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Abstract

The currenstudyaimed atproviding groundwater recharge estimates in a fractured rock aquifer
environmenthat isoccupied bypine plantation and indigenous forestsorder toimprove the
understanding of the effect gfine plantation forests omecharge. Thiswas based on the
argumentthat for the trees to affect recharge, they do macessarily need to tap directly from
the saturated zonasvegetation mayndirectly affect groundwater recharge by interceptsom
abstractinghe infiltrating water in the vadose zone before reaching the water Tdtdestudy

was conducted alonthe Southern Cape coastline \Wlestern Cape Province fBouth Africa

This area is7 km east of Georgen an areacharacterized by the occurrence bk tTable
Mountain Group aquifefThe research presented in this thdésisned partof a Water Research
Commi ssi on ( WRC) project titled AThe | mpact
Groundwater Recharge and Streamfiowo achieve the aim of theurrent study, three
objectives were formulated: i) to characterthe dominamg occurring recharge mechanism

to determine longerm groundwater recharge estimates, and iii) to assess the effect of plantation
forests on groundwater rechardges part ofcharaterizing the dominant recharge mechanism in
the area, a conceptual groundwater recharge model of the area was det@legplhin the
recharge mechanisandfacilitate an improved understanding of recharge estim@itess model

was based om theoreticalunderstanding and previous  investigata@onducted in the study
area.Methods such asnvironmental stable isotopes and hydrochemistry were usedfirte the
conceptual model bidentifying the source of recharge attte dominant recharge mechanism
The occurrence and density of lineaments were used as a proxy to depotatéalrecharge
zones in the areRecharge was estimated usthg Rainfall Infiltration Breakthrough (RIB) and

the Chloride Mass Balance (CMB) metisoddditionally, the effect ofplantation forests on
recharge was assessed using the HYDRDSwmerical model. The recharge estimates derived
from the RIB and CMB technigsevere verifiedusingthe published magby Vegter (1995).

The isotope results revealed thfae groundwater was recharged from local rainfall with minimal
evidence of evaporation occurring prior to recharBased onthe isotopic clustering of
groundwater samples, there was a differemcesignaturesbetweensamples collected from
boreholes locatechihigher elevation areas as opposed to boreholes located in lower elevation

partswhich wastheoreticalexpected The findings provided an insightaboutthe presence of

iv



different groundwater flow systems in the ar@ae hydrochemistry and isotope resudiso
suggested interconnectivity between groundwater and the stream at the Groenkdpesite.
groundwater hydrochemical facies of the area afds-Cl type, with thedominance of the major
cations in order of Na> Mg?* > C&*™> K*. On the other handhe anions showed abundance in

the order Cl > HCOs > SQO?. Regionally, the major recharge zone of the catchment
corresponded with the higher elevation areas (> 1000 mamsl) which are characterized by a dense
presence of lineaments and increased anmimdatl (> 1000 mm/year). The dominant recharge
mechanism was inferred to be a preferential recharge mechanism which occurred through
fractureswhich was expected in the fractured rock environmBeicharge estimates with the

RIB model rangedetween 88 mm/year (10% of annual rainfall) in 2011 and 24 mm/year (5% of
annual rainfall) in 2017Recharge estimatiewith CMB in 2017 amounted t40 mm/year 6.4%

of annual rainfall) When dry chloride deposition fronthe sea spray and the forests were
considered recharge increased to an average of t8/year (7% of annual rainfall) This
suggestedthat over 83-90% of rainfall is lost through evapotranspiration, converted to
streamflow and/or lost through other hydrological mechanisms in theTdreaecharge values
estimatedusing the RIB and CMB methods were agreement with the estimates from the
gualified guess methad/egter, 1995|and werewithin the range of values previously estimated

in the area using a GIS and Water Balance method

These findings seem to suggésat theRIB and CMB methodgan be appliedractured rock
environment where pine plantations are practiced charactegstidar to the current study area.
The HYDRUS-2D model provided evidence of significant higher paténtecharge in the
Groenkop indigenous forest when compared to the plantation forests. Over the entire simulation
period, the potential recharge at iGeoenkop foressite, Pinus elliottii site and Pinus radiata
siteamounted th69 mm, 36 mm and 14 mraspectively. Thenain outcomesf thestudy were
that the model resultsshowedthat the plantation forestreducel groundwater recharge at the
pine plantationThe model results furthe@ontributed to an improved understanding of recharge
mechanisms and dynamics in the ar€hese results were in agreemeavith other previous
studies.Findings from this studymay be used to infornthe basis designingction plan for
groundwater conseniah practices in areas whepane plantatiorforestsexist Sincethe soill

moisture and evapotranspiratiparameters are among the main aspects dfiyldeusnumerical



model, there is a need tontinuously monitor therm order to improve the recharge estimates

and model different recharge scenarios

Key words: groundwater rechargdRainfall Infiltration Breakthrough method, Chloride Mass

Balance method, HYDRU3D, pine plantationsiGroenkop forest, environmeniabtopes
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Chapter 1. General Introduction

1.1 Synopsis of the study

Although goundwater recharge represents a major compootrthe water balance of a
catchment,the accurateestimation of recharge is still amorsg the biggest challengefor
hydrogeologist (Nyagwambo 2006; Parsos, 2014). Numerous environmental concerns have
been raisedn land use changeinfluencing the water balance tihe catchmentOne such
concern is the effect of plantatidoress on groundwater rechargk is well acknowledgedhat
plantation forests play a role in altering the water balantleeavatershed scalddowever the
effect of these forests on groundwater recharge is still a topic that is poorly undetsspite
beingdiscussed in many hydrological studies (Marechal et al., 2008; Mkwalo, 2011; Dye, 2013;
Fan, 2014among others Although groundwater recharge has received a lot of attention in the
TableMountainGroup (TMG) (Hartnady and Hay, 2000Vu, 2005 Sun, 2005)limited studies
have attempted to assess the effectegfetationon groundwater recharge TMG dominated
environmentsDue to the abovenentioned knowledge gathis study therefore aims to assess
the effectof plantation forestgPinus ellidtii andPinus radiatg on groundwater rechargesing
recharge estimates derived froam area occupied by plantation foeesind from an area
occupied by indigenouforest (referencg To achieve theim of the studyfirstly, dominant
recharge mechanism occurring in the anegie characterizedisingqualitative methods such as
stable environmental isotopesnd hydrochemistry.Secondly, two independentcommonly
applied techniques.e. the Rainfall Infiltration Breakthrough (RIB) methahd the Chloride
Mass Balance (CMB) methovere both gplied to estimate recharge in the ar&irdly, the
HYDRUS-2D numericalmodelwasapplied to simulate the twdimensional water movemeint
the soil layers to predict the potential recharge rateterthe plantationforestandindigenous

forestrespectively

1.2 Background to the study

Plantation forestry is an essential economic praciticeSouth Africa and one which the
government hopes to further develop (Mkwalo, 20Ihese introduced species plantations
extend over approximatell220726ha in South AfricgForestry South AfricdFSA), 2016), i.e.
1.1% of the country's total land araad are mainly spread over the high rainfall eastern and



southern regions of the country and comprise 51% pine, B2éalyptusand 7% Wattle (FSA,
2016). However, the disadvantage of this is that the economic benefits come at some
environmental cost, especially the potential effect on water resources. The effetee
plantations on water yield and catchment hydrology has been long recognised and discussed
from as early as 1915 in Soukfrica (Dye, 2013) and extensive literature exists related to
afforestation as a streamflow reduction activity in catchm@usett and Lesch, 1997; Le Maitre

et al., 2002; Dye and Jarmain, 2004 and Mallory, 20@@mnmercial forests are estimated to
have reducedhe mean annual streamfloby approximately 1417 x £an’/yea or 3.2%on a
national scale (Scott et al., 1998)owever, there hadeenrelatively limited published studies

on assessing theffect of pine plantationforest on groundwater recharge iBouth Africa
Amongstthe early causative factorsf this gap in knowledge wake traditional separation of
hydrologic science into geohydrology and hydrology which kept the investigatimaestater

use in the domain of hydrologists (Le Maitre et al., 1888 Ngobeni, 2013 By virtue of
riparian zones being the ecological rechf invasive species in South Afrjaaany hydrology
studies related to theffect of vegetation on groundwater have mainly focusedhariparian

zone in alluvial aquifers and less on fractured rocuifacgs (Le Maitre et al., 1999)Vhile
accordingto a study byMarechal et al(2008) this gap in knowledge waalsodue tolimited

direct scientifically reliable evidence on vegetation and groundwater interaction in fractured

aquifersparticularly

Plantation forests exhibit higher evapotranspiratiates when compared to that observed in
indigenous forests (Chamier et al., 2012), leading to a potential reduction in streamflow and
groundwater recharg&uch effects appear to vary depending on climate variability, geology and
tree species (Silveria etl., 2016). Vegetation may affegroundwater recharge indirectly by
rainfall interception losses as well as extraction of infiltrating water before reaching the water
table/saturated zone (Fan, 2014jnited studies have been conducted on the east cb&stuth

Africa, which have quantified in detail the impact of differplantationforests on groundwater

and the interactions with surface water. Clulow et al. (2011) studied the deep rooting impacts of
Acacia mearnsion s o | water | evels down to 5 m and
soil water and groundwater reserves as their ET rates exceeded rainfall arBoitegsand
Vermeulen (2013also conducted an investigatiam the impact of different timber spes

(Pinus elliottiiand Eucalyptus @Gandis Camaldulens)son groundwater levels in a coastal plain
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environment in the Nyalazi Plantation, KwaZiNatal The studyreportedthat the Eucalyptus

forest had a significant impact on the local groundwater systetiney observed lowering of the
groundwater level of between 10 and 16 m over a period of 13 years, which equates to an
average decline of 1 m/yeaklbhaisi et al.(2013) applieda hydrological model (WetSpa) to
guantify the impacts of land use charayegroundwater recharge in the Upper Berg catchment
(TMG Agquifer), South Africa Their study reported a systematic increaseecharge ofabout

8% per year over a 21 year period, which was due to clearing of the vegetation in.the area

While more attention seems to be given to the impact of exotic species on soil moisture,
groundwater levels and recharge, the impact of natural forest on recharge is also a question of
interest and which is still debated (Marechal et al., 2008). To exauaaheimpacts, Marechal et

al. (2008) conducted a study in India on the estimation of groundwater recharge in a humid
tropical forest which isharacteded by the fractured bedrocknderneathThe study made use

of the CMB method and the Water Table Fuatton (WTF) method to estimate recharge, while
geophysics and chemistry were used to understand the recharge mechanism occurring in the area.
The study reported that localized and indirect recharge was 45 mm/year and 30 mm/year
respectively. Evapotranspiion rates were estimated to be between 80% to 90% of rainfall
(1050 mm/year) due to water availability and atmospheric demand from the forest. However,
such elevated actual evapotranspiration rates from deciduous forests are seldom reported and
thereforethe study recommended that complementary studies be conducted for confirmation

Fan (2014) reported that the effect of vegetation on groundwater rechage finditéd to

direct extraction from the saturated zone only, as vegetation also uses water in the unsaturated
zone which may potentig contribute to rechargd=an(2014) also reported that little attention

has been given to quantifying the water percofaprocesses/mechanisms in the vadose zone
and correlating these with groundwater e in a vegetated environmeAtthough nvasive
vegetations among the dominant vegetation species, after fynbos, which occur in TMG Aquifer
environmentsstill very few if any studies that haveeen done on the effect of vegetation on
groundwater recharge in the aredich provided motivation for this study.



1.3 Problem statement

To date there havebeen limitedstudies onquantifying the effecs of plantation forests on
groundwater rechargeo fractured rock aquifersThe lack of quantifying the rechargs a
problembecauseincertainties associated widvapotranspiratiorates,which is often the largest
outward flux in the water balancenay lead to inaccurate recharge estimates and ultimately
uninformeddecisionmaking related tahe availability and utilization of groundwater resowsce

in environments dominated Ipyne plantatiorforests

1.4 Thesis statementind research question

Literature exists on the effect végetationon groundwater recharggarticularin the riparian
zonealongrivers (alluvial aquifer$, where groundwiar levels areelativelyshallow and theoot
systemaccesss water close tothe capillary fringe ordirectly from thewater tablésaturated
zone However, the present study argues that for tleestto affect recharge thelo not
necessaly need to tap directly from th&aturated zoneThe study hypothesigehat vegetation
may affect groundwater recharge indirectly by rainfalitérception losses as well dke
abgraction oftheinfiltrating waterbefore reaching the water tabléhe research question for the
curr ent Whatusdtlyeeffect of thapine plantation forestsRinus elliotii and Pinus

radiata) on groundwater recharge in a fractured rock aq@ifer

1.5 Study aim and objectives

1.5.1 Aim of the study

The currenthesis aims at providing groundwatechargeestimatesn a fractured rock aquifer
in an areawhich isoccupied by plantations foresindindigenoudoress in orderto improvethe
understandingf the effect ofpine plantationforess on recharge. Such knowledge can be used
design measures for conservirggoundwater resourcéor its utilization in environments

dominated byine plantatiorforests

1.5.2 Specific objectives
1. To charactese the dominary occurringrecharge mechanism
2. Todetermindong-termgroundwaterechargeestimates

3. To assess the effect pine plantation foresbn groundwater recharge



1.6 Significanceof the study

The studyaimsto improve theknowledge andinderstanding of the effects of plantation forests
on groundwater recharge in fractured rock agaiféuch knowledge can be used in groundwater
resourcemanagement for groundwater utilization and protectmravoid overexploitation of

aquifersin environments dominated Ipneforests.

1.7 Scope and nature of the study

1.7.1 Scope of the study

The current study focuses on the effect of vegetatRinug elliotii and Pinus radiatg on
groundwater recharge in a fractured rock aquifer using George as a case study. Although the
study arednasan area of approximately 190 knthe present research mainly focuses on a local
scale i.e. thareawith the pine plantation compartments d@ahd Groenkop natural foresbueto

the complexity (spatial heterogeneity) of the fractured rock aquifer under investigation a
conceptual model of the aramas developedto explainthe occurrence of the groundwate
recharge flow system in the ardde model isbased on theoretical understanding prelious
investigation conducted in the study arkashould be emphasized that the aintled thesisis

not to develomnyaction plans and strategies, rather the igito improve the understanding of

the effect of vegetation on groundwater recharge in fractured rock aqufifithén the scope of
groundwater recharge which includes natural recharge and artificial rechergairtent study
mainly focuseson the natural recharge in a vegetated environmBme. research presented in
this thesis was part i Wat er Research Commi ssion (WRC)
Commercial Plantation Forests on Groundwater RechargeStedmflovo. For this thesis,
attention was on the effect pine plantation foreston groundwater rechargad using recharge
estimates from the natural forest as a baseline or reference pbmtstudy focused the
following aspects of recharge: re@rge zones, recharge mechanaml recharge estimations in

order to address the research problem on lack of quantifying recharge estimates.



1.7.2 Description of the nature of the study
The topic of the c uramespheriasmsaturdtgd zons modelte quangfy ¢ o u p

groundwater recharge to the Table Mountain Group Aquifer system, George, South Africa. This
topic means that the focus of the study is to quantify groundwater recharge using the coupled
atmospheriainsaturatedzone model which was senater balance method in the Hydrus 2D
Software versior(2.04.580 The quantified recharge in indigenous forests was considered as a
reference statistics and the quantified recharge in pine plantation forests was taken as change
detection (difference between the recharge in the two forests). Therbfomyantifyng the
recharge in indigenous and in pine plantation forests, the difference was interpreted to be the
effect of pineplantation forestsRinus elliotiiand Pinus radiatg on groundwater recharg&he

study area is located anfractured rock aquifesystem.The study utilize a physical experiment
designapproach whereby a fractured rock aquifer environment in Gegagaised as a case

study to assess theffect of plantation forests on groundwater rechargeorder to estimate
groundwater recharge, the study reviewleglrelevant existing literature on recharge estimation
methods in light of their applicability in fractured rock aquifers. Appropriate methods we
chosen based on tlieasibility, reliability and data requirements. In order to achieve the research
objectives ofthe study, the research incorporated ehisteps of research procedures whereby
desktop study, fieldworklaboratory workand data analysiwere followed The study focused

the following aspects of recharge: recharge zones, recharge mechanism, and recharge estimations

in order to address the research problem on lack of quantifying recharge estimates.



1.8 Framework of the study

Using a coupled atmospheriunsaturated zone model to quantify groundwater recharge to the Table Mountain Group Aquifer system, George
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Figurel.1l: Framework of the study



The Figure 1.1 above shows thguide for the current researthat wasfollowed in the study

The framework (guide) illustrates the perspective approach of the study samdmarzesthe

entire research work froiihe problem statement, thesis argument, research question, objectives
till the outcome of the studythe thesidocused onproviding groundwaterechargeestimatesn

a fractured rock aquifer ian areabccupiedby plantationforess andindigenousforestsin order

to improvethe understanding ofhe effect ofpine plantationforess on rechargerhe problem

that is being investigated in the current study is the lack of quantified recharge of groundwater in
the pineplantation forests alongside the unknown effect of such forests on groundwater recharge
estimates especially in fractured rock aquifer systBoachievesuch aim, thehree objectives

were formulatedas presented in Figure 1vihich arecharacterimg the dominantly occurring
recharge mechanism using environmental stable isstom hydrochemistry analysis methpds
determininglong-term groundwaterrecharge estimatassingthe RIB and CMB methods; and
assedgng the effect of plantation foreston groundwater rechargesing a HYDRUS2D

numerical modehs elaborated in section 1.7.2



1.9 Outline of the thesis

The presenstudyis divided intoeight chapters as follows: Chapter 1 presents an outline of
general introduction and background of the study, problem statement, and research question,
significance of the study and scope and nature of the sBidpter 2orovides adescription of

the study area with emphasis on features that are likely to influence groundwater recharge in the
area.Attention is given to rainfall as the source of groundwater recharge in the area, geology as a
host media of the recharge water drydirdogy (surface water bodies) as a potential source of
localized rechargeThe chapter further highlights how vegetation, soil, slope play a role in
recharge processes in the area. By indating these factors, a clear description of recharge
processes ithe area was obtaine@hapter3 providesthe theoreticaland empiricalreviews
including the coneptual understanding thgtiidedthe study.In addition, ©iapter 3 presenthe
reviewed literature in an analytical and systematical manner in order taenotat is known

and unknown aboutcharge anthe effect ofpine plantation fores on goundwater recharge in

South Africa andnternationally Chapter4 describeshe research design and methodoltiupt

was appliedn collecting and analyzing the data during thedyg, highlighting their advantages

and disadvantageouShapter 5 presents and discusses result®onoeptual recharge model and

the application of qualitative methods i.e. environmental stable isotopesydrogeochemistry,

on assessing the recharge mechanism occurring in theClraater 6 presents and discusses the
recharge estimations produced with the RIB and CMB methGligpter 7 pesents and
discusses results dghe effect of pine plantation forests on groundwater recharge usire
HYDRUS-2D numerical model Chapter 8 provides the main conclusions and suggested
recommendationbased on the findings of the studyhe Appendices provides supplementary

documentation in support of tfiedings of the study



Chapter 2: Description of study area

2.1 ntroduction

This chapter presentbe study area descriptiowith emphasison features that are likely to
influence groundwaterrecharge in the areattention is given to rainfall as the source of
groundwater recharge in the area, geology as a host media wécti@rge waterhydrology
(surface water bodies) agpotential source of localized recharge. The chapter furtigétights
how vegetationsoil and slopeplay a role in rechargprocessesn the areaBy inter-relating

these factors, a cledescription ofecharge processes in the area was obtained.

2.2 Location of study area

The studyareais located on the Southern Cape coastline of South Africa about 7 km east of the
town of George within the Western Cape Provinceyfé@.1). The area falls within quaternary
catchment K30Ghat isapproximately 190 kA(Figure 2.2) The catchment ikbcated between
latitudes 33°56'27.385 and 33° 56'24 .18, and longitudes2233'47.34"E, and 22°28'46. "

25 5 10 Kilometers
L L 1 Il L L J

Compiled By: Nangamso Tuswa
Coordinate System: GCS Hartebeesthoek 1994

Legend Datum: Hartebeesthoek 1994

[ catchment [ Cuttivated, temporary, commercial, ¥rigated S”Q’::zf;g:f RS s

- Forest (indigenous) - Cultivated, temporary, commercial, dryland

[ Thicket, Bushland, Bush Clumps & High Fynbos [T urban /Built-up residential Il Vsterbodies

I shrubland & Low Fynbos I Urban / Built-up : residential, formal township [ Forest Ptantations (clearfelled)

[ Planted Grassland I Urban /Built-up : commercial - mercantile I Wetands

D Forest Plantations (Pine spp) - Urban / Built-up : commercial - educational, health, IT :] Bare Rock & Soil (natural surface)

:] Forest Plantations (Acacia spp) - Urban / Built-up : industnial / transport [j Cultivated, permanent, commercial, irrigated

Figure 2.1: Study area map with various land usewithin the catchment
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Figure 2.2: Study area map, the polygons delineate the plantation compartments which

were studied, i.ePinus elliotii (brown) and Pinus radiata(green).(Source Google Earth
Pro, 2016)

2.3 Influence ofclimate on recharge

In this study, climate mainlyrefers to rainfall and evapotranspiration as they are the
meteorological parameters that primarily influence recharge in the HreaSouthern Cape is
located inthe transitionzonebetween the winter rainfall Mediterranean climate of the Western
Cape and the (@tropical summer rainfall characteristics of the rest of the country (Parsons
2014).The area experiens@ mean annual precipitation (MAP) of 863 mm with rainfall events
being distributed throughout the ye@igure 2.3, Schulzeand Lynch, 2007). Rainfall peaks
generally occur during autumn (March) and early summer (Octoblewvember, Geldenhuys,
1991).The occurrence of rainfall in the area is generaligsult ofcold frons from the south
west, while the area is also subgsttto orographic rainfall fronthe high lying areas of

Outeniqua Mountain Ranges which is an important source of recharge in the area.
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RAINFALL SEASONALITY
(Per Quaternary Catchment)

B ALL YEAR

I WINTER

I EARLY SUMMER
- December

B MID SUMMER
- January

LATE SUMMER
- February

VERY LATE
SUMMER
- March to May

Study area

Figure 2.3: Rainfall seasonality per quaternary catchment in Soth Africa (Schulze,
1997)
Figure 23 above showshe rainfall seasonality per quaternary catchment in South Affite
yellow square on the map represent the study area whereuthent research is undertaken
From the map it can be observed that the study area does not have distinct dry and wet season,

rainfall is generally distributed throughout the year.

