988) are conducted. The nonparametric
procedures are concerned with the median of a single population. When the
population is highly skewed, the population median (h ) is located more in the center
of the distribution than the population mean and thus may be more meaningful of
position; when the population is symmetrical, the population mean and the population
median coincide and thus are equally meaningful measures of position (Neter et a.,

1988). The inference procedures for the population median has the following two
assumptions (Neter et al., 1988):

= The population is continuous.
= The sample is arandom one.

The estimated recharge rates satisfy the two assumptions obviously; therefore, a
confidence interval for the population median of the recharge rate is performed. A
random sample of 80-recharge rate has been selected in ascending order. It is desired
to construct a 95% and 90% confidence interval for the population median amount of
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recharge rate. Based on Eq (2.10), the integer numbers of r are 31 and 33 for 95%
and 90% confidence interval, respectively.

For 95% confidence interval, the required confidence limits for nh are the 31st-
smallest (L,,) and the 31st-largest (U,,) recharge rate in the 80 samples of recharge
estimates are: 10.88mm £h £16.09 mm, or 1.65% £ h £ 3.30%; for 90% confidence
interval, the required confidence limitsfor h are the 33th-smallest ( L,,) and the 33th-
largest ( U,, ) recharge rate in the 80 results of recharge estimates

are:12.27mm £h £15.83mm, o 1.89% £h £ 3.04% (Figure 10.32). Based on the

discussion, te annual recharge rate range for 95% and 90% confidence interval is
10.88-16.09mm (1.65%-3 30%) and 12.27-15.83mm (1. 89%-3.04%), respectively.

10

[<2) (o]
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Recharge rate (%)
N

N
1
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Estimated recharge item

Figure 10.32 A 95% and 90% confidence interval for the population median
amount of rechargeestimates

108 SUMMARY

The accuracy of recharge estimation in the Kammanassie areaiis largely influenced by
the size of the recharge area and the aguifer storativity used in relevant methods in the

Kammanassie area. The following points are concluded:
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For a given study area, the recharge rate is recharge-area dependent for the
CMB mixing model and regression of CF methods, while the CWD-CRD
method is dependent on the storativity of the aguifer. Although only one
accurate solution occurs in these methods, the reason deriving the error is the
physical parameters, which are not very exact, such as recharge area and
storativity.

The recharge rate ranges between 0.38%-2.04% and 0.007%-4.223% from the
two-component and three.component models, respectively.

The recharge rate increases significantly if the size of recharge area becomes
smaller in terms of an elongated belt zone. The recharge rates based on
abstraction are actual recharge for production boreholes. The recharge from
spring discharge is not included, although spring flow is influenced by
abstraction. The spring flow within the study area needs to be further
considered at aregional scale.

The recharge rate varies from 0.24% to 7.56% of the precipitation using a
storativity of between 0.1%o0 and 1%. using CWD-CRD method in the G40171,
but the average recharge rate from RIB method is 2.28% of rainfal or
94.79mm againgt storativity of 1%. from 1994 to 2003. The average recharge
rate is 5.38 % of precipitation or 48.67 mm, which equas to 3.88% of total
precipitation of 1256mm under storativity of 26o in considering impact of
preceding rainfall in the G40171 from 1998 to 2001.

The recharge rate with 3.21% of the precipitation is given by regression of CF
CR method with coefficient of 0.996 in the upper Vermaaks catchment. A
recharge rate with 3.65 % of the precipitation is associated with the maximum
correlation coefficient between CR of the Wildbeesvalakte and CF of the
Marnewicks catchment. The recharge rate with 3.2% of the precipitation is
obtained against the entire two catchment areas. The recharge rate before the
flood is dightly higher than that after the flood. Floods reduce the recharge
rate because of increased runoff. The recharge rate varies from 1.73% to
5.21% of the precipitation considering the influence of the preceding rainfal
from three periods with spring flux increasing from 1997 to 1999.

The integrated recharge rate related to total factors, dominating factors and
integrated weight of the methods are 1.68%-4.72%, 1.65%-4.52% and 1.63%-
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4.75% of the precipitation, respectively. The integrated recharge rate ranges
from 1.63% to 4.75% of the precipitation.

The annual recharge rate range for 95% and 90% confidence interval is 10.88-
16.09mm (1. 65%-3.30%) and 12.27-15.83mm (1.89%-3.04%), respectively.
These values are preferentially recommended in the Kammanassie area.

The time lag is considered through cumulative rainfall in CMB mixing model,
this would produce an error in the recharge rate. This limitation would be
avoided if the time series were longer enough.

Although the chemograph shows the character of the several of chloride
concentrations, the fluctuation and time lag with rainfall were not considered,;
this is left for future work. The chloride concentration can be affected by the
intensity of rainfall, especially direct recharge events are associated with
continuous higher intensity rainfall, but the cumulative mass balance remedies
the impact of the high intensity of rainfal in the long term. The results should
also be influenced by the factors of storativity of the fractured rock aguifer.
Groundwater flow in the fractured rock aquifer possessing preferential
direction or zone results in complex recharge area. This aso produces error of
the recharge rate, which is converted from the recharge volume. Under special
conditions, n which recharge lags rainfall events over a long time, the two

component mixing model for direct recharge cannot work.

In short, the recharge rate in the Kammanasie area is generaly lower than 5%, which
is much smaller than that presented in the earlier studies. The estimation of recharge
area, storativity and the time lag mainly produced the error. The recharge rate is
2.96% of the precipitation in the Peninsula Formation Window, if the recharge equals
the total abstractions in the Vermaaks River Wellfield from 1993 to 2002. The budget
of 3D numeric simulation model confirmed that the recharge rate could not exceed
1.96% of the rainfall at steady state. The results were further corroborated by the
1.65%-3 30% of the annual precipitation for 95% confidence interval.
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Chapter 11
Spatial Distribution of Rechargein the TMG Area

11.1INTRODUCTION

Water balance is often used to estimate hydrologic fluxes in an atmospheric water

balance, soil water balance and surface water balance on different scales.
Groundwater recharge is only surplus from soil-water budget. It appears negligible in
most hydrologic studies because the recharge is a little. Despite numerous
uncertainties associated with the simple soil-water budget model, it is still used in

many studies from catchment scale to the global water balance and climatic change
scenarios (Thornthwaite, 1948; Shiklomanov, 1983; Manabe, 1969; Mather, 1978;

Alley, 1984; Willmott et al, 1985; Mintz and Walker, 1993; Mintz and Serafini, 1992).
This approach is attractive because of its simplicity, which requires minimal input

data: precipitation, potential evapotranspiration and soil-water holding capacity. In its
simplest form, the soil-water budget model does not account for situations where the
precipitation rate is greater than the infiltration capacity of the soil. A long-term water
balance model for a large catchment in semi-arid Western Australia presents the
downward process controls on water balance at the annual, monthly and daily scales
based on climate, soil and vegetation cover (Jothityangkoon et al., 2001).

11.2 WATER BALANCE APPROACH

11.2.1 Principle

The different terms of the water balance at catchment scale are defined as:

Rainfall = Runoff-Direct + Actual Evapotranspiration + Change of Field Moisture
Capacity of Soils +Groundwater Recharge

Tota runoff comprises of direct runoff and base flow. Direct runoff includes surface
runoff and interflow followsas:
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Surface runoff: precipitation that cannot be absorbed by the soil because the
soil is aready saturated with water (saturation excess overland flow);
precipitation that exceeds infiltration; the portion of rain, snow melt, irrigation
water, or other water that moves across the land surface and enters a wetland,
stream, or another body of water (overland flow ). Overland flow usually
occurs where the soils are very fine textured or heavily compacted (response
time about half an hour in a 1 km? basin).

Interflow that travels laterally or horizontally through the zone of aeration
(vadose zone) with high hydrauic connectivity during or immediately after a
precipitation event and discharges into a stream or other body of water
(response time of severa hoursin a 1 km? basin, more lag time if the slope is
longer. Its hydrogeochemistry with high concentration of chloride appears to
have characteristics of lioxiviation.)

Field Moisture Capacity: The total amount of water remaining in a freely

drained soil after the excess has flowed into the underlying unsaturated soil.

Based on the above discussion, the water balance equation is written as

Re (t) = P(t) - E(t)- R(t) = Dw(t) (11.1)

where Rg(t) is goundwater recharge, P(t) is precipitation, E(t) is actual
evapotranspiration, R(t) is direct runoff and ?7?(t) is change in volumetric water
content in soils. The term (t) designates that the terms are distributed through time.
Monthly records of a site P(t) were obtained from the WR90. E(t) and R(t) were
initially estimated based on meteorological and site-specific data by simple methods
described in a later section. Assuming ?? (t) is negligible between subsequent years,
an annual estimate of Rg(t) can be calculated following the flow diagram shown in
Figure 11.1.
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Water Balance

| Runoff Model | | Evapotranspiration Model |

| Initial Runoff & EV |

A 4

| Soils & vegetation factors |<—
No
A 4
| calibration, CMB, SVF, CRD-CFD |—><>
Yes

| Actual Evapotranspiration, Runoff |<—

v
| Recharge rate (mm/yr) |

v
| Recharge rate (%) |

Figure1l.1 A flow diagram of rechar ge e stimation based on water balance
11.2.2 M odel selection

A common approach for approximating E(t) involves initid estimates of
evapotranspiration for areference soil, vegetation and coverage of plants, Ey(t), such as
grass or Fynbos. Additive Eqt) is then calculated by multiplying Ex«(t) by a group
coefficient, K(t), an experimentally defined crop-specific and soil moisture variable

whose value varies throughout the round year, such that:
The initialy estimates E(t) as follows (Hargreaves and Samani, 1985):

E, (t) = 0.0023R,T,"*(T +17.9) (113

where Tp is the difference between average monthly maximum and minimum
temperatures (°C), T is average monthly temperature (°C), Ra is extraterrestrial
radiation (MIm? d?). R 4 is represented as follows (Duffie and Beckman, 1980):

R, =Ggd (w,)sin(f )sin(d) +|§0$(f )sind)sin(w,) (11.4)
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where F is latitude (radians, positive for north, negative for south), and
d =0.4093sn[2p (284 + j) /365
d, =1+0.033cos(2pJ / 365

w = arccog- tan(f )tan(d )]

G is the solar constant with avalue of 118. 1 MIm? d*,and J represents the number
of dayssince January 1of the current year. Vauesfrom equation (11.5) were converted

to units of md™ by:

E, (t)[MIm*d ]

(11.5)
| [MJkg *]r [kgm ®]

E, ([md "] =

where r is the density of water; ? is the latent heat of vaporization, given by

(Harrison, 1963):
| [MJkg '] =2501- 2.361" 10 T[T in°C] (11.6)
The Kc(t) is expressed as

K.(t) =$P( fo+ fvo o+ )(t) (11.7)

where P isthe precipitation (mm), fs isthe soil factor, f, isthe vegetation factor, f; isthe
coverage of vegetation, f; is the factor of intensity of the rainfall with f;=h/T, h; isthe
rainfall lasting time, T; isthe monthly total time.

A common method to estimate Q is to apply the runoff equation (USDA-SCS, 1985):

_(P-029*

;. P30.2S with
P+0.8S

Q

=100 44 (11.8)
CN

where CN is the curve number. CN, based on site conditions, ranges from 36 to 99
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(USDA-SCS, 1985). Considering the features of the landform of the TMG, the ranges
of CN are 80 to 98. Measured P(t) was used in equation (11.8) to estimate Q.

11.2.3 Model calibration

The parameters related to the soil and vegetation are empirical values as shown in the
equation (11.7). These values should be calibrated using scientific method. The

cdlibration in the mode! is conducted as follows:

» The factors of vegetation adopted from Midgley et a. (1994) remain
constant in the model.

» The variation of temperatures including maximum and minimum
temperature is controlled +2°C because the long-term (1925-2003) change
of the average temperature should not exceed range of 4°C. The range of
the temperature is usually controlled within £0.5°C.

= Theintensity rainfall is considered as three classes, which are A: less than
5hrs per month, B: 5 to 10hrs per month and C: exceeds 10 hrs per month.

» The coverage percentage of vegetation is estimated based on field
investigation, the distribution of lithology and the feature of topography
including slope gradient and land surface forms.

» The soil factors are changeable parameters in the model. The soils factor
values are empirical values in initia calculation process; the values are
given in referred to the type, thickness and distribution of soil defined by
Midgley et a. (1994). The calibrated value for soil factor is based on the
trial calculation in the Kammanassie area with the critical value of annual
recharge rage of 10.88-16.09mm derived from Chapter 10. The soil factor
in other TMG area are given based on the trial calculaion in the
Kammanassie area but the error range does not exceed 10% under similar

condition of lithology and topography.
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11.3 DISTRIBUTION OF MEAN ANNUAL PRECIPITATION (MAP) IN THE
TMGAREA

For discussion of the distribution of the MAP, entire 478 rainfall stations with codes
shown in Figure 11.2 are used to make contour MAP with Kriging method in the
TMG area. The raw data of the rainfall stations are adopted WR90 (Midgley et d.,
1990). The MAP is higher than 500mm occurs in the hydr ogeological unit 4, 5, 6, 15
and 17 as can be seen in Figure 11.2. The precipitation in the most areas of the other
hydr ogeological units is less than 500 mm-a™*. The precipitation with more than 800
mm-a distributes in the mountainous areas close to Franschhoek, Knysna and
Humansdorp. The precipitation in the northern of the Outeniqua Mountains and
Langeberg Ranges is obvioudy less than that in the southern side due to the
mountainous barrier, which are the southern boundaries of Klein Karoo. The

precipitation gradually decreases from south close to Indian Ocean ( hydrogeological

unit 15) to the north in the Karoo ( hydrogeologica unit 13). In the hydrogeol ogical
unit 2, the precipitation in the high elevation area of the Cedarberg Mountain is from
300 to500mm-a*, but rainfall in the lower elevation area is less than 300 mm-a™. The
precipitation in the Swartberg Mountain (hydrogeological unit 13) ranges from 100 to
400mm-a It is important to note that there is no rainfall station in most of the
mountainous area of the TMG.

Figure 11.2 Rainfall station codesinthe TM G area
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11.4 RUNOFF ANDACTUAL EVAPOTRANSPIRATION

The runoff was estimated based on 175 rainfall stations near or on the outcrop of the
TMG using equation (11.8). The runoff contour map is made using Kriging's method
as shown in Figure 11.4. Runoff islessthan 150mm-a* (yellow) in most areas. A low
runoff with lees than 25mm-a in light yellow occurs in the hydrogeological unitl, 11,
11, 14 and 16. A large amount of runoff with more than 150-500mm-at in green and
blue occurs in the hydrogeological unit 5 and 6, but the data are more than 500mm-a*
from WR90 (Midgley et a., 1994). In general, the runoff in quantity is smaller than

that o WR90.

The data were selected before they were used in the calculation by comparing the
background conditions, such as homogeneous rainfall districts, catchment size and
potential evaporation. Soil factors were adopted according to types, texture and
thickness of soils in referring to the WR90 database. The empirical parameters of soil
factors and coverage percentages of vegetation in the TMG area used in the model
were according to the filed investigation as listed in Table 11.1. The factors of
vegetation in the outcrop of the TMG are listed in Table 11.2. The temperatures used
ininitial evapotranspiration model are presented Tablel1.3.

Table11.1 Soil factor and cover age per centages of vegetation

e | St fecor | e | | | Soi fator |
1 0.25-0.30 535 10 0.250.30 20-40
2 0.25-0.35 10-30 n 0.25-0.30 20-55
3 0.25-0.30 1565 12 0.03-0.40 30-40
4 0.20-0.25 20-70 13 0.35-0.40 5-45
5 0.20-0.25 2575 14 0.02-0.35 10-45
6 0.20-0.25 40-60 15 0.250.30 15-65
7 0.25-0.30 50-75 16 0.20-0.30 10-35
8 0.20-0.30 25-65 17 0.150.25 40-55
9 0.15-0.45 5-50 18 0.250.3 20-40

Table 11.2 Factor s of vegetation in the outcrop of the TM G (Midgley et al., 1994)

Month Oct. Nov. | Dec. | Jan. | Feb. | Mar.| Apr. | May | Jun. | Jul. | Aug. | Sep.
Fynbosfactor§ 0.60 0.60 | 0.60| 0.60| 0.55| 0.55| 0.55| 0.45| 0.40| 0.20 | 0.35| 0.50
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Table11.3 Model of temperaturein the TM G area(the temperatur e data adopted
from CNC website)

Month | Greyton [Buffelsklip|WildalsvleilWildebeesvlaktgElandsvlaktePaardevlaltelPaardeviate?]
Temp. °C |Max|Min|Max [Min|Max |Min| Max | Min | Max | Min| Max | Min | Max | Min
Jan. 245 10| 39 |75| 37| 4 b 5 B |5 33 3 R |25
Feb 2% (12540 | 6 | 35| 4 b 4 A |5 33 5 3 2
Mar. 2|14|38)| 6|3 3| 335 3 x| 4 30 2 2 |15
Apr. d|1B|32]| 2|31 0 1 2B | 2 27 1 [(255] 0
May D|B|(29(2]|26(0 26 -0.5 24 2 24 -1 21 | 0.5
Jun 2BZ|14|26]| 0| 22]|-1 2 0 22|10 20| 4| 19 | 25
Jul 255(105( 25 |-05| 23 [-0.5 22 -2 22| -1 19| 4| 19 |-25
Aug 22517530 | 1| 27 [-15] &5 -1 5 1 22 -4 21 -3
Sep 20|45 32 | 2|30 2 -1 2 1 28| 4| B | -2
Oct. 195 4|3 | 3(3]|0 <) 1 31| 3 27 1 2 1
Nov 20 (55|37 | 4|3 2 B 3 2| 3 30 1 2 | 05
Dec. 2| 8|3 | 5 |365( 4 b 4 3 5 31 2 3 0
Ref. Alt. (m) 500-1500| <800 |800-1200| 800-1500 | 10001300 >1500 >1500
MAP (mm)| 400-500 | <350 300-450 400650 500800 | 700-1000 >1000

The actual annual evapotranspiration is calculated based on the annual average
precipitation of 175 rainfall stations as can be seen in Figurell.5. Evapotranspirations
with 700-1300mm per year are associated with greater than 900mm of MAP in the
hydrogeologica unit 5, 8 and 17. There are 700-900 mm-a® of evapotranspiration in
some mountain area of the hydrogeological unit 4, 7, 9, 15 and 18. The actual annua
evapotranspiration is less than 500mm-a® in most areas of the areas of the
hydrogeological unit 1, 2, 3, 9, 13 ard 16. The distribution differentiates clearly from
potential evapotranspiration of 1200-2600mm-a’ that is based on an open water
surface shown in Figure 11.6. The potential evapotranspiration increases gradually

from south to north.
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11.5 RECHARGE RATE

11.5.1 Distribution of the recha gerate

The annual average recharge rates given by the water balance method refers to the

results from the study in chapter 10 in the modelling process as presentedin Appendix
XVI. The distribution of recharge rates is illustrated in Figure 11.7. The following

observations are made;

D

2)

3

4)

The average recharge rate is 29.74mm-a”. The highest recharge rate is
137.4mm-a’ related to 1842.06 mm MAP at rainfall station No. 0022116 in
the hydrogeological unit 5; the lowest recharge rate is 0.7mm-a? related to
16351mm MAP at rainfall station Na 0048043 in the hydrogeological unit
13.

