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1 Introduction

1.1 Background

Light Non - Aqueous Phase Liquids (LNAPLs), in particular those that are released from
petroleum product accidental spillages and leakages from Underground Storage Systems
(USSs) continue to pose a threat of contaminating groundwater. The need for a detailed site
characterisation on LNAPL contaminated fractured rock aquifers, with the objective of
providing valuable information prior to remediation exercises and improvement of knowledge
was the core motivation for this study. The study describes the application of various
geohydrological tools to characterise an LNAPL contaminated fractured rock aquifer located in
Beaufort West (Western Cape Province of South Africa, Figure 1-1). Contaminated site
characterisation is an important step towards aquifer remediation planning, designs and
implementation. In the case of LNAPL contamination, site characterisation enables evaluating
the potential impacts from a contaminant release and development of efficient remedial plans.

Figure 1-1 Location of the study area in Beaufort West (Western Cape Province of South Africa).




The history of the LNAPL contamination at the Beaufort West study area (see the enclosed
area, Figure 1-1) dates back to the early 1980’'s accidental spills and leakages. These
accidental spills and leakages are believed to have been released by an Underground Storage
Tank (UST), which is located at a retail service station (Van Biljon, 2002). Initial site
investigations by the Geo Pollution Technology Cape (GPT) consulting company were
prompted when some private borehole owners reported pumping free phase petroleum
product of diesel and petrol. Diesel and petrol free phase product were also detected and
collected during the field investigations. Some of the private boreholes are contaminated with
both free and dissolved phase of the petroleum products and the local population has been
adversely affected (this was observed by the author). For instance, 6 m of free phase petrol
product was detected on top of water in private borehole PW12 rendering the borehole
polluted as the water is no longer suitable for its intended purpose (vegetable gardening). The
need for a social scientist to give proper counseling to the affected people cannot be
overemphasized and was recommended after the hydrocensus exercise.

Field investigations were designed to define and determine properties of fractured preferential
flow paths responsible for the LNAPL transportation in a typical Karoo fractured rock aquifer.
During the field tests, geohydrological tools were utilized so as to compliment one another,
thus the use of the term site characterisation complementary tools. Drilling explorations and
borehole geophysics were valuable for geological subsurface investigations, in particular the
location of fractures which are often associated with high hydraulic conductive flow zones.
Aquifer tests to determine the hydraulic and mass transport parameters for the preferential
flow paths were of paramount importance, considering the influence of the parameters on the
movement and fate of LNAPLs. Groundwater sampling was performed on both private and
newly drilled boreholes for organic and inorganic contaminants, this was important in order to
determine the distribution of LNAPL on the study area.

The application of complementary geohydrological tools for characterising an LNAPL
contaminated fractured rock aquifer has great potential to optimize site understanding. The
Beaufort West study area is characterised by a stressed aquifer system as a result of
abstractions on municipal and private boreholes. In this stressed groundwater system,
pumping effects are mobilizing the LNAPLs and further accelerating contaminant migration.

Some of the findings of this MSc thesis are built on the assumption that the four identified
potential LNAPL sources are the only ones contributing to groundwater contamination in the
Beaufort West study area.




1.2 Aims and Objectives

The study aims to characterise an LNAPL contaminated fractured rock aquifer through the use
of existing geohydrological field and laboratory techniques. To achieve this aim, the following

specific objectives were performed:
e Desktop study covering contamination history, local and regional hydrogeology.
o Site survey (Walkover and Visual inspection).
o Hydrocensus in the vicinity of potential LNAPL sources.
o Geological characterisation.
o Borehole geophysics characterisation.
e Hydraulic characterisation.
¢ Chemical characterisation.

1.2.1 Data Collection Strategy

In this thesis, the following work was outsourced (work which was not performed individually
by the MSc student):

Site survey

e Dr A.P. Jennifer, Dr B.H. Usher, Modreck Gomo [Water Research Commission (WRC)
LNAPL project] and Samuel Morr [Geo Pollution Technology (GPT)].

Hydrocensus
e Personnel hired by the WRC LNAPL project.
Geological characterisation

e Drilling - Willir Drilling Company
o Geological logging - Modreck Gomo (WRC LNAPL project) and Jamie. L. Bothwell
(WRC Bulk flow project).




Borehole geophysics characterisation

e Borehole geophysics logging - Personnel and equipment hired from Department of
Water Affairs and Forestry (DWAF).

Hydraulic characterisation

o Slug testing - Modreck Gomo and Kevin. H. Vermaak (WRC LNAPL project).

o Pump testing - Modreck Gomo, Kevin. H. Vermaak (WRC LNAPL project) and Jamie.
L. Bothwell (WRC Bulk flow project).

o Tracer testing - Modreck Gomo and Kevin. H. Vermaak (WRC LNAPL project).