2.4 Geomorphologcal influences on recharge

2.4.1 Influence of vegetationon recharge

Influence of vegetation ogroundwaterecharge can be appreciated in variaays, vegetation
can influence recharge by interception and transpirgiién, 2005) However decaying roots
can provide preferential flow channel whichnenhance rechardgeélealy, 2010) The vegetation
in the catchment mainly consists @roenkopindigerous vegetation fynbos, pineplantation
(Saasveld plantatiagh and some cultivated areaBiqure 21). The Saasveld plantatisrare
dominated by numerous compartmentsPafus elliotii Pinus radiata and Eucalyptusspecies
The Pinusspecies may be classified as midation (8- 12) yeargFigure 2.2) Theseare mainly
harvested athe age 25 yeamnd are usefbr making pin&vood furniture.The foresis described
as a medium, moist afrotemperate foreanda total of 87 specietavebeen recorded in the
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forest (Gush2011).The effect of timber plantation species on groundwater resources has been
reported, where pine trees use enormous soil water thereby preventing aquifer recharge or by
extracting water direct from the capillafyinge (Brites and Vermeulen, 2013)herefore
groundwaterecharge is expected to be lesgeducedat the pine plantation than at the natural

forest.

2.4.2Influence of soik characteristicson recharge

Soil hydraulic conductivity and permeability playole in regulating the timing and magnitude
of recharge rate. The soils in the area are generally defivedthe weathering of quartzitic
sandstone of the TMG which produces fine sandy d&iigure 24), while the shale rock
weathers into more clayey structured soils (Schafter, 1992). Thersthils area ardescribed as
deep duplex loams to deep colluvial sandy and clay loams, avidlay subsoil commonly
occurring at 400 600 mm depth restrictingasl moisture(Figure 2.5)and drainage to the lower
horizons (Schafter, 1992). Tiedore, theclay horizonis expected tdimit or delay infiltration

rates from rainfall and ultimately recharge in the area.

100 cm

Sandy loam

Figure 2.4 Vertical soil profile at Pinus elliottii compartment plantation. The sandy

loam soil is derived from the weathering of the quartzitic sandstone of the TMG
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Sandy loam soil

Decayed roots

Clay soil

Lateral root system

Figure 2.5: Soil profile at the Pinus radiatacompartment illustrating the dominant soil

types(sandy loam and clay)and root system

2.43 Influence of dopetype on recharge

The catchment extends from the Outeniqua Mountain range mountaah is approximately

1000 metersabove mean sea lev@hamsl) down towards the coastlingdhe area is mainly
dominated byseawaredipping stratus witlslopesdecreasing in a southerly direction towards the

sea (Figure ®). The landform of the area is mainly controlled by the structures and lithology of
TMG outcrops and the Kaaimans Group. W(R005) reported that effective recharge in the
outcrops of TMGarea occurs in slopes less thal whereasstrata dipping in the opposite
direction hampers the rechargdthough the study area @ a hillslope minimal overland flow

occurs dueto the dense vegetation and soil propertig#serefore high infiltration and
subsequently high recharge is expected to occur especial during the season when

evapotranspiration rates are low.
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2.5 Hydrological influenceson recharge

In this study, tle focal point of reviewingheliterature on surface water bodies is drawn from the
notion that accumulation of rainfall in surface water bodies may infiltratesabdequently
percolate and recharge aquifers, if conditions permit (Xu and Beekman, Z8@3tudy area is
located in quaternary catchment K30C, whiclrained by two main rivers whidrethe Swart
River and Kaaimans RiveBoth rivers rise inthe Outeniqua MountaiiRange and flow
southwardstopographically down gradientowards the Indian Oceaithe Swart River feed

the Garden Route Dam, which is the primary water sourcéhtotown of George (DWAF
2004a) The Kaaimans and Swart RivéFigure 2.6)are perennial and ephemeral rivers

respectively (Riemann and Black 2010)
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Figure 2.6: A transect along the Saasveldite (A-B) illustrating the d ominant seaward
dipping stratus with slopesdecreasing (260m to 190m)in a souherly direction

towards the sea
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2.6 Geologcal influences on echarge

The study area falls withithe Cape Fold Belt, wdre three different geologicallfprmatiors

exist. The upper part of the study site falls witlein area characterized Bgninsula Formation
Sandstongwhich is part othe TMG (Figure2.7). The Peninsula Formation comprises maofly
guartic sandstonas well as minor shale and conglomerdtiee middle part of the catchment
where the two differenPinus species are planteés mainly made up of th&aaimans Group
which is a metamorphosed sedimentary sequence that exxtedsnes of 2250mand that is
compris& mainly of quartzite phyllite and schist politippsammitic rock (Fortuin2005) The

lower, wesern part of the catchment primarily consists of the Cape GraBitece the area
mainly consists of fractured rock materittierefore hydraulially connected fractueein this

area are expected to enhance rainfall irfiitn and preferential rechargdowever the area is
mainly covered by vegetation therefptiee aperture of these fracturesthme shallow zone might

be reduced.

Legend
® Experimental Site

©  Sampling Points

Rivers

- Garden Route Dam

D Catchment

Geology

Type

I Gneissic granite and granodiorite
Quartzite, schist, phyllite

15 Kilometers
J

Compiled by: Nangamso Tuswa
Coordinate System: GCS Hartebeesthoek 1994
Quartzitic sandstone Datum: Hartebeesthoek 1994
Units: Degree
Quartzitic sandstone, minor shale Source: ESRI, WR2012 and NGI

Figure 2.7: Geologymap of the study area
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Figure 2.7above shows the geology of the study area Witfteholesthe upper part of the site
comprisesof sandstone while lower part is maindyartzite phyllite and schistThe yellow
square on the map representaipproximatestudy area where the current research is undertaken
The red points represent theewly drilled boreholesat Saasveld where the effect tbe pine
plantationforess was assessed. The yellow points represent additional municipality boreholes

that were also used to get more insight about the occurrence of groundwater recharge in the area.

2.7Hydrogeologcal settingand Recharge

George falls within hydrogeologicahit 15 which is part othe fractured TM5 aquifer (Wuy
2005). The unit is bounded kaywatershedn the north, by a coastline boundarin the south,
drainageboundaryon the west and Outeniqua fault zone on the east 2045). The study aga
comprises otwo major watetbearing rocks namely the sandstone rock from the Peninsula and
Skurweberg Formation (TMG) and the fractured shale rock aquifer from the Saasveld Formation.
However, the granite rocks may also form minor aquifers if subjected to faultingaaaing

or where weathered basioccur. Transmissivity values in tlsandstonare approximately 100
m?/day whilein the $ale rockthey approximately 25n%day (Figure 2.8) The boreholgjields
generally correlates with the lithology and transmisgjhe sandstone rock aqusegenerally

yield about 0.5 2l/s, while the shale and the intergranulactured granite rock yield about
0.1- 0.5I/s (Figure 28). Groundwater electric conductivitfeC) in the upper catchment ranges
from 13- 14 mS/mwhile boreholes drilled within the Saasveld formation (quartzite, schist and
phyllite) reflect ranges from 36 114 mS/m.There is progressive increage EC and total
dissolved solids (TDS) frorthe upper part of the catchment down gradient towdngdower
southern coastal part of the catchment as groundwater moves and interacts with mirtleeals
bedrock The rugged outcrop sandstoneumtains in the aress regardedto be arecharge.
According to Fortuin2005, Wu (2005 and DWAF (2006 rechargen the area is about 17x340
m3yearR.4% of MAP,8.075 Mnt and 710 Mnm/year respectively
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Figure 2.8: The transmissivity ranges (top) and aquifer yields (bottom) map in the

catchment
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Chapter 3: Literature review

3.1lntroduction

This chapter presents related literature and studies about rechetfysds and estimationsoth
local and internationalA gap analysisvas conducted and attention was also giverth®
methodological approach used to investigate groundwater rechasymiiar hydrogeological
environmers. The chapter firstly presentand discusses ththeoreticalinformation and a
conceptual guide ahe concept ofgroundwater recharge for tber comprehension of the study
It further presents a literature reviewananalytical and systematmanner tchighlight what is
known and not known about groundwater rechangéhods and estimations South Africa and

internationally

3.2 Theoretical and conceptualframework of the study

3.3.ITheoretical framework of the study

Groundwater recharge is based on the theory of etiiiin (Freeze and Cherry, 1979), which is

the theory that underpins the current stutlge theory involves the movement of water from
precipitationrivers, lakes, or artificiathrough soil profiles into the saturated zonketheoryof
infiltration has been extensively studied by Horton in the early 1930s, however, it is essential to
recognizethat recharge and infiltration are two separate but related processes that influence
water within the groundwater portion of the hydrological cybiéltration is the entry of water

into the subsurface (Heal2010), while recharge is the residual proportion of infiltration that
further percolates through the vadose zone and add watke taquifer Infiltration will occur

during any day when water is made accessible to the unsaturated zone, whereas most of that
water that infiltrates may not reatie water table of the aquifééome ofthe water maye used

to replenish soil moisturdeficit and some may be returned back to the atmosphere through
evaporation/evapotranspiratiois a result, the two terms have been coined in recharge studies,
namely potential recharge and actual recharge. In this study, the theory of infiltratiofiad app

or inferred during the interpretation of the results. Where ifuhgaturatedzone material is
permeable and the soil water exceeds field capacity infiltration and recharge is expected to occur.
While if vadose zone material is impermeable (clay content) less or delayed infiltration and

recharge rates are expectetihe present stdy doeshoweverappreciate that theecharge
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process is a complex process as it is influenced by vaaspscts such as rainfall duration,
intensity, antecedent moisture conditions, soil and geology, hydraulic conductivity and depth to

water, amongst othe (Parsons, 2014).

3.3.2Conceptualframework of the study

The concept that is guiding the curreesearch studys groundwater recharge. Groundwater
rechargeas used in this studg defined as a downward flow of watdrough the unsaturated

zone andeaching the water tablgerner et al., 1990Healy, (2010) and Freeze and Cherry,
(1979) However, thepresentstudy also uses HYDRUZD numerical mode(see objective 3)

which approximatesor equatespotential recharge to groundwater rechakgieen the soil

moisture exceeds field capacity, infiltration is in excess of evapotranspieaitbgsoillayersare
permeableGroundwater can be recharged naturally through precipitation, rivers, canals, lakes,
or by maninduced or artificial which occurs througtetivities of irrigation and storm drainage
system in urban areas (Obuobie, 2008). This process is usually expressed as a percentage of
annual precipitation or as an average rate of water in mm/year, while its volume can be

expressed as cubic meters pedirye

Groundwater rechargean occur through diffuse and focused mechanisms, where diffuse
recharge is the recharge that is distributed over a large area in response to precipitation
percolating and ultimately reaching the aquifer, whereas focused reébalgeflow of water

from surface water bodies and streams toatipgifer beneath (Healy, 201@echarge can also

be furtherclassified (i)based on the source of recharging waterdirect or indirect recharge,

(i) based on the flowunechanismgprocess.e. piston or preferential rechargei) based on the
area of occurrence i.e. poiot areal recharge an@v) based on the time scale for example
preserdday, short term or long term rechar@ée two major flow mechanisms in arid and semi
arid regions are piston flow, and preferential flgixigure 3.1) although in many areas both
types of flow mechanisms occur simultaneoushith one may dominate the otheDlfuobie,
2008. Piston/ translator flow is when the precipitation stored in the varmse is displaced
downwards by the next infiltration/ percolation event without disturbance of moisture
distribution (Xu and Beekman, 2003). Whereas preferential flow is the flow via preferential
pathways and macipores (Xu and Beekman, 2008).this stidy, understanding the concept of
recharge and how it occurs witcilitate a better interpretation of the recharge results.
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Figure 3.1 Diffuse flow mechanism (left) and Preferential flow mechanism (right)

Figure 3.1 above showike diffuse flow mechanismvherepercolation through the vadose zone
occurs overa wide area and tends to be slow adferential flow mechanisiwhereuniform
flow occurs through preferential pathways sastiractures and tends to be localized and rapid

compared to diffuse flow.

3.4 Review ofgroundwater recharge estimation method

Numerousresearcher¢Bredenkamp et al., 1995, Scanlon et al., 2008zelbach et al., 2002,

Van Tonderand Xu, 2001 Xu and Beekman, 2003, Adams et al.,, 2004, He&,0 among
others) across the worlthve been devotad developng recharge estimation methoaisdfrom

time to time recharge equations/algorithmgarathodologiedave been revised improvethe
estimations. As a resudt wealthliterature exists omecharge methodswith each method having

its own limitations (Sun, 2005Recharge methods can be classified according to hydrologic
zones namely surface water methods, unsaturated zone methods and saturated zone methods
(Bredenkamp et al., 1995, Scanlonaét 2002 and Xu and Beekman, 2003) while witthase
hydrologic zone these categories can be further divided into physical methods, chemical (tracer)
and numerical methods (Adams et al., 20@®L)face water and unsaturated zone methods are
based on theoncept of potential recharge, while saturated zone methods estimate the actual

recharge (Xu and Beekman, 200R)is beyond the scope of this study to reviemdetail and
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assess evg recharge methodlable 3.1 adoptedfrom Beekman and X(2003) compaesthe

commonly used recharge methods in Southern Afmapublications that deal exclusively with

recharge estimation methods, the reader is referrBdetbenkamp et al., 1995, Kinzelbach et al.,

2002, and Xu and Beekman, 2003ealy, 2010. For the purpose of this recharge study,

particular focus is given tthe most promising methedn arid andsemtarid Southern Africa

namelythe CMB, the Cumulative ranfall departur§ CRD) method Extended model for Aquifer

Recharge and soil moisture Trandpthrough the unsaturated HardroARTH) model, the
WTF method Groundwater models arlde Saturated volume fluctuatiofsVF) method(Xu and
Beekman, 2003)

Table 3.1 Review of common recharge estimation method used for semiid Southern
Africa (adopted from Beekman and Xu, 2003)

Zone Method Limitation Applicability Rating
Flux Area (knd) Time Acc. | Ease Cost
mm/year (years)

Baseflow | Emphermal rivers 4004000 | 10%-1300 0.350 2 |2 1-2

SW (0.1-1000) | (10-1000) (1-100)

CWB Inaccurate flow 1005000 | 10%-10 1d-1yr 23 |2 3
measurements

WB Emphermal rivers 1-400 10%-5x10 1d-10yr 2 2-3 3

Lysimeter | Surface runoff 1-500 0.1-30n? 0.1-6 1-2 |3 3

UFM Poor known relationship 20-500 0.1-1n? 0.1-400 3 2 2

Unsaturated between hydraulic

conductivity moisture

ZFP Subsurface 30-500 0.1-1m? 0.1-6 3 |2 2
heterogeneity, periods
of high infiltration

CMB Long term atmospheric | 0.1-300 0.1-1n? 5-10000 2 1 1
deposition unknown (0.6-300)

Historical | Poorly known porosity; | 10-50 0.1-1m? 1.550 2-3 |23 3
present®H levels almost| (10-80)
undetectable

CRD Deep (multilayer) (0.1- (1-1000) (0.2-20) 1-2 |12 1

Saturated- aquifers, sensitive to 1000)

Unsaturated Specific yield (Sy)

EARTH | Poorly known Sy (1-80) (1-10n7) (1-5) 1-2 |2 1

WTF In/outflow Sy usually 5-500 5x 10°>10° | 0.1-:5 2 |1 1
unknown

CMB Long term atmospheric | 0.1-500 2x 10%¢ 5->10000 2 |1 1
deposition unknown >102

GM Time consuming, poorly (0.1- (10%-10° (1dg20yr) | 2 3 2-3
known transmissivity, 1000)

sensitive to boundary
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Saturated Conditions

SVF Flowthrough region; (0.1- (1-1000) (0.2-20) 1-2 1-2 1
multi layered aquifer 1000)

EV(SF Confined aquifer (0.1- (2-100) (1-100) 1-2 1-2 1-2

1000)

GD ¥C?H/FHe, CFC: poorly | 4C: £100 | *C,*H/H€’, 14C. 200 |3 2 3
known porosity / 3H/*He, CFC: 200000
correlation of dead CEC: 30 | 2*106->103 | 3H/He?
carbon contribution 1000 CFC: 2

40

HS: Hydrograph SeparatidnBaseflow )
EARTH : Extended model for Aquifer Recharge

CWB: Channel Water Budget and Moisture through Unsaturated Hardrock
WM : Watershed Modelling WTF: Water Table Fluctuation

UFM: Unsaturated Flow Modelling GM: Growndwater modelling

ZFP: Zero Flux Plane SVF: Saturated Volume Fluctuation

CMB: Chloride Mass Balance EV-SF Equal Volume- Spring Flow

CRD: Cumulative Rainfall Departure GD: Groundwater Dating

Concerning the applicability of the techniques, data was adopted from a study by Scanlon et al.
(2002). Regardingates, the approach aiccuracy ratingwas adopted from the study by
Kinzelbach et al. (2002) wher€lass 1: difference from true value witha factor of 2, Class: 2:

within a factor of 5 and Class 3: within a factor of 10 or more (Xu and Beekman, Fa88)of
applicationis related talata requirements and data availabiibdis rated from 1: easy to use to

3: difficult to usei.e. requies experienced and skilled human resau@mstis rated from 1:
inexpensivd.e. few parameters to be collected and analysedouse laboratoriesnd etcto 3:
expensivei.e. many parameters to be collected and analygeetializedsampling equipment

required, commercial laboratories and exu G&nd Beekman, 20023)

3.4.1Chloride Mass Balance(CMB) method

The CMB method is a tracer techniqukat was first applied by Eriksson and Khunakasem
(1969) in the saturated zonetbk coastal plain of Israel to estimate groundwater rechdige.
technique was later modified by Allison and Hughes (1978) and since then it hassbdbg
numerous researchdrgluding Dettinger (1989), Bredenkamp et,l1995), Wood (1999), &
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Tonderand Xu (2001), Weavemd Talma (2005), Healy (2010),av Wyk (2010) andParsons
(2014)

Themethod is based on the premibkat the ratio of the chloride concentration in rainfall to that
in unsaturated zone groundwater is proportional to rechargéis is based on the principle that
the chlorideion is Hghly soluble and nofmbsorbingduring transportation from rainfall through
the soil to the aquifer system. Theethod gaird widespreadapplicationdueto its simplicity
and relatively low cost ofpplication (Adams et al., 2004)he graphical user interface of the
CMB method(after Van Tonder and Xu, 2008 presented in Figurg.3. The generalequation

for estimating recharge withe CRD methodtan be written afllows:

Recharge (mm/yr) 0 6 ¢I6 p, (3.

WhereP is the total rainfallCl; (mg/L is the chloride concentration in reamdClg (mg/L is the

chloride concentration in groundwater

0 MAIN
Average annual rainfall (mm)= m

Clin rain (mg/l) = 5.49 If Clrain unknown use = 0.2207  for inland
Dry deposition Cl (mg/l) = 4.39 1.8448 for coast
Clin gw or unsat. zone (mg/l) = 86 if dry depo Cl unknown Use
0.1%(Cl of rain) for inland if no forest exist
Average annual recharge (mm)= 73 2 5%(Cl of rain) if forest exist
Percentage recharge = 115 0.8*(Cl of rain) if spray of mist/dust is a factor at coast
From Bredenkamp: Cl in rain
9
81 | —e—inland CI Y a
71 | ==—CoastCl .3
g 6 ¥ 3
5 | p
O 3|
54
1
(] . .
0 200 400 600 800 1000 1200
Rain (mm/a)

Figure 3.2 The graphical user interface of the ®1B method

Figure 3.2 above shows tlgraphical user interface of the CMB methddveloped by Van
Tonder and Xu (2000)The model isapplied in an Excel spreadsheet platfpritme model

programmecode calculates groundwater rechargeth from unsaturated and saturated zone
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usingthe CMB equatin, and ina case of absence of dry deposition chloride data the masgel

function of approximatinghe value

Although the method igelatively straightforward Wood (1999) reported that a lack of
understanding of the assumptsoand boundary conditions on the correct application of the
method existsln addition although the method is among the most promising techsiquerid
andsemtarid Southern AfricgXu and Beekman, 2003), according to a study by Bean (2003)
there arenumerousases in Southern Africsiere rechargestimatesierivedfrom the technique
were foundo beunrealistic due téhe many limitations of the methods a resultsome authors
have siggested that the CMBerived stimates should always be cradscked with other
methodsandwhere it is used alone the estimates should be considered as first esthdatas (

et al., 2004, Wu, 2005 and Holland, 2D18leverthelessit should be appreciated thatany
researcherbave developed algorittsro incorporate or solve mosf the problemsassociated
with the method Allison and Hughes, 197&ieske, 1992Wood and Sanford, 199%Vood,
1999 Xu and Van Tonder, 20G3among others Recharge rates within the TMG aquigrstem
estimated fromthe CMB method rangeBom 5- 55% of MAP (refer to Table3.2). According to

a study by Weaver and Talnf2000 maximumrechargevalues of55% MAP derivedwith the

use of he CMB method in the TMG aquifeiwere relatedo cases where the unsaturated zone
was absent In this present study, CMB methodliwalso be usedconjunctively withthe RIB
method. The method was regarded appropriate as it works independent from a storativity which

is difficult to accurately estimate in fraced rock as in the study area.

3.4.2Cumulative Rainfall Departure (CRD) method

CRD is a method that uses the relationship between groundwater levéhe eaidfall pattern to
estimate recharge. The technique was introduced 70 year@aggons (2014and was later
describedand applied in dolomitic aquifetsy Bredenkamp et gl (1995. Van Tonder anKu
(2001) improved the algorithm of the method to accommodate a wide varigtynafs in rainfall

time series (Adelana, 2010The method is tsed on the principle thadespite the annual
variation in precipitation,over time an equilibrium exists between the average annual
precipitation and the hydrologicaésponses such as evapotranspiration, runoff, recharge and

other losses\(an Tonder and Xu, 2002Xu and Beekman, @3, Adams et al., 20Q04Parsons,
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2014 The graphical user interface of tkikdRD model is presented in Figu®3. The general

equationfor estimating recharge witihe CRD methodcan be written afollows:

YUY 1 8'YO3UWQ+ O +0 ) AxS)] with (3.2
5YEB Yi ¢ —B YV

Wherer denotes the fraction of a CRD that contributes to rechakge, specific yield,q his
water level during month, @ groundwater abstraction, o natural outflow, A represent
recharge ared rainfall for monthi andR: is the threshold value representing aquifer boundary

conditions (Parsa) 2014).