The regions of the recharge rate more than 35mm-a! occur in the
hydrogeological unit 5, 6, 8 and part of the hydrogeologica unit 7 and 17.
The other areas are |ess than35mm-a™.

The recharge rate is from 0.28% of the rainfall at station No. 0107169 in the
hydrogeological unit 1 to 12.6% of the rainfall at station No. 0012220 in the
hydrogeologica unit 15.

The recharge rate in the Agter -Witsenberg Mountain is 35.76-97.11mm-a>.

5) The distribution of the recharge rate in the eastern section from Riversdale to

Cape St Francis has a clear boundary consistent with the outline of the
mountain, in which a high recharge rate is from 35 to 65mm-a* in the
southern area (green-blue), and less than 35mm-a’ (redyellow) in the
northern area.

The recharge rates are smaller than that from Vegter 1995 as can be seen in Figure

11.8. It is clear that the recharge rates are the same in most areas of the recharge map,

which has the same distribution in different climate region and homogeneous rainfall

districts.

The outlines of recharge rates in the TMG area are summarised in Table 11.4 and

shown in Figure 11. 9. The following observation are summarised:
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The biggest range is from 0.88 to 135.52 nm-a™ in the hydrogeological unit 8,
and the smallest range is 0.50 to 1.29mm-a” in the hydrogeological unit 1.

The average recharge rate is smaller than 10mm-a! in the hydrogeological unit
1, 10 and 13.The average recharge rate varies from 10mm-a? to Zmm-al in
the hydrogeologica unit 2, 9, 14, 16 and 18.

The average recharge rates are from 25mm-a® to 50 mma’ in the
hydrogeologica unit 4, 7, 11, 12, 15 and 17.

The average recharge rate ranges from 50mmal to 85mmal in the
hydrogeological unit, 3, 5, 6 and 8.

Table 11.4 Outline of the annual recharge estimatesin the TMG area

Hydro- |Annual average precipitation|Annual average recharge rate] Annual average recharge rate
stratigraphid (mm) (mm) (%)

unit No  |Minimum|Maximun] Mean [Minimum{Maximun| Mean |Minimum{Maximum| Mesan
Unit 1 179.6 2382 | 2186 0.5 13 0.8 0.3 0.5 04
Unit 2 240.7 369.6 | 293.1 20 24.0 11.9 0.7 6.5 37
Unit 3 439.3 8306 | 635.0 | 481 96.5 72.3 109 11.6 113
Unit 4 461.3 1002.7 | 718.2 11.9 434 26.1 2.6 51 3.6
Unit 5 558.3 | 2063.0 | 1291.7| 35.1 1374 | 824 4.0 8.7 6.4
Unit 6 584.7 922.7 695.1 438 67.7 56.4 4.7 11.4 85
Unit 7 286.7 1073.3 | 585.7 14.3 97.1 358 2.8 9.0 5.6
Unit 8 237.3 | 1604.8 | 854.6 0.9 1355 75.1 0.4 124 84
Unit 9 132.4 999.0 | 442.2 0.9 52.5 133 0.4 8.2 24
Unit 10 256.6 482.1 | 331.9 22 8.3 5.8 2.0 3.1 24
Unit 11 404.5 9289 | 5255 | 247 64.6 415 3.2 123 8.3
Unit 12 354.8 454.4 417.2 114 416 27.8 2.5 9.4 6.7
Unit 13 104.9 553.5 277.6 0.7 17.8 4.9 0.4 5.6 18
Unit 14 165.7 | 1049.3 | 474.9 11 434 20.1 0.7 8.1 4.0
Unit 15 490.3 | 1099.3 | 837.8 31 93.0 494 2.4 104 6.4
Unit 16 256.0 602.3 | 401.1 9.1 51.3 16.6 1.6 3.8 3.0
Unit 17 4159 1208.4 | 781.2 141 90.8 381 2.7 9.6 4.9
Unit 18 362.1 833.3 | 5444 9.2 49.1 22.9 1.8 6.0 41

The recharge rate is shown in Figure 11.10. The recharge rates are higher than 11% of
the precipitation (in yelow) occurring in the hydrogeological unit 3 and 8, 611% of
the precipitation (in green) in the hydrogeologica unit 3, 6, 8, 11, 12, 15 and 17,
2%-6% of the precipitation in blue in the hydrogeologica unit 1,2,4,7,9,10,13,14,16
and 18 and lower than 2% of the precipitation (in reseda) in the other areas. For the
management purpose, the iecharge rates for the quaternary catchment in the outcrop
of the TMG are presented in the Appendix XVII.
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11.5.2 Relationship between the rechargerate and the MAP

For analysing the relationship between the rainfall and the recharge rate, the results of

the estimates are grouped into 11 rainfall ranges (Table 11.5). A large range of the

recharge rate within the same rainfal interval occurred (Figure 11.11). The

observations are as follows:

The recharge rates from 0.5mm-a” to 14.5mma* are related to the MAP of
104.9nm-298.5 mm. The recharge rates ranges from 2.66mma’ to
32.94mm-a’* in the MAP of 300mm-400 mm.

A similar range of percentages occurs in the MAP of 400mm-700mm. The
recharge rates of 7.19-57.91, 9.23-67.68 and 6.25-60.07mm-a* are associated
with the MAP of 400-500, 500-600 and 600- 700 mm, respectively.

The recharce varies from 19.83mm-a* to 69.25mm-a™ related to the MAP of
700mm-800mm. -a’*

A recharge rate of 35.03-96.52 mm-a* is related to the MAP of 800-900 mm,
but a higher recharge rate of 19.02-115.69mm-a” is related to the rainfall of
900-1000 mm-a™.

A similar recharge rate range if the MAP higher than 1200mm. The recharge
rates of 35.00-135.2, 45.69-130.03 and 109.91-137.42mm-d* are related to the

MAP of 1000-1200, 1200-1600 and higher1600mm, respectively.

Table 11.5Ranges of therecharge estimatesre lated to the precipitation in the

TMG area
Range of Recharge rate (mm) Precipitation (mm) Station
P(mm)  Minimum | Maximum  Mean  Minimum | Maximum | Mean size
<300 0.5 14.25 3.64 104.9 298.5 232 41
300-400 2.66 32.94 14.7 301.7 392.1 355.8 14
400-500 7.19 57.91 24.67 404.1 495.6 444.9 36
500-600 9.23 67.68 31.45 501.5 5935 542.1 21
600-700 6.25 60.07 36.27 602.3 682.8 640.8 14
700-800 19.83 69.25 37.16 704.2 7925 752.8 12
800-900 35.03 96.52 55.56 806.8 892.9 844.4 11
900-1000 19.02 115.69 59.77 922.7 999.0 964.1 8
1000-1200 35.00 135.52 65.97 1002.7 1126.3 1085.7 12
1200-1600 45.69 130.03 93.01 1208.4 1604.8 1420.5 5
>1600 109.91 137.42 125.36 1842.1 2063 1975.2 3
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The recharge rates appear to have non-linear positive relatiorship with the MAP
through the scatter diagram (Figure 11.12). Most high recharge percentages are
related to ranges of 300mm to 1100mm rainfall (Figure 11.13). The percentage is low
if the MAP is greater than 1100mm, while the low recharge percentages related to
rainfall less than 300mm could attribute to high evapotranspiration and low effective
infiltration. Actually, the recharge rates are spatialy related.
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11.6 DISCUSSION
11.6.1 Accuracy of the model

Uncertainties and inaccuracies of the model arise from several sources: spatial and
temporal variability in processes and parameter values, measurement errors, and the
validity of assumptions upon which different methods are based (Healy and Cook,
2002). It is not possible to evaluate the accuracy of Rg(t) estimated with this
procedure. However, shortterm Rg(t) may be estimated from measured P(t) and
simple estimates of E(t) and R(t). Even if the accuracy of E(t) and R(t) is inadequate,
they still contain useful information regarding the relative values of individual
elements within the distributions. Ideally, recharge estimates should be presented
along with statistical confidence levels or as arange of likely values(Healy and Cook,
2002).

The accuracy of recharge estimatesbased on the water balance approach is controlled
by many factors, such as temperature, soils, \egetation and rainfall intensity. In the
case of the Kammanassie, the results are calibrated with the critical value of annual
recharge range of 10.88-16.09mm (1.653.30%) derived from Chapter 10. The
recharge rates based on the water balance, the CWD-CRD, the regression of the
cumulative spring flux and the mixing model methods are 2.32-3.27%, 0.24-7.56%,
3.29-4.01% and 1.18-2.03% of the precipitation in the Vermaaks area, respectively.
These results reflect an identical level in recharge rate, therefore, the recharge rates

derived from the evapotranspiration and the runoff model seems to be reliable.

11.6.2 Sensitivity analysis

11.6.2.1 Temperature

The evapotranspiration model is dependent on temperature. The maximum and
minimum temperatures are considered (Figure 11.14). Maximum temperatures range
from 17°C to 25.5°C in July and from 24°C to 42°C in December, respectively. The
high temperatures occur in the Buffelsklip, Wildalsvlei Kammanassie and

M ontagu-Oudtzshoorn but low temperature in the Uniondale and Cape Town areas in

the same season. Minimum temperatures vary from —4°C to 8.8 °C in July and from
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2.5 to 18°C in February, respectively. There are similar low levek of temperature in
Buffelsklip, Wildalsvlei Kammanassie, Wildebeesvlakte, Elandsvlakte and
Paardevlalte area, but similar high levels of the temperature in the Uniondale
Clanwilliam, Langebaanweg, Cape Town, Greyton, Montagu-Oudtzshoorn,
Vrolijkheld and George areas in the same season. The temperature pattern in Port
Elizabeth is different from the others.

An example of the recharge rate varying with the change of monthly average
temperature is shown in Figure 11.15 and Figure 11.16. The recharge rate increases
with increasing monthly average maximum temperatures, while reduces with the
negative increasing monthly average minimum temperatures. It is the effect of the
relative difference in temperature on evapotranspiration. The large difference in
temperature leads to more evapotranspiration. Approximate 0.01% of the precipitation
should be reduced while the difference in temperature increases by 0.2°C in the
Wildebeesvlakte area.
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11.6.2.2 Other factors

The recharge rate is negative in relation to factors of soil, vegetation cover and

intensity of precipitation. An example is shown in Figure 11.17, Figure 11.18 and

Figure 11.19. The degrees of the sensitivity of model related tothe factors are listed in

Table 11.6. Under similar landscape and hydrogeological settings, the recharge rate

reduces about 0.62% if the soil factor increases by 0.01; the recharge reduces by

0.31% when the coverage rate of vegetation increases by 1%; the recharge reduces

0.09% while the rainfall duration increases by 1 hour in asingle month.

Table116 Sensitivity of the factors

Factor T maximum T min Soil Factor Vegetation Factor
(?) (?) No dimension No dimension

Delta 0.1 0.1 0.01 0.01

?R&% 0.02 -0.31 -0.62 0.31
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The errors of the model in the Wildebeesvlake are listed in Table 11.7. The extremely
high recharge rate is 5.46% of the precipitation, and the extremely low recharge is

1.05% of the precipitation.
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Tablel11.7 Estimated errors of estimates in the Wildebeesvlak te rainfall station

Condition of mal?(ielr;im miaierlrgﬁm (Slgg Vegaqtion Rﬁrrgg ! ? % of th_e RE
recharge T 2) T 2) |dim) (No dim) (hrs) % [Precipitation| (mm)
Extremely low 0.25 -025 | 026( 0.46 15 221 106 512
Extremely high|  -0.25 0.25 024| 044 5 119 546 26.41
Model 0 0 025| 045 10 - 3.27 15.80

11.6.3 Snow impact on rechargeinthe TMG area

11.6.3.1 Spatial distribution of snow

The distribution of snow is associated with topography, season and temperature in the
TMG area. Winters in the mountain areas are cold and wet, night temperatures drop
sharply and heavy frost and snow may occur. The distribution of snow occurs above
1000 tol 200m am.sl. of the TMG mountain area in some winter seasons. The
distribution of snow in the TMG area is shown on the Landsat 7 Enhanced Thematic
Mapper (ETM) images as seen in Figure 11.20 (Wu and Xu, 2005). Different
distributions occurred in different seasons or periods, and snow cover remained on the
gentle slope sides, eg., the northwest slope of the Hex River Mountain and the
northern slope of the Swartberg Mountain. This was also related to wind field and
direction. As seen in Figure 11.20A, snow remains slightly longer on the mountain
peaks due to snow thickness. On 8 August 2002, a wide distribution of snow occured
from the Gydoberg in the north, the Hex River Mountain in the middle to the Du
Toitsberg Mountains in the south as can be seen in Figure 11.20B. A small area of
snow cover distributes on the peaks of the Kammanassie Mountain and Marloth as
shown in Figure 11.20C.

The thickness of snow was up to 600mm in the Langeberg at the Protea Farm and the
mountainous peaks near the Franschhoek Pass, as can be seen in Figure 11.21 (Wu
and Xu, 2005), and about 300mm of snow occurred on the Villiersdorp Mountain in
August 2003 as can be seen Figure 11.22 (Wu and Xu, 2005). The more grass was
present, the less snow cover was present. Less snow occured on the side sheltered
from the wind. The interflow from snowmelt could be observed. This means

percolation rate was smaller than the snowmelt rate. Based on ETM images and
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climatic analysis, the snow -influenced recharge areas in the TMG area are shown in
Figure 11.23 (Wu and Xu, 2005). The influenced areas are much wider than the snow
cover area. Snow is distributed widely on the mountainous peaks and places of high
elevation, but snowmelt can influence the entire catchments or outcrops of the TMG.

Therefore, recharge from snowmelt must be considered in these mountainous

catchments.

Figure 11.21 Snow on the Langeberg of the Protea Farm (left) and the
mountainous peaksnear the Franschhoek Pass (right) in 2000

e

Figure 11.22 Snow and interflow (right) from the snowmelt in the Villiersdorp

Mountain
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Figure 11.23 Snow influenced areain the TMG area

11.6.3.2 Impact of snowmelt on recharge

Physical processes within the snow pack involve mass and energy balances as well as
heat and mass transport. Snowmelt is an energy-driven process. Recharge processes
are associated with fractures, soils and vegetation, especially characteristics of
fractures at depth. Groundwater recharge from snowmelt is related not only to
snowmelt mechanism and to processes but also to recharge processes Snow water
equivalent is used to characterize the sxow pack and snowmelt rate. An infiltration

experiment is used to compute the percolation rate.
Snowmelt was computed as follows, using a variable degreeday melt factor (?)
determined as a function of snow pack density (?) and vegetation cover

(open/forested) (Kuusisto, 1984):

g =0.0104r _ - 0.70, (1.4< g <3.5 in forested areas (mmd™) (11.9)
g =0.0196r - 2.39, (15< g <5.5 in open areas (mmd™) (11.10)

New snowfall density r g, was assumed to be a function of air temperature (Tai),
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and was calculated as follows (Hedstrom and Pomeroy, 1998):
r g = 67.9+51.3exp(T,,/2.6) Tar ? OC (11.11)

M gan =119.2+ 20.0T;, Tar? O°C (11.12)

The hourly melt was computed using a standard temperature index approach as
follows (Ross et al., 2003):

_9
W= (T T (11.13)

where w is the hourly melt rate, Tyt IS the threshold air temperature for snowmelt.
There is considerable variability in published values of Tyt and a value of less than
0°C is not physicdly unredistic since radiation melt can take place when air
temperatures are below freezing (Ross et a., 2003). Kuusisto (1984) obtained Tyet
values of —1.3°C and —1.2°C for open and forested sites in Finland. These values are

used for calculating hourly meit rate in the TMG mountainous area.

Based on equation (11.13), the hourly melt rates calculated at air temperatures of 4
and 6C are 0.328mm and 0.689mm, respectively. A higher hourly melt rate should
occur in cases of higher air temperature. In the TMG mountainous area, the melt time
is 6.04 d if the average snow thickness is 100mm, which equals to rainfall of 21.9
mm. Considering infiltrating conditions, more runoff should occur if the snowmelt
time is shorter than time of the equivalent rainfall, because recharge is constrained by
fracture characteristics while snowmelt rate is not. Note that recharge from snowmelt
is very complicated, it is related to snowmelt mechanisms and infiltrating processes.

Field studies are necessary in the future.

An infiltration experiment was performed at the Franshhoek Mountain Pass. The

source water was overflow of 1.107/.s* from a pipe as can be seen in Figure 11.24
(Wu and Xu, 2005). The infiltration area was about 50m?, and the specific infiltrating

rate is 0.022 s*m? The discharge sector is about 385m?. The issuing zones are the

bedding fractures on the side of the steep dlope. A few of more seepage zones were
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also observed at lower elevation but with less magnitude. A small temporal weir was
used to collect the dscharge water in the main discharge area. The discharge rate was
measured at 0.956-0.964/s™, which was not total discharge water. The recharge
percentage was estimated at 12.9-13.6%. Therefore, most infiltrating water seeps out
as interflow. A snowmelt of 0.689mm-h™, which equals to 1.91x10” ms™m?, would
still produce much interflow or runoff. Therefore, the recharge rate must be less than
that of 1.91x107 m-stm?2. Suppose 10 % snowmelt is available for recharge in this
case, the recharge rate would be 3.59 t07.19% of the 21.9 mm rainfall (derived from
100mm of snow) if snow can remain 1 to 2 d after the snow event. It is worth
mentioning that infiltration or recharge cannot occur in whole ground surfaces but

only in open fractures or fracture zones (Wu and Xu, 2005).

Figurell.24Infiltration experiment

11.7 SUMMARY

Recharge rdes are related to the spatial distribution of the rainfall. The average
recharge rates of the TMG are 29.74mma™. The highest recharge rates are
137.17mm-a® associated with 1842.06 mm-a! at 0022116 in the hydrogeological unit
5; the lowest recharge rakes are 0.7mm-a™ associated with 163.51mm:-a’ at 0048043 in
the hydrogeological unit 13. The regions with a recharge rate more than 35mm-a*
occur in the hydrogeological unit 5, 6, 8 and part of the hydrogeological unit 17. The
recharge rates in other aress are |less than 35mm-a™. The recharge rate is from 0.28%
of the rainfall at rainfal station of No. 0107169 in the hydrogeological unit 1 to
2.86% of the rainfall at station of No. 0017582 in the hydrogeological unit 17. The
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recharge rates are smaller than that from Vegter 1995.