Chemical characterisation
e Inorganic chemistry analysis - Institute of Groundwater Studies (IGS) laboratory.

o Organic chemistry analysis - Eurofins Analytico (Netherlands based laboratory).

1.3 Site Characterisation Overview

Site characterisation is an important facet of geohydrological investigations which is used to
develop a site conceptual model. It provides an important understanding for predicting future
site behavior. The prediction of future site behavior is based on the observed features and
processes governing the groundwater flow and contamination migration at the site.
Groundwater site characterization has two major components; assessment of the groundwater
flow system and assessment of the contamination in the ground water.

1.3.1 Contaminated Site Characterisation

In the context of groundwater contamination, site characterisation aims to obtain fundamental
data which is needed to describe the subsurface flow pathways, distribution of contaminants
and fluid flow properties. According to US EPA (1991), during site characterisation emphasis is
often placed on of the assessment of contamination in the ground water which mainly involves
groundwater quality monitoring. US EPA (2001) gives a detailed discussion on the
“State - of - the - Practice of Characterisation and Remediation of Contaminated Ground Water
at Fractured Rock Sites”. Based on site characterisation results, the initial conceptual model is
continuously upgraded. This evolving conceptual model should reflect the most likely




distribution of contaminants as well as the hydrogeologic features and transport processes
controlling the contaminant distribution.

US EPA (2004) documented guidelines on the “Site Characterisation Technologies for DNAPL
Investigations”. The guidelines are intended to help managers at sites with potential or
confirmed DNAPL contamination to identify suitable characterisation technologies and
screening the technologies for potential application. A Manual for Site Assessment at DNAPL
contaminated sites in South Africa was also developed to provide guidance for site owners and
investigators on the available technologies and cost - effective assessment methodologies
(Gebrekristos et a/, 2007). The manual discuss in detail tools and approaches for locating and
characterizing DNAPL contamination in the South African geohydrological setting. It is upon
such a background on site characterisation technologies that there was need to investigate
and assess the applicability of various geohydrological tools to characterise an LNAPL
contaminated fractured rock aquifer located in Beaufort West.

It is important to highlight that the level and details of a site characterisation exercise is largely
dependent on the characterisation objectives, available technologies and practical economic
constrains. In other words, there are no specific procedures or steps which can be
recommended because it is site specific and depended on various factors. The site
characterisation tools and technologies utilized differ from one site to the other. Despite the
main objective of contaminated site characterisation being to collect data for site remediation
designs, planning and subsequently implementation, what prompt site investigations is usually
different.

Take for instance in this study, investigations at the Beaufort West site was only prompted
when free phase petroleum products on top of water were detected in some private boreholes.
This current study is different from other investigations which are started because a potential
contamination source exists, even before affecting the receptors. A good example for the
second scenario is petrol spill from a road transport tanker. Using these two scenarios as an
example, the approach of site characterisation in terms of goals, steps, tools and technologies
is going to be different. Based on this argument, it is difficult for the author to include any case
studies in which the current site characterisation steps and tools have been applied. In this
study site characterisation was conducted in the following phases.




1.3.2 Phases of Site Characterization

Phase 1 involves a review of site the history, contaminant properties, and local/regional
studies. This review should include the following aspects (API, 1989):
o Information on storage, transportation, use, monitoring, and disposal of LNAPLs at the
site.
o Locations, volumes, and timing of any known LNAPL releases.
o Locations of underground piping, structures and utilities which might influence the
LNAPL flow.
o Regional or local geologic and hydrogeologic studies, soil surveys, climatic data, and
pertinent maps or historic photographs of the site.
o Preliminary information available from the literature concerning pertinent contaminant
transport and fate parameters for the site - specific contaminants.

A site survey (Walkover and Visual inspection) is then carried out as part of phase 1 to verify
and confirm data collected during the desktop study and review of the site history. An initial
conceptual model for groundwater flow, contaminant transportation and fate in the subsurface
is then developed based on this information. The initial conceptual model, despite being at
times flawed, provides a basis for field investigations (phase 2). The conceptual model can be
confirmed or rejected and or improved as detailed information is unveiled during the

investigation.

Phase 2 involves detailed field investigations, this can include drillings, borehole geophysics,
sampling for water quality analyses and aquifer tests depending on the available capacity for
the investigation. The closure of phase 2 is a conceptual model which must reflect the most
likely distribution of contaminants as well as the transport pathways and processes controlling
LNAPL migration and distribution. This makes it possible to consider both the current and
future contaminant impacts under different remediation scenarios (US EPA, 2001).