CRD Cumulative Rainfall Departure): 0 Renew graph I Main
Rain, (mm) Q. (m%d) WL.(m) RelS VYWl | ag(<=3)|Re% >C Sy Cut-off C |Inflow(m3{d}Outflow (m3id
0 0.005 15.00 0.00 0.00
Month,  Rain (mm) Q(m/month) Wi, e sl ¢ | Al M —— ] |3 *
CRD: %R>C = ;%R=  iCutoff= ;1= B0
0=
S Fxa i (o). WRErB\El:.  S===hEx) | % Recharge in terms of rainfall
1.00 1.00 Y #DVI
0g0 L 0.0
0.0 - - 0.80
£ 0701 Lo
i 0.60 - 0.60 E
3 050 4 L 0.50 %
5 040 040 %
* 0.30 4 L 0.30
0.20 - L 0.20
0.10 L 0.10
0.00 0.00
Time (months)

Figure 3.3: The graphical user interface of theCRD model

Figure 3.3 above shows the graphical user interfaceeo€CRD methodllustrating some of the
required input dataThe model isapplied in an Excel spreadsheet platfoend ha a

programmingcodethat enables to manipulate, analyse and display the data. Thecgterssd

cells are used for inserting the data while the yellow cellsfametions that areused for

adjustingto have a good fit between the observed and simulated water levels.

The method is best suited for aquifers with evident groundwater level fluctuamoh$&igh
storativity (Adelana, 2010Baalousha, 2(8). The technique has been successfully applied in
South Africa by a number of researcheBredenkamp et gl 1995, Bredenkamp 2000,
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Bredenkampand Xu, 2003, Adams et aR004) while internationatudiesincludes the work by
BaaloushaZ005. Although a study by Weber and Stety&003 agreed that CRD concejain

be useful to estimate rechargjge study exclusively discussadw misuse of CRD concepts can
lead to erroneous and unsupported conchssregarohg hydrological relationshipS-houghthe
method is regarded as relatively accurate (Xu and Beekman, 2003a) and has been successfully
applied bymany researchershe method is very sensitive tbe small storativity in fractured
rock aquifersin acountry like Sath Africa which consists of 90 of hard rock terraiand 106

of alluvial aquifers(Chatterjee and Ray, 2014#)is might resultin less accurate estimates if
unrepresentative and incorrect storatiwgtues araused.Although he hydrogeological setting

of the study area conforms to thminciples and assumptions required by the CRD method. The
present study will not apply the CRD method due to uncertaintiestimating thenflows and

outflows from the aquifer.

3.4.3EARTH model

EARTH (Extended model for Aquifer Recharge and soil moisture Transport through the
unsaturated Hardrock) is lamped parametrienodel thatsimulates water levelby coupling
climatic data soil moisture and groundwater levels to estimate grouteiwacharge (Sun,
2005. The model was designed Man der Lee and Gehrels (1990)Botswana and later tested
under different climaticonditions The model is based ancombinationof direct and indirect
methods, wheréhe direct method estimatescharge using physical processes above thengr
while indirect methods calculatbe groundwater levels resulting from the recharge estimated
from thedirect method Toure et al., 2016)The graphical user interface of tBARTH model is
presented in gure 3.4. The generalequationfor estimating rechargeith the EARTH model

can be written afllows:
YRYQo Y JOY (3.3

WhereR is recharge (fimonth), Sis specific yield anddh/dtis change in water level head
during the monthPR is the drainage resistance (site specific paramdias)the groundwater
level (Van Tonder and Xu, 2001).

27



Jo - MAIN

ODEL for single

Lag| BH# Resistance %R

0 0 991 0 Renew Graph
dr ¢ » jd 4 K » RMSE = 0
0 Ra ea EARTH Model
Rain L FIT
1 1
0.9 A - 09
0.8 1 03
0.7 A - 07
08 A + 0.6
g 054 {os <
04 L 04 &
0.3 - 0.3
02 02
01 - 0.1
0 D 0
Month

Figure 3.4: The graphical user interface of theEARTH model

Figure 34 above shows the ‘graphical user-interface ofEA& TH model showingsome of the
required input datdo run the model The model isalso Exceltbased softwareand has a
programming code that enables to manipulate, analyse and display thé&asiéue colored
cells are used for inserting the data while the yellow cellsfametions that areused for

adjustingto have a good fit between the observed and simulated water levels.

The modelconsists of varioumodules namely MAXIL, SOMOS and LINRE&hich represent

the direct parts of the model (Nyende et al., 2013). The MAKXtdule represeathe maximum
interception loss and describes the process of interception by means of a character parameter
which must be estimated experimentalBOMOS denote the soil moisture storage in the
reservoir with soil water capacity and a thickngs®t zong, while LINRES accounts for the
redistribution ofthe percolation flux in time (& Tonder and Xu, 2001). SATFLOW is the
indirect part of the model and approxtions the groundwater levels with the estimated recharge
of the direct part (Nyende et al., 2013). The method has been succeapfllgd in South
Africa (Conradet al., 2004, Nyende et al., 2013, Pass@914).0One of the limitatios of the
method isthat the model requires 11 parameters including storativity whiehpi®blem for
many physical recharge méiods, hence it was not used in this present stAtthough te
hydrogeological setting of thetudy area conforms to tipeinciples and assyptions required by
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the EARTH model In this current study the EARTH model witlot be adoptediue to

uncertaintie®f measuringheinflows and outflows from the aquifer.

3.4.4Water Table Fluctuation (WTF) method

The WTFmethod is a techniqueased orthe idea that the rises of the groundwater levethen
unconfined aquifer are caused by recharge arriving at the water lkéddéy (and Cook, 2002;
Scanlon et al., 2002The method assumes that the amount of available water in a coluhm of
unit surface area is equal tiwe specific yield multiply by the height of the water in tt@umn
(Healy 2010) The methods best applied to aquifer systems with shallow groundwater levels
showing quick responses to precipitation evefMamoah, 2013).Key assumption ornthe
application ofthe WTF method is that the wer level rise in the aquifeis caused by only
recharge andhe influence of lateral flow and evapotranspiration on groundwater storage is
negligible within the evaluated period of time (Adela®@10).Although the method is regarded

as among thenostsimple and straightforward technigu@inzelbach et al., 2002)nflows and
outflows are usually unknown (Xu and Beekman, 2003) wthike accurate estimation of
storativityis a problem.The method has been successfully applied mostly in alluvial aquifers in
South Africa (Adelana, 2010 ar@omo et al., 2012)and therds a limited number of studies
that haveapplied it inthe TMG aquifer. Although the method is among the widely used
techniquedue the presence of lag times in the site which the method caccminmodate the
techniquewas regarded not suitable for thee@ The generalequation for estimating recharge

with the WTF methodcan be written afllows:
Y — (3.9

WhereRi s rechar ge, Sy is specific yield, ph

time interval.

3.4.5Saturated Volume Fluctuation (SVF) method

The SVFmethodis a lumped parametric methaldat considers the change in storage against
recharge and abstractigRarsos, 2014) The water levels from various observation boreholes
are combined to establish the saturatelime status for the entire aquif@ihis canbe done by

means of a grid network of elements using monitoring boreholes or points of absijadaams
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et al.,, 2004 Thereafter an arbitrary value for the base thickness of the aquifer is assigned,
usuall in such way that saturated volumes are always posiiaa TonderandXu, 2001).The
graphical user interface of ti8/F methods presented in Figur@5. Lateral inflow and outflow

can be assumed to be equal and if evapotranspiration ratesigaiBcant they can be

incorporatedn the abstraction term (Parsp2014).

Y 006 0 Yoo (3.5)

WhereR is Recharge (#month),| = inflow into the aquifer (n¥/month, O = outflow from the

aquifer (m/month),Q denotes withdrawal from the aquifer Ymonth),Sis Specific yield and
®V change i n s #nonth @&/aneTdnder andl Xun2801)( m

SVF (Saturated Volume Fluctuation - water balance) : 0

Equal volume
method

Estimate S-
value

S-value Inflow (m31d) |outflow (m3td
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Figure 3.5 The graphical user interface of theSVF method depicting the required

input parameters to apply the method

Figure 35 above shows the graphical user interface of SM& model showingsome of the
required input datéo run the modelThe model islso Excelbased softwardheblue and green
coloredcells are used for inserting the data wiile yellow cells aréunctions that areised for

adjustingto have a good fit between the observed and simulated water levels.
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The method is best applicablette unconfined aquifer to sergonfined aquifesystem (Xu and
Beekman, 2003)The major limitation of the technique is that the measured groundwater levels
must be representative for the aquifer as a wfad@od spread of the borehole through the area)
and inflow value is often assumed to be equal to outflow V®ae Tonder ancu, 2001, Sun,

2005) The method has been successfully applied in South Afkiea (Tonder and Kirchner,
1990,Adams, 2004, Conraet al., 2004, while a study by Parserf2014) obtained aqwr fit due

to the thickness ofthe vadose zone and possible high specific yiglthile the SVF technique

has been successfully applied in fractured hard rock aquifers, due to poor spreading of the

boreholes in the area the present study will not apply the method.

3.4.6Groundwater models

Numericalmodels are widely used in all types of hydrologic studies,sangeof these models

can be used to estimate groundwater rech@igaly, 2010).These models represent the natural
system in terms of simplified mathematical equatiansl can be applieth surface water
studies, unsaturated soil zone studies or saturated zone sMidaeds in surface water studies
usually estimate recharge agesidual term in the water balance equation, while unsaturated
zone models normallgimulae the flow usingRi ¢ h ar d 6 and estymata techarge dsep
drainage (potential recharge) below the root zone in response to meteorological forcing
(Chatterjee and Ray, 20143aturated zone models inversely estimate recharge using known
piezometry,hydraulic conductivity and storativity parameters and other inflows and wstflo
(Xu and Beekman, 2003Y.he application of these models is usually tioa@suming, which
some of the limitations include sensitivity to boundary conditions and calibraffaulties (Xu

and Beekman, 2003)n this present study unsaturated zone ma@gelHYDRUS numerical

modelwill be applied to assess the effect of pot@ntation forest on groundwater recharge

3.4.7Summary of rechargeestimation methods

The most commonly apped techniquesin the TMG aquifer systenare physical and tracer
methods such as CMB, CRD, SVF, EARTH model, GIS method, Base flow metHitatd

oH method,andSpring flow methodSun, 2005)Although most of thenethodsdiscussed above

are among the list othe promisingtechniquesoutlined by Xu and Bekman (2003, most of
them present difficultieswhen assessing the effect of vegetation on groundwater recharge,

principally becaus¢hese methods do noitegratemeteorological processes (transpiration and
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evaporation)surfacewaterprocessegpot system depgandunsaturated¢one flow dynamicen
detail when estimatingechargeAs aresult very few of themcan account where the rest of the
water went.In general it is important to mention that very few studies hattempted taise
unsaturated zoneater balancenode| e.g. HYDRUS numerical modeto estimate recharge in
the TMG area

3.5 Previousgroundwater rechargestudies

Thegroundwater rechargepic has been the subject of many hydrogeological studies across the
world (Simmers, 1987; Gieske, 1992; Scanlon et al., 2002; Healy, 2010 and Odilibilg).
significant local studies include early work by Vegter (1995), Bredenkamp @tS85), Murry
(1996), Kotze (2000),Xu and Van Tonder (2001), Weaver et al. (2002), Xu and Beekman
(2003), Adams et al. (2004), Wu (2005), DWA (2006), Van Wyk (2010))ak@e(2010), Sun et

al., (2013), etcAlthough the topic has been thoroughly studibé accurate esmation of
recharge remains one of the higgest challerige hydrogeologists (Parsen2014). In TMG

area particular various researchers have long been enthusiastic to understand and provide
insights on groundwater recharge in the area owing to theefwemfluence of climate
change/variability on the limitedurfacewater resourcein the area (Wu, 2005). Significant
literature includes the work of Weaver (2000), Kotze (2000), Hartandy and Hay (2001), Wu
(2005), Jia (2007), Sun et al., (2013), and th&he few published recharge estimations in
catchment K30C (George) includes studies by Fortuin (2005), Wu (2005) and DWAF (2006). An
overview of commonly employed methods with their results ranges in the TMG area and in

George specificallarepresented iTable 3.2and Table3.3respectively.

Table 3.2: Review of Groundwater recharge estimatefor the TMG aquifer (Wu, 2005)

Place Method Aquifer Map (mm) Recharge | Source
(%)
Base flow Peninsula 560 8.9 Bredenkamp,
Unknown Peninsula 17 1995
CMB 43.5/11.1
SVF 3.1/19.7
SVF (fit) Nardouw/ 3.4/16.4
Vermaaks River CRD Peninsula 3.2/14.4 Kortze 2000 and
Base flow 299714 21.4/12.5 | 2002
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Earth 2.9/23.9
2H Displacement 0.3/2.7
C Age 1.8/2.0
GIS TMG 2.5/4.8 Woodford, 2002
CMB 5 Weaver et al,
2002
Langebaan Roa( CMB 9.7
Field CMB Bredesdorp 396.4648.9 | 11.2 Weaver and
CMB 135 Talma, 2002
CMB 115
Greater Oudtshoorn | Empirical Peninsula 1651049 14 Hartnady and
Empirical Nardouw 7 Hay, 2000
Struisbaai CMB TMG 436 17.4 Weaver and
Agter Witzenberg Nardouw 579777 50.44 Talma,
Botriver CMB Nardouw 477-1546 20 1999,2000
Hermanus 14C 635 22(2024 Rosewarne ang
Kortze, 1996
Spring flow 10 Kok, 1992
Uitenhage Artesian CMB Groot 298 1203 25 Maclear, 1996
Basin CMB Winterhoek 55 R Parsons, 2002
Whole TMG (within g4 GIS 13200kn? 33 Weaver and
radius of 200km from outcrop 600-2020 Talma,
Cape Town 1999,2000
Low Rainfall Low lying 8 Hartnady  and
GIS Hay, 2000 and
High 23 2002
Mountain 286-371
Cage | Mountain TMG 3040
area
Isotopes 50 Weaver et al,
1999
wB TMG 460 83 Kok, 1992
Uitenhag, Coegg
aquifers CMB T™MG 24-25 Maclear, 1996
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WB 250-850 Bredenkamp,
11 2000, Xu and

Maclear

Table 3.3: Key Recharge estimats for the George area (Hydrogeological unit 15,
catchment K30C)

Author Recharge quantification Method

Fortuin (2005) 17x1¢ milyear / 9.4% of GIS-based spatial modeling
MAP (86.2 mm/year)

Wu (2005) 42.5mm/a Water balance approach

DWAF (2006) 7-10 Mm?/ year

3.5.1 Groundwater recharge studies inthe TMG Aquifer System

Fortuin (2005) carriesbut a study on groundwater recharge estimation in Geaygaternary
catchment K30C. The studgpplied aGeographic Information System (GIS) approach to
estimate recharge, where recharge was computed based on mean annual precipitation (MAP),
percentage Coeffient of Variance (CV) of MAP, terrain slope % anthdlogicalrecharge

factors. Recharge was estimd to be 9.4% of MAPThe recharge rates in the studyere

verified with the Harvest &ential map by DWAFAccordingto a study by Adams et dr004)

the GIS technique is more a descriptive method that is less quantitative, more subjective and only
assimes direct vertical infiltration. Thus, these results need to be-chesked and confirmed

with a robust quantitative method that takes potential interflow contributitt,h account,

especiallym a hill slopeandfractured environment dee George area.

Watson et al., (2018yonducted a study on groundwater recharge estimation via percolation
output using a rainfall/runoff model at Verlorenvlei estuarine system, west coast, South Africa.
The percolation was simulated to be 3.6% of rainfathe driest parts of the catchment, 10% of
rainfall in the moderately wet areas of the catchment and 8.4% but up to 28.9% of rainfall in the
wettest part of the catchment. Although the study was not on the effect of vegetation on recharge
as the preserstudy, the J200 rainfall/runoff model also estimate recharge similar to the Hydrus
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model i.e. the percolation or fluxes simulated at the free drainage bouegaegent water that

has passed through the vadose zone into the aquifer (potential recharge).

Wu (2005) carriedut a study on groundwater recharge estimation in the Table Mountain Group
Aquifer in the Kammanasie area. To estimate regghdine study incorporated varioosethods

such asthe Chloride Mass Balance Method, Cumulative Rainfall DeparttRegression of
cumulative spring flux anthe Water Balance Method. The study revealed that the recharge rates
of the Kammanasiarewere 1.182 2.027%, 0.24 7.56%, 3.29 4.01- 4.01% and 2.324.4%
respectively,using theCMB, CRD, regression ofumulativespring flux and Water Balance
methods. The study recommended that recharge rates based on empirical factazswatéin
balance should be creshecked with other techniques before it is used in the whole TMG area
and further studies orthe impact of exotic species on recharge are still necesaahe TMG

area. A similawater balance approach to estimate groundwater recharge in the Table Mountain
Group Aquifer in the Klein KarodMiontague area was also conducted by Sun (2005). The study
reported that recharge varied from station to station, with minimum recharge rates of 0.1
mm/year from a rainfall of 40..am/year at station 0024101. While at station 0008782 recharge
rates were calculated to be 3un/year related to 3991@m/year of pregitation. However, the

study failed to crossalidate the recharge results with other groundwater recharge techniques as

it is always recommended.

Challenges withthe application of the water balance method alone wereeatgthasizedluring

a study by Abiye(2016)in arid and semarid regions. Abiye (2016) reported thhe water
balance method could undeverestimate recharge due tils dependence on specific
meteorological parameters alone, whereas the effectiveness of recharge cdaitdebebe
influenced by aquifer characteristid¥/ithin the TMG area, Barro2010) attempted to estimate
groundwater redrge in a groundwater dependemtosystemstudy at Oudebosch within
Kogelberg reservelhe CMB method was selected as a suitable teglento estimate recharge
and to incorporate dry deposition of chloride the studyduke approximation by an Tonder
and Xu (2000)When a dry deposition of 1 mgias used recharge was estimated to be?46.3
of MAP whereas when 10 mg/was applied rechge was estimated to be 823 However,
theserecharge estimates were considaxetieextraordinaryfor the area anthereforeincorrect
(Barrow, 2010).
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Parsons (2014) estimated groundwater recharge rates in Groenvlei along the Southern Cape in a
coastalenvironment usinghe CMB methodand EARTH model. Permitting @l concentration

of about 20 mg/Lin the min and harmonic mean of 135 mgfor the @ concentration of
groundwater, the recharge rates usthg CMB methodwas calculated to be 1448 MAP.
Estimateswith the EARTH mode] assuming a specific yield of 15%, ranged between 13% and
25% MAP. Although the EARTH model was successfully applied, recharge estimatethevith

CMB were less than expectéal an areaexhibiting high infiltration rates and no surface runoff

and vere also below the average estimated for coastal primary aquifers (Parsons, 2014).
similar recharge estimation study ancoastal environment was carriedit by Conrad et al.

(2004) in the northern Sandveld. The study usedCMB, SVF, CRD and EARTH methods to
estimate groundwater recharge. The study reported that the groundwater recharge in the area
rangedbetween 0.2and 3.4%. However, the estimated recharge rates wetengmary results

due to absenaoef extendedvater level time series data.

Jovanwic et al.(2012) conducted a study on reducing uncertainties of evapotranspiration and
preferential flow in the estimation of groundwater recharge. The study employed the Rainfall
Infiltration Breakthrough (RIB) modédo estimate recharge at Oudebosch in the TMG aquifer.
The RIB model and MDRUS-1D were also used to quantify recharge in the unconfined alluvial
aquifer at Riverlands antb_simulate groundwater recharge under the presence of fynbos
vegetation respewely. Daily simulatedrechargewith the RIB methodrangedbetween8% and

41% of MAP at Riverlands and between 5% and 26% at Oudebosch in the TMG aquifer.
HYDRUS simulatedthe avaage groundwater recharge be 25% of rainfall for five years,

ranging betweeB and15% annually.

Sun et al(2013) conducted a study ¢ime estimation of groundwater recharge on the west coast,
South Africa. The focal point of the study was to explore RIB method by estimating
groundwater recharge in different hydrogeological and climatic areas. The background
necessitation of the study was dodailure ofthe CMB methodto provide reliable results near

the coastal area. One of the case studies was deddirc the shallow unconfined Table
Mountain Group aquifer at Oudebosch. Groundwater recharge rates were calculated to be 51.5%
and 15.7% MAP at the daily and monthly scales respectively. Although the study was also
conducted irthe coastal Table MountaiGroup aquifer as the present study, however, the nature
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of the study design is different, as the current study was conducted on recharge comparative

assessment in relation to the presengaraand indigenous plantation forest.

3.5.2 Groundwater recharge studies in South Africa

A synthesis of groundwater recharge studies in South Africa was cawutds; Abiye (2016),

with a focal point of reviewing and critically assegsthe practicality of different recharge
methods across the different climatic environre@mtSouthern African countries. The study also
tested the applicability ahe Water Table Fluctuation and Bdilesv separation methods in the
crystalline basement rks and metasediments close to Johannesburg. When the WTF method
was applied recharge was estimated to be lh@h@year (17% ofannualrainfall) in the
metasediments, whereas in the fractured quartzites recharge was estimated tontra/988

(14% of anrual rainfall). Whenthe Basdlow separation technique was appliedcharge was
estimated to be 189.thm/year (27% ofannualrainfall). Even though the WTF method was
swecessfully applied in the arethe Base flow separation method ovestimatedthe recharge

and as a resudistimates by it ereconsidered natio bereliable for the area.

Groundwater recharge estimations in crystalline rockfexpuwere conducted by Hollarfd011)

in the Limpopo province, South Africa. The study applige CMB method and estimated a
recharge amount of 0.4 to 4.686 MAP. Regardles®f the fact that the CMB method is an
excellent recharge technique in fractured rock aquifers (Cook, 2003), due to possibility of
introducing additional sources of chloride fronthe weathering of rocks it is always
recommended to use the method in conjunction with another method to get reliable estimates
(Holland, 2011), which was beyond the scapfethe study. Weitz and Demli€013) also
attempted to estimaggroundwater recharge usitige CMB method in a modelling study in the

lake Sibayi catchment along the coastal plain of KAulu Natal. Groundwater recharge was
estimated to be 5hm/year which was% of MAP. Applying the CMB method in conjunction

with other recharge techniques as recommended by other authors (Adams et al., 2004, Wu, 2005
and Holland, 2011) was beyond the scope of this study as the study was mainly on modeling

groundwatersurface interaction.
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Another similar hydrogeologicalharacteration study was conducted by Lekgt2011) in the
sediments of the Karoo, Bloemfontein. Among the parameters investigated to shed light on the
behavior of the groundwater flow system in the area was the estimation of recharge. The study
also appliedhe CMB method and estimated rechargebe1.7% of MAP for the aquifer, which

was low compared to the Karoo recharge value (208%%1AP) estimated by Woodford and
Chevallig (2002). Groundwater rechargeas also determined by Gon@011) withinthe same

Karoo geolgical area ofBloemfontein. The focal point of the recharge estimation was to
provide quantitative and qualitative analysis of groundwater recharge mechanisms as a
component of groundwatsurface interactionThe WTF and CMBmethodswere selected as
appr@riate methods to estimate recharge in the area. When theméfttodwas appliedthe
harmonic mean recharge was estimated to barbByear and 55nm 2010- 2011 (rainy season)

for the alluvial shallow aquifer and terrestri@quifer respectively. The total groundwater
recharge for the two aquifers was 8% of the total rainfall per year. For the CMB technique data

was notsufficient to estimate annugdcharge as it did not cover other falhseasomor events.