The recharge rates are a non-linear positive relation to the MAP. Most high recharge
percentages are related to rainfall of 300mm-a® to 1100mma? The recharge in
percentage of rainfal is low if precipitation is greater than 1100mm-a?t or less than
300mm-a™. The recharge rate is constrained by fracture characteristics but not by
infiltrating rate in bulk rainfal or snowmelt rate. The distribution of snow occurs
above 1000m-1200m am.s.| of the TMG mountain area in some winter seasons. The
recharge areas influenced by snowmelt in the TMG are the catchment above 1000
am.sl. The hourly snowmelt rates are estimated at air temperatures 4 and 6C as
0.328mm and 0.689 mm, respectively. These snowmelt rates are the ceiling of the
percolatiion. A most of snowmelt water emerges in the form of interflow. Recharge
rates must be much smaller than snowmelt rates. Further research is needed to
compare snowmelt recharge with that of normal rainfall conditions. Discrepancy
would be introduced if different temperatures were selected in the model. The
recharge rate based on empirical factors in the water balance model should be
calibrated with results of other methods before it is used for assessment of

groundwater resources in the TMG area.
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Chapter 12

Conclusions and Recommendations

The Table Mountain Group (TMG) is a regional fractured rock aguifer system with
the potential to become amajor source of future bulk water supply to meet both
agricultural and urban requirements in the Western and Eastern Cape Provinces in
South Africa. The TMG aguifer comprises approximate 4000m thick sequence of
sandstone with an outcrop area of 37,000km2 A wealth of recharge estimation
methods for the TMG area is currently available with each method having its own
limitations regarding temporal and spatial scale. Confidence in the obtained recharge
estimates in the TMG area can be improved by applying multiple methods, which
include the CMB, CWD-CRD, SVF and water balance methods.

12.1 CONCEPTUAL HYDROGEOLOGICAL MODEL

Higher fracture frequencies of the TMG during deformation forms secondary porosity.
The storativity accredited is from 0.1 to 1%.. According to the occurrence of aquifer,
five types of aguifer systems, namely the horizontal terrane aquifer system, incline
strata aquifer system, folded strata aquifer system, fractured rock aquifer system and
weathered rock (crust) aquifer system, are classified. Based on geologica and
hydrodynamic characteristics, namely, geomorphology and boundary conditions of
groundwater flow, nineteen hydrogeological units in the TMG area are identified,

covering the area of 248,000km?.

The recharge processes are related to topography and fracture networks. Different
topography types show different patterns of surface water runoff and infiltration
mechanisms. Interflow occurs in the weathering and preferential fracture zones above
the elevation of the local basal levels. Infiltration rate is related to characteristics of
land surface; and the percolation rate to the aquifer s constrained not only by the
infiltration rate but also by fracture characteristics at depths. In most cases, the
percolation rate is very small as most of infiltration water seeps out in the form of
interflow, especialy in mountainous areas. The preferential recharge is domination in

the fractured TMG rocks. The recharge possesses diffuse pattern on the land surface
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with high fracture density, but preferential recharge occurs a depth. Six models of the
recharge processes related to the landform were conceptualised, namely models of
soil zones, horizontal strata zones, upright strata zones and three incline strata zones.

The hypothesis that the recharge of the TMG aquifer probably takes place within the
outcrops of the TMG was confirmed by analysis of the Landsat 7 ETM images. For
local agquifer system, the Cedarberg shale is the recharge boundary obviously. More
effective recharge occurs the slope gradient less than 30°. The soil deposited on the
bottom of the valley affects recharge water percolating to the fractured rock aguifer at
depth. Part of fault zone of some faults cemented by silicate results in complicated
recharge processes, in which low or no infiltration occur in eemented zone, but high

percolation concentrates in non cemented zones, such as Vermaaks Fault zone.

Groundwater in the Peninsula Aquifer is characterised by its low TDS. The ranges of
average TDS in the production boreholes of the Peninsula and Nardouw aquifers in
the Kammanassie area are 40-60.4 and 86.8mg-/*, respectively. According to Piper
plots, the groundwater type of the TMG aquifer is classified as Cl-Natype of water, as
al other mgjor ions are very low concentrations. The chloride source of TMG aquifer
is falout of precipitation, little additional chloride adds from rocks or formations.
Based on the 98 samples distributed in the TMG area, the frequency is 32.7%, 24.5%,
15.3% for concentrations of 10-20mg- ¢, 20-30mg-¢™ and 30-40mg-¢*, respectively.
The frequency is 8.2% in 50-60mg-¢ ™ and 60-70mg-¢ . The errors between arithmetic

and harmonic and geometrical are 38%, and 18%, respectively. Therefore the error

would be introduced in the recharge estimation using different mean values.

12.2 RECHARGE RELATED TO RAINFALL PATTERN

Recharge is significantly influenced by seasonal variation of rainfall and extreme
rainfall event. A gradual positive trend of rainfall occurred in the Hoekplaas and the
Kammanassie rainfall stations in 1925-2002, but the one-tailed probabilities are low.
There was a positive tendency in January, April, June, October, November and
December, and a negative tendency in the other months in the Kammanassie Dam

rainfall station. Negative CRD patterns occurred in the mountainous area from July
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1997 to May 2002. Positive trend of rainfall does not mean positive recharge trend
Neither does the seasonal trend. The variation of monthly rainfall results in more
complicated water level response

The same patterns of CRD are observed in the four rainfall stations, namely Parshall,
V -notch, Wildebeesvlakte and Purification Works East located on the Kammanassie
Mountainous area. Negative patterns of the CRD occur from July of 1997 to May of
2002. A significant correlation occurs in the CRD between the Parshal and
Wildbeesvlakte stations. The extremely high rainfall events contribute to the effective
recharge. The effective recharge may mainly occur in March, April and November in

the Kammanassie mountai nous area.

12.3 RECHARGEESTIMATESIN THE KAMMANASSIE AREA

The recharge rates in the Kammanassie region from 1994 to 2002 using the three-
component mixing model of the CMB, CWD-CRD, regression of cumulative spring
flux and water balance methods are estimated at 1.1822.027%, 0.24-7.56%, 3.29
4.01% and 2.32-4.4 % of precipitation (4,217mm), respectively. The influence area of
the abstraction and the concentrations of end-member input largely influence the
recharge rates with the mixing model of chloride mass balance. Storativity is a very
sensitive parameter for recharge estimation in the CWD-CRD method; and the actual
recharge area is a very important factor in the spring flux regression method while
specid flux converts into the volumes. The recharge estimates from each method were
integrated in order to qualify the recharge rates using the weights of the different
methods to fill the gaps in the different results. The integrated rates indicated 1.63% -
4.75% of the precipitation as recharging the aquifer in the Kammanassie area from
1994 to 2003.

The recharge rate in the Kammanasie area is generally lower than 5%, which is much
smaller than that presented in the earlier studies. The estimation of recharge area,
storativity and the time lag between rainfall and water level may introduce the errors
The recharge rate is 2.96% of the precipitation against the area of the Peninsula
Formation Window , if the recharge equals the total abstractions in the Vermaaks
River Wdlfield from 1993 to 2002. The budget of 3D numeric smulation model
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confirmed that the recharge rate could not exceed 1.96% of the rainfall at steady state.
The results were further corroborated by the 1.65%-3.30% of the annual precipitation
for 95% confidence interval.

12.4 SPATIAL DISTRIBUTION OF RECHARGE IN THE TMG AREA

Based on the water budget models, the spatial distribution of the recharge in the TMG
outcrop area is presented The recharge rates from the water budget in the
Kammanassie area are cdibrated by referring to the results of the CWD, the SVF and
the CMB mixing model. Based on the infiltration experiment and the snow
distribution fran the ETM images and the snow photos, the impact of snowmelt

process on groundwater recharge is discussed.

The average recharge rate in the TMG is 29.74mm-a, which are generally smaller
than the values estimated by Vegter (1995). The highest recharge rate is 137.17mm-a*
related to the MAP of 1842.06 mm-a™ at station No. 0022116 in the hydrogeological
unit 5; the lowest recharge rate is 0.7mm-a” related to the MAP of 163.51mm-a” at
station No. 0048043 in the hydrogeologica unit 13. The regions with a recharge rate
more than 35mm-a* occur in the hydrogeologica unit 5, 6, 8 and part of the
hydrogeological unit 17. The recharge rate in the other areas is less than 35mm-a’.
The recharge percentages are from 0.28% of the MAP at station No. 0107169 in the
hydrogeological unit 1 to 12.6% of the MAP at station No. 0012220 in the
hydrogeologica unit 15.

The recharge rates based on the water balance method have a nonlinear positive
relationship with the MAP. The recharge rates of 7.19-57.91, 9.23-67.68, 6.25 60.07
19.83-69.25, 35.03-96.52, 19.02115.69, and 17.45-137.42mm-d" are associated with
MAP of 400-500, 500-600, 600-700 mm, 700-800, 800-900, 900 1,000 and 1000mm
upwards, respectively. Most of the high recharge percentages are related to rainfall
ranges between 300mm to 1100mm. The low percentages occur in the MAP of greater
than 1100mm because more runoff occurs, and the low recharge percentages related
to rainfall smaller than 300mm can be attributed to high evapotranspiration and low
effective infiltration.
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12.5 SUGGESTIONSAND RECOMMENDATIONS

The complexities of the hydrogeological settings make estimating local or regional
recharge difficult. The spatial variation of rainfall and topographic conditions result in
complex recharge mechanism. Not all of the components of the mixing model can be
measured accurately within a given catchment. Inputs such as precipitation and
abstraction are quantifiable; however, the time lag has changed significantly related to
the residence time of the water, and the solutions of three-component model rely on
the results from the twecomponent model, even the mixing model cannot include
piston flow, which likely occurs in the preferentia fracture system. The size o
recharge area may not be determined accurately in a fractured rock aquifer. Under
these limitations, estimates of recharge from the mixing model are subject to large
potential errors. In the most important aquifers of the TMG, the common mixing

model of CMB is unfit to be applied if recharge processes and areas are not identified.

The vdidity of assumptions of the methods is the basis of the actua recharge
estimates. Errors would be introduced if different parameters were adopted in the
empirical model. Uncertainties and inaccuracies arise from spatial and temporal
variability of the data. The recharge rate, based on empirical factors in the water
balance model, should be crosschecked with other methods before it is used for

assessment of groundwater resources in the whole TMG area.

In the Vermaaks Rver Wdllfield, the recharge rates based on the abstraction are
actual recharge rates of the Peninsula fractured rock aquifer, which are manageable.
Whereas on alocal scale, all sorts of discharge should be considered together in
recharge estimation with the methods related to discharge. Therefore, the spring flow
within the aquifer system should aso be considered for total recharge.

Low recharge rates estimated for the TMG area suggests that the caution should be
taken when a water supply strategy is formulated for the TMG area The design of
borehole abstraction rates should consider the recharge rates within the relevant
recharge areas. In other words, a sustainable abstraction rate in any single borehole
should not exceed the natural recharge rate in order to prevent negative environmental
impact.
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Appendix | Fieldwork performed

Date Fieldwork

2002-5-18-19  stellenbosch-Franshhoek-Worcestrer-Montagu (Hydrogeological unit 5, 8 and 9)

2002-6-19-20  Vermaaks field work (Hydrogeological unit 14)

2002-7-13 Table Mountain (Hydrogeological unit 6)

2002-8-21 Western Coast (Hydrogeological unit 5)

2002-9-14-15  Hermanus- Stanford -Gansbaai (Hydrogeological unit 11)

2002-9-22 Jonkershoek catchment (Hydrogeological unit 8)

2002-9-28-29  West Coast, St. Helena Bay- Langebaan (Hydrogeological unit 5)

2002-10-18 Infiltrating process observed on campus at UWC

2002-10-29 Newlands spring research (Hydrogeological unit 6)

2002-12-15 Herdberg Somerset West (Hydrogeological unit 5)

2002-12-12 Borehole log: 3218A 1731, 750m (Hydrogeological unit 2)

2002-12-25-26  Herdberg, Somerset West (Hydrogeological unit 5)

2003-1-28-30  Borehole log: 3218A1731, 750m (Hydrogeologica unit 2)

2003-1-31 Cape Peninsula (Hydrogeological unit 6)

2003-4-27 Platteklip Gorge, Table Mountain (Hydrogeological unit 6)

2003-513-14  Samplingin the Vermaaks wellfield (Hydrogeological unit 14)

2003-5-31, 61  Stellenbosch- Suurbraak-Montagu (Hydrogeological unit 5, 8 and 9)

2003-6-14 Table Mountain (Hydrogeological unit 6)

2003-6-27-29  |nfantaDe Hoop-Agulhas -Bredasdorp-Caledon (Hydrogeologi cal unit 11)

2003-9-13-14  Cdlitzdorp - Prince Albert- Swartberg Pass (Hydrogeological unit 13,14 and 0)

2003-10-11 Strand-Rooiels Bay (Hydrogeological unit unit 8)

2003-11-8 Sir Lowry's Pass- Grabouw- Villiersdorp (Hydrogeological unit 8 and 5)

2003-11-9 Hermanus- Stanford -Gansbaai-Pearly Beach (Hydrogeological unit 11)

2003-11-12 Uniondale-Toorwater-K amanassie South (Hydrogeological unit 14 and 16)

2003-11-15 Piketberg Tulbagh-Ceres-Warmwaterberg (Hydrogeological unit 3, 7, 9 and 14)

2003-11-15 L adismith- Swellendam -Ashton -Goudini-Brandvlei-Huguenot Pass
(Hydrogeological unit 10, 12 and 14)

2003-11-17 George-Outeniqua Pass- Kamanassie Mountain (Hydrogeological unit 15 and 14)

2003-11-18 Setting up of rainfall station in Dysselsdorp (Hydrogeological unit 14)

2002-11-22 Infiltrating experiment in Franshhoek Pass (Hydrogeological unit 8)

2003-11-30 Piketberg Pass-Citrusdal -Blikhuis (Hydrogeological unit 2 and 3)

2003-12-6 Wellington-Bain’ s Kloof-Ceres-Gouda (Hydrogeological unit 4 and 7)

2003-12-28,29  Greyton- Shaws Pass-HermanusK |einmond-Strand (Hydrogeological unit 11)

2004-1-9 Riversdale- Stilbaai -Mossel Bay -George (Hydrogeological unit 12 and 15)

2004-1-10 Goeorge-Humansdorp -Port Elizabeth (Hydrogeological unit 15 and 17)

2004-1-12-14  Uitenhage-Hankey-Humansdorp (Hydrogeological unit 17 and 18)

2004-3-13 Mont Rochelle Nature Reserve (Hydrogeological unit 8)

2004-3-27-28  Clanwilliam-Graafwater-L ambert’s Bay (Hydrogeological unit 1and 2)

2004-7-1-6 Hex River Valley -Koo Valley-Montagu-Barrydal eB eaufort West
(Hydrogeological unit 9, 13 and 14)

2004-9-25-27

Vanrhynsdorp-Calvilia (Hydrogeological unit 0, 1 and 2)
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Appendix Il Summary of the production boreholes data in the Vermaaks area

B Depth Water Level (m) Water Strike Depth of Screen
orehole
(m) Firdg | Now (m)* pump (m) | Depth (m)
110-111(6.0),
VG3 206.7 6.02 10 190(3.0), 148 96.5-206.7
174 (3.0)
VR6 250 34.64 60 228-244(15) 165 108.7-230
78-81(8),
VR7 177 63.3 R0 129-140(15) 159 53-177
113-117(5)
VR8 251.3 100.5 125.4 156-170(4) 163 89.6-251.3
234-240(4)
139(2)
VR11 224.5 125.5 151 183-194(8) 180 18-224.5
200-210(10)
DP10 210 114.07 [ 90.2 183(7) 180 73-210
DP12 192 126.07 | 102.8 2(20) 180 66-192
160-170(2)
DP29 240 120.6 97.09 1852(2)
122-124(1.5)
DP28 246 117.8 94.57 151-160(10) 170 121-207
195-210(11)
110(3)
DP15 2245 103.8 86.04 169(7) 180 50-207
187(11)
DP25 203 104.9 83.5 109, 166,201 170 9-203
1075 114-117(1.5)
DG110 212 110.6 7' 137 200 R-212
200-203(6)
DP18 17 3.6 3.2 4.2-9(15) 14 2-9.4

Thefirst water strike (fracture zone) depth (m), followed by yield, e.g. 110— 111(6.0), after Kotze, 2002.