Site characterization plays an important role in evaluating the potential impacts from a
contaminant release and development of efficient remedial plans. A major challenge in the
application of site characterization technologies is to locate the significant fractures and apply
technologies in a way such that measurements properly reflect the in - situ conditions
(US EPA, 2001). In other words, priority should be given to the identification of major fractures
which are chiefly responsible for the groundwater and contaminant conveyance.




|

1.3.3 Beaufort West Study Area Site Characterisation Summary

Characterisation of the Beaufort West study area was conducted in two phases. A brief

summary of the work is given below.
Phase 1
1. Desktop Study

A review of the site contaminant history was conducted; this included potential LNAPL
sources at the site and the affected receptors. Historical groundwater levels and quality
were obtained from old Geohydrology (GH) reports as part of the regional and local
geohydrological review. Old GH maps were also utilized to identify the location of
intrusions among other geological features of great implications to groundwater and
contamination flow in the study area.

2. Site Survey (Walkover and Visual inspection)

This was conducted to verify the validity of the information collected during the desktop
study. Emphasis was placed on the selection of drilling positions and aquifer test boreholes
from the existing private monitoring boreholes.

3. Initial Conceptual Model

This was constructed based on all the data collected from the desktop study and site

survey.
Phase 2
1. Hydrocensus

The hydrocensus exercise was conducted as an extended hydrocensus after the previous
work by GPT. The main objective was to assess the impact and extend of the LNAPL
contamination on the groundwater users located in the vicinity of conceptualised LNAPL
sources. The hydrocensus played an important role in plume delinéation and planning for
the field tests.




2. Geologic Characterisation

Two percussion and four core boreholes were drilled. The core and percussion geological
logs were compared. Location of the major fractures and possible fracture orientations was
observed from the core geological logs. Weathered and bedding plane zones were also
identified.

3. Borehole Geophysics Characterisation

Borehole geophysics was conducted in newly drilled boreholes. Electrical conductivity (EC)
profiling was conducted to locate hydraulically conductive zones associated with the
biodegradation of LNAPLs in the aquifer. Full Wave Sonic (FWS) and Acoustic Viewer (AV)
images were obtained to enable the measurement of fracture depth, orientation, dip, and
apparent aperture where possible. Conventional borehole geophysics logging; Gamma,
Spontaneous Potential (SP) and Resistivity logs were also obtained to characterise the
subsurface. During the borehole geophysics characterisation, emphasis was placed on the
identification of hydraulically conductive fractures.

4. Hydraulic Characterisation

Eight slug and three pump tests were carried out in the newly drilled and existing
contaminated private boreholes to determine aquifer hydraulic parameters, in particular
fracture and matrix transmissivity. A single point dilution and two radial convergent tracer
tests were also conducted to estimate mass transport parameters specifically: Darcy
velocity (forced and natural), seepage velocity and kinematic porosity.

5. Chemical Characterisation

Organic and inorganic chemical water analyses were conducted for the Beaufort West
study area. Dissolved hydrocarbon compound analysis was carried out using site
laboratory field screening kit (Site Lab) and overseas reference laboratory. Volatile Organic
Carbons (VOCs) were also measured during the air percussion drilling using a Photo

lonization Detector (PID).
6. Site Conceptual Model

Was developed through updating the initial conceptual model based on the entire field data

collected.




1.4 Thesis Outline

Chapter 1: Introduction

Chapter 2: LNAPL Petroleum Hydrocarbon Contamination
Chapter 3: Site Preliminary Investigations

Chapter 4. Geologic Characterisation

Chapter 5: Borehole Geophysics Characterisation
Chapter 6: Hydraulic Characterisation

Chapter 7.  Chemical Characterisation

Chapter 8: Site Conceptual Model

1.5 Summary of Chapter 1

The chapter gives the background information leading to this MSc thesis on characterising an
LNAPL contaminated fractured rock aquifer in the Beaufort West study area. An overview and
outline of the LNAPL site characterisation is given, with emphasis being placed on the
application of various complimentary geohydrological tools to optimize site understanding.
Optimum understanding of contaminated sites is important for undertaking remediation
exercises and other safety measures which might be necessary to protect the environment
and public from health hazards. The next Chapter details the review of literature on LNAPL
properties, migration in different mediums and activities in the South African petroleum
industry which has the potential to contaminate groundwater.