3.5.3 Groundwater recharge studies in Soutkrn African Countries

A detailed study orthe estimation of recharge and quantification of the flow systerthén
Kalahari, Namibia was ahe by Kulls (2000). The WateraBance model was used to estimate
recharge in the area. the vicinity of the hard rock exposure and thin sand cover recharge was
calculated to be between 0.1 and 2.5% of M#&P. While within the Kalahari dominated by
thick sediments recharge was calculated to be less than lRARSfHowever, the study did not
crosscheck the recharge rates using other groundwater recharge methods to reduce uncertainties
as it is alwaysgenerallyrecommended. Another regional study on recharge assesswast
conductedby Nyagwanbo (2006) in tropical crystalline basement radifess in Zimbabwe.

The CMB, WTF and the Waterdlance methaglwere selected as appropriate methods to
estimate recharge in the area. The study concludeceteatthough the techniques estimated
recharge amoustcomparable to each other ranging betw8é#m and 15% oMAP, the CMB

and the WTF methods had the weakness of-meleance dudo uncertainties irthe chloride dry
depositionratesin the CMB methodand representatinessof the storativity of fractured rock
aquifesin theWTF method.
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Rwebugisg2008) conducted a groundwater recharge assessment study in the Makutupora basin,
Dodoma, Tanzania. The study made use of CMB and WTRBLN model (a computer program to
estimate the water balance), EARTH model and Hydrograph analysis to estimate groundwater
recharge. Groundwater recharge was estimated to range betw2&ndf annual rainfall (5 12
mmhear). Concerning the CMB method, there was huostie related pollution that increased

the chloride content in groundwater, which resulted into underatsbinof therecharge amount

by the method, while lack of storativitgstimatesresulted in difficulties to drawconcise

conclusion on estimas producethrough theHydrograph analysis

Larsen et al. (2002) conducted a preliminary analysis of groundwatbarge to the Karoo
formation, midZambezi basin, Zimbabwe. The study applted CMB method to determine
recharge, where direct recharge was estimated to be in the range @8Q&hn/year with an
average amount of 2mmiear. The study recommendedther recharge estimates due to low
direct infiltration rdes in the area. Sibanda et @009) ®nductedanother recharge estimation
study in Nyamandhovu area, Zimbabwe. Four methods were selected to quantify recharge
namely CMB, WTF, Darcian flownet cqmtation and groundwater age dating technique With
CMB, WTF, Darcian flownet and groundwater age dating recharge was estimated to range
between 19 62, 2-50, 16- 28 and 23 28 mm/year respectively. Although the estimates were
not far from each otheandrecharge amounts from previous researchers, the study essentially
reported that point recharge amounts with the CMB and Wi&thodsn fractured rock aquifers

tend to oerestimate the aerial recharge.

3.5.4 International groundwater recharge studies

Takounjou et al.(2010) estimated groundwater recharge of the shallow aquifer on a humid
environment in Yaounde, Cameroon. The study applied the CMB and hybridfluateation
method i.e. a combination of WTF and water balance method. The hybridfluateation
method estimated a recharge amount of 87.14 mml/year which represented 5.7% ,of MAP
whereasthe CMB method estimated recharge values ranging between 16.24 and 236.95
mm/year, with an average of 108 dfin/year. This recharge amount representedVie in the

area Since the aim of employing two recharge methods was to assess the applicability of the

CMB method using the suitable hybrid watkrctuation method under humid environment,
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therefore such high discrepancy recharge amount from the CMB camjmateybrid water

fluctuation appeals to question the applicability of the CMB on forested and humid regions.

Yin et al.(2011) conducted a study on groundwater recharge estimations in Ordos Platea, China.
Multiple methods including WTF, Daian method ah the water budget method were used to
determine recharge in the area. The mean annual recharge amounts were estimated 10%e 46
mm/year, 17 54 mm/year and 21 109 mm/year using WTF, Dacian method and water budget
technique respectively. Althoughe study claimed that these estimates were reasonable and that
application of the multiple recharge methods provides a valuable range of recharge rates, some
of the CMB recharge estimates in other sites were found anorhyalousand were believed to

be wrealistic due tothe violation of the basic assumption of the method. Another similar
regional recharge assessment study on crystalline bedrock aquafeiconducted by Chesnaux
(2013) in Kenogami, Uplands in Canada. The study applied adiomnsional Dipuit
Forchhermer model and estimategtharge of 3.5nmAear (0.4% of annual rainfall). Although

the model was succesdfubpplied, the study reported and acknowledged that recharge amounts
by the method assume a steady state condition aesindd takeinto consideration seasonal

fluctuation of recharge

Groundwater recharge wastiesated by Hagedorn et a(2011) in the fractured aquifer of
temperateand humid semiarid volcanic island, Jeju, Korea. The focus of the study was to
evaluate the applicability ahe WTF, CMB, groundwater chlorofluorocarbon (CFQ2) ages

and tritium methosl for estimating recharge. The study reported that groundwater recivagy

687 mm/year, 429mml/year, 423mm/year and 394nm/year using WTF, CMB, groundwater
chlorofluorocarbon (CFG12) ages and tritium method respectively. All the here applied
methods underestimated recharge estimates previously quantified by Soil WatereB&\WB)
method in the are@11 mm/year)and the study concluded that these techniques cannot be used
to predict average recharge amounts representative for the whole island region. Theoretically,
recharge by soil water balance is usually interpreted as an upper limit recharge or potential
rechage, whether these methods have underestimated recharge or SWB overestimated recharge

is the predicament thaeeds to be cautious reviewed.
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3.6 Overview of recharge estimatiortechniques

From the literature review, it was attested that groundwateargethas been the subject that has
been long discussed in many groundwater related studies across the world and it has been well
acknowledged that very few, if anmethod can measure recharge directly, hence its estimation

is usually subjected to the untainties.The ®lection of method seems to be among the key
predicamerd that many researchers experien@dtheapplicability of any recharge method
depend on the characteristics of the environment, availability of reliable relevant data and most
essetially the cost of acquiring that particular data. From the alpeviewed studiethe CMB,

CRD and WTF were among the most applied methods to estimate recharge and this was in
agreement withhe study by Bredenkamp et §.9%) and Xuand Beekmar2003).However,

the CMB methodwas the main technique that seemed to underestimate and/or overestimate
recharge in fractured aquifers mostly owing to unmeasured chloride dry deposition or weathering
of the rock. Whereas challenges were also encountetadattaining a representative specific

yield of fractured rock aquifers when using the WTF method. Many studies that were not mainly
focused on recharge, but still estimated recharge to provide insight of the groundwater flow
system in an area mostly fadl to use recharge metlsomh conjunction with other recharge
techniques to improve the reliability of the estimatessasdaommended by various researchers.

In South Africa, in particular quantifying recharge has become of paramount importance,

particulaly with the foreseen climate variabilipndlimited water resources in the country
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3.7 Previous studies orcharacterisation ofgroundwater rechargemechanisms
Gomo (2011) appliedstableOxygeni8 (ii*®0) and Deuterium(i*H) to identify the source and

mechanisms of groundwater recharge processes occurring in the alluvial channelimdnéer
Karoo, Bloemfontein.Groundwateri*®0 values ranged from 4.85 to - 5.2% while *H

ranged from- 31.2& to - 34.4@& . Groundwatewalues plotted beneath but close ttltal
Meteoric Water Line (GMWL) but far off and below the nearestdcal Meteoric Water Line
(LMWL) indicating the evaporation effect. The study inferred that groundwater in the aquifer
was exposed to evaporation effeqirior to or during the recharging process. Although the
applied seepage technique revealed that the river is being recharged by the theuitetope
signature analysis did not reflect such recharge mechanisms. A similar study on clkatiacteri

of recharge mechanisin the similar Karoo environment was conductedlLieketa(2011) in

the sediments of the Karoo, Bloemfontein. The study appl&, (*H and Tritium to elucidate
groundwater recharge mechanis i n t he ar e%.in gibimavatev rarigeddrem o f
4.97a to-5.124 whereas’H values ranged from32.44 to 34.4 . The study inferred that
groundwater may have been recharged through-pegferred channels not from the surface
water body. The Tritium values from groundwater were < 1 fidicating that the groundwater

is largely of the sulmnodern watertype while the river was a mixture of subodern and
modern. However, the study reported that given that the aquifer in the area is alluvial and
knowing the occurrence of groundwater fluctuation over the past 11 months, therefore, the
recharge in the area sHdbe more recenthanthat what tritiumwas revealing thereforethe

study recommended other technigteeestimate the age of the water in the area.

Adams et al.(2004) charactesed the recharge mechanisms of the basement aquifers of the
central Namaqualand, Northern Cape, South Africa. To chamctexcharge the study used
stable isotopesit®0 and (PH) and a radiogenic isotopé“C to assess groundwater recharge
processes and meanitEnce time of groundwater respectively. The isotope data attested that
recharge was mainly indirect with direct recharge dominating the mountainous pahrisean
main residence time rangirfigpm very old (> 30 000 year$o recently recharged groundwater.
The groundwater of the area had a general slogeunfindicating that most of the watéad
undergone some magnitude of evaporation. Another application of stable isotépes a AHI
in recharge was conducted by Haid (2011) in the crystalline rock aquifein the Limpopo

province, South Africato gain meaningful information that will elucidate the recharge
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mechanisms in the area. The study reported that most groundwater samples plotted between the
(GML) and the hypotheticdLML) implying a rapid recharge possibbwing to the existence of
preferential pathways ithe high-lying area that resultech minimal evaporation. However,
isotope rainfall samples were inadequate to analyze the rainfall sensitive between the four sites.

Acheampang and Hes&®000) conducted an isotope study on groundwater systema
sedimentary basin of Ghana. The study applied stable isotomet radioactive isotope to
investigate the source of recharge and age of the groundwater in the area. The study reported
concentration rates of-17.2 TU and 43 to 10% of tritium and modrn carbort“C respectively.

Whereas the tritium concentration in rainfall was below TU. Oxygenl18 in groundwater

ranged betweem.2 to-2 . 6 & UAM Ivdlueseranged frori21 to-10 & . From the i sc
gr ap h®O o fa rtHi thaistudy reported that the shallow groundwater in the area is from
meteoric water that has undergone no significant degree of kinetic evaporatman récharge.

No hint of paleerecharge was inferred from the isotope results. Although the tritiumtgesul
provided valuable informatignts concentration was vetpw in the geological areadnother

similar application of isotopdi'®0 and UPH in groundwater recharge in fractured rock was
conducted by Praamsma et al., (2008) in Canada. The focal poir stutly was to use stable

isotope and hydraulic head data to investigate recharge and dischargeimdwateisurface

interaction setting. An averagéH value of-1268 was reported Okygenl8snow s
valuesfor surface water ranged fro.0.a t-©. 1  atPHaranged from 6563, whi | e
%0 in groundwater rangedl 3.0 to-7.64  a ild values ranged fror89 to 52 . There was

no hydraulic and isotopic evidence that groundwater discharges to the stream, while recharge
was isotopielly charactesed as localized and rapid where overburden is thin and did not
penetrate intdheflow system on the sit®ne of the limitations of the study was tktaé rainfall

isotopic signature response was beyond the error margin and snow was applied asfar tracer

recharge mechanisms.

While most researchers use isot®p® charactege recharge mechanismallison et al. (1984)
further developedthe concept ofEvapoeTranspiration and Mixing Zone (ETMpmoisture
mobilization during episodic recharge events,gasging an empirical method for approximating

site recharge on the basis of observed displacement betiWéenhevadose zone moisture and
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the LMWL (Bean, 2003). The general equation for estimating rechargeheithDisplacement
method can be writteas follows:

H=——o0Fr 3.6
® I~E B ™ (36)

Whereqd) ?H =1 2Hiwwe T 3*hyzm, C is the constant which is determined to be 20 for thick

sands (Bean, 2003).

A study by Zondi (2017) applied the isotopic shift method to estimate groundwater recharge in
the fractured rock aquifer of the Witwatersrand Supergroup quartzites, Johannesburg. Recharge
was estimatedange betweed0.19 and 23.90 mm/month. Although the estimates were seen as
representative of the fractured rock aquifer in the area the study sugtiegtedore than one
sample musbe usedo improve the estimateBean (2003) also conducted a studyaasritical

review of groundwater recharge iesation methods in South Africdmongstother methosdthe

study applied the Stable shift method to estimate recharge. Groundwater values were used as an
input variable due tan absence of unsaturated zone moisture data, a value of 20 was assumed
f or C2?Haas@stigated to beéi8. edRarge of 6.1mm (1.7% MAP) was estimated with

the method and the estimates were found to be comparable with the estimatésef@viB

method

In the absence of loAgrm rainfall or water level data, an undersiagdof environmerdl

tracers present in recharge waters can be of some benefit, palyievhen investigating aquifer
residence timefor groundwater recharge in the aquifer (Cook et al., 2001). Tritium is produced
in nature by cosmic ray interaction with the upper atmasptend readily oxidized to water, in
which it is a conservative tracer (Abiye, 201B)ovided there is no other source of tritium on

the surface and underground, and assuming that rainwater fellGal 8, then for groundwater

to have a higher value ghould havebeenrecharged just recentlft eketa, 2011) Therefore
basedon this notionit is possible to identify the recharge period of recent groundwater by
comparing its tritium content with those of peatday rainfall (Abiye, 2013)Clark and Fritz

(1997) proposed tritium concentration rang@sdifferentpossiblerecharge period (Tab&4).
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Table 3.4: Tritium concentration and indication of groundwater recharge conditions (after
Bean (2003) as referenced Clark and Fritz (1997)

Continental regions (TU) Coastal and low altitude  Recharge conditions

regions (TU)

<0.8 <0.8 Submodern groundwater
(prior to 195@s)
0.8 to approximately 4 0.8 to approximately 2 Mix of sub-modern and

modern recharge

5t0 15 2t0 8 Modern (<5-10years)

15to 30 10to 20 Indicates some bomb tritiur

> 30 >20 Recharge from 1968 to
1970s

> 50 - Domi nantly 1°

3.8 Overview of studies on characterization ofechargemechanism

From the literature review, it was established that uke of stable isotopes in the field of
hydrogeology has been well documented across the world dwitgir application from their

existence as conservative nature which-makes them as tracer tools. As much as there is a number

of available istopes, the st commonly use@otopes in groundwater recharge studies include
the environmental isotogeOxygenr18 andDeuterium and radioactive isotopes such as Tritium
(®H) and Radon??R). It was also noted that although the application of isotopes in the -above
mentioned studies was largely successhdre were cases where isotope results disagreed with
other physical techniques. It was also reported and acknowledged that sinde tioeferther
atmospheric nuclear weapon testintge application of tritium fordeterminingthe age of
groundwater is slowly reaching its limit (Holland, 2011). As much as the applicatitime of
isotopes is fundamental in groundwater studies, a lot of the isotope interpretation is usually

Ai nferredd and mainly depends on the | ocal
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3.9 Previous studies orthe influence of vegetation on groundwater recharge

Albhaisi et al.(2013) applieda hydrological model (WetSpa) to quantify the impacts of land use
change on groundwater recharge in the Upper Berg catchment (TMG Aquifer), South Africa
Their study reported a systematic increase of about 8% per year over a 21 yeawpéesiodias

due to clearing of the vegetation in the area. Although the model was successfully applied the
study did report and acknowledge tkia¢ hydrological model (WetSpagquires extensive field

data parameters which are conceptual in nature andulifio obtain or assessed directly.
Another related study & conducted by Ladekarl et 2004 on the comparative assessment of
groundwater recharge and evapotranspiration for oak and heather vegetation in Central Jutland,
Denmark usinga bromide traer experiment anthe Coup model (soil water modelThe annual
recharge rates under the presence of oak were calculated to bar89€ar, whereas recharge

rates under the presence of heather were calculated to bari8@ar, which was 50%igher

than fa the oak However, the recharge estimates from the bromide tracer experiment were
uncertain due to spatial heterogeneity, making the three replicate samples used in the study
insufficient. A similar study by Adane and Gates (2D)lwas also done in an environment
occupied grasslands, sparse vegetatigmgnderosa pineplantation and dense cedar the
Nebraska National dtest in Halseylnstead of using bromide as tracer the study used chloride

and sulfate to estimate rechar@ée study revealed that groundwater recharge irvioeprofile
underlying thegrasslandwas calculated to b7 mm/yr (1737mm/yr; 3.47.5% of MAP) while

at the sparse vegetation recharge was estimated to be 32 mm/yr (6.6% of MAP). At the pine and
dense cear recharge was estimated to be less than 19 mm/yr (<4% of MAP) and 4 mm/yr (<1%
of MAP) respectivelyEven though the CMB technigyeeoved to bea useful and costffective

method to estimate recharge the study area, the study failed to consider thpaict of tree

canopy on chloride enhancement as reported by Deng et al. (2013).

A series of numerical simulation usingy®RUS-1D/2D were done by Fan (2014) to examine

the potential effect of pine plantations and native Banksia woodland on soil moisture and
groundwater recharge in the subtropical coastal sand dunes in Australia. The study attested that
the annual rdtarge in the sparse grasslandnBsia woodland and pine plantation was 8%,

21 - 36% and 31- 49% of net rainfall respectively. The modell annual deep drainage
(recharge) was found to be 61% of annual gross rainfall. Although the model was successfully

applied and confirmed thathe pine plantation extracted more groundwater through
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evapotranspiration than the two indigenous species, ashtimgkey limitatios of the study was

the negligence of examining the effect of root uptake in the vadose zone. While more attention
seems to be given to influence or impact of exotic species on soil moisture, groundwater levels
and recharge, the impaat natural forest on recharge is also a question of interest and that is still
debated (Marechal et al2q09). To exanme such impact Marechal et #2009) conducted a

study in India on the estimation of groundwater recharge in a humid tropical Vst is
charactesed by the occurrence of fractured bedrock underneath. The study made use of the
CMB method and the Water Table Fluctuation (WTF) method to estimate recharge, while
geophysics and chemistry were used to understand the recharge medtanising in the area.

The study reported localized and indirect recharge was 45 mm/year and 30 mm/year
respectively, and evapotranspiratioteraalues were between 80 to%8®f rainfall i.e. 1050
mm/year due to water availability and atmospheric demaoih fthe forest. However, such
elevated actual evapotranspiration from deciduous forast seldom reported and are
unexpected and thefore the study recommended complementary studies on this value for

confirmation.

Brites and Vermeulen (2013) conductadstudy on the impacif different timber species on
groundwater levels in Nyalazi Plantation, K&alu Natal, South Africa. The two main plant
species wer®inus elliottii and EucalyptusGrandis CamaldulensisThe mature me plantation

had a minor impacbn groundwater levels in the study area. While Eucalyptusspecies

showed a significant impact on groundwater levelish water levelgdecliningbetweenl0 and

16 meters over 13 yearA similar study was conducted by Ngobeni (2013) on the impact of
adien tree species i n gr oundwwahickis66latnorthiiest Day s |
of JohannesburgSouth Africa. The aim of the study was to determine the complex interaction
between the plants and structural elements of various aguifeng geophysical and
hydrogeobgicalmethods. At the beginning of the study, the intention was to conduct an analysis
under the presence of the bluegum tree and also take the measurement after it has been cleared to
observe the change in impact. Howevtling to clear the bluegum tree was the major
limitation of the study, as it hindered the work plan of the stéddgummary of omparative

rates of groundwater recharge under different types and following the vegetation clsanges
presented below (Scadt al., 1998).
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Table 3.5: Comparative rates of groundwater recharge under different types and following

the vegetation changes in winter rainfall region of Western and soutbastern Australia

and summer rainfall region in eastern Australia (sphaistem per hectare) (Scott et al.

1998)

Vegetation Annual Soil and water table (m)  Annual recharge Recharge method

rainfall (mm) (mm or % of

rainfall)

Banksia shrubland 775 (525848 Deep sand®0 m 11% CMB method
Pinusradiata plantation 2200 during study negligible
spha 25 years old period)
Banksia shrubland 775 Deep sands, 10 m 25% CMB method
Pinusradiata plantation 7%
Grassland 600632 Deep-sands, over 63 mm Soil moisture
Pinus radiataplantation 24 limestone, 7+ mto 40 m 0 mm
years old, two sites
Naturaleucalyptudorest 800900 Deep sands, over 15m to 34% Soil moisture
Perennial pasture 40m 20-24%
Annual pasture un/grazed 20/2143%
Perennial Medicago 8%
Pinuspinasterplantation 11%
Banksia woodland 747 (PET Deep sands; 4mto 12m 22-23% CMB & Soil water
Pinusplantation 630 spha 18 1800 mm) 15% balance methods
years old
Replacement of natural 409 mean Colluvium and laterite on  0.4-1.0 mm increasec CMB and Water
eucalyptudorest by grassland (339-494) deeply weathered granite to 1025 mm Balance
Replacement of natural 800820 Gravel to sandy laterite on 10-30 mm increase Piezometer water

eucalyptudorest by grassland 11001220

Eucalyptus grandis planted in 1099 mean
grassland, -8 years old (739963)
Banksia woodland 525850

60 mm increase levels method
0-5 mm 2150 spha
17-23 mm 304 spha

74-79 mm 82 spha

deeply weathered granite
Podzolic loam

Deep sands, 790 m 34-149 mm, 10 deptt Soil moisture and

65-80 mm, 18 depth Moisture flux model
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Chapter 4. Research Desigrand Methods

4.1 Introduction

This chaptedescribs the methodologies and materiatloptedduring the course of thistudy In
this section the research design, data collectiorethods data analysis methods, data quality
assurance, ethical consideratemmd limitation of the studgrepresented. Under rearch design,

the sample design arsdample size are described

4.2 Researchdesign

4.2 1Research desigmpproach

The current study used aexperimental design approaghereby the Georgstudy area was
used as a case study order to meet the study objectives, the study incorpofatedsteps,
namelythe desktopstudy; fieldwork study laboratory workand data analysi3.he desktop study
commenced on the 1 March 2016. This initially involvesiewing the study area reports and
other relevant grey literature to get insight about the physiographyeosith in order to
determinethe approachdirection of the work researche. delineatirg of the boundarysite
(critical for selecting the appropriate heege technique)identify potential sample points
experimental setip and among others Existing. recordspertaining groundwater recharge
processes and estimations were reviewed in ordestablish appropriate methotts quantify

rechargen the area

Fieldwork involvedmultiple field visitsto the site starting from July 201@&ovember 2017The

first phase of fieldwrk involved drilling of boreholes at the Saasveld plantation and at the
Groenkop forestUndisturbed sil samples wereollectedalong each transeethich werelater
amalyzed fortextural classaandwater retention curvér parameterization of thelYDRUS-2D
model This was followed by logging the borehole logs and installing data loggeliastalling

soil moisture sensorat different depths of the sodlong each transect being investigat€de
second phase was conducted in September 20Wards this involved downloading daily
groundwaterlevel datasets meteorological(rainfall and evapotranspiratiomatasetsand soil

moisture data from the data loggers, automatic weather station and soil moisture sensors
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respectively.Downloading of data was done every tirtlee site is visitedA Sampling of

groundwater and streams was doneli@isotope and chemistry analysis

Laboratory work involvedsetting up the Samdx and Kaolin experiment to estimate the water
retention cwes for parameterization of the moddisotope samples wersubmitted at an
accredited lapnamely iThemba Labs inPretoria South Africa For groundwaterchemistry
(major cations and anionapalysis,samples were submitted the CSIR Analytical Services at
StellenboschSoil samplesvere sento Bemlaly Cape Towrfor textural analysisData analysis

such as recharge estimation and modeling was conducted from October 2016 onwards.