Appendix [l Information of unsuccessful production boreholes of the KKRWSS

Borehole | Depth (m) | Yield (1-s% Geology Wa‘?rm')e“’e'
Baviaanskloof Quartzite shale at 28m
WN101 243.5 >2.0 188, 203 m, fractures at 120 m. 4.3 (1989)
0-12 boulders; 12-215 Baviaanskloof,
VR5 215 15.0 shaleat 37, 46, 57, 111 m, fractures at 4.3 (1989)
82, 102, 169 and 184 186 m. (75-215).
0-4 boulders; 4230 Tchando Formation,
VG12 173 4.7 fractures at 19, 78, 98, 14 and 171-173 2.93 (1992
(40-173)

VG4 113 <2.0 0-2 scree, 2113 Baviaanskloof 18.2 (1989)
DG107 210 4.1 0-22 boulders, 20210 Kouga Formation 27 (1987)
DG104 250 5.7 0-8 Enon, 8250 Kouga Formation 90 (1987)

0-22 Enon
1315 4(1;1%%2) 22-249 Baviaanskloof Formation,
DP27 249 (10) Fractures at 150 to 155 m, open joints 119 (1992)
240(8) with showing weathering at 241, 242 and
248 m
DP20 220 0.9 0-18 Er_lon, 18-220 Baviaanskl oof 1045 (1991)
Formation
0-6 Enon, 230 weathered sandstone, 30
DP14 167 V) 10167 senastone 62.5 (1986)
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DP13

Appendix IV Information of some monitoring boreholes: Eastern Section

184.6

0

| Baviaanskloof with shale

|  112(1990) |

Depth of .
Borehole D(erg';h Water Geology (depth in m) L\é\égt?m) Alégqu)de
Strike#
50 0-17 boulders
?
GA0L7L (34-40) ) 17-50 Peninsula quarzite 5085 660.516
16 Boulders
G40172 (0-16) (5.0 5125 660.416
10 0-10 sandstone boulders and
GA0L73 (0-10) (30) fragmentsin yellow sand matrix 4925 660.216
147 0-12 sand and scree
127-133 | 92-147 sandstone and shale
GA0174 (:gg) (13) Fracture zone: 127 —133 with 10598 469.66
dark brown Fe staining
0-23 Boulders
(40175 126 84(5.0) | 23-49C/Slayer
49-126 Peninsula quartzite
0-19 Sand, boulders and scree
a 27 (11) 19-45C/Slayer ' '
G40175A 57.63) | 60(0.75 27-30 fractured with quartz vein Artesian | 652.031
(57-63) (0.75) | 4884 Quartzite, fractured, Fe
stained, pyrite quartz veins
150 0-17 sand and boulders
(39-45) 17-150 sandstone and shale
(40176 (116 weathering visible up to 119 m, 6.71 644.081
122) reddish to yellow brown stains
0-17 Sand and boulders
G40177 150 92(2.4) | 17-150 Sandstone (water strikein 5194 420.036
guartz vein)
0-11 wesathered sandstone
120 11-120 sandstone
GA0178 (51-57) 54(8.0) 94-114 fault zone with quartz 1022 535.691

veins containing pyrite

#Water strike yield is indicated within brackets (¢sY), screen, if present in italics.
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Appendix V Summary of water quality in the Vermaaks area (mg-/ %)

Name TDS pH K Na Ca Mg F d HCO3 | NOs | SO4° | POs~ Si NHs-N| Mn Fe |[Source
Rainfall 136.5 | 6.5 6.89 1.92 | 20.15| 5.98 nd 1.74 | 63.4 | 48.45 | 8.36 | 11.26 nd 25 0.21 0.03 1

VG3 86.8 | 5.48 | 0.76 | 24.08 | 2.18 | 2.98 | 0.13 [ 39.40| 5.1 0.89 | 10.40 | 0.01 | 9.75 | 0.04 | 0.44 |0.0043( 1,2,3

VR6 48.0 | 6.01 | 1.01 | 12.89 | 1.89 | 1.90 | 0.11 | 19.50 | 10.1 0.20 | 3.08 | 0.02 | 5.46 | 0.03 nd 0.01 | 1,23

VR7 58.3 | 6.30 | 0.75 | 13.29 | 2.40 | 2.20 | 0.15 | 21.65| 9.7 0.31 | 7.49 | 0.02 | 4.76 | 0.05 [0.0055|0.0265( 1,2,3

VR8 60.4 | 6.19 | 0.89 | 15.68 | 2.14 | 2.58 | 0.25 | 28.26 | 8.0 0.11 | 7.44 | 0.05 | 5.08 | 0.01 nd 0.37 | 1,23

VR11 58.9 | 6.29 | 0.84 | 15.14 | 1.93 | 2.42 | 0.13 | 25.48 | 8.8 0.07 | 7.30 | 0.02 | 4.95 | 0.02 [0.0005|0.0265 | 1,2,3
V-notch 79.0 | 6.71 | 1.04 | 23.27 | 2.93 | 2.33 | 0.10 | 32.90 | 13.2 0.03 | 7.80 | 0.02 | 10.24| 0.03 | 0.00 0.07 3
VG16 71.4 | 5.50 | 0.80 | 23.63 | 1.60 | 2.30 nd 30.50 | 9.5 1.77 | 6.00 | 0.06 | 0.00 | 0.02 nd 0.03 1
640171 64.0 | 6.59 | 0.59 | 14.30 | 3.80 | 2.10 | 0.08 | 20.60 | 19.3 0.32 | 5.60 | 0.03 | 8.78 | 0.01 | 0.001 | 0.136 3
640172 64.0 | 6.45 | 0.74 | 15.60 | 2.50 | 2.30 | 0.08 | 21.60 | 14.1 0.39 | 8.30 | 0.05 | 8.80 | 0.02 | 0.001 | 0.136 3
640173 56.0 | 6.31 | 0.74 | 14.60 | 2.20 | 2.00 | 0.07 | 20.50 | 12.3 0.17 | 5.60 | 0.02 | 8.06 | 0.00 | 0.157 | 0.248 3
640175 52.0 | 5.20 | 0.90 | 13.00 | 3.00 [ 2.00 | 0.10 | 23.00 | 6.0 0.08 | 8.00 | 0.04 | 9.20 | 0.04 | 0.167 | 0.005 3
G40175 51M 94.0 | 6.97 | 1.12 | 14.50 | 9.80 | 1.80 | 0.09 | 21.90 | 40.4 0.01 [11.70| 0.02 | 9.14 | 0.02 | 0.114 | 0.003 3
G40175A 57.0 | 6.18 | 0.99 | 13.60 | 2.40 | 2.40 | 0.09 | 19.70| 7.6 0.10 | 10.80 | 0.01 | 9.18 | 0.01 | 0.186 | 0.003 3
G40175A 23M | 96.0 | 7.06 | 1.06 | 15.20 [ 9.70 | 1.60 | 0.10 | 22.50 | 37.8 0.01 [ 14.80| 0.02 | 8.92 | 0.02 | 0.139 | 0.306 3
G40175A 27M | 78.0 | 6.78 | 1.43 | 13.50 | 3.20 | 2.30 | 0.11 | 22.00 | 31.2 0.20 | 8.70 | 0.02 | 8.88 | 0.31 | 0.093 | 0.003 3
G40175A 60M | 73.0 | 6.71 | 2.55 | 11.90 | 3.50 | 1.50 | 0.08 | 16.90 | 32.3 0.01 | 9.80 | 0.01 | 4.54 | 0.02 | 0.309 | 0.003 3
G40175A 84M | 67.0 | 6.55 | 1.82 | 12.70 | 3.50 | 2.10 | 0.08 | 21.30 | 15.8 0.02 | 12.10| 0.01 | 8.32 | 0.02 | 0.507 | 0.003 3
G40175B 115M | 57.0 | 6.20 | 1.08 | 13.80 | 2.00 | 1.60 | 0.07 | 20.90 [ 10.6 0.01 | 8.60 | 0.02 | 8.86 | 0.03 | 0.17 | 0.003 3
G40175C 126M | 60.0 | 6.63 | 1.15 | 13.40 | 2.30 | 1.70 | 0.07 | 20.80 [ 13.0 0.02 | 9.60 | 0.03 | 9.10 | 0.03 | 0.196 | 0.068 3
640176 58.0 | 6.37 | 0.80 | 13.70 | 2.90 | 2.40 | 0.09 | 19.10| 13.5 0.22 | 7.00 | 0.03 | 9.26 | 0.04 | 0.013 | 0.003 3
640176 42M | 69.0 | 6.99 | 1.07 | 14.10 | 2.90 | 2.00 | 0.07 | 23.20 | 20.8 0.21 | 7.30 | 0.01 | 5.24 | 0.07 | 0.502 | 0.003 3
G40176A 119M | 111.0 | 7.43 | 3.03 | 15.50 | 10.10 | 2.20 | 0.05 | 22.70 | 53.2 0.40 | 12.30 | 0.07 | 10.02 | 0.08 | 0.001 | 0.003 3
G40176B 150M | 109.0 | 7.16 | 2.74 | 15.10 | 11.20 | 2.20 | 0.11 | 21.50 | 58.8 0.01 | 8.10 | 0.02 | 10.00 | 0.03 | 0.023 | 0.224 3
VS 1 266.8 | 6.90 | 6.51 | 56.56 [ 20.88 | 13.49 nd 80.30 | 152.2 | 0.97 | 10.26 | 0.31 | 0.00 | 1.07 | 1.02 1.42 1
VS 2 172.9 | 6.20 | 1.35 | 55.21 | 2.90 | 6.67 nd 83.70 | 15.9 2.07 | 11.57 | 0.11 | 0.00 | 0.18 | 0.11 1.32 1
VS 3 144.4 | 6.10 | 1.03 | 45.97 | 2.66 | 5.15 nd 74.10 | 12.7 0.02 | 8.77 | 0.19 | 0.00 | 0.02 nd 0.18 1

1 Thisstudy (WRC K5/1329) 2 NGDB, 3 WRC 98 and Kotze, 2002 nd not detected
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Appendix VI Constitutes of isotopesin the Kammanassie area

NAME DATE BO(%0)  2H (%o) 14C (pmc) [T(TU) 3C (PDB%o)
IVR6 1996-1-31 -7.68 -48.1 79.4 0.4 -21.3
IVR7 19977-1 -7.71 -52.7 80.6+2.5 1.0£0.2

IVR7 1996-1-31 -7.56 -45.2 83 0 -20.8
IVR8 1997-7-1 -7.27 -49.7 79.3+2.5 0.4+0.1

VR11 1996-1-31 -7.18 -51.1 74.6 0.3 -20.6
DP18 1996-1-31 -5.57 -35.1 114.2 3.2 -131
DP12 1996-1-31 -6.58 -47.3 0.3

D P15 1996-1-31 -7.66 -47.8 52 -19.7
DP28 1996-1-31 -7.93 -48.6 62.3 0.4 -20.3
DP29 1996-1-31 -7.72 -48.9 41.2 0.1 -18.8
DP29 1997-7-1 -7.87 -50.8 40.6+2.0 0.0+0.2

VG3 1997-7-1 -7.68 -57.1 78.1+2.5 1.3+0.2

IVG3 1998-6-1 -8.02 -55.1 65.7+2.3

W N2 1996-1-31 -7.82 -50.4 72 0.3 -19.7
DG 110 1997-7-1 1.7 -49.5 41.0+2.0 0.0+£0.2

G40171 1998-5-1 -7.2 -42

G40172 1998-5-1 -7.3 -42

G40173 1998-5-1 -1.7 -45

G40175 1997-11-6 -7 -41

G40175A 1998-5-1 -7.3 -42

G40175A23M 1997-11-6 -7.1 -39

G40175A 27M 1998-1-23 -7.2 -39

G40175A 60M 1998-1-27 -7.2 -39

G40175A84M 1998-2-3 -7 -38

G40175B115M 1997-11-6 -7 -40

G40175C126M 1997-11-12 -7 -40

G40176 1998-5-1 -7.4 -44

G40176 42M 1998-2-4 -7.5 -43

G40176A 119M 1998-2-6 7.3 -43

G40176B150M 1998-2-7 7.3 -46

GA0174147M 1997-9-18 6.7 -38

G40177 92M 1998-2-10 7.3 -45

G40177B150M 1998-2-18 -7.3 -40

G40178 120M 1998-2-20 7.3 -42

G40178 54M 1998-2-19 -7 -41

Marnewicks Notch 1997-7-1 -7.79 -54.8 1.6+0.2

Marnewicks Notch 1996-1-31 -7.24 -45.8 0.5

Rainfall in DP 25 1998-8-25 -4.25 -25.4

Rainfall in Parshall 1998-8-25 5.9 -30.7

Rainfall in Parshall 1995-12-5 4.5 -28

Rainfal in V- keep 1998-8-25 -4.54 -22.4

Rainfal in VG 3 1998-8-25 -4.21 -25.8

Rainfall in Wildebeesvlakte 1998-8-25 -6.49 -29.8

IVermaaks (Partial) 1997-7-1 -7.66 -51.2 0.5+0.1

IVermaaks Notch 1997-7-1 -7.84 -55.3 1.6+0.2

IVermaaks Notch 1996-1-31 -7.33 -46.2 0.5

Calitzdorp hot spring 1996-1-31 -7.53 -46.6 13 -14.5
Calitzdorp hot spring 1997-7-1 -7.36 -49.7

Toorwater 1996-1-31 -7.08 -48 25.6 -17.3
Warmwaterberg 1996-1-31 -7.57 -46 11 -14.6
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Appendix V11 (a) Recharge in m®based on two-component mixing model

BH Year 1994 [ 1995 | 1996 | 1997 1998 1999 | 2000 2001 2002 | 2003*
P (mm) 411 601 714 430 380 316 446 299 432 188
VR6 Qr 21642 0 1412 164 0 290 0 1326 4663 1413
Q 1502 | 10148 | 4566 | 7044 | 10388 15591 | 23683 | 33239 | 19228 | 3990
VR7 Qr 25345 | 7991 | 10778 0 0 0 0 833 4114 0
Q 3891 | 31830 | 14318 | 26942 | 23666 33712 | 34824 | 37275 | 50500 | 12007
VRS Qr 10963 0 1621 | 1169 963 2114 0 1633 881 0
Q 2550 | 5593 | 230 3863 | 6130 7032 | 26975 | 14421 9546 | 3604
VRIL Qr 7442 0 3129 | 1056 571 0 59 2641 3101 113
Q 1384 | 9507 | 1269 | 4996 | 8891 6247 | 5041 | 11075 | 14613 | 4858
? Qr | 65392 | 7991 | 16940 | 2388 1534 2405 59 6434 12759 | 1526
? VR ? Qu 9327 | 57078 | 20383 | 42845 | 49075 62582 | 90522 | 96010 | 93887 | 24460
?? 74719 | 65069 | 37323 | 45233 | 50609 64987 | 90581 | 102444 | 106645 | 25985
Qr 20227 0 412 0 1958 5600 | 1438 | 18614 0 0
VG3 Q 3447 | 4373 | 10190 | 46771 | 23796 13782 | 47374 | 36952 | 39948 | 8509
? 23674 | 4373 | 10602 | 46771 | 25754 19382 | 48813 | 55565 | 39948 | 8509

* Only January to March.

Appendix V11 (b) Recharge proportions of the scenariosfrom two-component

model

Scenario ggfa?agfs VR6 VR7 VRS VR11 VG3
Q/Qp Q/Qp | QlQp | QUQp [ Q/Qp [QVQP| QVQp [ QVQy  Q/Qp | QUWQp
1 Max | 0.380 0.685 | 0.381 | 0.388 | 0.346 | 0.586 | 0.354 | 0.488 0.612 | 1.473
Min | 0.038 0.009 | 0.006 | 0.000 | 0.002 | 0.007 | 0.010 | 0.018 0.020 | 0.024
5 Max | 0.364 0.688 | 0.381 | 0.391 | 0.346 | 0.590 | 0.343 | 0.494 0.612 | 1.469
Min | 0.032 0.025 | 0.076 | 0.000 | 0.025 | 0.003 | 0.010 | 0.005 0.016 | 0.050
3 Max | 0.380 0563 | 0.381 | 0.321 | 0.346 | 0.489 | 0.354 | 0.405 0.612 | 1.066
Min | 0.038 0.008 | 0.006 | 0.000 | 0.002 | 0.006 | 0.010 | 0.015 0.020 | 0.017
4 Max | 0540 1.000 | 0.555 | 0.560 | 0.536 | 0.826 | 0.527 | 0.696 0.742 | 3.356
Min | 0.038 0.009 | 0.006 | 0.000 | 0.002 | 0.007 | 0.010 | 0.018 0.020 | 0.024
5 Max | 0.370 1.000 | 0.370 | 0.560 | 0.335 | 0.826 | 0.344 | 0.696 0.602 | 3.356
Min | 0.037 0.014 | 0.006 | 0.000 | 0.002 | 0.009 | 0.010 | 0.025 0.020 | 0.056
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Appendix VII1 Recharge volumes (m®) based on two-component model

Scenario 1
Year VR6 VR7 VR8 VR11 VG3 Peninsula Formation Nardouw
Qr Qv Q Qv Qr Qv Q Qv Qr Qv ? Q ? Qy ?? ?VG3

1994 21641.6 1502.3 | 25345.1 3890.5 10963.3 | 2550.3 7441.5 1384.0 | 20227.0 | 3446.6 65391.5 9327.1 74718.6 23673.5
1995 0.0 10036.7 [ 8047.8 [ 31645.1 0.0 5532.3 0.0 9427.7 0.0 4253.0 8047.8 56641.8 | 64689.6 4253.0
1996 1564.0 4300.3 | 11220.0 | 14116.8 1708.6 195.5 3351.5 1214.0 464.9 9945.6 17844.2 | 19826.7 | 37670.9  10410.5
1997 168.8 6579.7 593.7 26151.1 1435.2 3537.0 1564.0 | 4791.7 0.0 45852.5 3761.7 41059.5 | 448212  45852.5
1998 0.0 95729 | 1085.2 | 22104.6 | 1254.8 5786.9 936.4 8395.8 1994.8 | 22978.7 3276.4 45860.3 | 49136.7 24973.6
1999( 4344 147180 689.4 319134 | 2451.0 6547.6 0.0 6102.8 5742.6 | 13432.7 3574.8 59281.9 | 62856.7 19175.3
2000 0.0 22346.1 0.0 32175.3 0.0 26163.7 915 4847.8 1557.7 | 46526.9 915 85533.0 | 856245  48084.6
2001| 14640 | 32056.4| 1051.1 | 34637.3 | 2004.0 | 13597.9 | 2809.1 | 10487.7 | 19345.2 | 36780.5 7328.1 90779.2 | 981074 56125.7
2002| 48741 | 18280.0 | 4343.8 | 47592.7 1407.5 8803.6 | 3840.5 | 13948.1 0.0 39238.7 | 14465.9 | 88624.3 | 103090.2 39238.7
2003| 1759.8 3871.0 | 1105.6 11186.5 0.0 3372.2 142.5 4488.7 0.0 78835 3007.8 22918.3 | 25926.1 7883.5
Tota | 31906.6 |123263.4| 53481.7 | 255413.5 | 21224.4 | 76086.9 | 20177.1 | 65088.3 | 49332.2 | 230338.8 | 126789.8 | 519852.1 | 646641.8 279671.0
Scenario 2

Year VR6 VR7 VR8 VR11 VG3 Peninsula Formation Nardouw

Qr Qv Qr Qv Qr Qv Qr Qv Qr Qv ? Qr ? Qu ?7? ?VG3

1994 21641.6 1502.3 | 25345.1 3890.5 10963.3 | 2550.3 | 74415 1384.0 | 20227.0 | 3446.6 65391.5 9327.1 747186  23673.5
1995 0.0 10147.8 | 7990.8 | 31830.4 0.0 5592.9 0.0 9507.1 0.0 43734 7990.8 57078.2 | 65069.0 4373.4
1996( 1412.1 4566.2 | 10777.7 | 14317.7 1621.0 230.0 3128.8 1269.2 411.7 10190.1 | 16939.6 | 20383.0 | 373227 10601.8
1997 164.0 7044.2 0.0 26941.8 | 1168.6 3863.2 1055.6 | 4995.8 0.0 46771.0 2388.1 42845.0 | 452331 46771.0
1998 0.0 10388.2 0.0 23666.1 962.9 6130.3 570.9 8890.8 1957.6 | 23796.4 1533.9 49075.4 | 50609.3 25754.0
1999( 290.3 15591.3 0.0 33712.3 2114.4 7031.7 0.0 6247.0 5600.0 13781.6 2404.7 62582.2 | 64986.9 19381.6
2000 0.0 23682.9 0.0 34823.5 0.0 26974.5 59.3 5041.0 1438.3 | 473744 59.3 90521.8 | 90581.2  48812.7
2001] 1326.1 33239.1 833.2 37275.3 | 16334 | 14421.0 | 2641.0 | 11074.7 | 18613.8 | 36951.5 6433.7 96010.2 | 1024439 55565.3
2002| 4662.9 19227.9 | 4113.8 | 50500.3 881.1 9545.6 | 3101.0 | 14612.7 0.0 39947.6 | 12758.8 | 93886.6 | 106645.4 39947.6
2003| 14125 3990.4 0.0 12006.6 0.0 3604.3 113.3 43858.3 0.0 8508.6 1525.8 24459.6 | 25985.4 8508.6
Total | 30909.4 129380.3 | 49060.5 | 268964.5 | 19344.8 | 79943.7 | 18111.6 | 67880.7 | 48248.3 | 235141.2 | 117426.3 | 546169.3 | 663595.5 283389.6
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Appendix? Recharge volumes (m®) based on two-component model (continued)

Scenario 3
Year VR6 VR7 VR8 VR11 VG3 Peninsula Formation Nardouw
Q Q Qv Qr Qv Q Q, Qr Q, ?2Q ?2Qy ?? NG3
1994 (21066.8 2182.7 24650.3 5604.3 10626.3 3579.8 | 72255 1966.4 | 19913.4 7763.6 63568.9 | 13333.2 76902.1 27677.1
1995( 00 14595.0 7827.9 | 45621.2 0.0 7771.2 0.0 13404.9 0.0 9633.0 78279 | 813922 89220.1 9633.0
1996 | 1522.7 6259.0 10914.3 | 20367.7 1656.5 274.8 3254.9 17275 457.7 22652.2 17348.4 | 28628.9 45977.3 23109.9
1997| 164.3 9585.4 577.6 37760.7 13915 49755 1519.1 | 6823.1 0.0 105026.3 3652.5 | 59144.7 62797.1 | 105026.3
1998( 00 13958.8 1055.8 | 31943.2 1216.7 8146.4 909.6 119639 | 1964.2 52936.0 3182.2 | 66012.3 69194.5 54900.2
1999 423.0 21481.0 670.8 46154.8 | 2377.0 92239 00 8702.9 5654.6 31125.4 3470.8 | 85562.6 89033.4 36780.0
2000| 00 32644.5 0.0 46571.2 0.0 36884.7 88.9 6918.3 1533.8 108448.1 88.9 123018.7 | 123107.6 |109982.0
20011 1426.0 46873.3 1022.8 | 50175.3 1943.9 19183.9 | 2729.3 | 14978.0 | 19050.2 86245.8 7122.0 | 131210.5| 1383325 |105296.0
2002 | 4747.9 26758.9 4227.5 | 69010.3 1365.4 12432.6 | 3731.9 | 19934.9 0.0 92695.2 14072.8 | 128136.7 | 142209.5 92695.2
2003|1714.4 5670.8 1076.1 16231.0 0.0 4764.5 138.5 6420.2 0.0 18713.9 2928.9 | 33086.5 36015.4 18713.9
Total (31065.2 180009.4 52023.0 | 369439.5 | 20577.4 107237.2| 19597.7 | 92840.1 | 48574.0 535239.6 |[123263.3| 749526.2 | 872789.5 |583813.7
Scenario 4
Year VR6 VR7 VR8 VR11 VG3 Peninsula Formation Nardouw
Qr Qr Qv Qr Qv Qr Qv Qr Qv ?Qr ? Qy ?7? VG3
1994| 31117.8 369809 5604.3 16971.6 3579.8 | 111679 | 1966.4 | 24539.3 7763.6 96238.2 | 13333.2 109571.4 32303.0
1995 0.0 14595.0 | 11725.7 | 45621.2 0.0 7771.2 0.0 13404.9 0.0 9633.0 11725.7 | 81392.2 93118.0 9633.0
1996 22423 6259.0 163244 | 20367.7 | 2634.4 274.8 5013.3 17275 563.4 22652.2 26214.5 | 28628.9 54843.4 23215.6
1997 241.6 9585.4 862.6 37760.7 | 2208.4 49755 | 2335.7 | 6823.1 0.0 105026.3 5648.3 | 59144.7 64793.0 |105026.3
1998 0.0 13958.8 15745 | 31943.2 1927.0 81464 | 1396.2 | 11963.9 | 2415.3 52936.0 4897.7 | 66012.3 70910.0 55351.4
1999 620.1 21481.0 998.8 46154.8 3756.8 9223.9 0.0 8702.9 6949.8 311254 5375.8 | 85562.6 90938.4 38075.2
2000 0.0 32644.5 0.0 46571.2 0.0 36884.7 136.0 6918.3 1884.2 108448.1 136.0 | 123018.7 [ 123154.7 |110332.3
2001| 2084.3 46873.3 1518.6 | 50175.3 | 3059.8 191839 | 4168.5 | 14978.0 | 23389.0 86245.8 10831.3 | 131210.5 ( 142041.8 | 109634.8
2002| 6929.8 26758.9 | 6267.6 | 69010.3 | 2145.1 12432.6 | 5687.5 | 19934.9 0.0 92695.2 21029.9 | 128136.7 | 149166.6 92695.2
2003| 2498.6 5670.8 1593.1 16231.0 0.0 4764.5 210.8 6420.2 0.0 18713.9 4302.4 | 33086.5 37388.9 18713.9
Total | 45734.6 | 180009.4 | 77846.1 | 369439.5 | 32703.2 107237.2| 30116.0 | 92840.1 | 59741.0 535239.6 [186399.9( 749526.2 | 935926.1 | 594980.7
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Appendix | X Recharge proportions from three-component model

scenario 1
BoreholelComponent | 1994 | 1995 | 1996 | 1997 | 1998 | 1999 | 2000 | 2001 2002 | 2003
Qs 0.823| 0.823 | 0.934| 0.915 | 0.913 | 0.914 | 0.827 | 0.738 0.602 | 0.763
VR Qr" 0.176 | 0.000 | 0.016| 0.002 | 0.000 | 0.003 | 0.000 | 0.012 0.039 | 0.074
Q. 0.001| 0.177 | 0.050| 0.083 | 0.087 | 0.082| 0.173 | 0.251 0.146 | 0.164
S 0.177| 0.177 | 0.066 | 0.085 | 0.087 | 0.086 | 0.173 | 0.262 0.185 | 0.237
Qs 0.843| 0.788 | 0.833| 0.895 | 0.927 | 0.871| 0.888 | 0.867 0.819( 0.918
Q 0.135| 0.050 | 0.074| 0.002 | 0.003 | 0.002 | 0.000 | 0.004 0.017 | 0.011
VR Q, |0022|0.163 | 0.093| 0.103 | 0.070| 0.127| 0.112 | 0.129 0.187 | 0.072
S 0.157| 0.212 | 0.167| 0.105 | 0.073 | 0.129| 0.112 | 0.133 0.204 | 0.082
Qs 0.852| 0.851 | 0.926| 0.942 | 0.910 | 0.907 | 0.722 | 0.851 0.719| 0.811
Q: 0.148 | 0.000 | 0.073| 0.016 | 0.017 | 0.025| 0.000 | 0.021 0.015 | 0.000
VRe Q, |0000|0.149 | 0.002| 0.042 | 0.073 | 0.067| 0.278 | 0.128 0.093 | 0.189
S 0.148| 0.149 | 0.074| 0.058 | 0.090 | 0.093 | 0.278 | 0.149 0.107 | 0.189
Qs 0.875| 0.801 | 0.912| 0.933 | 0.919 | 0.706 | 0.833 | 0.807 1.083 | 0.896
VRLL Qr’ 0.104 | 0.000 | 0.062| 0.016 | 0.009 | 0.000 | 0.004 | 0.041 0.055 | 0.005
Q 0.022| 0.199 | 0.026| 0.051 | 0.073 | 0.294 | 0.163 | 0.152 0.203 | 0.099
S 0.125| 0.199 | 0.088| 0.067 | 0.081 | 0.294 | 0.167 | 0.193 0.259 | 0.104

Scenario 3
Borehole | Component | 1994 | 1995 | 1996 | 1997 | 1998 | 1999 2000 | 2001 | 2002 | 2003
Qs 0.830 | 0.743 | 0.912| 0.877 | 0.873 | 0.861 0.748 | 0.623| 0.535 | 0.689
VR6 Qr: 0.170 | 0.000 | 0.016 | 0.002 | 0.000 | 0.011 0.000 | 0.011 | 0.038 | 0.072
Q. 0.000 | 0.257 | 0.072| 0.121 | 0.127 | 0.127 0.252 | 0.366 | 0.214 | 0.239
S 0.170 | 0.257 | 0.088| 0.123 | 0.127 | 0.139 0.252 | 0.377| 0.252 | 0.311
Qs 0.837 | 0.717 | 0.794| 0.849 | 0.896 | 0.815 0.837 | 0.809 | 0.736 | 0.886
VR7 Qr 0.131 | 0.048 | 0.072| 0.002 | 0.003 | 0.002 0.000 | 0.004 | 0.016 | 0.010
Q. 0.031 | 0.234 | 0.134| 0.148 | 0.101 | 0.183 0.163 | 0.187| 0.271 | 0.104
S 0.163 | 0.283 | 0.206 | 0.151 | 0.104 | 0.185 0.163 | 0.191| 0.287 | 0.114
Qs 0.857 | 0.791 | 0.927| 0.925 | 0.881 | 0.881 0.608 | 0.800 | 0.672 | 0.734
VRS Qr 0.143 | 0.000 | 0.070 | 0.015 | 0.016 | 0.025 0.000 | 0.020 | 0.019 | 0.000
Q. 0.000 | 0.209 | 0.002 | 0.059 | 0.103 | 0.095 0.392 | 0.180| 0.134 | 0.266
S 0.143 | 0.209 | 0.073| 0.075 | 0.119 | 0.119 0.392 | 0.200 | 0.154 | 0.266
Q. 0.869 | 0.717 | 0.903| 0.912 | 0.888 | 0.581 0.764 | 0.743| 0.998 | 0.853
VRI11 Qr: 0.101 | 0.000 | 0.060 | 0.016 | 0.008 | 0.000 0.004 | 0.039 | 0.054 | 0.005
Q. 0.031 | 0.283 | 0.037| 0.073 | 0.104| 0.419 0.233 | 0.217 | 0.291 | 0.142
S 0.131 | 0.283 | 0.097 | 0.088 | 0.112 | 0.419 0.236 | 0.257 | 0.344 | 0.147
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Appendix | X Rechar ge proportions from three-component model (continued)

Scenario 4
Borehole(Component| 1994 | 1995 | 1996 1997 | 1998 | 1999 | 2000 2001 | 2002 | 2003
Q. 0.745| 0.743 | 0.904 0.876 | 0.873 | 0.875 | 0.748 0.617 | 0.518 | 0.656
VR6 Q 0.254| 0.000 | 0.023 0.003 | 0.000 | 0.005 | 0.000 0.017 | 0.056 | 0.105
Q, 0.002| 0.257 | 0.072 0.121 | 0127 | 0.120 | 0.252 0.366 | 0.214 | 0.239
S 0.255| 0.257 | 0.096 0.124 | 0.127 | 0.125 | 0.252 0.383 | 0.269 | 0.344
Q. 0.772| 0.693 | 0.758 0.848 | 0.894 | 0.814 | 0.837 0.807 | 0.728 | 0.881
VR? Qr 0.197| 0.073 | 0.107 0.004 | 0.005 | 0.003 | 0.000 0.006 | 0.024 | 0.016
Q, 0.031| 0.234 | 0.134 0.148 | 0.101 | 0.183 | 0.163 0.187 | 0.271 | 0.104
S 0.228| 0.307 | 0.242 0.152 | 0.106 | 0.186 | 0.163 0.193 | 0.295 | 0.119
Q. 0.771| 0.791 | 0.885 0.916 | 0.872 | 0.866 | 0.608 0.788 | 0.673 | 0.734
VRS Q 0.229| 0.000 | 0.112 0.024 | 0.026 | 0.039 | 0.000 0.032 | 0.022 | 0.000
Q, 0.000| 0.209 | 0.002 0.059 | 0.103 | 0.095 | 0.392 0.180 | 0.131 | 0.266
S 0.229| 0.209 | 0.115 0.084 | 0.128 | 0.134 | 0.392 0.212 | 0.153 | 0.266
Qs 0.814| 0.717 | 0.871 0.903 | 0.883 | 0.581 | 0.762 0.722 | 0.969 | 0.851
VRIL Q 0.155| 0.000 | 0.092 0.024 | 0.013 | 0.000 | 0.005 0.060 | 0.082 | 0.007
Q 0.031| 0.283 | 0.037 0.073 | 0.104 | 0.419 | 0.233 0.217 | 0.291 | 0.142
S 0.186| 0.283 | 0.129 0.097 | 0.117 | 0.419 | 0.238 0.278 | 0.373 | 0.149
Scenario 5
Borehole|Component| 1994 | 1995 | 1996 1997 | 1998 | 1999 | 2000 2001 | 2002 | 2003
Qs 0.827| 0.858 | 0.944 0.931 | 0.930 | 0.930 | 0.861 0.787 | 0.631 | 0.797
VRE Qr 0.172| 0.000 | 0.016 0.002 | 0.000 | 0.003 | 0.000 0.011 | 0.038 | 0.072
Q, 0.001| 0.142 | 0.040 0.067 | 0.070 | 0.066 | 0.139 0.201 | 0.117 | 0.131
S 0.173| 0.142 | 0.056 0.069 | 0.070 | 0.070 | 0.139 0.213 | 0.156 | 0.203
Qs 0.851| 0.820 | 0.853 0.915 | 0.940 | 0.896 | 0.909 0.892 | 0.856 | 0.932
VR7 Q 0.131| 0.048 | 0.072 0.002 | 0.003 | 0.002 | 0.000 0.004 | 0.016 | 0.011
Q, 0.018| 0.131 | 0.075 0.083 | 0.056 | 0.102 | 0.091 0.104 | 0.151 | 0.058
S 0.149| 0.180 | 0.147 0.085 | 0.060 | 0.104 | 0.091 0.108 | 0.167 | 0.068
Qs 0.857| 0.878 | 0.928 0.950 | 0.924 | 0.908 | 0.773 0.875 | 0.736 | 0.846
VRS o} 0.143| 0.000 | 0.070 0.015 | 0.016 | 0.034 | 0.000 0.020 | 0.014 | 0.000
Q, 0.000| 0.122 | 0.001 0.034 | 0.060 | 0.059 | 0.227 0.104 | 0.076 | 0.154
S 0.143| 0.122 | 0.072 0.050 | 0.076 | 0.092 | 0.227 0.125 | 0.090 | 0.154
Qs 0.882| 0.838 | 0.919 0.943 | 0.932 | 0.761 | 0.864 0.837 | 1.123 | 0.915
VRIL Q 0.101| 0.000 | 0.060 0.016 | 0.008 | 0.000 | 0.004 0.039 | 0.054 | 0.005
Q 0.018| 0.162 | 0.021 0.041 | 0.059 | 0.239 | 0.133 0.124 | 0.165 | 0.081
S 0.118| 0.162 | 0.081 0.057 | 0.068 | 0.239 | 0.136 0.163 | 0.219 | 0.085
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Appendix X Recharge in m® from three-component model

Scenario l
Borehole Component| 1994 | 1995 | 1996 | 1997 | 1998 | 1999 | 2000 | 2001 | 2002 | 2003
Qs 100932.1| 54178.5 | 89171.7 | 77704.4 1102124.9( 114656.7| 110993.7| 91682.8 | 74788.0 | 18238.5
VR6 Qr 21614.9 15 1565.3 | 168.6 0.1 435.3 13 1465.2 | 48750 | 1760.5
Qy 1410 (11636.0 | 4738.0 | 7085.0 | 9778.0 | 10319.0| 23204.0 | 31136.0 | 18163.0 | 3912.0
S 21755.9 1116375 | 6303.3 | 72536 | 97781 | 10754.3 | 23205.3 | 32601.2 | 23038.0 | 5672.5
Qs 158148.9]127389.0{ 126736.8| 212546.2|304418.0| 271920.9| 248041.7) 222488.7| 210318.5| 94075.2
VR7 Qr 25346.1 | 8049.0 | 11221.2| 5938 | 1085.0 689.1 0.3 10515 | 43435 | 1105.8
Qv 4082.0 |26285.0 | 14201.0( 24388.0 | 22932.0 | 39524.0 | 31399.0 | 33204.8 | 48011.0 | 7348.0
S 29428.1 | 34334.0 | 25422.2| 24981.8 | 24017.0 | 40213.1 | 31399.3 | 34256.3 | 52354.5 | 8453.8
Qs 77005.0 | 33945.7 | 21766.5| 85416.4 | 68686.7 | 87366.6 | 74206.7 | 82260.0 | 69472.6 | 14609.7
VRS Qr 13346.0 13 17085 | 14356 | 12543 | 24524 0.3 2005.0 | 14084 13
Q 0.0 5947.0 40.0 3821.0 | 5518.0 | 6486.0 | 28643.0 | 12361.0 | 89420 | 3399.0
S 13346.0 | 59483 | 17485 | 5256.6 | 67723 | 8938.4 | 28643.3 | 14366.0 | 10350.4 | 3400.3
Qs 62850.9 | 44558.4 | 49501.6 | 90615.3 |100012.5| 16137.4 | 21057.8 | 55934.0 | 75066.2 | 26407.3
VRI11 Qr 7442.1 16 33524 | 1565.7 | 9365 0.6 91.2 2809.0 | 3840.8 143.7
Qy 15580 [11050.0 | 1397.0 | 49520 | 7934.0 | 6726.0 | 4122.0 | 10560.0 | 14100.0 | 2932.0
S 9000.1 |11051.6 | 4749.4 | 6517.7 | 88705 | 6726.6 | 4213.2 | 13369.0 | 17940.8 | 3075.7
Scenario 3
Borehole| Component | 1994 | 1995 | 1996 1997 | 1998 | 1999 | 2000 2001 | 2002 | 2003
Qs 101876.0| 48895.3 | 87070.7 74482.0 | 97657.7 [108015.6|100332.0 77372.0 | 66521.5 | 16471.5
VR6 Qr 20812.0 0.7 1522.3 164.0 0.3 1426.4 1.0 14270 | 47475 | 17145
Qy 0.0 16920.0 | 6882.0 10312.0 | 14245.0 | 15969.0 | 33866.0 45485.0 | 26557.0 | 5725.0
S 20812.0 | 16920.7 | 8404.3 10476.0 | 14245.3 | 17395.4 | 33867.0 46912.0 | 31304.5 | 7439.5
Qs 157046.0 [ 116002.0] 120788.4 201763.1|294267.8(254347.4]| 234029.6 207661.2|188898.0 90799.6
VR? Q 246510 | 78280 (109146 5779 | 10552 | 6706 | 04 10229 | 42270 | 10764
Qy 5880.0 | 37893.0 | 20456.0 35187.0 | 33112.0 | 57116.0 | 45411.0 48060.9 | 69548.0 | 10653.0
S 30531.0 | 45721.0 | 31370.6 35764.9 | 34167.2 | 57786.6 | 45411.4 49083.8 | 73775.0 | 11729.4
Qs 77415.3 | 31540.7 | 21802.9 83910.3 | 66481.0 | 84797.3 | 62498.2 77257.7 | 64980.9 | 13211.9
VRS Qr 12935.7 0.3 1656.1 13917 | 1216.0 | 2377.7 0.8 19433 | 1866.1 0.1
Qv 0.0 8353.0 56.0 5371.0 | 7762.0 | 9130.0 | 40351.0 17425.0 | 12976.0 | 4798.0
S 12935.7 | 83533 | 17121 67627 | 8978.0 | 11507.7 | 40351.8 19368.3 | 14842.1 | 4798.1
Qs 62412.8 | 39898.2 | 49012.4 88568.9 | 96674.7 | 13280.0 | 19302.3 51504.0 | 69137.9 | 25154.0
VR11 Qr 7225.2 0.8 32546 15191 910.3 0.0 89.7 27290 | 3732.1 | 139.0
Qv 22130 | 15711.0| 19840 70450 |11298.0 | 9584.0 | 5879.0 15070.0 | 20137.0 | 4190.0
S 9438.2 | 15711.8| 52386 8564.1 |12208.3 | 9584.0 | 5968.7 17799.0 | 23869.1 | 4329.0
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Appendix X Rechargein m®from three-component model (continued)