4.2.2 Experimental setup

The Saasveld plantation is located at about 6 km frometst of theown of GeorgeThe area

lies between latitude of 33° 56'50.09"8dalongitude of 22° 31'07.6&, while the Groenkop
indigenous forest is locateat about 7km from the town and lies between latitude of 33°
56'59.11" Sand longitude of 22° 32'56.16"(see Figured.1). The Pinus elliottii trees were
planted in October 2006 at an original density of approximately 1111 stems per hectare (spha),
i.e. 3 m x 3 m. Théinus radiatatrees are approximately 18 years old, after being planted in
November 2000 at an original density of 918 spha (3.3 m x 3.Bath compartmentsvere
actively growing at full canopy cove®oil moisture sensors weinstalled at two depths of 20
cm and 4(cm at the upslope and downsloplng each transect being investigatEdesesites
were established at thBinus elliotii, P. radiata compartmerds and on the natural forest
(Groenkop forest)At each sitesap flow velocities and volumetric wateontents (VWC) were
measurd or monitored concurrently (Figure 4.1)The sapflow velocities were measuresing

the heat pulse velocity (HPV) of theeat ratio method techniquBata wererecorded at hourly

intervals andvereavailablefor the period IOctober 2016 31 September 2017
Sap flow measurements

Treeswere selected at each site to monitor sap flows. Each HPV system consisted of four probe
sets that were inserted at brelasight around the tree circumference. The depths in which the
probes wvere inserted varied so as to account radial variation of sap veloEiiesprobe sets

were positioned 11@m above ground in the main stem of each tree and inserted to different

depths below the cabium but within the sapood to account for radial variation in sap flow
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velocities (cmhourl). Sap flow velocities were recorded at hourly intervals throughout the
study periodHPV1 waslocated within ainus elliotii stand HPV2 waslocated within aPinus

radiata stand and H¥3 wasin the Groenkop indigenous forest
Monitoring groundwater levels

To monitor and compare groundwater levels in the vicinity of plantation forest and at the
indigenous forestthree boreholes were drilled thte Pinus elliotii compartmentPinusradiata
compartmentand Groenkop foresiVater levels were recorded using tBelinst level loggers
were installed at SV1, SV2 arV3 after borehol@rilling. The loggers were programmed to
collect data at hourly intervals throughout the study period.

Microclimate

The microclimate of the area was monitored usim@atomatic weather statiohhis stationwas
established inSaasveldcampus of NIson MandelaMetropolitan University (NMMU) (33°
57'16.93"S22° 31'43.72"k by the Council of Scientific andlndustrialResearch (CSIR)2003
(Figure 4.2) Theweather stationvaslocated at about 1.88nd 0.9%m from thePinus radiata
andP. elliotii compartmerg, respectively.

HPV3 @

Wwes

VWCT
HRY
S
&

\\ {Saasveld AWS
A

Figure 4.1 The experimental scheme in the vicinity of Saasveld. The polygons delineate
the plantation compartments which were studied, i.ePinus elliotii (brown) and

Pinus radiata(green)
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Figure 4.2 An automatic weather stationinstalled in the vicinity of the study site

4.2.3 Sample design and sample size

To characterizethe dominant groundwater recharge mechaniartotal of 35 samples were
collected and analysed for the oxygE®h and e@uterium concentration (16 ravater 16
groundwater andhree surface water sample$or the year2016 - 2017. While a total of 12
samples wrecollected and analysed ftre major cationanions electri@al conductivity and pH
(10 groundwater antivo surface water samplesjrfthe year2016- 2017. The samples were
collected samples for both dry and rdingt season so as to cover all recharge everte

number of samples was determined by the number of accessible boreholes in the catchment.

To estimate groundwater recharge using the Rainfall Infiltration Breakthrough method borehole
GBHE27 which belongs to the George municipality was selected. The reasbadelection of

this borehole waghat it was located in the upper catchment closethie recharge zone,
responded to rainfall and had less impact of abstraction themroduction borehole in the site.
Groundwater recharge was estimatedtifie year 201- 2017.The ®lection of such periavas
restricted by the availablgroundwatetevels time series data from the data logder estimate
groundwater recharge with CMB method an average chloride from the rainwater and a harmonic
mean chloride from SV1, SV2 and SVZrused. The reason for using three boreholes was to

get representate recharge estimates of the catchment i.e. avoiding point estimate.
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To assess the effect of plantation forés¢ model simulation was carriedit for over 365 days
(hydrological year) which started from 1 October 2016 to 30 September 2017. The fogason
such period was to again to cover all recharge events and dry and wet seadortali#y. 16

soil samples were incised andafyzed for water retention curvesight at thePinus radiata

five at thePinus elliotiicompartment anthreeat theGroenkop forest). The number of samples

in each site was mainlgontrolled by the challengexd auguring into deeper soil horizon due to
clay horizon and aot systems along each transethe llex mitis Ocotea bullataand
Podocarpus latifoliusfrom the indigenous forest were selected as species to compare
transpiration rates from the plantation with (reference point) as they were the dominant natural

occurring plants in the Groenkop forest.

4.3 Data collection methods

4.3.1 Data collectionmethods for characterizing recharge mechanism

To obtainthe isotope and chemistidata tocharacterizegroundwaterrecharge mechanism a
purging technique, bailer method and sample grab method were employed totlkebachples
from the rainvater groundwater androm thestream for the year 2016 and 20Espectively
During isotope samplingaution was exerciseduring purging the boreholes as deeper sections
of the water column may asbe drained, which are possilhpt in phase with the modern
isotopically signature of the hydiimate and recharge regime (Van Wyk, 20Ih)e samples
were collected in accordance with the procedure prescribed by Wet\ar (2007). The
advantages of these methadsthat if recommended sampling guidelines are followeliable
data can be obtaine@hile their weakness is thafoing out to the field and visiting each sample
pointsite andirstly purging the boreholes before samploan be timeconsuming

Groundwater samples #te SV1 and SV3borehols were collectedby firstly purging three
boreholevolumes(traditional approachyf the stagnant watewith a low flow submersible pump
So as tabtainsamples representative of groundwater drawn from thégeaqgigure 4.3) This
was doneby firstly measuring the depth to water (mbgl) and degtthe borehole (mbgl) using

a Solinst Canada ater level metefdip meter) To measure the depth to watguidelines by
Weaver et al. (2007) were followellVhile the depth of the borehole was recorded by drillers
after finishing drilling the boreholes. However, this was recheckedidiyg a water level

(traditional approach). Thefore the water column of the water in the borehole was calculated

53



by subtradhg the depth to water froie borehole depth, therefore the standing water in liters

wasestimatediusing the formula:

W “ Q M Iinnm (4.1)
WhereV is the volume of standing water in liters
dis the diameter of the borehole in mm

his the height of water column in meters

Thereafter a low flow submersible pump wassed to pump water owind the discharge
pumping rate in/kec was estimated using a steypch and a liter jar (low yieldYhe time it took

to fill the jar was used to estimate how much time it would take to rethoeewell volumes of

the calculated stagnant water. Rbe borehole S\2 the pump could nolift the water due to
great depth (epth to water 43.20 mbgl)Therefore a bailer sampling method was used to
sample This was dondy lowering the bailer inside the borehole and removing 20 volumes of
standing waterFor the George municipality boreholes (GBHE28, GBHE3, and GBHEL5)
installed pumps inside production boreholes to pump water to the dams were used to sample.
New 250ml amgde bottles were indelibly labetl prior sampling withsite name and date of
sampling and lasamplebottles were rinsed three times with the sampled water before collecting
the samplesPriorto sending samples to the laboratory analgsisiplesvere kept in the cooler

box with ice tubes to prevent any potential evaporation and exchange of environmsegal ga

with the chemistry of the watdjFigure 4.4)

Figure 4.3. Purging process at SV3 at Groenkop indigenous forest
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Figure 4.4: Photography showing the cooler box with samples from the field

4.3.2Data collection methods for estimating groundwater recharge

Groundwater level time series data were downloaded from the installed data,leggeydime

the study sitevasvisited. This was done by removing the data logger out of the borehole and
inserting it in a cable porter thatasconnected to a laptop and the data was downloaded. Every
time after finishing downloading the data from the logger manually measurements were taken
with a Solinst Canada ater level metebefore deploying the logger back inside the borehole.
This was to validate or check any error measurement by the logger or any discrepancies between
the electronic and manual measured values. For the collection of rainfaltrdatautomatic
weather stan was used to download the datewever, additionalong periodrainfall time

series datg2011 - 2017) was requested and obtained from the Agtcal Research Council
(ARC) institution. This was done through signingd&closureagreementorm. Due to low
yielding of the drilled monitoring boreholes at the site, a pumping test could not be conducted to
estimate storativity for recharge estimation, while the George municipality boreholes within the
site were also too far apart for observing the drawdand recovery. Therefarthe storativity

value was sourced from the stugyeviously done in the TM@quifer byJia (2007). The study
reportedthe low, medium and high recommendable storativéggesfor the whole TMG
aquifer. To collect chloride conct&ation samples for CMB method the same data collection
procedures described above for obtaining groundwater chemistry was adopted i.e. purging

technique and sample grab method.
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4.3.3Data collectionmethod for assessing the effect gilantation forest on recharge

Daily meteorological datets(rainfall, temperature, solar radiation, humidity, and wind speed)
was downloadedrom the automatic weather statitotatedat the Saasveld campus [gélson
Mandela Metropolitan Universitywhile evapotranspiratiorabove the anopy of the plant
compartments was downloaded from tBddy Covariancdlux tower. These meteorological
variables were continuously measured at an hourly interval and automatically recorded by the
instruments to the data logg and the site was regularly visited on a seasonal interval for
monitoring and downloading the data. Four Heat Pulse Velocity (HPV) system were installed
within a vicinity of Pinus elliottii stand Pinus radiatastand and within the Groenkop indigenous
forest to monitor water uptake and transpiration rates. Each HPV system includes CR1000 data
logger, a multiplexer (Model AM16/32B, Campbell Scientific Inc., Logan UT USA), a relay
control module, a 70 Ah battery, 12 heaters and 24 thermocoupleRmialysis of soil water
characteristic curve and unsaturated hydraulic properties, a total siillére samples were
incisedand collectedt varies depth - 60 cmin the vadose zone using hand auger into act00

ring to attainthe undisturbed sample. On each soil sample date, time, depth and compartment
plantation site was recordedinga permanent markei he soitfilled sample rings were covered

with caps at the top and bottom to avoid disturbing the soil structure and prgverdporation

from the soilduring transportation to the laSoil volumetric water content and temperature data
were downloaded from the data logger which was connected to probes installed in a soil dug pits.
The soil moisture probes were installed attdegd 0.2 m and 0.4 m in the vicinity of HPV1 and
HPV2 at Pinus elliottii compartment andPinus radiata compartment. At the Groenkop
indigenous forest, the soil volumetric water conteerenmonitored in the vicinity of HPV3
where water uptake and trangpion rates ofllex mitis Ocotea bullataand Podocarpus
latifolius trees were monitored. Another probe was installed in the vicinity of HPV4 where water
uptake and transpiration dfodocarpus falcutysCurtisia dentateand Ocotea bullatawere
monitored. A HPV3 and HPV4 the soil volumetric water content probes were installad at
various depth of 0.1 0.2 m and 0.3 0.4 m. The data ®&re continuously downloaded to the

logger at an hourly interval.
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4.4 Data analysis methods

4.4.1Data analysis method for characterising groundwater recharge mechanism

Stable isotopegoxygenr18 and deuteriumyvere analysed using a Los Gatos ResedtGR)

Liquid Water Isotope Laser Analyser. All the samples were analysed in relative to a known
standard, in this caseasidards mean ocean water (SMOW) #i0 andi’H. The analytical
precision was esti mat ed. Thetresults v repodad co@moan d 0 . ¢
deltanotation and expresséd unitsof partsp e r  mi | ( &ogm SMBW, and presented

as follows:

(enl¢
I

x 1000 (4.2)

Where Rdenoteghe?H/*H for hydrogen and®0/*%0 for oxygen, the ratio for heay the light
isotopesDue tothesignificance of geographical location and variation in seasonalityestern
Cape a Local Meteoric Water ihe (LMWL) of Cape Town was usea@s areference linen
addition tothe Global Meteoric Water ine (GMWL).

For hydrochemicalanalysis a Piperdiagram graphical representation method was used to
support the isotope results tme possible groundwater and surface interactodidentify the
predominanthydrochemical faciesn the areaThe Piper diagram is one of the most utilized
visual graphical representation technique apfmam Stiff, Durov and Schoeller diagrams
(Young, 2007) The diagram haswvo triangle graph®neon thebottomleft representing cations
one onthe bottomright representing anions and apperdiamond plot in the middleParallel
linesarethendrawn fromthe two trianglesup until they meetithin the diamond plot in the
middle (Young, 2007)where the lines intersect a sample point is plofed the purpose of this
study, C&*, Mg?*, Na' plus K, CI't, SQ;2 and HCQ* were usedor this analysis.

4.5.1Data analysis methods for Recharge

A range of methods are available for estimating gdaater rechargéas discussed in chapter 3,
section 3.4). In this current studythe RIB and CMB metho& were applied to estimate
groundwater rechargeThe present study chosthe RIB method becausé¢he stuly area
conformedo some of the assumpti®necessary fothe correct applicatiof the techniqusuch

as (i) suitable time series of n&ll and groundwater level must bavailable i.e. more than 3
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years (ii)The water level fluctuation from the borehole should be representative of the study area
i.e. close to recharge zone and away from surface water bodieel@iively shallow water
levels The reason of choosinthe CMB method tfacer technique)was to get quantitative
recharge estimates from a method that works independently from the storativity which can be
problematic to estimate in fractured rock aquiféef® make sure that therinciples and
assumptions fothe correct applicatiorof the CMB are maintainedhe present study used the
modified CMB equation (Van Tonder and Xu, 2000) specifically designed for coastal regions
and vegetated environment. The two chosen methods are brieflgshsichelow with focus on

their assumptions, strength and weaknesses.

4.5.2Rainfall Infiltration B reakthrough method

The Rainfall InfiltrationBreakthrough (RIB) model is arxBelbased softwar@Microsoft 2007)

that was developed by (Xu and Van Tond@02) and later improved by (Sun et al., 2013). The
model development was based on the Cumulative Rainfall Departure (CRD) method
(Bredenkamp et al., 1995). The simulated groundwater recharge values by the model are based
on a relationship between a sereggainfall events and groundwater level fluctuation datee
advantage of using the RIB method is that the technifjoeestimate recharge the method
requires rainfall data, groundwater level fluctuations, the catchment area, specific yield estimates

andknown sinks and sources. The RIB formula can be written as follows:

Yo i B 0Q¢g ——B 00QB DO (4.2)

GAITMI HX 0ZIXLO

(n=i, i1, H Z Xb ©

(m=L,iL,iIHZX ao

m<n<|

Where RIB () is the cumulative rechardem the rainfall event omnto n, | is the total length of

the rainfall series; is a fraction of the cumulative rainfall departuPejs the rainfall amount at

ith time scale (daily, monthly or annually)a/#s the mean precipitation of the whdime series,

P is the threshold value representing the boundary condRiaariges from 0 t®ay) (Sun et al.,

2013). A recharge value of 0 mm represents a closed aquifer system, which implies that recharge
at the i time scale only relies on the preus rainfall event fronPn to P, while a value of R

denotes an open aquifer system, which means the recharge #ttime iscale relies on the
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difference between average rainfall of the previous rainfall event Bipto P, andthe average
rainfall of the whole time series (Sun et al. 2013). BadhdP; values are determined during the

simulation process (Sun et al., 2013).

It is assumed that groundwater recharge estimated by the RIB model has a linear relationship
with grondwater level fluctuations under natural conditions. The relationship between natural

rainfall and groundwater level fluctuations can be described bydSain 2013):
WwQ pTYwn YO& (43)

Wh e r Imis thegwater level fluctuationwhich is equal to the difference between the observed
water level atg time scale and the mean water level of the whole time series. A positive value
represents an increase of water level while a negative value implies a decrease of watgr level. S

is the specific yield of the aquifer.

4.5.3Rib software interface

The RIB model is applied in an Excel spreadsheet platform which uses Visual Basic Application
(VBA) programming code to analyse and display data and groundwater estimates (Jovanovic et
al.,, 2012). The software also incorporates a solver function that mesnthe difference
between the observed water level fluctuation and simulated values using the least square method
(Sun et al., 2013). Once the required input cegeeinserted into the softwat@e graphbutton

was selectedn the main toddar, theé themodel automaticayl displayed theyraphs of observed

water levels, CRD and RIB simulated water levels and recharge values. #igihastrates an

example of the RIB user interface on a daily simulation scale.
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Figure 4.5 Screen printout of the RIB software user interface

4.5.4Critical assumptions on the application of RIB method

Just as any other recharge determination method, the RIB model has strengths and limitations.
One of the disadvantages of the method-is that theoretically ibthenused in extremely arid
conditions where rainfall is less than 100 mm/a, as groundwater recharge from the raimdall is t
small to cause water level rises (Sun et al., 2013). An advantage of the model is that it requires
few parameters and it is capatof filling gaps in the groundwater level record, whereby it
predicts the groundwater level with available rainfall and abstraction data (Sun et al., 2013). The
model is mainly suitable for unconfined aquifer conditions with shallow water levels, eglativ

low transmissivity and where water levels respond clearly to rainfall (Sun et al., 2013). However,
according to Sun et al. (2013), the RIB method needs to be explored under different climatic and
hydrogeological conditions. When applied in a fracturedk aquifer good knowledge of
hydraulic properties is required as the method is sensitive to the aquifer specific yield. The
technique must also be applied in an aquifer where groundwater fluctuation and specific yield is

representative of the study af&un et al., 2013).

60



4.5.5Data analysis procedures with RIB method

Firstly, a monthly time scale was defined befanserting data to the model.Rainfall data

(mm) wereobtained from the automatic weather station located at Saasveld. Borehole GBHE27
was selectetb conduct the recharge simulation for the period 0fl202017. This wasamong

the only borehole that halgss effect of abstraction dhe water level dataywater levels in most
boreholes in the area are extensively influenog pumping which resulted a poor fit between
obseved and simulated water levels The mont hly groundwater | eve
(mbgl) were calculated as a difference betwéhe average groundwater levels (mbgl) of the 12
months series data in that year minus the observed monthly average groundwater level (mbgl). A
positive value represents an increasthe water level while a negative value implies a decrease

of the wate level. The catchment area (Rnis also required. Specific yield (dimensionless unit)
values were sourcedadim available literature as sigpecific values were not available. The lag

time and lag month values were calibrated until the simul@@aulative Rainfall Departure
(CRD) and RIB groundwater level fluctuations fitted closely with the observed groundwater
level fluctuations. Thereforevhen a close fitvasachieved between the observed and simulated
water level fluctuations by CRD and RIBscharge estimated by the RIB moealsrecorded.
Therefore the better the fit between the simulated (CRD and RIB) and observed groundwater

levels fluctuation the more reliable the estimated recharge by the RIB model.

4.5.6Chloride Mass Balance method

The Chloride Mass balance (CMB) method is a tracer technique that is widely used to estimate
groundwater recharge due to its simplicity and relatively low cospplication (Adams et al.,
2004)(seedetails in Chapter 3 sectid4.1). The CMB method is &ised on the premises that the
ratio of the chloride concentration in rainfall to that in groundwater is proportional to recharge.
The advantage of using the CMB method is that the technique is considered relatively simple,
low coast, analysis can be cadieout in less sophisticated laboratories, andwdrks
independently from the storativity which can be problematic to estimate in fractured rock
aquifers. While the major disadvantage of the method ighleatecycling of dried salt by wind,
unaccounted runoff may distort the resiKszelbach et al., 2002Yhe equation for calculating

recharge with the CMB method is as follows:

Recharge (% of MAP) = 6 GO pr, p T T (4.4)
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Recharge (mm/yr) 0 6 (6 i, (4.5

WhereP is the total rainfall Cl; (mg/L) is theweighted averagehloride concentration in rain

andClgr (mg/L) isthe chloride concentration in groundwater

Whereweighted averaged(:) is calculated as follows:

0 6
0

M Mk
C4 C

Where R is the first rainfall event (mm) and.@ the corresponding concentration in the rainfall
(mg/My, for 1 to n events. Therefore to calculate the weighted average for each hydrological year,
the chloride concentration of each evenmultiplied by the amount of the rainfall event. The
summation of these individual components is then divided by the total annual rainfall (Marei et
al., 2010).

Critical assumption on application of CMB method

The CMB method may only be applied undes following conditions:

1 There must be no other source of chloride other that from precipitation.
1 Chloride behaves as a conservative tracer along the flow path.

1 Chloride uptakdy roots should be negligible.
1

No recycling of chloride should occur withithe aquifer system and surface runoff
should be negligible.