Scenario 4

BoreholgComponent] 1994 | 1995 | 1996 | 1997 [ 1998 | 1999 | 2000 [ 2001 | 2002 | 2003

Qs 91342.3|48894.9|86348.7(74404.9|197657.5(109745 | 100332 [ 76715.7|64339.9|15687.2

VR6 Qr 31117.7] 1.1 |[2243.3 ] 241.1 0.5 620.4 1.5 | 2084.3 [ 6929.1 | 2498.8

Qv 228.0 |16920.0{ 6883.0 |10312.0(14245.0]|15046.0|33866.0|45484.0|26557.0| 5725.0

S 31345.7(16921.1] 9126.3 [10553.1]|14245.5|15666.4|33867.5|47568.3[33486.1| 8223.8

Qs 144718 (112104 | 115378 | 201478 [2937478| 254019 | 234029 | 207165 [ 186855 |90282.4

Qr 36980.3|11726.0(16324.8| 863.0 | 1575.2 | 998.6 0.6 1518.7 | 6268.5 | 1593.6

VRI Qv 5879.0 |37893.0{20456.0(35187.0/33113.0|57116.0(45411.0|48060.9/69549.0|10653.0
S 42859.3(49619.0|36780.8{36050.0(34688.2|58114.6|45411.6(49579.6|75817.5|12246.6
Qs 69691.0131540.6(20821.9(83093.3|65767.9|83417.0(62497.7|76138.9|65062.5(13211.8

VRS Qr 20660.01 0.4 2636.1 | 2208.7 | 1928.1 | 3758.0 1.3 3061.1 | 2145.5 0.2
Qv 0.0 8353.0 | 57.0 | 5371.0| 7763.0 | 9130.0 |40351.0{17426.0|12615.0] 4798.0
S 20660.0] 8353.4 | 2693.1 | 7579.7 | 9691.1 |12888.0(40352.3{20487.1114760.5| 4798.2
Qs 58470.6|39897.8({47251.1|87752.1196187.8]|13280.0(19254.8|50065.0|167182.3|25081.4

VR11 Qr 11167.4( 1.2 5014.9 | 2335.9 | 1397.2 0.0 137.2 | 4168.0 | 5688.7 | 211.6
Qv 2213.0 |15711.0{ 1985.0 | 7045.0 |11298.0| 9584.0 | 5879.0 [15070.0/20136.0| 4190.0
S 13380.4(15712.2] 6999.9 | 9380.9 |12695.2| 9584.0 | 6016.2 |19238.0(25824.7| 4401.6

Scenario5

Borehole|Component| 1994 | 1995 | 1996 | 1997 | 1998 1999 | 2000 [ 2001 | 2002 | 2003

Qs 101493 | 56441.5 | 90136.0| 79088.6| 104030 116686 | 115536 | 97826.8| 78481.6 | 19054.9

VR6 Q 21067.8| 1.5 1522.0 | 1644 1.6 423.2 1.3 1426.2 | 47484 | 1714.1
Qv 127.0 | 93730 | 3817.0 | 5705.0 | 7871.0 8302.0 | 18662.0( 25031.0] 14596.0 | 3142.0
S 21194.8| 93745 [ 5339.0 | 5869.4 | 7872.6 8725.2 | 18663.3| 26457.2| 19344.4 | 4856.1

Qs 159623 | 132642 | 129757 | 217237 | 308852 279541 | 254088 [ 228925 | 219707 | 95525.0

VR7 Qr 24650.2| 78289 [10916.0| 578.7 [ 1055.0 670.3 0.6 1020.9 | 42282 | 1077.0
Qv 3301.0 | 21252.0 [ 11486.0] 19712.0 | 18528.0 31923.0 | 25352.0| 26799.4| 38738.0 [ 5927.0
S 27951.2) 29080.9 [ 22402.0| 20290.7 [ 19583.0 32593.3 | 25352.6| 27820.3| 42966.2 [ 7004.0
Qs 77415.3| 35028.2 | 21825.0| 86157.1| 69732.7 87396.8 | 79452.3| 84588.4| 71157.7 | 15233.7

VRS Q 129357 1.8 1657.0 | 1391.9 | 1216.3 3250.2 1.7 1944.6 | 1366.3 2.3
Qv 0.0 4864.0 33.0 | 3124.0 | 45100 5658.0 [23396.0| 10093.0f 7299.0 | 2774.0
S 12935.7] 48658 | 1690.0 | 4515.9 | 5726.3 8908.2 | 23397.7| 12037.6] 86653 | 2776.3
Qs 63356.3| 46621.4 [ 49857.6] 91588.1 | 101522 17397.0 | 21832.6( 57997.6| 77828.0 | 26965.6

VRI11 Q 7226.7 0.6 3256.4 | 15189 | 9106 1.0 89.4 | 27204 | 37320 | 1384
Q, 1268.0 | 89880 | 1137.0 [ 4026.0 | ©450.0 5466.0 | 3349.0 | 8576.0 | 11447.0 | 2379.0
S 8494.7 | 89886 | 4393.4 | 5544.9 | 7360.6 5467.0 | 34384 [ 11305.4| 15179.0 | 2517.4
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Appendix XI Rechargeratesof the scenarios based on two-component model

Annual recharge (%)

Cumulative recharge (%0)

Scenario| Year R(?nngqa)il Catchment area | Window Catchment Window
10.85 km’  |40.6 kn’ 10.85 k'’ 40,6 km’

194 411 1.67 0.45 1.67 0.45

1995 601 0.99 0.27 127 034

1996 714 0.49 0.13 0.95 0.25

1997 430 0.96 0.26 0.95 0.25

1998 380 1.19 0.32 0.98 0.26

1 1999 316 1.83 0.49 1.08 0.29

2000 446 177 0.47 117 031

2001 299 3.02 0.81 1.33 0.35

2002 432 2.2 0.59 142 0.38

2003 188 127 0.34 141 0.38
Average| 421.7 14 041 - -

194 11 1.67 0.45 167 0.45

1995 601 1 0.27 127 034

1996 714 0.48 0.13 0.95 0.25

1997 430 0.97 0.26 0.95 0.25

1998 380 1.23 0.33 0.99 0.27

2 1999 316 1.89 0.51 1.09 0.29

2000 446 1.87 0.5 1.2 032

2001 299 3.16 0.84 1.36 0.36

2002 432 2.27 0.61 1.46 0.39

2003 188 127 0.34 1.45 0.39
Average| 421.7 158 042 - -

194 11 172 0.46 172 0.46

1995 601 1.37 0.37 151 0.4

1996 714 0.59 0.16 1.13 0.2

1997 430 1.35 0.36 1.17 031

1998 380 1.68 0.45 1.25 0.33

3 1999 316 2.6 0.69 1.4 0.37

2000 446 254 0.68 155 042

2001 299 4.26 1.14 1.78 0.48

2002 432 3.03 0.81 191 051

2003 183 1.76 0.47 191 051
Average| 421.7 2.09 0.56 - -

194 411 246 0.66 246 0.66

1995 601 143 0.38 1.85 049

1996 714 0.71 0.19 137 0.37

1997 430 1.39 0.37 1.38 0.37

1998 380 172 0.46 143 0.38

4 1999 316 2.65 0.71 1.56 042

2000 446 254 0.68 1.7 0.45

2001 299 4.38 1.17 1.92 051

2002 432 3.18 0.85 2.05 055

2003 188 1.83 0.49 204 055
Average| 421.7 2.23 0.6 - -
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Appendix Xl1(a) Rechargeestimatesof the scenario 1 based on three-component model in the Ver maaks River Wellfield in 1994-2003

Catchment PeninsulaForm. Window | Elongatedzone | Y Theisradius(Mean) | ¥ Theisradius (Minimum) | YCylinder radius

Borehole 10.85 km* 40.6 km* 9%x0.4 km? 6375 ~ 40000 m 1368 ~ 4148 m 7959 ~ 24135 m
% mm % mm % mm % mm % mm % mm

VR6 0.332 14.0 0.089 3.7 1.001 42.2 0.002 0.1 0.003 0.1 0.102 4.3
VR7 0.666 28.1 0.178 75 2.008 84.7 0.004 0.1 0.006 0.3 0.204 8.6
VR8 0.216 9.1 0.058 24 0.651 27.4 0.001 0.0 0.002 0.1 0.066 2.8
VR11 0.187 79 0.050 21 0.563 238 0.001 0.0 0.002 0.1 0.057 24
Total 1.401 59.1 0.374 15.8 4.223 178.1 0.007 0.3 0.013 0.5 0.428 18.1

1)
)Xuaal. 2002

Appendix XII(b) Recharge estimates of the scenariosin the Vermaaks River Wdllfield from 1994 to 2003 based on cumulative method

Catchment | Peninsula Form. Window | Elongated zone Y Theis radius (Mean) D Theisradius (Min.) D Cylinder radius
Model  Scenario | 10.85 km? 40.6 km? 9x0.4 km? 6375 ~ 40000 m 1368 ~ 4148 m 7959 ~ 24135 m
% | mm % mm % mm % mm % mm % mm
1 1401 59.1 0.374 15.8 4.223 178.1 0.007 0.3 0.013 0.5 0.428 18.1
co-lr;lt;l;)er?—ent 3 1.891| 79.7 0.505 21.3 5.700 240.4 0.010 0.4 0.017 0.7 0.578 24.4
4 2.027| 855 0.542 22.8 6.110 [ 257.6 0.011 0.5 0.018 0.8 0.620 26.1
5 1.182] 49.8 0.316 13.3 3.563 [ 150.2 0.006 0.3 0.011 0.5 0.362 15.2
1 1.413| 59.6 0.378 15.9 4259 | 179.6 0.007 0.3 0.432 18.2 0.013 0.5
Two- 2 1.450( 61.1 0.388 16.3 4370 | 1843 0.008 0.3 0.443 18.7 0.013 0.6
component 3 1.907| 804 0.510 21.5 5.748 | 2424 0.010 04 0.583 24.6 0.017 0.7
4 2.045| 86.2 0.547 23.1 6.164 [ 259.9 0.011 0.5 0.626 26.4 0.018 0.8
5 1.216] 51.3 0.325 13.7 3.666 [ 154.6 0.006 0.3 0.372 15.7 0.011 0.5
Dxuea. 2002
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Appendix X111 Genetic types of groundwater regime

—

g

i=
1]

Climalic
Rainfall-infiltration

Evaportranpiration

Absiraction

Hydralic Runaoff

Irrigation

Frozen

Leakaga

Characleristics

| Distribution: unconfined semiarid.

There are good permeabllities in unsaturation zone.

The waler level fluctuation is in phase
or slightly delayed.

that of rainfall

Methods: CRD, RIB (Xuamd Beekman, 2003)
Case study: Karoo, G36441. (Kirchneretal., 1991)

{Model from Fang et al. 1996}

Distribution: arid or semiarid plain.

The water level is influenced by evapolranspiration.

Groundwater flow is very slow,
The range of water level is small,

Method: Water Balance, Numerical Simulation.

(Model from Fang et al. 1996)

Distribution: water abstraction area.
The water level is influenced by abstraction.

The water level will slightly increase or decline with

rainfall.

Method : Numerical Simulation,CRD, RIB.

iModel from Fang et al. 1996)

Distribution: highly permeable aquifer.

Recharge area is large. The low parm

eable |ayer

ocours between unsatuated and saturated zones,

Water level fluctuations is small. The
level ocours with a certain time lag of

peak water
rainfall.

Method: Water Balance, Mumerical Simulation

(Model from Fang et al. 1996}

Distribution: In vicinity of surface water.

Groundwater and surface water are

connaected, Surface water level is higher than that of
groundwater. Groundwater lavel relates to level, flux

of surface water,
Method: Numerical Simulation
{Model from, Fang et al, 1926)

Distribution: Irrigation area.

Soil cover with low permeability is thin. Water level

hydraulically

relates to period and volume of irrigation.

Method: Mumerical Simulation
iModel from Fang et al. 1996)

Distribution: Frozen area,

Alarge water fluctuation occurs in aquifer above

frozen layer, small fluctuation in the

lower aguifer.

Method: Water balance, Numerical Simulation

(Model fram Fang et al. 1996)

Distributian: Aquifer and aquitard occur alternately,

Leakage accurs when water levelin

production

aguifer is lowear than that of adjacent aguifer,
Method: Numerical SimulationWater balance.

(Model from Fang et al. 1996)

Typical model
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Appendix X1V (a) Rechargerate from the impact of preceding rainfall

i P WL ?H ??H Xat1 X1 RE RE
Pariod Date mm) | m | m m | om | mm | @ | mm)
1998-11-30 Ko} 5
1 1998-12-30 50 542 042 1.27
1999-1-0 9 5.99 057 0.99 217 12.45 7.95 7.08
1999-2-28 100 5.54
1999-3-0 31 5.62 0.08 4.24
2 1999-4-30 2 5.65 0.03 149
1999-5-0 45 5.66 0.01 142
1999-6-30 20 5.81 0.15 197 10.05
1999-7-0 28 6.29 048 0.75 093 38.05 1.97 5.05
1999-8-30 3B 5.92
1999-9-0 37 5.98 0.06 1.4
3 1999-10-30 2 6.08 0.1 1.63
1999-11-30 18 6.17 0.09 1
1999-12-30 A 6.28 011 081 6.31
2000-1-30 40 6.36 0.08 044 148 46.31 0.95 1.75
2000-2-28 40 5.84
4 2000-3-30 0 6.09 0.25 1.7
2000-4-30 17 6.47 0.38 3 554
2000-5-30 5 6.56 0.09 0.72 085 10.54 6.87 9
2000-7-30 5 51
5 2000-8-0 8 5.27 0.17 021
2000-9-30 28 5.3 0.03 0.2 0.35 28.56 0.69 0.28
2000-11-30 150 4.2
2000-12-30 H 5.03 0.83 6.36
6 2001-1-30 15 5.13 0.1 1.75
2001-2-28 20 5.24 011 0.71
2001-3-30 10 534 0.1 0.88 10.16
2001-4-30 17 55 0.16 1.3 046 27.16 479 297
2001-5-30 7 517
7 2001-6-30 5 5.25 0.08 0.3
2001-7-30 40 5.32 0.07 0.22 2.23
2001-8-30 17 7.26 194 2.09 171 19.23 10.87 75
2001-9-30 a0 6.95
8 2001-10-30 % 741 046 254
2001-11-30 53 7.46 005 244 7.33
2001-12-30 0 7.6 014 0.66 235 7.33 8.96 15.05

Appendix X1V (b) Rechargerate from theimpact of preceding rainfall on spring flux

i s Rainfal Flow ? H ?2? H RE
Period Date FIOV%(/S mm) | mm) | mm) | mm) e | X ®)
1997-2-28 5.6 13 1.25
1997-3-30 9.4 57 2.10 0.85 0.55
1 1997-4-30 10.3 87 2.30 0.20 244
1997 530 143 100 319 0.89 379
1997-6-30 155 31 344 0.26 2.20 440 | 4218 521
1998-4-30 45 2 1.00
5 1998-5-30 5.6 45 125 0.25 1.36
1998-6-30 6.3 20 1.40 0.16 1.97
1998-7-30 7.C 28 156 0.16 0.56 093 | 3225 173
1999-3-30 1.8 12 040
1999-4-30 34 26 0.76 0.36 051
1999-5-30 45 42 1.00 0.25 0.60 112 | 4363 138
3 1999-6-3 4.5 10 1.00 0.00 1.83
1999-7-30 45 37 1.00 0.00 050
1999-8-30 45 33 1.00 0.00 159
1999-9-30 5.€ 37 125 0.25 0.85 147 | 4402 192
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Appendix XV The estimated rechargeratein the Kammanassie area

Initial order Ascending order
It Method s . Area | S Addition RE RE It RE It RE
em etho Cenano | «m?) | %,)| condition @) | (mmy | "M | @) | "M | (mm)
1 |Two-component| Scenariol | 10.85 Annual 154 6.49 39 0.24 39 1.07
Average
) Annual
2 |Two-component| Scenario2 | 10.85 Average 1.58 6.66 36 0.27 36 1.21
3 |Two-component| Scenario3 | 10.85 Annual 209 | 881 | 33 | 030 | 33 | 1.45
Average
4 |Two-component| Scenario4 | 10.85 Annual 223 | 940 | 26 | 032 | 30 | 1.94
Average
5 |Two-component| Scenariol | 10.85 Cumulative | 1.41 5.95 22 0.33 27 2.88
6 |Two-component| Scenario2 | 10.85 Cumulative | 1.45 | 6.11 23 0.37 13 4.98
7 |Two-component| Scenario3 | 10.85 Cumulative | 1.91 8.05 18 0.38 9 5.13
8 |Two-component| Scenario4 | 10.85 Cumulative | 2.04 | 8.60 19 0.39 | 40 5.46
9 |Two-component| Scenario5 | 10.85 Cumulative | 1.22 5.13 14 0.41 10 5.91
10 e Scenariol | 10.85 Cumulative | 1.40 | 591 | 15 [ 042 | 5 | 595
component
Three- ] -
11 component Scenario3 | 10.85 Cumulative | 1.89 7.97 24 0.51 6 6.11
12 Three- Scenario4 | 10.85 Cumulative | 203 | 855 | 20 | 051 | 37 | 6.13
component
Three- ] -
13 component Scenario5 | 10.85 Cumulative | 1.18 | 4.98 25 0.54 1 6.49
14 |Two-component| Scenariol | 40.60 Annual 0.41 17.3 21 0.55 2 6.66
Average
. Annual
15 |Two-component| Scenario2 | 40.60 Average 0.42 17.7 16 0.56 34 7.27
16 |Two-component| Scenario3 | 40.60 Annual = g 1 o3 | 17 | 060 | 48 | 7.69
Average
17 |Two-component| Scenario4 | 40.60 Annual 060 | 253 | 30 | o061 | 77 | 77
Average
18 |Two-component| Scenariol | 40.60 Cumulative | 0.38 | 16.02 | 27 0.76 76 7.8
19 |Two-component| Scenario2 | 40.60 Cumulative | 0.39 | 1645 | 73 0.81 11 7.97
20 |Two-component| Scenario3 | 40.60 Cumulative | 051 | 21.51 13 1.18 75 8.0
21 |Two-component| Scenario4 | 40.60 Cumulative | 0.55 [ 23.19 9 1.22 7 8.05
22 [Two-component| Scenario5 | 40.60 Cumulative | 0.33 | 13.70 | 40 1.22 12 8.55
23 Three- Scenariol | 40.60 Cumulative | 037 | 1580 | 37 | 137 | 8 | 860
component
Three- . .
24 component Scenario3 | 40.60 Cumulative | 0.51 | 21.30 10 1.40 3 8.81
25 Three- Scenario4 | 40.60 Cumulative | 054 | 2280 | 5 | 141| 4 | 9.40
component
26 Three- Scenario5 | 40.60 Cumulative | 032 | 1330 | 6 | 145 | 31 | 9.69
component
27 CWD-CRD G40171 0.1 V-notch 0.76 2.88 34 1.52 44 10.17
28 CWD-CRD G40171 0.5 V-notch 3.78 | 14.31 1.54 45 10.31
29 CWD-CRD G40171 1 V-notch 7.56 | 28.62 2 158 | 42 |10.69
30 CWD-CRD G40171 0.1| Purification | 0.61 | 1.94 77 163 | 46 |10.83
31 CWD-CRD G40171 0.5| Purification 3.05 9.69 76 1.65 41 10.88
32 CWD-CRD G40171 1 Purification 6.10 | 19.37 75 1.68 43 12.11
33 CWD-CRD G40171 0.1 |Wildebeevlakte| 0.30 | 1.45 11 189 | 38 |[12.27
34 | CwD-CRD G40171 0.5 |Wildebeevlakte| 1.52 | 7.27 7 191 | 26 [13.30
35 CWD-CRD G40171 1 |Wildebeevlakte| 3.04 | 14.54 48 1.94 67 13.31
36 CWD-CRD G40171 0.1 Parshall 027 | 1.21 12 203 | 22 |13.70
37 CWD-CRD G40171 0.5 Parshall 137 | 6.13 204 | 28 |1431
38 CWD-CRD G40171 1 Parshall 274 | 12.27 2.09 63 14.35
39 CWD-CRD VG15 0.1 Parshall 0.24 1.07 44 2.14 64 14.38
40 CWD-CRD VG15 0.5 Parshall 1.22 5.46 45 2.17 35 14.54
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Appendix XV The estimated recharge ratein the Kammanassie ar ea (continued)

Initial order Ascending order

Item Method Scenario Areg S Addi_ti_on rE RE Item RE Item RE

km*) [(%o) condition (%) | (mm) (%) (mm)
41 CWD-CRD VG15 1 Parshall 2.43 | 10.88 4 223 | 59 | 15.19
42 RIB VR6 1085 | 1 2.25 | 10.69 42 225 | 68 | 15.29
43 RIB VR7 1085 | 1 255 | 1211 46 2.28 66 15.34
44 RIB VR8 1085 | 1 2.14 | 10.17 72 2.42 47 15.4
45 RIB VR11 1085 | 1 217 | 10.31 41 2.43 65 15.72
46 RIB Mean 1 2.28 | 10.83 43 255 | 23 | 15.80
47 |PrecedingRain | Vermaaks 1085 | 1 3.88 | 15.39 38 2.74 74 | 15.80
48 |PrecedingRain | Vermaaks 10.85 |0.5 1.94 | 7.69 35 3.04 | 49 | 15.83
49 CTRCTF Vermaaks 10.85 Parshall 3.70 | 15.83 31 3.05 18 | 16.02
50 CTRCTF Vermaaks 10.85 \Wildebeesvlaktq 3.54 | 16.82 74 3.30 61 ([ 16.09
51 CTRCTF Vermaaks 10.85 V-notch 477 | 17.97 65 3.31 54 16.34
52 CTRCTF Vermaaks 10.85 Voorzorg 4.88 | 16.79 64 3.36 19 | 16.45
53 CTRCTF Vermaaks 10.85 Dorekloof 5.59 [ 16.93 60 3,53 | 60 | 16.77
54 CTRCTF Marnewicks | 25.3 Parshall 3.82 | 16.34 50 3.54 52 | 16.79
55 CTRCTF Marnewicks | 25.3 \Wildebeesvlaktd 3.65 | 17.34 | 59 355 | 50 | 16.82
56 CTRCTF Marnewicks | 25.3 V-notch 493 | 18.58 55 3.65 53 16.9
57 CTRCTF Marnewicks | 25.3 Voorzorg 5.05 | 17.37 49 3.70 69 | 17.24
58 CTRCTF Marnewicks | 25.3 Dorekloof 5.76 | 17.44 28 3.78 14 | 17.29
59 CTRCTF Before flood | 10.85 Parshall 3.55 | 15.19 54 3.82 55 17.34
60 CTRCTF Before flood | 10.85 \Wildebeesvlaktq 3.53 | 16.77 67 3.87 57 17.4
61 CTRCTF Before flood | 10.85 V-notch 4.27 | 16.09 47 3.88 58 17.44
62 CTRCTF Before flood | 10.85 Voorzorg 5.38 | 1851 71 3.93 15 | 17.71
63 CTRCTF Before flood | 10.85 Dorekloof 4.74 | 14.35 70 3.97 51 | 17.97
64 CTRCTF After foold 10.85 Parshall 3.36 | 14.38 69 4.03 62 18.5
65 CTRCTF After foold 10.85 \Wildebeesvlaktd 3.31 | 15.72 66 4.07 56 18.58
66 CTRCTF After foold 10.85 V-notch 4.07 | 15.34 61 4.27 71 18.67
67 CTRCTF After foold 10.85 Voorzorg 3.87 | 1331 79 4.52 70 18.9
68 CTRCTF After foold 10.85 Dorekloof 5.05 | 15.29 78 4.72 32 19.4
69 | CTRCTF rs;g\‘jg 4 | 1085 Parshall 403 [ 1724 | 63 | 474 | 72 | 20.98
70 | CTRCTF reRr;‘Q\‘jg 4 | 3 Wildebeesviaktd 3.97 | 1886 | 80 | 475 | 73 | 21.0
71 | CTRCTF reﬁﬁg\‘jg 4 | 362 Wildebeesviaktd 3.93 | 18.7 | 51 | 477 | 24 | 21.30
72 Prsegﬁgg”g Vermaaks | 10.85 242 | 210 | 52 | 488 | 79 | 2147
73 Prsegﬁggng Vermaaks | 10.85 081 | 210 | 56 | 493 | 20 | 215
74 WB 3.30 | 158 57 5.05 78 22.4
75 Integrated Total factor 1.68 8.0 68 5.05 80 | 22.56
76 | Integrated Doff;‘[i:rt‘grﬁson 165 | 78 | 62 | 538 | 25 | 2280
77 Integrated Integrated 1.63 7.7 53 5.59 21 | 23.19
78 Integrated Total factor 472 | 224 58 5.76 16 23.6
79 |  Integrated Dofgci?grt?” 452 | 2125 | 32 | 610 | 17 | 253
80 Integrated Integrated 475 | 22.6 29 7.56 29 | 28.62
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Appendix XVI Reaultsbased on water balance approach

MAP

Runoff

Ev-Initia

Actua EV

Re

Unit Station C, C, 4 |RE %
(mm) | (mm) | (mm) | (mm) | mm-a
Unitl| 0107510 | 0.25| 0.15]|238.0| 0.1 178.3 237.1 0.7 0.3
Unitl| 0108311 | 030 | 0.15|238.2| 0.1 171.7 236.8 1.3 0.5
Unitl| 0107869 | 0.30 | 0.07|179.6| 0.0 133.8 179.1 0.5 0.3
Unit2| 0063718 | 0.35| 0.30| 369.6| 8.6 223.7 337.0 240 | 6.5
Unit2| 0084059 | 025 0.10|269.1| 0.4 204.7 266.7 2.0 0.7
Unit2| 0084159 | 030 | 0.20| 240.7| 0.0 163.8 2309 9.7 4.0
Unit3| 0062379 | 0.25| 0.65|830.6| 113.2 | 393.0 620.9 %.5 | 11.6
Unit3| 0062444 | 025 | 0.40|439.3| 106 | 261.0 380.6 48.1 | 10.9
Unit4| 0022368 | 0.20 | 0.70 |1002.7| 203.2 | 486.6 756.1 434 | 4.3
Unit4| 0022440 | 020 | 0.35| 780.7| 955 | 477.8 662.2 230 | 2.9
Unit4| 0022038 | 020 | 045| 752.6| 785 | 455.0 652.5 21.7 29
Unit4| 0022521 | 020 | 040|5935| 51.4 | 363.0 511.7 305 | 51
Unit4| 0041836 | 020 | 0.30| 461.3| 20.3 | 3153 429.1 119 | 2.6
Unit5| 0021621 | 020 | 0.35| 704.2| 66.6 | 4327 599.6 380 | 54
Unit5| 0021778 | 0.20 | 0.60|1052.0| 173.6 | 550.5 828.6 49.8 | 4.7
Unit5| 0021806 | 0.25 | 0.80|1536.4| 316.8 | 663.4 | 1097.6 | 1220 | 7.9
Unit5| 0021809 | 0.20 | 0.70 |1488.9| 399.0 | 649.9 | 10139 759 [ 51
Unit5| 0021838 | 0.20 | 0.75|2063.0| 531.5 | 897.2 | 14215 | 1099 | 5.3
Unit5| 0022113 | 020 | 0.65| 809.3| 104.2 | 415.8 636.0 69.1 | 85
Unit5| 0022116 | 020 | 0.75|1842.1| 450.0 | 7953 | 1254.6 | 1374 | 7.5
Unit5| 0022148 | 0.20 | 0.65|2020.7| 542.2 | 8789 | 13498 | 1287 | 6.4
Unit5| 0022204 | 020 | 0.75| 869.9| 126.9 | 448.6 707.9 351 | 40
Unit5| 0005545 | 020 | 0.60 | 558.3| 24.7 | 323.6 485.0 48.6 | 8.7
Unit5| 0005612 | 0.20 | 0.75|1264.2| 261.2 | 577.8 9115 915 | 7.2
unité | 0004702 | 0.20 | 0.60 | 592.7| 34.4 | 3259 490.6 677 (114
unité | 0004723 | 020 | 0.60 [ 922.7| 139.0 | 491.6 740.0 43.8 | 4.7
unité | 0004797 | 020 | 0.60 | 584.7| 30.5 | 327.1 492.4 61.8 | 10.6
unité | 0004826 | 0.20 | 0.60 [ 710.9| 655 | 396.3 596.6 48.8 | 6.9
unité | 0005034 | 0.20 | 060 | 664.7| 69.8 | 355.4 535.0 599 | 9.0
Unit7| 0042292 | 025 | 050 |5425| 26.7 | 328.1 494.5 21.3 | 3.9
Unit7| 0042355 | 0.25| 0.50|581.3| 45.2 | 3336 502.4 338 | 5.8
Unit7| 0042357 | 0.25| 0554822 17.1 | 279.0 426.9 38.2 7.9
Unit7| 0042415 | 025 | 0.55|609.7| 43.0 | 349.8 5354 313 | 5.1
Unit7 | 00425327 | 0.25 | 0.65|1073.3| 206.5 | 488.3 769.8 971 | 9.0
Unit7| 0042588 | 0.25| 055|524.3| 32.3 | 3118 4775 144 | 2.8
Unit7| 0043239 | 025 | 0.20|286.7| 3.9 1984 268.6 142 | 5.0
Unit8| 0005640 | 0.30 | 0.65|987.1| 1445 | 448.1 727.0 1157 | 11.7
Unit8| 0005730 | 0.25| 0.65|1095.6| 176.5 | 497.3 783.6 1355 | 124
Unit8| 0005771 | 0.25| 0.65|1115.9| 182.7 | 526.0 828.8 1045 | 9.4
Unit8| 0005880 | 0.25| 0.65|1079.1| 192.8 | 489.8 7718 1145 | 10.6
Unit8| 0006065 | 0.25 | 0.75|1604.8| 312.6 | 7157 | 11621 | 1300 | 8.1
Unit8| 0006214 | 0.20 | 0.50 | 792.5| 108.5 | 420.2 612.2 719 | 9.1
Unit8| 0022504 | 020 | 0.30| 735.8| 839 | 428.0 582.7 69.2 | 94
Unit8| 0022539 | 0.30 | 0.50 | 611.3| 41.8 | 321.0 498.1 713 | 11.7
Unit8| 0022792 | 0.35| 0.25]|287.0| 04 192.2 283.7 2.9 1.0
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Appendix XVI Results based on water balance approach (continued)

MAP

Runoff

Ev-Initial

Actud BV

Re

Unit Station C, C, 4 |RE %
(mm) [ (mm) | (mm) | (mm) | mm-a
Unit8 | 0022803 | 0.30 | 0.25| 237.3| 0.0 165.6 236.4 0.9 04
Unit9 | 0007311 | 025 | 0.20 | 367.1| 0.5 267.4 364.0 2.7 0.7
Unit9 | 0008136 | 0.20 | 0.20 | 387.4| 0.3 287.1 376.7 104 | 2.7
Unit9 | 0008782 | 025 | 040 | 682.8( 184 | 4515 658.1 6.3 0.9
Unit9 | 0023070 | 0.25 | 0.25| 235.0( 0.0 169.8 234.1 0.9 04
Unit9 | 0023218 | 0.25 | 0.25| 261.9( 0.0 187.8 258.9 3.0 1.2
Unit9 | 0023602 | 0.30 | 0.20 | 274.5| 0.0 192.3 2711 3.5 13
Unit9 | 0023611 | 025 | 040 | 494.2( 95 3225 4704 143 | 29
Unit9 | 0023706 | 025 | 0.35|392.1( 0.0 266.7 3824 9.8 2.5
Unit9 | 0024684 | 0.30 | 0.20 | 293.3| 0.0 205.5 289.8 3.5 1.2
Unit9 | 0025162 | 045 | 0.05|1324| 0.0 88.7 131.2 1.2 0.9
Unit9 | 0025270 | 0.15 | 045 | 764.4| 39.5 | 489.7 678.9 46.0 | 6.0
Unit9 | 0025414 | 0.30 | 0.20 | 280.9( 0.0 196.8 2715 34 1.2
Unit9 | 0025599 | 0.20 | 0.50 | 999.0( 94.6 | 606.5 885.3 190 | 1.9
Unit9 | 0026240 | 0.20 | 040 | 643.1| 14.7 | 408.3 575.9 525 | 8.2
Unit9 | 0026510 | 0.20 | 0.50 | 635.6| 11.8 | 403.6 589.1 347 | 55
Unit9 | 0026824 | 0.30 | 0.10 | 232.0( 0.0 170.3 230.7 1.3 0.6
Unit10| 00076997 | 0.25 | 0.35 | 482.1| 3.6 326.8 468.4 101 | 2.1
Unit10] 0008367 | 0.30 | 0.30 | 3224 0.0 217.0 314.9 7.6 2.3
Unitl0] 0023629 | 0.30 | 0.20 | 256.6| 0.0 179.1 251.3 5.2 2.0
Unitl0] 0024 146 | 0.30 | 0.20 | 266.3| 0.0 183.9 258.0 8.3 3.1
Unitll| 0001517 | 0.30 | 045 | 436.3| 4.1 260.8 398.4 338 | 7.7
Unitll] 0002256 | 0.30 | 0.40 | 518.2| 14.3 | 3186 479.2 24.7 | 4.8
Unitll| 0002456 | 0.30 | 050 | 522.9| 13.2 | 3115 4834 264 | 51
Unitll| 0002639 | 0.30 | 040 | 501.5| 8.7 301.6 453.7 392 | 78
Unitll| 0002885 | 0.30 | 040 | 484.7| 3.1 297.1 446.9 347 | 7.2
Unitll] 0003032 | 0.30 | 0.40 | 4485 1.7 263.8 396.7 50.1 | 11.2
Unitll| 0003192 | 0.30 | 040 | 4045| 2.1 245.6 369.4 330 | 82
Unitll| 0006167 | 0.25 | 0.55|928.9| 105.1 | 519.7 794.2 207 | 3.2
Unitll| 0006343 | 0.30 | 0.50 | 478.2| 12.7 | 2639 409.4 56.0 | 11.7
Unitll] 0006428 | 0.30 | 0.50 | 532.7| 20.4 | 2889 448.2 64.0 | 120
Unitll] 0006733 | 0.30 | 0.50 | 524.2| 10.8 | 289.2 448.8 64.6 | 123
Unitl2| 0009565 | 0.30 | 0.30 | 454.4| 2.8 301.9 440.2 114 | 25
Unitl2| 0010575 | 0.30 | 040 | 442.2| 0.1 274.3 413.2 289 | 6.5
Unit12| 0010742 | 0.30 | 0.30 | 4249 0.1 279.5 407.6 173 | 4.1
Unitl2| 0011065 | 0.30 | 0.30 | 441.5| 05 273.8 399.3 416 | 9.4
Unitl2| 0011067 | 0.30 | 0.30 | 370.8| 0.1 2317 337.8 329 | 8.9
Unitl2| 0011132 | 0.30 | 0.30 | 430.3| 0.1 2735 3989 313 | 7.3
Unitl2| 0011451 | 0.30 | 0.35 | 4184 0.1 255.9 379.3 39.0 | 93
Unitl2| 0011617 | 0.30 | 0.30 | 354.8| 0.0 229.5 334.7 20.2 | 5.7
Unitl3| 0025451 | 040 | 0.05|183.4| 0.0 127.9 182.6 0.8 04
Unitl3| 0025484 | 0.35 | 0.10 | 1049| 0.0 74.1 103.8 1.1 1.1
Unitl3] 0045630 | 040 | 0.05 | 149.3| 0.0 103.7 148.1 1.2 0.8
Unitl3| 0046479 | 040 | 0.05|296.7| 0.3 205.3 293.7 2.7 0.9
Unitl3] 0046809 | 040 [ 0.05 ]| 221.5| 0.0 153.3 218.8 2.7 1.2
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Appendix XVI Results based on water balance approach (continued)