4.5.7Data analysis procedures with CMB method

For this study a meanchloride concentration rag/L) from rainwaterand a harmonic mean
chloride concentrationrig/lL) of groundwatefrom SV1, SV2 and SV®oreholesvereusedto
estimatea spatialrepresentative groundwater recharge in the ¥ieere harmonic mean (HM)
was calculateds follows

HM = —— (4.6)
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WhereXi, X2é Xnrepresentsneasued chloride concentratigimg/L) while n denotes the number

of observation.

Due tothe proximity of the ocean in the study area which is approximately 6.9 kmas found
necessary to consider chloride dry deposition in the computation of the reahdrgempare the
estimates whethe dry deposition was not incorporated. Furthermdogest canopy haalso
been reported to significantgnhance chloride deposition resulting to an enrichment of chloride

in the unsaturated zone or groundwater (Deng et al., 2013).

Unfortunately, there was no chloride dry deposition monitoring network in the area, thénefore
first approximation of dry deosition of Cl was determined using an approximation equation that
was developed byan Tonderand Xu (2000) Where ifthedry deposition of Cl is unknown the

following equation can be applied:
™ 0& DOQEQuad 4.7)
If spray of mist/dust is a factor at the coast
C® O0& VDWwNE Quwa o (4.8
If the forest exiss
Therefore modifying the equation for recharge to be as follows:
Recharge=0 6 a Of6 & =0 "YJO a (4.9)

Where the sun®xClr andD is the total atmospheric chloride deposition from bo#tipitation

and dry fall out.

Although the area is a hillslopeunoff is barely generated or limitedn the area due tthe
presence ovegetation covefrefer to the conceptual modéherefore theinfluence of runoff on
rechargecomputationwas ignored where recharge would be estimated as follows:

Y o606a 0 6 d6ard o6& 1€ (4.10)

Wherero is equivalent depth of runoff (mm) with a chloride concentratio8l@f(mg/L) from a
catchment with area A(m?), Ar represent the area of the depression floo),(tie limiting

assumption being all chloride in the catchment both surface andusiaice moves to the
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depression (Bean, 2003)n addition although the area is a vegetated environment no
agricultural fertilizer (potassium chloride) is applied therefempact of use fertilizer on
groundwater chloride concentration was ignored, only the influenctheotanopy on dry
chloride deposition was incorporated (refer to equatiéh 4.

4.6.1 Data analysis methodfor assessing the effect of plantation forestising
HYDRUS-2D numerical model

With vegetation playing an important role in groundwater hydrology cycle through inception
losses and extracting the infiltrating rainwater before recharging ther wadile,a range of

models hasbeen developed to enhance the hydrological interaction between vegetation and
groundwater in shallow water table. The most utilized models include MODFLOW, HYDRUS,
WAVES, and SWAP. Just as any other models these models are based on certain laws, principle
and equation and have limitation. HYDRUS model is one of the most popular applied models to
simulate soil water dynamics in the unsaturated zone. This is due to its ability to model flows in
large varies environmesifrom uniform to complex heterogeneignvironment (Fan2014).
HYDRUS model is finite element program that is used to simulate water movement and solute
transport within the soil profiles, the model was developed to understand the main processes that
influence water dynamics fluxes in the vadazone (Far2014). The main advantages of using
the unsaturated zone model (solving Richardos
any soil, weather condition or vegetation type, and the method can also account for other fluxes
(transpiratio, evaporation, runoff, interflow among othens).this current study thelYDRUS

modelwas use@ssess the effect pine plantation forest on groundwater recharge

4.6.2Water retention curve experiment

The soil water retentiodata were required toparameterize the initial condition of the model,
boundary fluxes and moshportantly to obtain the sikspecific water retention characteristics of
each transector estimation water retention curve Sandbox (hanging column) and Clay/Kaolin
box experiment were used. The Sandbox is generally used in low tension (wet) range of water
retention curve and measurement range is fromlO0 kPa while Clay/Kaolin box is used in
tension range of 10 50 kPa Figure 4.9. For the Sandbox experiment to getiable water

retention results the soil samplesresaturated at pressure head 0 pF (Eijkelkamp, User Manual,
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www.eijkelkamp.com). This was dorigy removing the cap of the soil core sample ring and

putting a piece of nylon cloth at the bottom side (slsap) of the sample with a rubber band.

Then the soil samplesereplaced with the nylon cloth side inside the sandbox which was filled

with waterlcm below the top of the samplgijkelkamp, User Manualyww.eijkelkamp.con

The sandbox basin was closed with its lid to prevent evapoyratohthe samplesereallowed

to saturate for a week. After a week the samples were weighed and returned to the same position
inside the sandbox, the suction regulatoslkmvas adjusted to 1 @Figure 4.7)and the samples

were left for a week, which after a week they were weighed and placed back inside the sandbox
and suction regulator knob was turned to 1.8 pF. The same procedure was done until pressure
head of 2 pF redis were obtainedFor Clay/Kaolin box, the bowasfilled with the same sand
material as the sandbox, but the surfaees covered with a layer of kaolin clay. The same
procedures followed in the sandbox experiment were also done in this experimeng thacin
samples on the kaolin surface and pressing them lightly downwards to form a good contact
between the soil sample and kaolin. Instead of using gravitational pressure like the Sandbox, the

Kaolin box experiment uses a vacuum pump to release water.

Tap

U-tube mercury manometer

Sliding measuring stand

» Induction ring

-

»  Suction regulator

Outflow pipe

Vacuum tank

Figure 4.6: Sandbox (left) and Clay/Kaolin box experiment (right)
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Soil samples

Figure 4.7. Sandboxexperimentduring pF value 1

4.6.3Model description

HYDRUS-2D is a process based finite element model which is used to simulate water, heat and
solute movemenin two-dimensional variably saturated porous media (Sejna et al., 2014). The
model was designed to consider the governing processes that affect water dynamics in the
unsaturated zone, such as rainfall, soil evaporation, root uptake and deep drainadel(pote
recharge) (Fan, 2014). The model allows the user to design the geometry of the model domain
and to specify initial conditions, boundary conditions and distribution of soil profile material.
The model can deal with various water flow boundary conttisuch as constant or variable

head or flux, atmospheric boundary, free drainage, deep drainage and seepage face boundary.
Water flow and transport in the model can occuthe vertical, horizontal, or in an inclined
direction.The modelestimatepotental rechargey quantifying the deep percolation flux below

the root zone in a water balance of each model domain at every time step and summing the total.
This recharge is in response neeteorological parameters in the sitégure 4.8 illustrates an

exanple of theHYDRUS-2D user interface.
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Figure 4.8 Screen printout of the HYDRUS-2D model user interface

4.6.4Governing equationand parameters

The HYDRUS-2D code numeric} solvesRi ¢ h ar d 6 s vaiaplysaturatedrwatér opv

which is a widelyaccepted appropriate equation for describing physical presesswater
movement in variablgaturated soils. The water flow equation considers root uptake through the
inclusion of sink term. I n a general séor m,

assumed to be insignificaand itcan be written as:

— — 0 — 0¢i Y (4.11)

Wherehi s t he water pressure head 39 disthedimei(d, t he
x is the spatial coordinate (L% is the sink term (BL3LT) andK is the unsaturated hydraulic

conductivity (LT given by

0 w Vi wLI (Bw (4.12)
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WhereKr is the relative hydraulic conductivity)( Ks is the saturated hydraulic conductivity
(LT,

4.6.5Partition of root water uptake and soil evaporation

The HYDRUS code runs with potential evaporation (PE) and potential transpiration (PT) as
separate componenfBhe availability of vegetation water use (transpiration) data araldaia
allowed for the calculation of PE and &3 follows:

00 VO UG O"YE (4.13

0°Y 0 @w®'O"YE (4.19
Where Kc and Kcb represent the crop and basal crop factor respectively, and ETo is the
reference evapotranspiratiavhich is calculated from data recordatithe atomatic Weather

SystemFor thePinus elliotiicompartment Kcb was calculated as follows:
0 “MO"Y (4.15

Where T is the transpiration. A simple upscalingrapph was used to calculate Kc:
0 Y o YFO'Y (4.16

Kc and Kcb were determined for the Pinus radiata compartment and the Groenkop
indigenous forest at monthly intervals during previous studies by Gush (2011) and Gush
et al. (2015).

4.6.6Model domain set up and boundaryconditions
B16A model compartment

For the B16A compartment, alope length and angle were set at 287 m andrgsffectively,

which correspondetb the observed distance from Heat Pulse Velocity (HPV1) system to the
soil moisture sensor ECHO2 in the camment. Using the observed sediment samples collected
during borehole drilling three soil pitd layers namelysandyloam (0i 40 cm),clay (40 7 50

cm) andsandyloam (501 100 cm) were assigned in the model domain. The default soil hydraulic
properties from Carsel and Parrish, 1988 associated with these soil textural classes were
maintained, while a van Genuchi®lualem single porosity was assigned with water flow

without hysteresis effect. The boundary conditions were set to atmospheric (top), variable
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head/no flow/constant head (upslope), seepage face (downslope) and free drainage (bottom). The
variable head and constant head boundary conditions were selected to repagsefiow into

the model domain from upslope contributing areas. Variable head boundary data were obtained
from a soil moisture sensor installed at this boundary.

A free drainage condition was assigned to the bottom boundary as the groundwater legel occur
below at 43 mbgl the model domain and does not influence the root zone soil water fluxes. Soil
moisture data were converted to pressure heads (cm) through the use of soil moisture retention
curves. A constant head €39 cm was assigned to the upslomibdary of thesandyclay sub

region as observed soil moisture data were natlable for this soil horizon. Anlsolute value

of minimum allowed pressure head at the surface was s&5@d0cm. Root water uptake was
restricted to the Sandy Loasubregion and the process was parameterized to represent root
water uptake by th@inus elliottii occurring in the study compartment. Four observation nodes
were specified at depth of 20 cm and 40 cm at both upslope and at the bottom (seepage face), this
was in correspondence to the soil moisture sensor installed at the compafimeentimerical
simulation was performed from 1 October 2016 to 30 September 2017, the initial coriB®on

cm assigned for the numerical simulation was based on a pressuréch® established from

the retention data. A schematic model set uplerB16A compatment is presented iRigure

4.9

B18B model compartment

For the B18b compartmenta slope length and angle were set at 150 m and 5.3° respectively,
which corresponds to that observed in the study plantation compartment. The soil material
distribution, observed from sediment samples collected during borehole drilling, was assigned to
be sandy loam (0 7 45 cm),clay (457 55 cm) andsandyclay (557 100 cm). The default fo
hydraulic propertieshfydraulic conductivity, saturated water content, residual water content, air
entry parameter, pore size distribution and pore connectivity pamgnastociated with these

soil textural classes were maintained. The boundary conditions were set to atmospheric (top),
variable head/no flow/constant head (upslope), seepage face (downslope) and free drainage
( Oh/ Ox = 0). Thetvariable éenead @ntohstamh head boundary conditions were

selected to represent water flow into the model domain from upslope contributing areas.
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Variable head boundary data were obtained from a soil moisture sensor installed at this
boundary. Soil moisture data were werted to pressure heads (cm) through the use of soil
moisture retention curves. A constant heaed®0 cm was assigned to the upslope boundary of
thesandyclay subregion as observed soil moisture data were not available for this soil horizon.
The boundary conditions at the upslope end of the model domain aim to account for
augmentation of lower lying plantation forest soil water reserves, tienpslope regions/here

there wadynbosvegetation A free drainage condition was assigned to the botioundary as

the groundwater level occurs below the model domiaitial conditions were set te490 cm
which corresponds tthe observed soil moisture on S@ptembef016, i.e. Day of Simulation
(DOS) 0.Root water uptake was restricted to gamdyloam subregion and the process was
parameterized to represent root water uptake byPRin&s radiataoccurring in the study
compartment. A schematic model set up for the transect being studied is presented in%igure 4

Groenkop model set up

The model domain was also designed based on collected field data, i.e. boundary conditions, soil
depth, soil textural class, slope length, slope angle, rooting depth and root distribéslope

length and angle were set at 250 m and 4.1° respectwklgh corresponds to that observed in

the forest from Heat Pulse Velocity (HPV3) system to the soil moisture sensor (VME&S3).
boundary conditions were set to atmospheric (top), variable head/no flow/constant head
(upslope), seepage face (downslope) &me@ drainage (bottom)The de&ult soil hydraulic
properties(hydraulic conductivity, saturated water content, residual water content, air entry
parameter, pore size distribution and pore connectivity parameter) associated with these soil
textural classesvere maintainedThe model was run for the period 1 October 2016 (Day of
Simulation/DOS 1) to 30 September 2017 (DOS 365). Additional data relevant to the model set
up is presented in Tabfel A schematic model set up for the Groenkop transect Iséidged is
presented in Figure 4.10
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Table 4.1: Information relevant to the HYDRUS-2D setup

Parameter Transect
Pinus elliottii Pinus radiata Groenkop Forest
Slope length (m) 287 150 250
Slope angle ) 5.7 5.3 4.1
Soil profile discretization Sandyloam (01 40 cm), Sandy loam (@ 45 cm), Sandy loam (0 40

Water flow model

Hysteresis
Boundary Top
Conditions Bottom
Upslope
Downslope

Root water uptake
Observation nodes (upslope and
downslope end of the domain)

Initial head (DOS 0) and
constant head boundary value

Clay (401 50 cm) and
Sandy loam (50 100
cm)
van GenuchteiMualem
(single poosity)

No

Atmospheric
Free drainage
variable head/no
flow/constant head
Seepage face

Restricted t&Gandy loam  Restricted tGandy loam
(0T 45 cm)subregion

(0T 40 cm) sukregion

20 cm and 40 cm

-939.45 cm

Clay (457 55 cm) and
Sandy clay (5% 100

cm)

(single porosity)
No
Atmospheric
Free drainage
variable head/no
flow/constant head
Seepage face

Restr

20 cm and 40 cm

-490.52 cm -4

cm), Clay (40° 50 cm)
and Clay loam (50

100 cm)

van GenuchteMualem van GenuchtetMualem
(single porosity)

No

Atmospheric
Free drainage
variable head/no
flow/constant head
Seepage face

icted td&sandy

loam (01 40 cm) sub

region

20 cm and 40 cm

05.26cm

Variable head
boundary

Constant
head

boundary

43 mbgl|

e e e e e e e e e e e e e e e e . . . . . s, . . . . .

Seepage face
boundary

o s . s

L

Slope Angle =5.7°
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Variable head
boundary

Constant
head
boundary

—® No flow boundary s '”,“' e g ize:zgae(:ace
5
==

28.69 mbg! »

15000 cm . »  Slope angle =5.3°

Figure 4.9 A schematic of the HYDRUS2D setup in the Pinus elliottii compartment
(top) and Pinus radiatacompartment (bottom)

Variable head
boundary
Seepage face
boundary
Constant
head
boundary
1
Fractured aquifer 1
—_ q
L No flow boundary Il |, Slope Angle =4.1°
5.69 mbgl __, ‘v
25000 cm

Figure 4.10 A schematic of the HYDRUS2D setup in the Groenkop forest
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4.6.7Model performance evaluation

To evaluate the performance of the model a parameter optimization (inverse solution),
incorporated in the HYDRUZD software package, was applied to compare the observed
(measured) and simulated soil water content. Soil hydraulic properties were changedawithi
justifiable range and the fit between the observed and simulated VWC studied. The root mean
square error (RMSE) and mean absolute error (MAE) were used to assess the error of the
simulation. RMSE and MAE are among the widely used useful parametersvaloate the
performare of models (Chai and Draxle2014. Although there is no acceptable limits for
RMSE and MAE, values close or equal to zero indicate a perfect fit between the observed and
simulated (Moriasi et al., 2007%ince thetwo parametersepresent variousiagnitudeof error
applying them in conjunction is mostly recommen@8tamuyarira, 2017RMSE and MAE

valueswere calculated as follows:

RMSE= 2 (4.17)

MAE =-x BY 0 (4.18)

WhereO is the observed volumetric water. conte®is the simulated volumetric water content

andn is the total number of observations of volumetric water content.

4.6.8Assessment of the significance tfe variation of rechargeestimates

To test whether theariation in recharge estimateerivedfrom the plantatiorforest andthe

indigenous forest wasignificanty different a statistical method i.@wo-tailedt-test analysis at

56 significant i nThettestalues (véde calaulatsdfaiowsp | i e d .
0 —— vy B E (4.19)
- ép éq q '

Where of andaf represent the first anthe second sample mean respectivedgtand for

standard deviatigm represent the number of samples and Sp represent pool staedattbn
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4.6.9Infilling of volumetric water content data

Although the model simulation was carriedt over acompletehydrological year (1 October
2016 - 30 September 2017)nosome occasionshe soil moisture sensors were pulled out by
baboons in the plantation forasisulting ino hourly and sometimesvendaily data missingTo
infill the missing dataa linear regression equation was applied ustwC datasets from other

sensors at theite.Linear regression equation can be written as:

DRSO (4.20)
WhereY is the independent variabla,is the interceptb is the slope or regression coefficient
andX represents the dependable variable.

4.7 Data quality assuranceand quality control

The current section provides the steps followed during the data collection and data analysis in
order to produce representative and reliable t@ataach objective of the studifor objective

one which wagi) to characterizegroundwater &charge mechanisrthe following data quality
assurance steps were followétew cleanand sterilesampling bottles were used to collect the
isotope and chemistrgamples from the fieldBoreholes were firstly purged to obtathe
representativésotope and chemistrsamplesof groundwater drawn from the aquifdio check

the credibility of the inorganic chemistry data a catmion balance (CAB) method was applied.

The method is based on the principle of electroneutrality which states thtdrecauanot carry a

net electrical charge (positive or negative) but must always be elégtneatral (Younger,

2007). The CAB formula can be written as follows:

B B
B B

0 0 ob P T (4.11)

Where all concentrations are expressed in meg/L

If CAM value is less than 5% analysis can be considered as adequate accurate for all uses, while
if CAB is within the range of 1015%, the quality of analysis is questionable and should be used
with cauton, whereas value exceedingZd5cannot be considered as being adequately reliable to

justify using them for serious scientific purpose (Younger, 2007)
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For objective two which wagii) to estimation of groundwateecharge the following data

guality asurance steps wetaken Every time after finishing downloading the water level data
from the logger manually measurements were taken withter levelmeterto validate or check

any error measurement by the logger or any discrepancies between the electronic and manual
measured valueAll groundwater level measurements were measured to the reference datum
point. Thedata used foCMB was alsdirstly subjecte to thecationranion balancerror before

used.

For objective three which wa@ii) to assess the effect of plantation forest on groundwater
rechargethe following data quality assurance steps viaken A linear regression equation was
appliedto infill the missing data in order to run the model with complete datavalidate the
HYDRUS model results an inverse solutiomethod which has statistical analysis outpuats

applied(as discussed in chapter 4 section 4.6.7).

4.8 Research integrity

Sincethe study sample sites are within the Groenkop Forest and Saasveld plantation therefore
permission to conduct the study was requested from South African National Parks (SANParks)
and Cape Pine. This was done throadbrmal application and verbal exphéng the purpose of

the study and its significance in reserve determination. A review process was done by SANParks
and Environmental Management Method Statement was further request from the research team.
Activities such as borehole drilling, excavatingdafor soil samples and installing soil moisture
sensors and Eddy Covariance instrumentation during the period of the study were explained and
clarified to both organizations in advance before the study commenced. Enough time was given
to SANParks to readhe application form and g feedback.After finishing drilling the
boreholes the site was cleaned and the pits were closed to avoid any harm from the animals.
Every time after finishing measuring water levels the borehole caps were put back and locked to
avoid any injuries to animals such as baboon the area. Artificial feeding the animals in the forest

was avoided at all times.
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4.9 Study limitation

There was no chloride dry deposition monitoring network in the area, therafdinst
approximation of dry deposition of Cl was determined using an approximation eq(eftem

Van Tonder and Xu, 2000)hich could have resulted into underestimation of groundwater
recharge estimation using CMB methddn some occasionshe soil moisure sensors were
pulled out by baboons in the plantation forestulting in missing data for some days. Therefore

a linear regression analysis had to be done to patch the missing datasets using other sensors in the
site which could haveesulted in thenaccuracy of thenput VWC data on thenodel. The

LMWL of George is not yet established and therefore the nearest LM\lape Town, which
waslocatedabout 429 km west of the study area, was used for a regional indicEtierstudy

site was located apmpximately 412 km from the research institute (University of the Western
Cape) this controlled the number of visits to the site which subsequently controlled the amount of

data to be collected for the study.
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Chapter 5: Characterization of Groundwater Recharge Mechanism

5.1 Introduction

This chapter presents and discusses the results of objengwehich aimed to characterize the
dominantly occurringgroundwaterrecharge mechanisin the areaThe characterization of the
rechargerepresents an initial step towards improving rechasgenatedor the study aredPrior

to characterizing the recharge mechanism in the area, the study firstly delipeteetal
recharge zorsand developed eonceptual groundwateecharge moddbr the studyarea The
central argument in this chapter was that, if a conceptahlbrganodel of the area is developed
andthe dominantlyoccurring recharge mechanisre understood before quantifying recharge,
would facilitate an improved understandiofjrecharge estimate¥he isotopic compositiaof
rainwater and groundwaterene used to infer the dominant mode of recharge in the area. The
study assumed that a case where recharge occurs immediately (rapidly) after a rainfall event
the water wouldeflect minimal evaporation prior to infiltration, henagreferential recharge
mechanismis inferred Alternatively, water reflecting high evaporation after a rainfall event
would infer the dominance of delky or slow recharge mechanisnihe analysisof

hydrochemcal data vasusedto supgementtheisotope results.

5.2 Results and Discussion

5.2.1 The occurrence of lineaments and the spatial distribution @hinfall as a proxy
for the delineation of groundwater recharge zones

The rugged mountairanges north of the catchment serves as an important source of recharge in
the areaRoberts et al., 2008)This is due to the presence of lineaments which may represent
deepseated faults, fractures and joints (Figure 5.1). Lineaments are importaniedeatur
groundwater recharge assessments as they may represent pathways for groundwater movement,
promoting infiltration and preferential recharge. In addition, these rugged mountains receive >
1000 mm rainfall annually because of the orographic effect whédecoastal plain receives
approximately 800 mm annually (Roberts et al., 2008). It is important to note that it is often
observed that the high rainfall occurring in mountainous regions is usually available for recharge

further down the topographic prt#iwhere favorable conditions exist (Adar@®4). However,
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in this catchmentthe higher lying areas that receive the higher annual rainfall correspond with
the areas that are characterized by a dense presence of lineaments (favorable infiltrating
conditions) therefore suggesting these areas as potential recharge zones. This is in agreement
with the recharge study by Wu (2007) who reported tbelharge areas of the TMG are located
primarily in the rugged mountainous areas with elevations ranging frorfi 2080 mamsIThe
weakness associated with using lineaments to delineate recharge zones is the fact that fractures
or joints may not always be hydraulically connected, and therefore they may not always serve as
pathways to the aquifer. However, when a high densityactures intersects each other there is

a high possibility of them being hydraulically interconnected, and therefore they can be used in
combination with the rainfall distribution as a proxy for the delineation of recharge zones. The
results of the study ka demonstrated that a spatial variation of recharge exists between the
upper part of the catchment and the lower coastal plain. Any groundwater management strategy
should consider such recharge variation for effective management of groundwater resources i

the area.
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Figure 5.1: Simplified hydrogeology map of the study area showing major lineaments

and the stratigraphy (Roberts et al., 2008)
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5.2.2 Conceptualization of groundwater recharge processes in the area

The conceptual model of the study area was informed by previous investigations conducted in
the study area (Roberts et al., 2008, Gush et al., 2015) and by other studies conducted in similar
hydrogeological settings (Kotze, 2002; Wu, 2005 and Xu et d@7)2Begionally, the study area

is bounded by a watershed in the north, by a coastline boundary in the south, a drainage
boundary to the west and the Outeniqua fault zone to the east (Wu, 2005). The study area
consists of two major watdrearing formationsnamely the sandstone rock of the Peninsula and
Skurweberg Formations and the fractured shale rock aquifer of the Saasveld Formation.
Transmissivity values in the sandstone are approximately afaynwhile in the shale rock

they are approximately 252%day (see Chapter 2, section 2.The higher rainfall occurring in

the rugged mountain ranges north of the catchment serve as an important source of recharge. Due
to the absence of snowmelt, rainfall is the only source of groundwater recharge in the area.
Fractures are either open or filled (totally or partially) by soil and vegetation. Infiltration is often
rapid along open fractures and reduced in filled fractures due to the reduced aperture and
evapotranspiration losses. Often, high infiltration ratesaoserved near the surface, however

the fractures tend to close at depths resulting in the generation of interflow. Thus, recharge is

commonly constrained by the characteristics of fractures at depth.

Middleton and Bailey (2011) estimated the Potenti@gotranspiration (PET) in the area to be
1400 mm/yr. Vegetation affects groundwater recharge through interception and transpiration (see
Chapter 7). The vegetation distribution in the study area is generally characterized by the
occurrence of shrubby fyolk type vegetation at the crest of the slope, which merges into
indigenous forest lower down the slope. Plantation forests occurs in mid to low elevation parts
and indigenous vegetation in the riparian zone. Gush et al. (2015) measured that the plantation
forests consume more water than the indigenous vegetation. Due to the soil conditions evident in
the study area, it is interpreted that root water uptake is restricted to the soil zone. However,
vegetation may still influence rechar@py extracting soil water in the vadose zone, thereby
limiting percolation and subsequently groundwater rech@ge Chapter 3, section 3.9ue to

the dense vegetation and soil properties, minimal overland flow occurs in the area. Infiltration
occurs inb the soil zone which is generally 0.51 m thick. The infiltration depth is slightly

deeper along the roots of vegetation and along macropores.
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The intensity of rainfall influences infiltration rates as infiltration may be reduced due to surface
sealingcaused by high rainfall intensities and rain splash. The slope of the landscape, as well as
the low hydraulic conductivity of underlying strata promotes lateral flow/throughflow in the soll
zone (Figure 5.2). Gush et al. (2015) dug several soil pits iard® and these were observed to

be filled with water throughout the year. Throughflow from the soil zone is thus interpreted to be
a dominant streamflow generation component. Water moves laterally along the low permeability
layers until preferential flowaths (fractures and faults) are encountered in the underlying strata
(Figure 5.2). This downward flow is a function of the characteristics of these features, and if the
flow is restricted, interflow may occur (Figure 5.2). The processes of verticaloaizdrital flow

occurs until the percolating water reaches the saturated zone or a watercourse.

The conceptual model is in agreement with the recharge study by Wu (2007), who reported on
the influence of slope, fractures, topography and vegetation amdwegsobn groundwater
recharge in TMG aquifers. The presence of these physiographic features was expected to
influence groundwater recharge in the area, hence these factors were reviewed and linked to the
concept of the study (see Chapter 2). The conceptadel reveals that groundwater recharge in

the area occurs both vertically and laterally depending on the connectivity of fractures within the
area. However, it is important to acknowledge that this lateral movement is barely incorporated
in many definitims of groundwater recharge. This is because recharge by the downward flow of
water through the vadose zone is usually considered the most important mode of recharge (Xu
and Beekman, 2003 af@buobie, 2008).

The presented conceptual model of the arey serve as an important tool that attempts to
answer the questions of where, when and how recharge occurs within the George area. It further
explains the main factors and processes that influence recharge in the area. Such information
may be used to efféeely manage groundwater in the area. This is further supported by a study
by Bean (2003) who reported that an understanding of site recharge behavior is far more
important than hydrogeologist realize, it goes beyond estimating recharge to a given @baifer
weakness associated with using a conceptual model is that the accuracy of the model is usually
based on the information that was collected at that particular time. However, as additional data

become available and provide new insights the model cmayalbe revised and improved.
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Figure 5.2: A conceptual model of groundwater recharge processes in the study area (modified from Wu, 2005 andetu
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5.2.3 Isotopic evidence of groundwater recharge mechanism

The statisticas u mma r ¥O oaffHl Sigiiatures in the rainwater and groundwater samples
collected during the study period is presented in Table 5.1 and 5.2. Rainfall samples display a

wi de r ange Hcampositidn,iramgingfronl 55. 06 t o 18. Odlugofwi t h a
3.68ad a standar d de VviOdatilsincamarronfran§e.c8 283 Wwhi 4e7 @
withameanvalueofl . 488d a standard devi at ildwasduéto2. 78 .
enriched samples collected during the sampling peri@oft ober 20 1 éHvalkeloft hou gh
18.01a may be interpreted as elevated or as
maximum value was also observed from the isotope rainfall series data from 1995 to 2008
(Harris et al., 2010). Groundwater Sathes s how | es s 2Hwdordpesitonas i at i o
compared to rainfall, ranging fronl6.64 to-9 . 40a wi t h a -InPe.a3vhdwal ue
standard devi at t%ofallsio & naow tahge e8.98th-2 | 26 & wi t h a m
value-3 . 4 &Ard standr d devi ation of 0.49a. The simil a
groundwat3r47)d to that of a Local®®0OM2a7eseer i ¢ Ws

appendixB) suggest that groundwater in the area is recharged by local rainfall.

T h €80 Ui a RHlcondentrations in rainwater, surface water and groundwater samples collected
during Septembeii November 2016 are presented in Figure 5.3. These delta values are
expressed as per mil deviation relative to a known standard, in this case the Standard Mean
Ocean Wat er ( BovwoandH Théodata i Figures 5i35.5 are presented relative to

the Global Meteoric Water Line (GMWL; Craig, 1961). A LMWL for George has not yet been
established and therefore the nearest LMWL of Cape Town, which is locateddabdun west

of the study area, is used for a regional indication. The results indicate that all rainfall samples
collected in Septembeir November 2016 have been subjected to evaporation displaying
enr i chmenO ianfHl bregiilting inia divergercfrom the GMWL. This grouping
produce an evaporation line which has a slope of less than 8 (commonly 4 to 6; Weaver et al.,
2007). In this case, the slope of the line is 4.5. The concentration of stable isotopes in
precipitation depends on the average gerature of the region, as well as the intensity and
duration of the rainfall and its altitude of occurrence (Bredenkamp et al., 1995). In this case, the

enrichment is attributed to high average temperatures during this period.
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For groundwater samples$,dan be observed that although the samples plot close to the GMWL,

they plot below the nearest LMWL and along the evaporation line, indicating an evaporation

ef fect. It can therefore, be inferred 6ohat du
exposed to evaporation prior to or during the recharge process. Samples collected from the
Groenkop stream are also isotopically enriched and closely related to the Saasveld groundwater
(Figure 5.3). This suggests that the stream might be rechargedobgdwater (a gaining

stream). This is further supported by the shallow depth to groundwater, i.e. 5 mbgl, at borehole
SV3. It is important to note that no spatial analysis was done along the stream, therefore the

mixing only refers to the point where thkample was collected.
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40 ® Saasveld Groundwater
A Groenkop stream
s 20 — Theoretical evaporation line
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w
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> Evaporation line
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Fi gur e 5. B0 andPlPHoconceatfations in groundwater, rainfall and surface
water collected from September November 2016

Figure 5.4p r e s é%@ ansliPHiconcentrations from groundwater, rainfall and surface water

collected from November 2016February 2017. From Figure 5.4 it can be observedathat
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water sample sources i.e. rainwater, surface water and groundwater displays depleted isotopic
signaturesuggesting that groundwater and surface water is recharged by rainfall which occurred
under similar climatic conditions. It can also be seen that all groundwater points plot close to the
GMWL and LMWL. This further suggests that groundwater from the siteom a local rainfall

that has not been subjected to significant evaporation before or during recharge. It is therefore
inferred that during these monthdéds groundwat ¢

processes.

From the clustering of sartgs, a distinction appears to be present between the upper catchment
groundwater samples (George Municipality boreholes) and Saasveld groundwater samples (SV
boreholes). Samples from the Saasveld are isotopically more depleted than those of the upper
catchment. This suggests the presence of different groundwater flow systems in the catchment.
The upper catchment groundwater samples appears to reflect a more local groundwater flow
system, as they were less depleted and situated close to the recharge zbeeefAdence of

this is reflected by lower electric conductivity values, 18- 14 mS/m, from upper catchment
samples when compared to 3614 mS/m from the Saasveld groundwater sam@@assveld
groundwater samples appear to be older groundwatendiudtive of deeper groundwater flow
systems. This was further supported by minimal to no response of the groundwater level to
rainfall, including the 153 mm and 106 mm of rainfall which occurred in September 2016 and
September 2017 respectively. Howewtue to the limited number of isotope samples collected

no definite conclusions is drawn about the two systems in the Hneasotopic signature of the
Groenkop stream again reflected a similar depleted isotopic signature to that of the surrounding
grourdwater, particularly the upper groundwater samples. This again provides more evidence of
the interaction between groundwater and the stream in the area.

Table 5.1: Statistical summary of environmental stable isotopes for rainwater samples

PH[ & S MOW] uo[ a S MOW]
Minimum -15.06 -4.33
Maximum 18.01 4.70
Mean -3.69 -1.43
Standard deviation 9.82 2.78
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Table 5.2: Statistical summary of environmental stable isotopes for groundwater

H[ a S MOW] U0 a S MOW]
Minimum -16.64 -3.98
Maximum -9.40 -2.26
Mean -12.37 -3.47
Standard deviation 2.15 0.49
60
# Rainwater W
N
40 ® Saasveld groundwater
-
20 B Upper catchment groundwater _ - -
Groenkop stream -
E P "'\
g 0 y = 5.2751x + 5.2565
o R*=0.7239
§‘ -20
0
]
-40
-0
_Bﬂ-m -8 -6 -4 -2 0 2 4 6
5180[%. SMOW]

Fi gur e 5. %0 andlPHoconceatfations in groundwater, rainfall and surface

water collected from November 2016 February 2017

Results of environmental stable isotopes analysfO(andi?H) for groundwater, rainfall and
surface water collected between Augasid October 201are presented in Figure 5.5 A
groundwater samples plot close to the GMWL and LMWL which indicates that groundwater
from the site is from a local rainfall that has been subjected to significant evaporation before

or during recharge. All water sample sources i.e. rainfall, surface water and groundwater exhibit

depleted isotopic signatures suggesting that groundwater and surface water were recharged by
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rainfall which has occurred under similar climatic conditions. Of interest, however, is that one
rainfall sample is enriched possibly as a result of fractionation due to evaporation. It can be
inferred that during these months groundwater was again recently rechargealiiodwater
recharge was through a rapid process. A similar depleted isotopic signature was again evident in

the Groenkop stream sample and groundwater samples suggesting mixing between the two.
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Figure 5. 5 : P @ t a roiifH d@incentrations in groundwater, rainfall and surface

water collected from Augusti October 2017

The stable isotopes findings were in agreement with results of the conceptual model, i.e. that
recharge occurred rapidly via direct infiltration. Geologicatiseferential recharge mechanism

was expected to be the dominantly occurring mechanism in the area due to the presence of
fractures which served as preferential conduits for groundwater to move in the area. In addition
the area is a vegetated environm#érgrefore, existence of macropores which also served as
preferential pathways were expected to be occurring in some parts the area. The isotope results

provided scientific evidence that groundwater in the George area is recharged by local rainfall
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throughpreferential flow mechanism. Although the isotope technique proved to be successful to
characterize recharge mechanisnthe area, the weakness associated with the method is that the
isotope interpretation is usually inferred information hence multigs tor methods should be
used to support the interpretation.

5.2.4 Hydrogeochemical evidence of groundwater recharge mechanism

Hydrochemical analysis was conducted in support of the isotope results to identify the
hydrochemical facies governing the groundwater evolution and its implication to groundwater
flow and circulation in the area. Tls@mmary of average measured physioclecaiparameters

in groundwater and surface water samples at the high lying area and at low lying area is
presented in Table 5The groundwater and surface water samples were plotted on a Piper
trilinear plot (Figure 5.6). Groundwater chemistry analysigyests that the water is dominated

by hydrochemical facies of sodium chloride ¢NB which implies that Na and CIl are the
dominant major cation and anion in the aquifer respectively. This is in agreement with the
recharge study done by Wu (2007) in TMG iéeps. Of relevance to the site, enrichment of Na
and Cl is attributed to the dissolution of the host rock i.e. shale rock material. This implies that
waterrock interaction is among the predominant geochemical processes influencing the
groundwater chemist in the area. Generally, elevated concentrations of Na and Cl| were
detected in the relatively deeper SV2 borehdiepth to water 43.20 mPghnd increases with
groundwater flow direction from recharge zones towards the lower coastal plain. However, as
pointed out by Xu and Beekman (2003) that in an environmental setting as the study area where
runoff is barely generated or limited and recharge rapidly occurs through the fractures addition of
Cl could be attributed to the dissolution of airborne duswddrchloride that has been deposited

on site surfaces as well. The dominance of the major cations in groundwater are in order of Na
Mg?* > C&*> K*, while anions shows abundance in order of>CHCQOs > SQ?". While the
dominance of the major catiois surface water are in order of NaMg?* > C&*> K*, whereas
anions shows abundance in order of>*C8Q> > HCOs'. Recharge zone in the upper catchment

is reflected by relative low electric conductivity (EC) values. 13 - 14 mS/m, when compared

to the lower coastal lying area, i.e. 3614 mS/m.The measured pH at the Groenkop stream as
well as at GBHE28, GBHE3, GBHE2 and GBHEL15 is acidic. The pH values of the stream falls
in a narrow range of 4.5 to 4.7 while groundwater samples in the uppemeatcharies from 5
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to 5.4. The low measured pH from groundwater samples is characteristic for groundwater
occurring in TMG dominated environments. However, groundwater samples in the lower coastal
lying area in Saasveld shows pH values that ranges froo @3 indicating a neareutral to
weakly alkaline condition of the study area. Although it is not distinct from the piper plot, from
Table 5.3 it can be observed that groundwater in the low lying area is enrichecCea N&Os-

Cl as compared to the gnadwater in the high lying area that is generally ofQdacies. This

again is in support of the possible existence of local groundwater flow system and deep old
groundwater system in the are@hese results are in accordance with the studies done by
Bjerkenes et al. (2004), Bjkenes et al. (2006) and Weit2006) where a slight distinction
between shallow groundwater (X&d) and deeper groundwater system {8k HCOs-Cl) was
reported.Furthermore, it can be observed that the low lying area hagyhagimdwater chloride
concentration (Table 5.3) as compared to the upper area, which according to Adams et al., (2004)
elevated groundwater chloride concentration are usually indicative of low recharge rates (old

water which is not frequently replenished).

Given the wide range of geochemical processes that can influence groundwater chemistry such
as evaporation, mineral dissolution/precipitation among others it was important for the study to
identify the main process resulting in elevated groundwater cbloFRgjure 5.7 presents the
relationship between chloride and oxyelh which was used to investigate the source of
groundwater Cl at the sit#f.the elevated chloride concentration is related to evaporation then a
proportional i n c ¥@ia graundvater sbdultl berevidkrt, whiah ds nai the
case for the study area. This implies that the dissolution of shale rock could indeed be the source
of additional chloride in the area. This is very critical for recharge estimation using the CMB
methodas it means that recharge estimations from CMB should be regarded as a lower limit of
recharge estimates in the aréu and Beekman, 2003)Groundwater and surface water
(Groenkop Stream) exhibit the same chemical character, which suggests that thenggedme
recharged by groundwatéFigure 5.7) Evaporation normally results in an increase in the
concentration of the TDS but the Na/Cl ratio remains constant (Kumar and James, 2016).
Therefore to provide more evidence of the dominant geochemical praoedrolling the
groundwater chemistry between evaporation and-veetler interaction a scatter plot of Na/Cl

ratio against EC was done. According to a study by Jankowski and Acworth (1997), a scatter plot
that shows constant Na/Cl ratio as EC of grouridwancreases determines the dominance of
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evaporation processes. Figure 5.8 illustrated a decrease in Na/Cl ratio with an increase in EC at
Saasveld. This trend indicates that evaporation is not a dominant process compared te the rock

water interaction prcess at the site.
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Figure 5.6: Trilinear piper diagram for samples collected at SV1, SV2, SV3, the

Groenkop Stream and the George Municipality boreholes
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Table 5.3: Summary of average measured physiochemical parameters of groundwater and

surface water samples at the high lying area and at low lying area

High lying area Low lying area
Parameters Units Groundwater samples Groundwater  Surface water
samples samples
pH pH units 5.27 6.66 4.57
EC mS/m 16.43 57.78 15.00
TDS Mg/L 105.00 369.78 96.00
Ca?* Mg/L 1.93 9.24 0.80
Mg?* Mg/L 3.27 13.30 2.47
Na* Mg/L 19.00 80.69 18.00
K* Mg/L 0.37 2.22 0.20
HCO3z Mg/L 6.31 71.20 1.68
Cl- Mg/L 37.71 127.56 35.00
SO Mg/L 7.89 20.33 5.70
25
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e R?=0.5559
- 1.5
g
E
g, ° s
z °
[ ]
05
0
0 20 40 60 80 100 120
EC (mS/m)

Figure 5.8: Relationship between Na/Cl and EC at Saasveld site
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5.3 Chapter summary

The stable environmental isotopes and hydrochemistry were used to gain qualitative information
on themode and type ajroundwater recharge mechanisma fractured rock aquifer within the
George areaThis study has demonstrated how stable isotopes may successfully be used to
provide useful information about the source and typgrotindwater recharge mechanism
fractured rock aquifershe isotope results revealed tlgroundwater at the site was recharged
from modern local rainfall. The dominant rechargechanism was inferred to be a preferential
recharge mechanism which oced through fractures and macroporébis was in agreement

with the conceptual understanding of groundwater recharge processes evident in the study area
The hydrochemistry and isotope results further suggested interconnectivity between groundwater
and the stream at the Groenkop site. The groundwater hydrochemical facies was<Cotypa,

with the dominance of the major cations in order of Kavig?* > C&*> K*, while the anions
showed abundance in the order €HCO; > SQ. Regionally, the major reenge zone of the
catchment corresponded with the higher elevation areas (> 1000 mamsl) which were
characterized by a dense presence of lineaments and increased annual rainfall (> 2000 mm/yr).
Conceptuallyrecharge occurred both vertically and laterallpeteding on the connectivity of

fractures within the area.
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Chapter 6: Estimation of Groundwater Recharge

6.2 Introduction

The current chapter presents and discusses the findings of objective two which aimed to estimate
groundwater recharge in the area. This chapter generally argues that in order to obtain robust
recharge estimates in a fractured rock aquifer a physasgdnethod such as the RIB technique

must be used conjunctively with a method that works independently of storativity (tracer
methods i.e. CMB). This is based on the notion that getting representative storativity in fractured
heterogeneous rock aquifer as TM&n be challenging. The value is always hampered by spatial
variation of geological features such as dykes and faults that control storativity within a short
distance in an aquifer. The recharge estimates derived from the RIB and CMB technique were
verified against the published map or qualified guess estimation by Vegter (1995). In this current
study, it is important to acknowledge that although recharge was expressed in terms of

millimeters per annum, it does not imply that a recharge event is an amantirethe area.