MAP

Runoff

Ev-Initial

Actual EV

Re

Unit Station C, C, 1 |RE %
(mm) | (mm) | (mm) (mm) | mm-g

Unit13 0046 898 040 | 0.05|258.2| 0.0 178.0 2541 4.2 1.6
Unitl3 0047 205 040 | 010 | 258.4| 0.0 1759 255.2 3.1 1.2
Unit13 0047 567 040|010 | 265.1| 0.0 1819 264.0 11 0.4
Unit13 0047 716 030 | 0.20 | 421.5| 05 288.1 404.2 16.8 | 4.0
Unit13 0048 043 040 0.10 | 163.5| 0.0 1122 162.8 0.7 0.4
Unitl3 0048 083 040 | 0.10 | 415.2| 04 280.3 407.6 7.2 1.7
Unit13 0048 406 040|015 | 2245| 0.0 147.2 217.1 7.5 3.3
Unit13 0048 564 035|015 |506.2| 18 343.2 490.1 14.3 2.8
Unit13 0048 624 035|015 | 5535| 4.0 375.2 535.9 13.6 25
Unitl3 0049 060 040 0.15 | 316.2| 0.0 202.0 2984 17.8 5.6
Unit13 0049 868 040 0.05|197.7| 0.0 136.2 194.5 3.2 1.6
Unit13 0050 058 040 | 0.05|235.2| 0.0 162.1 2314 3.8 16
Unit13 0050 205 040 0.10|233.1| 0.0 158.7 230.3 2.8 1.2
Unitl3 0050 745 040 0.10 | 270.8| 0.0 1844 267.6 3.3 1.2
Unit14 0026 215 0.35| 010 | 165.7| 0.0 117.5 164.6 11 0.7
Unitl4 0027 302 0.35| 0.10|188.7| 0.0 132.1 185.2 35 1.8
Unitl4 0028 055 020 | 045 | 806.8| 429 | 5031 721.9 42.0 5.2
Unitl4 0028 083 025|045 | 7695| 36.6 | 476.3 706.2 26.7 35
Unit14 0028 415 020 045(9928| 971 | 5940 852.5 43.2 4.4
Unitl4 0028 536 025|040 | 6425| 12.7 | 4021 586.4 434 | 6.8
Unitl4 0029 168 0.25]| 015 260.0| 0.0 193.7 257.1 2.9 11
Unitl4 0029 211 030|015 |2432| 0.0 169.6 2335 9.7 4.0
Unit14 0029 258 025 035|4956| 04 332.2 4741 211 4.3
Unitl4 0029 556 025|025 |4143| 09 275.6 380.0 334 | 81
Unitl4 0029 821 0.30 | 0.20 | 339.0| 0.0 226.2 317.3 21.7 6.4
Unitl4 0030 073 030 | 0.20 | 385.2| 04 259.0 3634 215 5.6
Unitl4| 0030088 0.20 | 0.50 [1049.3 87.8 | 634.7 926.5 350 | 33
Unitl4 0030 219 030 015 2985| 0.0 2149 295.7 2.8 0.9
Unitl4 0030 493 0.30 | 0.30 | 4195| 0.0 275.9 4004 191 | 45
Unitl4 0030 764 0.30 | 0.30 | 407.9| 0.0 269.3 390.9 170 | 4.2
Unit14 0047 359 0.35] 010 |190.9| 0.0 1321 185.1 5.8 3.0
Unit14 (Wildebeevlakte)) 0.25 | 045 | 479.5( 20.1 | 3088 448.2 15.8 33
Unitl5 0012 220 0.35| 050 | 460.6| 05 2515 402.2 579 | 12.6
Unitl5 0028 407 025]015(2438| 0.0 181.0 240.7 3.1 13
Unit1l5 0028 748 025)|035|756.0| 331 | 4789 686.3 36.6 | 4.8
Unitl5 0028 771 025 035|490.3| 18 3324 476.7 11.8 24
Unitl5 0028 775 030 | 055 |950.4| 83.7 | 4919 774.9 91.8 9.7
Unitl5 0030 090 030 | 055(8929| 585 | 4706 7415 929 | 104
Unitl5 0030 265 0.30 | 0.65 [1099.3] 124.6 | 5689 9234 513 | 47
Unitl6 0030 584 0.30 | 0.30 | 437.5| 0.7 288.8 421.2 15.6 3.6
Unitl6 0031 361 0.30 | 0.15 | 256.0| 0.6 1785 246.2 9.1 3.6
Unitl6 0031 782 030|015 |286.7| 0.0 200.8 276.8 9.8 34
Unit16 0032 275 030|015 301.7| 01 2138 296.3 53 18
Unitl6 0032 408 0.30 | 0.25 | 444.0| 0.7 297.6 426.9 164 | 3.7
Unitl6 0032 503 0.30 | 0.20 | 602.3| 7.1 411.3 580.0 15.2 2.5
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Appendix XVI Results based on water balance approach (continued)

MAP

Runoff

Ev-Initia

Actua EV

Re

Unit Station C C, (mm) | (mm) | (mm) (mm) mmeat RE %
Unitlg 0032640 | 0.30 | 0.10 | 325.7| 0.0 2354 320.6 5.1 1.6
Unitlg 00328%4 | 030 | 0.35(5545| 5.6 356.2 527.7 21.2 | 3.8
Unitl7] 0016484 | 025 | 0.55(941.3| 814 | 503.3 769.1 908 | 9.6
Unitl7] 0016782 | 0.30 | 0.65| 865.6| 559 | 459.5 745.8 639 | 74
Unitl7] 0017452 | 025 | 0.50(669.7| 15.3 | 411.0 619.5 349 | 5.2
Unitl7] 0017582 | 025 | 0.60 | 646.1| 20.0 | 364.7 566.1 60.1 | 9.3
Unitl7] 0017723 | 025 | 040 (511.8| 1.9 339.7 495.1 149 | 29
Unitl7] 0030283 | 0.25| 0.40( 423.0| 0.3 278.2 405.8 169 | 4.0
Unitl7] 0030297 | 0.20 | 0.40 (1120.7| 132.8 | 675.4 952.8 351 | 3.1
Unitl7] 0030323 | 020 | 045 779.4| 33.7 | 498.8 715.3 304 | 3.9
Unitl7] 0030390 | 0.20 | 0.40(8826| 57.1 | 560.4 790.4 350 | 4.0
Unitl7] 0030446 | 0.20 | 0.40( 839.3| 47.1 | 5252 740.8 514 | 6.1
Unitl7] 0030775 | 020 | 0.45(840.0| 48.8 | 523.8 751.6 396 | 4.7
Unitl7] 0031197 | 0.20 | 040 | 5579| 5.6 372.6 525.5 269 | 4.8
Unitl7] 0031237 | 020 | 0.45(990.8| 89.6 | 597.1 857.0 442 | 45
Unitl7] 0031438 | 0.20 | 040 (533.4| 5.6 357.5 504.2 235 | 44
Unitl7] 0031507 | 0.20 [ 0.45(1091.7| 122.4 | 645.0 926.0 434 | 4.0
Unitl7] 0031619 | 020 | 045 471.4| 22 317.2 455.2 141 | 3.0
Unitl7] 0031680 | 0.20 | 0.35(4159| 2.0 280.9 389.3 247 | 5.9
Unitl7] 0031688 | 0.15 | 0.40 (1208.4| 166.7 | 730.9 995.9 457 | 3.8
Unitl7] 0031810 | 0.15 | 0.45(1126.3| 135.4 | 686.2 952.1 388 | 34
Unitl7] 0032173 | 020 | 045(628.1| 13.3 | 4019 576.4 384 | 6.1
Unitl7] 0032209 | 0.15 | 045 (1122.2| 133.6 | 681.3 945.2 434 | 3.9
Unitl7] 0032507 | 020 | 045 759.6| 295 | 477.1 684.6 454 | 6.0
Unitl7] 0033384 | 020 | 040 (5432 3.1 372.3 525.1 149 | 2.7
Unitl§ 0033224 | 0.30 | 0.25(362.1| 0.0 244.3 350.4 11.7 | 3.2
Unitld 0033283 | 0.30 | 0.25(404.1| 0.3 265.7 381.1 227 | 5.6
Unitlg 0033526 | 0.30 | 0.20 | 387.5| 0.6 263.5 3715 154 | 4.0
Unitld 0033613 | 0.30 | 0.25(523.0| 4.6 344.0 493.3 251 | 4.8
Unitl8 0033680 | 0.30 | 0.25( 426.2| 0.4 287.8 412.8 130 | 3.1
Unitl8 0033774 | 0.30 | 0.20(4349| 0.3 298.1 420.3 142 | 3.3
Unitld 0034047 | 0.30 | 0.35(833.3| 495 | 504.3 7475 363 | 44
Unitld 0034052 | 0.30 | 0.25(5229| 34 355.8 510.2 9.2 1.8
Unitl§ 0034231 | 025 | 0.35| 7285| 25.0 | 4627 663.3 40.2 | 5.5
Unitlg 0034405 | 0.30 | 040 | 619.0| 135 | 3844 578.8 26.7 | 4.3
Unitl8 0034581 | 0.30 | 040 (649.1| 20.2 | 397.0 597.7 313 | 4.8
Unitl§ 0034659 | 0.30 | 0.30(818.4| 44.7 | 496.8 724.6 491 | 6.0
Unitld 0034706 | 0.30 | 0.30(447.3| 1.6 2975 433.9 118 | 2.6
Unitld 0034762 | 0.30 | 0.30(481.6| 1.8 3155 460.1 19.7 | 4.1
Unitl8 0035148 | 0.30 | 030 | 667.4| 16.2 | 435.0 634.1 171 | 2.6
Unitld 0035334 | 0.30 | 0.35(404.7| 0.2 257.0 380.9 236 | 5.8
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Appendix XVI1 Rechargerates for the quaternary catchment in the outcrop of the TMG

Unit | Quaternary | Min Max Mean | Unit | Quaternary Min Max Mean
No | Catchment |(mm-ad)|(mmay|(mm-al)| No | Catchment |(mmal) | (mma?l) |(mma?)

1 E10H 15 25 20 4 H10K 15 0 25
1 E10J 5 15 10 4 H10L 15 20 175
1 E10K 0.5 10 53 5 G10A 55 130 925
1 E21K 20 25 225 5 G10B 25 45 35
1 E24A 15 25 2 5 Gl10C 50 ™~ 62.5
1 E24B 10 15 12.5 5 G22F 20 & 525
1 E24) 0.5 10 5.3 6 G22A 45 70 575
1 E24K 0.5 5 2.8 6 G22B 35 50 425
1 E23L 0.5 20 10.3 6 G22D 40 % 475
1 E24M 0.5 10 53 7 E10A 15 5 20
1 E32E 0.5 5 2.8 7 E10B 20 0 25
1 E33F 0.5 5 2.8 7 E10C 25 40 325
1 E33G 0.5 5 2.8 7 E10D 30 40 35
1 E40C 0.5 5 2.8 7 E21A 15 20 175
1 E40D 0.5 5 2.8 7 E21D 15 5 20
2 E10B 20 30 5 7 E22C 10 20 15
2 E10C 25 35 0 7 G10E 25 40 325
2 E10D 30 40 K ) 7 G10G 20 0 25
2 E10E 30 45 375 7 G10H 25 40 325
2 E10F 25 45 K ) 7 H10A 10 20 15
2 E10G 15 35 5 7 H10B 20 0 45
2 E10H 15 20 17.5 7 H10C 15 0 475
2 E10J 5 25 15 7 H10D 40 > 575
2 E10K 0.5 10 5.3 7 H10F 50 % 52.5
2 E21D 15 25 20 7 H20C 10 25 175
2 E21F 20 25 225 7 H20D 15 0 25
2 E21G 25 35 K] 7 H20E 15 40 275
2 E21H 20 35 275 8 G22) 75 D 825
2 E21J 20 30 5 8 G22K 75 b 85
2 E21K 20 30 5 8 G40A 75 100 875
2 G30C 20 50 K ) 8 G40B 85 100 925
2 G30E 0.5 30 15.3 8 G40C 30 & 575
2 G30F 5 35 2 8 G40D 45 100 725
2 G30G 5 20 125 8 G40E 40 [$3) 525
2 G30H 0.5 10 5.25 8 H10K 10 5 175
3 GI10H 50 60 % 8 H10L 10 20 15
3 G10K 50 95 72.5 8 H40D 0.5 5 17.75
3 G30A 35 55 45 8 HA0E 10 0 20
3 G30B 55 80 67.5 8 HA0F 0.5 10 5.25
3 G30D 25 95 &0 8 H40G 5 15 10
4 G10C 25 35 K 8 HG60A 65 b 80
4 GI10E 15 30 225 8 H60B 35 0 425
4 GI10F 15 25 2 8 H60C 15 0 425
4 G10J 20 25 225 8 H60D 25 0 475
4 H10E 25 40 325 8 HG60E 10 5 175
4 H10F 20 45 325 9 H20A 5 10 7.5
4 H10G 35 50 42.5 9 H20B 5 15 10
4 H10J 20 40 0 9 H20F 5 20 125
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Appendix XVII Rechargerates for the quaternary catchment in the outcrop of the TMG

(continued)

Unit [ Quaternary | Min Max Mean | Unit [ Quaternary Min Max Mean
No | Catchment [(mm-a%)[(mmad|(mma®)| No | Cachment [(mma?)|(mma?)|(mma?
9 H20G 10 20 15 11 G40L 30 50 40
9 H30A 0.5 10 53 11 G40M 20 40 30
9 H30B 0.5 10 53 11 G50A 25 0 275
9 H30C 0.5 10 53 11 G50B 20 0 25
9 H30D 10 15 12.5 11 G50C 30 40 35
9 H40A 5 10 75 11 G50D 15 45 30
9 H40B 5 10 75 11 G50E 35 45 40
9 H70C 5 15 10 11 G60G 20 40 30
9 H70D 5 20 12.5 12 G50K 5 10 7.5
9 H70E 5 15 10 12 H70H 10 20 15
9 H80A 20 50 C3) 12 H70K 5 10 7.5
9 H80B 15 30 225 12 H80F 15 20 175
9 H90A 25 35 0 12 JA0E 30 40 35
9 HO0B 35 50 425 13 J11H 0.5 10 5.3
9 J12A 5 15 10 13 J11J 0.5 10 5.3
9 J12B 0.5 10 53 13 J12F 0.5 5 2.8
9 J12D 0.5 10 53 13 J12G 0.5 10 5.3
9 J12F 0.5 5 2.8 13 J23E 5 15 10
9 J12J 0.5 5 2.8 13 J23F 5 10 7.5
9 J12K 0.5 10 2.8 13 J23J 0.5 5 2.75
9 L12L 5 25 15 13 J24F 0.5 5 2.8
9 J12M 20 45 325 13 J25A 0.5 10 5.3
9 J13A 5 15 10 13 J25B 0.5 10 5.3
9 J13B 20 30 5 13 J31A 5 10 7.5
9 J3C 20 30 5 13 J31C 0.5 10 5.3
9 JA0A 20 25 225 13 J32E 0.5 10 5.3
9 JA0B 25 35 0 13 J33C 10 15 125
9 JA0C 25 40 325 13 J33D 5 15 10
10 H40G 0.5 15 7.8 13 J35A 5 15 10
10 H40J 5 10 75 13 L30D 0.5 10 5.3
10 H40K 0.5 15 7.8 13 L32A 0.5 10 5.3
10 H50A 0.5 15 7.8 13 L50A 0.5 5 2.8
10 H50B 5 10 75 14 J11J 0.5 5 2.8
10 HG60E 5 25 15 14 J11K 0.5 5 2.8
10 HE0F 0.5 10 5.3 14 J12G 0.5 5 2.8
10 H60H 0.5 5 2.8 14 J12H 0.5 5 2.8
10 H60J 0.5 5 2.8 14 J13A 0.5 5 2.8
10 H60K 5 10 75 14 J13B 0.5 5 2.8
10 H60L 5 10 75 14 J13C 0.5 10 5.3
10 H70H 15 20 175 14 J25A 0.5 5 2.8
1 G40B 85 100 92.5 14 J25B 0.5 5 2.8
1 G40D 45 95 70 14 J25C 0.5 5 2.8
1 G40E 35 65 50 14 J25E 0.5 10 5.3
1 G40F 35 65 50 14 J31A 5 10 7.5
1 G40G 35 70 52.5 14 J31B 5 10 7.5
1 G40H 40 60 50 14 J31D 0.5 5 2.8
11 G40J 35 50 425 14 J33A 0.5 ) 128
11 G40K 20 45 325 14 J33B 5 20 125

280



Appendix XVII Rechargerates for the quaternary catchment in the outcrop of the TMG
(continued)

Unit | Quaternary [ Min Max Mean | Unit | Quaternary Min Max Mean
No | Catchment |[(mmab{(mma?)|[(mma’)| No | Cachment | (mm-a?)|(mma?) | (mma?)
14 J33E 10 15 12.5 17 L82B 15 D 225
14 J34A 0.5 15 7.8 17 L82C 15 0 225
14 J34B 0.5 30 15.3 17 L82D 15 3B 25
14 J34C 15 40 275 17 L82E 15 D 225
14 J34D 5 35 20 17 L82F 10 20 15
14 J34E 0.5 15 7.8 17 L82G 10 25 175
14 J34F 10 45 275 17 L82H 5 15 10
14 J35B 5 40 225 17 L82J 5 25 15
14 J35C 5 30 17.5 17 L90A 10 25 175
14 J35E 10 20 15 17 L90B 10 15 12.5
14 J35F 10 20 15 17 K50A 25 40 325
14 JA0A 20 30 25 17 K60A 20 D 25
14 JA0B 25 35 30 17 K60B 20 35 275
15 K10A 40 60 50 17 K60C 25 45 35
15 K10B 40 50 45 17 K60D 25 40 325
15 K10C 30 40 35 17 K60E 35 45 40
15 K10E 15 35 25 17 K70A 35 45 40
15 K20A 5 25 15 17 K70B 25 45 35
15 K30A 5 35 20 17 K80A 20 35 275
15 K30B 35 70 525 17 K80B 30 45 375
15 K30C 20 65 425 17 K80C 35 5 45
15 K30D 20 35 275 17 K80D 40 & 60
15 K40A 25 40 325 17 K80E 60 & 725
15 K40B 30 40 35 17 K80F 65 & 725
15 K40C 35 45 40 17 K90A 25 45 35
15 K40E 30 70 50 17 K90B 25 & 525
15 K50A 30 45 375 17 K90C 15 45 30
15 K50B 50 75 62.5 17 K90D 35 70 525
15 K60A 30 35 325 17 K90E 55 5 60
15 K60E 35 45 40 17 K90F 15 0 225
15 K60F 35 50 425 17 K90G 10 20 15
16 L50A 5 10 75 18 L70C 0.5 10 5.3
16 L70A 0.5 10 525 18 L70D 10 15 12.5
16 L70C 0.5 5 2.8 18 L70F 5 D 175
16 L70G 5 10 75 18 L70G 0.5 D 153
16 L81A 5 15 10 18 L82H 5 15 10
16 L81B 5 15 10 18 L90A 25 0 275
16 L81C 0.5 15 7.8 18 L90B 30 35 325
16 L81D 0.5 15 7.8 18 L90C 15 0 225
16 L82A 10 15 12.5 18 M10A 25 35 30
16 L82B 10 25 175 18 M10B 15 35 25
16 L82C 10 20 15 18 M10C 10 5 17.5
16 L82D 10 20 15 18 M10D 10 20 15
16 L82E 10 20 15 18 M20A 15 20 175
16 L82F 5 20 12.5 18 M20B 15 5 20
16 L82G 5 15 10 18 M30A 20 0 25
16 L82H 5 10 75 18 N40B 25 35 30
17 L82A 10 25 175 18 N40E 25 35 30
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