6.2.1 Results and Discussion

6.2.2 Recharge estimation using the Rainfall Infiltration Breakthrough method

The total annual rechargstimategor the year 2011p to2017 are presented in Table 6The

results indicate thatechargerate for the study areanges between 88 mm/yr (10% of annual
rainfall) and 24 mm/yr%% of annual rainfall) in 201fo 2017.This suggests that over 90% of
annual rainfall is lost through evapotranspiration, converted to streamflow and/or lost through
other hydrological mechanisms in the af@able 6.1)From Figure 6.1 it can be observed that a
sporadic recharge pattern is evident in the area. There are extended periods where despite the
occurrence of high rainfall groundwater levels within the aquiterevsteadily declining, and no
recharge is evident. As a result, a poor correlation is observed between the groundwater
fluctuations and rainfall.Such weak correlation was also documented in a studyitixama et

al. (2002)which concluded that on monthly basis, rainfall and recharge rates tend to exhibit
little correlation due to the delay caused by water percolating through the unsaturated zone. This
could also be partially related to anthropogenic influences of pumping that occurs in the area.
This makes the estimation more complicated and challenging, especially when the abstraction

occurs after a recharge event as this results in the breakthrough recharge pulse not being
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represented in the water level data. There are also periods of incrggeandwater levels but

yet no recharge occursuch field observation illustrates tHienitations of the theoretical
assumed simple relationships between mean annual rainfall and reEhesrgeggests that there

are other controlling factors on groundwatecharge such as rainfall intensity and total rainfall
However, when groundwater level departufely) are calculated from an average of the entire
series 2012017 (October), lag times starts to appear (Figure Ba®).times suggests delayed
recharge, which is typical in thick weathered (regolitidactured rock aquifersAccording to

Bean (2003), lag times are influenced by the geology, geomorphology and climate of the area.
The maximum observed monthly rechaigethe area is 78 mm which was recorded in June
2011, in response to 178 mm of rainfall that occurred in June 2011. Few peaks in recharge
corresponds with peaks in rainfall (Figure 6.1), which suggests that most recharge events are
initiated by antecederdonditions. Although there are disparities in curve match, the recharge
values produced with the RIB methagde in agreement with the estimates from the qgadlif
guess method (Figure §,3i.e. 95 mm/yr (11.01% of MAP) and from values previously
estimatedby Fortuin (2005) and Wu (2007), i.e. 86.2 mm/yr (9.4% of MAP) and 42.5 mm/yr
respectively.
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Figure 6.1 Monthly rainfall events, observed groundwater levels (WLF), simulated
groundwater levels (CRD and RIB) and groundwater recharge from2011 to
2017(October) at GBHE27
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Table 6.1: Groundwater recharge from20112017 (October) at Sy of 0.2 at GBHE27

Year Rainfall (mm/yr) Recharge (mm/yr) Recharge (% of
annual rainfall)
2011 814 88 10
2012 768 34 4.4
2013 748 49 6.5
2014 923 60 6.3
2015 962 28 3
2016 703 30 4.2
2017 (Jan Oct) 507 24 5
B sinfall Recharge amount ——WLF dhlcrd) =—gdhirib)

200

130

100

Water level fluctuation (m)
Rainfall, groundwater recharge {mm)

a0
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Figure 6.2: Evidence of lag times when average fluctuations are usddom 2011 to
2017(October) at GBHE27
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Figure 6.3: Groundwater recharge map (Vegter, 1995) illustrating the estimated

rechargeamount for lower coastal region of George

6.2.3 Reliability of Recharge results

To test the reliability of the results of the RIB model a Pearson correlation coefficient was
calculated between observed and simulated (produced with the RIB and CRD methods)
groundwater levels (Table 6.2). Coefficient values of close to +1 implies a strong positive
correlation between the observed water level and the two simulated datasets, and where the
coefficient was close tel it implies a strong negative correlation.lss close to 0 indicates a

weak correlation between the datasets. From the results, it can be obserasdaatage to a

strong positive correlation of 0.6 is evident between the observed water levels and simulated
water levels. Therefore the rechamggimations with these methods can be interpreted with a

certain degree of confidence
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Table 6.2 Pear sonds correlation and Root Me an
simulated (RIB and CRD methods)

Criteria CRD RIB
Pearson Coefficient (r) 0.6 0.6
Root Mean Square Error 0.3 0.3

6.2.4 Recharge estimation using the CMB method

A CationtAnion Balance error (CAB) of > 5% was achieved for the chemistry data collected in
2017 (see appendixc, Table 8.3) therefore the chemical data used in this study is within the
acceptable range (less than 5%) and can be regarded as credible for scientific purpose.
Groundwater recharge results from the CMB method are presented in Table 6.3. In 2017, the
annual averag€l concentration in rainfall was observed to be 5.49 mg/L and 86.3 mg/L in
groundwater samples collected from boreholes SV1, SV2 and SV3. The annual recharge is
estimated to be 40 mm/yr which translates into 6.4% of the annual rainfall in 2017. Thigsugges
that over 90% of annual rainfall is lost through evapotranspiration, converted to streamflow
and/or lost through other hydrological mechanisms in the area. The recharge values estimated by
the CMB method are within the range of values previously estinay Fortuin (2005) and Wu
(2007), i.e. 86.2 mm/yr (9.4% of MAP) and 42.5 mm/yr respectively.

Recharge estimates when the dry depositiom sea spray and forest canopiesincorporated

are presented in Tab&3. When mist/dust from the coastdgnsidered a chloride dry deposition

of 10 mg/ni/yr is approximated (see equation 4.7), while whenftlmest canopies is considered

a chloride dry deposition of 19 mgitwr is approximated (see equation 4.Becharge estimates
whendry chloride depositio from both thesea spray and the forests were considezetarge
increased to an average of 1®8n/year (7% of annual rainfall)These recharge estimates are
also within the range of the values previously estimated by Fortuin (2005) and Wu (2007), i.e.
86.2 mml/yr (9.4% of MAP) i.e. 42.5 mm/yr and the published map from Vegter (1997) i.e. 95
mm/yr (11.01% of MAP) respectivelfpue to dissimilarities in principles, assumptions and time

scale which the RIB and CMB methods are based on the two technigeedifjerent recharge
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values as expected. The CMB method provides-teng recharge that integrates large areas, as

opposed to the RIB method that estimates recharge over shorter period on a local scale.

Table 6.3: Groundwater recharge estimates for 201produced with the CMB method

under different conditions.

Scenarios Rainfall Average TD Harmonic Recharge Recharge (% of
(mm/yr) concentration in  {mg/L) (mmlyr) annual rainfall)

rainwater
(mg/L)

Using CMB 639.6 5.49 86 40 6.4

method only

Using CMB 639.6 10 86 73 11.5

(ocean mist/

dustconsidered)

Using CMB 639.6 19 86 143 22

(TD from forest
canopies
considered)
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6.3 Chapter summary

Two independent methods, i.e. the Rainfall Infiltration Breakthrough and ChlorideBdksse
methods, were applied in a fractured rock aquifer to estimate groundwater recharge in the
Southern Cape, Georg€he recharge estimates derived from the RIB and CMB technique were
verified against the published map or qualified guess estimatidietter (1995)Recharge with

the RIB technique ranged between 88 mm/yr (10% of annual rait@a4) mm/yr (5% of annual
rainfall) in 2011 and2017 respectively.While rechargeestimaté with the CMB in 2017
amounted ta10 mm/year 6.4% of annual rainfa)l When drychloride deposition fronthe sea
spray and the forests were considerecharge increased to an average of hd&'year 7% of
annual rainfall).The estimates from both techniques were in close agreement with the regional
estimates from published maps Megter (1995) androm previous researcherue to
dissimilarities in principles, assumptions and time scale which the two methods are bdsed on
techniques gave different recharge values as expddtadever, estimating recharge using two
independent methedvas found to be usefas it gave the range of plausible recharge rates in
the study areaThe lack of a strong correlation between rdinfand groundwater level
fluctuationsin the RIB modelillustrated thecomplexity of dynamic fluxes in a fractured rock
aquifer and limitations of the theoreticabssumed simple relationships between mean annual
rainfall and rechargeAs expected andeferenced by other authors the RIB technique was
sensitive to storativity in the fractured rock aquifer in the ddegertainties with regasto the
accuratedetemination of storativityfor rechargeestimationin fractured hard rocks still of
concernfor most hydrogeologist3.he rechargestimatesrom the CMB method were regarded

as minimum recharge amounts in ttedy areadue topossible additional chloride from the
dissolutionof the host rockNeverthelessthe method proved to ba promising and useful
techniqueto estimate recharge fractured rock aquiferas it works independently from
storativity which can be problematic to estimate in fractured rock aquifées.method can
accurately estimate recharge when its assumptiorfalbrappreciated.
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Chapter 7: Assessing the effect of pine plantation forests on
groundwater recharge

7.1Introduction

The current chapter presents and discusses the findings of objective three which aimed to assess
the effect of thepine plantations on groundwater recharge using a coupled atmospheric
unsaturated zone model, i.e. HYDR2B numerical model To assess this effect, the study
compared the groundwater recharge estimates derived from an area occupied by the plantation
forests torecharge estimates derived from an area occupied by indigenous forest (reference
conditions).The central argument of the chapter wat, for the trees to affect recharge they
dondt necessarily need t ovegetapon ohaaffeetgroundwatérr o m t
recharge indirectly by rainfall interception losses as well as the abstraction of the infiltrating

water in the vadose zone before reaching the water table.

7.2 Results and Discussion

7.2.1 Atmospheric Boundary Fluxes

Fluxes simulaté at the atmospheric boundary of the model domain are presented in Table 7.1.
Rainfall recorded at the Saasveld AWS (Figure 4.2) during the simulation period amounted to
564 mm. Evaporation and transpiration rates were the largest components of thetesoil wa
balance, i.e. a large proportion of the rainfall infiltration was returned to the atmosphere through
ET, with the balance producing potential recharge in the area. Of particular interest was that
although the absolute transpiration rates where cormditdehigher at the plantation forest than at

the indigenous forest, evaporation was in contrast. Higher evaporation rates in the indigenous
forest were attributed to the higher leaf area from denser canopy which resulted in higher
interception rates. No evland flow was simulated in the area, which was attributed to the dense

vegetation occurring along the transects.
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Table 7.1: Atmospheric boundary fluxes simulated by HYDRUS2D

Parameter (mm) Transect
Pinus elliottii Pinus radiata Groenkop Forest
Rainfall Infiltration 551 545 536
Evaporation 49 62 106
Overland Flow 0 0 0
Transpiration 435 488 250

7.2.2 Potential Groundwater Recharge estimations

Potential recharge simulated at the free drainage boundary of the model domains are presented in
Figure 7.1. Over the entire simulation period, potential recharge generated at the Groenkop
forest,Pinus elliottiiandPinus radiatamodel domains via the feedrainage boundary amounted

to 169 mm, 36 mm and 14 mm respectivelfhe potential groundwater recharge was
significantly higher in the indigenous forest when compared tgiteplantation forestsThis

was in was agreement with the study done by Adara., (2018)n Nebraska Sand HilldJSA)

which reported an overall reduction of groundwater recharge by nearly 17% due to the
introduction of a pine plantation foredthe recharge values obtained from the HYDRRLS

model were within the same order miagnitude of estimates from previous studies, the RIB
model and the CMB metho@he groundwater recharge dynamics conformed to the notion that
groundwater recharge was generally driven by single or multiple events and not annual averages
(Parsons, 2002).

As per Table 7.1, the observed recharge at the three transects was a function of the total ET
losses. Théncreased transpiration rates associated with plantation forests when compared to the
indigenous forests was in agreement with the studies by Scaltt @000; Scott and Prinsloo,
2008.0ne distinct recharge event was evident aftinels elliottiiandPinus radiatasites, while

two major and several minor potential recharge events were evident at the Groenkop forest site.

The major potential rechargwent observed at all transects was during DOS 350 (15 September
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2017) and 351 (16 September 2017) in response to significant rainfall events of 17.5 mm and 73
mm respectively. It was therefore apparent that potential recharge was a function of rainfall

intensity and frequency in the area. The rainfall intensity required to initiate recharge was higher
at thePinus radiataandPinus elliottiisites than at the Groenkop forest sites.

In accordance with the conceptual model (see Figure 5.2), subsequketvtater exiting the
model domain via the free drainage boundary, flow occurreevstlzally/laterally along low
permeability/impermeable layers until preferential flow paths (fractures) were encountered in the
underlying strata. Downward flow along Hee preferential paths was a function of the
characteristics of these features, and if the flow is restricted, interflow may occur again. The
processes of vertical and horizontal flow occurred until the percolating water reached the

saturated zoe or a wateourse.
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Figure 7.1: HYDRUS-2D simulation outputs: Potential recharge in the Groenkop forest

(top), Pinus elliotii compartment (middle) and Pinus radiatacompartment (bottom)
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No fluxes were simulated at the seepage face boundary for all transects. This is was in
disagreement with observations by Guehal (2015), who dug several soil pits in the area,
which were observed to be filled with water throughout the year as aoéfulbughflow from

upslope contributing areas. However, the relatively low simulated and observed VWC (Figure
7.2) at the downslope ends of the model domains, suggested that conditions were not conducive
for the generation of throughflow during the siation period, i.e. the VWC was significantly

below soil saturation levels. Additionally, it was noted that the soil pits dug by & a$H{2015)

were dry during frequent field observations conducted during the study period.

7.2.3Model Performance

A comparison between observed and simulated soil water content is often used to assess the
performance of a HYDRUSD simulation. Figure 7.2 presents the volumetric water content
observed and simulated at the downslope end of the model domain at a deptmdb2@ll the
transects simulated. A good agreement was generally evident between the observed and
simulated datasets in terms of the absolute values and the temporal trends. The simulated VWC
was however not able to represent the peaks in VWC obseetegdn DOS G 200 in the
Groenkop forest. Model performance evaluation criteria, based on the relationship between the
simulated and observed VWC, are presented in Table 7.2. The comparison between the observed
and simulated datasets was interpreted toabeeptable in terms of all the performance

evaluation criteria.
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Figure 7.2 HYDRUS-2D simulation outputs: observed (solid line) and simulated (open
circles) volumetric water content at the seepage face boundary in theinus elliottii
compartment (top), Pinus radiatacompartment (middle) and in the Groenkop forest
(bottom)
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Table 7.2: Model performance evaluation criteria derived through a comparison between

simulated and observed VWC

Criteria Transect

Pinus elliottii  Pinus radiata Groenkop Forest

Mean Absolute Error 0.3 0.3 0.5
(m¥md)

Root Mean Square Errc 0.5 0.4 0.7
(m¥md)

As an additional measure to evaluate model performance, measured transpiration estimates for
the Pinus elliottii compartment and for thBinus radiatacompartment during the period 1
October 2016 30 September 2017, were compared to root water uptakdasamduring the

same period by the model (Figure 7.3). The results from HPV1 suggest that transpiration in the
Pinus elliottii compartment during this period was 519 mm. The root water uptake simulated by
the model during this period amounted to 435 mrhe Tesults from HPV2 suggest that
transpiration in thd?inus radiatacompartment during this period was 398 mm. The root water
uptake simulated by the model during this period amounted to 488Timentotal values are
within the same order of magnitude, rexgr discrepancies exist when the data are analysed at a
monthly scalgFigure 7.3. This good correlation between the observed and simulated soil water
content and root water uptake allows for the model results to be interpreted with a degree of

confidene.
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Figure 7.3: HYDRUS-2D simulation outputs: observed and simulated root water
uptake in the Pinus elliottii compartment (top) and the Pinus radiatacompartment
(bottom)
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The root water uptake simulated in the Groenkop forest and that measured at each of the sample
trees is presented iRigure 7.4 The root water uptake simulated by the model during the
simulation period amounted to 250 mm, while the measured root wasikeuppmPodorcapus
latifolius, llex mitis and Ocotea bullatawas 220 mm, 310 mm and 327 mm respectively. It is
evident from Figre 7.4 that although there are differences between monthly simulated root
water uptake and measured root water uptake, the total simulated value for the ye20120i6

within the same range of what was measuféat root water uptake simulated in the Groenkop
forest is significantly less than that simulated in the plantation compartments.
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Figure 7.4: HYDRUS-2D simulation outputs: observed and simulated root water

uptake in the Groenkop forest

7.2.4 Statistical analysis of Recharge

A statisticaltwo tailed® est anal ysis at 5% significant i nt
there was a significant difference between the recharge estimates at the Groenkop indigenous
forest against the recharge from the Saasveld pine plantations.
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The null hypothesis tésd on this analysis state that there was no significant difference between
recharge values at the Groenkop forest (recharge = 169 mm) and at Saasveld pine plantations
(Pinus elliottii and thePinus radiata,recharge = 36 mm and 14 mm respectivelyhile the
alternative hypothesis state that there was a significant difference between these recharge
estimates. From table 7.3 and 7.4 it can be observed that-ths&t &nalysis revealed that
probability (p) value was less than 0.05, therefore rejecting théhypothesis and supporting

the alternative hypothesis that there was a statistically significant difference between the
recharge estimates from the Groenkop forest and pine plantations at 5% (0.05) significant level.

Table 7.3: T-test analysis for rechage from Groenkop forest against recharge atPinus

radiata compartment

Period Sample no P value t Critical value

Oct 2016 Sep 2017 365 1.62E12 1.96

Table 7.4: T-test analysis for recharge from Groenkop forest against recharge &@®inus

elliottii compartment

Period Sample no P value t Critical value

Oct 2016 Sep 2017 365 1.45219E08 1.96
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7.3 Chapter Summary

The HYDRUS2D numerical model was applied to assess the effect of pine plantations on
groundwater recharge on a hillslope fractured rock aquifes.results of the modelling provided

clear evidence of the effect gfine plantation forests on potential groundwater regha
Potential groundwater recharge was significantly higher in the indigenous forest when compared
to the pine plantation forestsOver the entire simulation period, the potential recharge at the
Groenkop indigenous foref®jnus elliottiiand Pinus radiataamounted to 169 mm, 36 mm and

14 mm respectively. The recharge values obtained from the HYEEJ®Aodel were within the

same order ofmagnitude of estimates from previous studies, the RIB model and the CMB
method.Rainfall intensity and fragency were observed to be a driving variable of the recharge

in the areaThe dynamics of the recharge events were also in line with that presented in the
conceptual model, i.e. that recharge occurs rapidly via direct infiltratidns study
demonstratedhow a procesbased atmospherimnsaturategaturated zone model, i.e.
HYDRUS-2D, may successfully be used to quantify potential groundwater recharge. The model
provided the ability to study the dynamics of groundwater recharge at short time scales, as
opposed to annual average responses which are derived from commonly applied techniques.
These results highlighted the importance of accurately accounting for ET losses in groundwater

recharge assessments and estimation techniques.
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Chapter 8: Conclusion and Recommendations

8.1 Conclusion

The main aim of the study was to assess the effect of plantation forests on groundwater recharge
by comparinggroundwaterrecharge estimates derived from an area occupied by indigenous
vegetation The argumentfor this studywas that for the trees to affect recharge theyndb
necessarily need to tap directly from the saturated.zZbhis means that theegetationmay

affect groundwater recharge indirectly by rainfall interception losses as well as thetminstfic

the infiltrating water in the vadose zone before reaching the water Tabkchieve the aim of

the studyfirstly, the dominantly occurring recharge mechanisas characterisedsecondly,
long-term groundwater recharge estimateme determinedandthirdly, the effect of plantation

forests on groundwater rechargere assessedPrior to characterizing the dominant recharge
mechanism in the area, delineation of potential recharge zonesowdsctedand a recharge

conceptual model of the areaswdevelopedo explain the recharge mechanism

The analyss on objectiveone showed thaireferential flowwas adominant recharge mechanism

in the studyarea Theconceptual modedupportedsuch finding byrevealingthatthe recharge in

the areaoccurred preferentially both vertically and laterally depending on the connectivity of
fractures within the are&guch evidence from the model was further supported by the isotope
results which showedhinimum evaporation occurring prior to rechargeplying preferential

flow paths exist The major recharge zone of the catchment corresponded with the higher
elevation areas (> 1000 mamsl) which were characterized by a dense presence of lineaments and
increased annual rainfall (> 1000 mm/yedie findingsfrom the hydrochemistry and isotope
analysedurther suggestethat groundwater was recharging the surface wat&raenkop site

From the findings in objective onehich focused on characteringcharge mechanisrit can be
concluded thatechargein the areapreferentially occurs through fracturearticular inareas
characterized by a dense presence of lineaments and increased annual Taerfalbre, the

first objective of this study on characterization of domilyaotcurring recharge mechanisaas
fulfilled.
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The analysis on objectivevo showedthat recharge estimates with the RIB model ranged
between 88 mm/yr (10% of annual rainfall) in 2011 and 24 mm/yr (5% of annual rainfall) in
2017.While rechargeestimate with the CMB in 2017 amounted t40 mm/year 6.4% of annual
rainfall). When drychloride deposition fronthe sea spray and the forests were considered
recharge increased to an average of md&year (7% of annual rainfall)From the findings in
objective two,which focused on groundwateechargeestimation, it can be concludebat
minimal recharge occurs in the areabasr83-90% of rainfall is lost through evapotranspiration,
converted to streamflow and/or lost through other hydrological mechanisms in thEwatkar

on it can be concludedhat the RIB and CMB methodscan be appliedfractured rock
environment where pine plantations are practiced charactegstidar to the current study area.
Therefore, the second objective of this study on the estimafigroundwater recharge was
fulfilled.

The third objective was tassess the effect of plantation forests on groundwaterrgechaing
HYDRUS-2D numerical modelThe analysis on objective three shoviled potential recharge at

the Pinus elliottii, Pinus radiataand Groenkop forest amounted to 36 mm, 14 mm and 169 mm
respectively. Thanalysisprovided evidence that the recharge in the pine plantation forests was
lower than athe Groenkop indigenous forest duehigh evapotranspirationates The analysis
highlighted the importance of accurately accounting for ET losses in groundwater recharge
assessment3he model proved to be the most successful technique to estimate recharge due to
the fact it considered most of the parameters that were faubd tontrolling recharge in the
study areaFrom the findings in objective thregyhich focused orassessqg the effect of
plantation forests on groundwater rechargecan be concluded thahe presenceof pine
plantation foresin the area reduces groundwater recharge dhigloevapotranspiratiorates.

The three objectives were fulfilled and the aim of the study was addressed. The study provided
evidence that although vegetation root systems in the area were restricteddo fo@e, pine
plantation forests reduceploundwaterecharge as compared to the Groenkop indigenous forest.
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8.2 Recommendations

Results for the firsbbjective providedevidence that the dominant recharge mechanism in the
area was a preferential rechamgpechanismDespite the study being site specific where few
points @ sampling sites)were studied which could not be representative of the entire catchment,
such finding provided reliable evidence about the groundwater recharge mechanism occurring
in the study areaBased on such result anis evidence which provide an insight about the
recharge mechanism occurring in the study area, this study recommends increasing the number
of sampling sitego cover either the entire catchment or number of sampling sites that can be
representative of the erdg catchment fowhich would provide results that would be used by
various practitioners in the different fields of groundwater resource.

Resultsfor objective twaillustrated tharecharge estimatdsom the RIB modefkangedbetween
88 mm/year(10% of amual rainfall) in 2011 and 24 mn#gr (5% of annual rainfall) in 2017.
While recharge estimates with CMBiethodin 2017 amounted to b40 mm/year (6.4% of
annual rainfall) andncreased to an average recharge of d®8/year (7% of annual rainfall)
when dry deposition from sea spray and the forest where considerepite thenfluence of
shaledissolutionin the computation of recharge when usthg CMB method, the technique
gave estimates that were in close agreement with other studiesthanadethodsworks
independently of storativitywhich can be challenging to accurately estimatefractured
heterogeneous rock aquifer as TMherefore this study recommendsonitoring network for
chloride in rainwater and chloride dry deposition from sea spray and aerosols in order to improve
recharge estimates in the area (i.e. a coastal region) when using the CMB method.

Lastly, forobjective thregresultsprovided evideoe that recharge in the pine plantation forests
was lower than at the Groenkop indigenous forest, with recharge at the Groenkop indigenous
forest,Pinus elliottii and Pinus radiataamounting to 169 mm, 36 mm and 14 mm respectively.
Since the HYDRUSD numeical model simulation period was restricted by the availability of

the soil water content data (1 October 2018eptember 2017), this study recommends further
monitoring of the soil water content data in order to improve the model performance and

rechar@ resultsand tomodel different recharge scenarios.
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