2 LNAPL Petroleum Hydrocarbon Contamination

2.1 LNAPL Properties

By definition, LNAPLs are less dense liquids than water. They do not readily mix with water;
however they are composed of other molecules of organic origin which are slightly soluble in
water. Examples of common LNAPL petroleum products include petrol, paraffin, diesel, and jet
fuel. The LNAPL properties and the nature of the hosting subsurface determine to a greater
extend the migration and distribution of the contaminants. A brief summary of the LNAPL
properties that influence flow at pore scale migration is given in this section. For detailed
explanations and measurement of these properties reference is hereby made to (Mercer and
Cohen, 1990) and (Cohen and Mercer, 1993) respectively. LNAPL released into the
subsurface can exist and move in the following distinct phases (Cohen et a/, 1996):

e Vaporised phase.
o Residual entrapped LNAPLSs in soil pores.
e Dissolved compounds in water (Dissolved phase).
e Free immiscible phase floating on top of water (Free phase).
Properties playing an important role in the pore scale migration of LNAPLs include:
1. Density (kg/m°)

It is defined as the mass of substance acting per unit volume. LNAPLs have densities less
than water; they float on top of water as a free phase product, thus they are referred to as
“light”. Their less density insures that undissolved hydrocarbons cannot penetrate
significantly below the water table. Density has influence on the migration rate of LNAPLSs,
more importantly in the unsaturated zone where the effects of gravity are dominant. As the
LNAPL density increases, the rate of migration also increases because of high
gravitational force. Their light density property implies the existence of at least free LNAPL
phase and dissolved among other phases which in most cases require different
remediation approaches.
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2. Viscosity kg/(ms)

Is the resistance of a fluid to flow and it deceases as the fluid temperature increases. Low
viscosity LNAPLs offer less resistance to flow, hence are bound to travel much faster in the
porous media.

3. Interfacial Tension (J/m?)

Is the surface energy at the interface of two immiscible fluids that are in contact, it results
from differences of molecular attraction forces within the fluids (Bear, 1972). The property
measures the stability of the interface between the two immiscible fluids. High interfacial
tension would imply great stability hence more energy required to separate the fluids. In a
saturated media, high interfacial tension may also imply increased potential for
groundwater advection to transport free phase LNAPL as they can stick together for much
of the time.

4. Wettability

Is defined as the ability of one fluid to spread or adhere to a solid surface in the presence
of another immiscible fluid and has great influence on the LNAPL fluid pore distribution. In
a multiphase system, the wetting fluid would preferentially wet solid surface and as a result
tend to occupy smaller pore space while at the same time confining and restricting non -
wetting fluid to largest interconnected pores (Newell et a/, 1995). In the saturated fractured
media, water as the wetting fluid displaces LNAPL from pore spaces thus potentially
confining LNAPLs into high transmissivity fractures. The confining of LNAPLs into the high
transmissivity fractures has the potential to increase LNAPL mobility, hence accelerating
the contamination movement. Mercer and Cohen (1990) describe and discuss in detail the
factors influencing wettability.

5. Capillary Pressure (m)

Capillary pressure is the pressure difference across the interface between the wetting and
non - wetting phases. Capillary pressure is often expressed as the height of an equivalent
water column. Capillary pressure generally increases with decreasing pore size,
decreasing initial moisture content, and increasing interfacial tension. Capillary pressure
also measures the tendency by the porous media to attract wetting fluid while repelling the
non - wetting fluid.
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In the unsaturated zone where LNAPLs tend to be the wetting phase against air, the
strength of capillary pressure determines the amount of residual LNAPL entrapped in the
soil pore spaces. The capillary pressure for the residual LNAPLs has important
implications for product recovery remediation exercises through pumping. It requires
extremely high gradients in excess of 1 ft/ft (0.3048 m/m) (Newell et a/, 1995) to displace
and move residual LNAPLSs, thus difficult to clean.

6. Saturation and Residual Saturation (Sr)

Saturation is the relative fraction of the total pore space filled with the specific fluid and
could be a saturation ratio of water or LNAPLs. The saturation level where continuous
LNAPLs become discontinuous and are immobilized by the capillary forces is known as
residual saturation (Sr). Residual saturation of LNAPL represents a potential source for
continued groundwater contamination that is tightly held in the soil pore spaces and thus
difficult to remove through cleaning remediation technologies.

7. Relative Permeability

Relative permeability is the ratio of the effective permeability of the medium to a fluid at a
specified saturation and the permeability of the medium to the fluid at 100 % saturation.
Values for relative permeability range between 0 and 1. Williams and Wilder (1971) explain
and discusses the use of relative permeability curves to describe different types of
multiphase flow regimes which may exist at any particular site.

At field scale, LNAPL migration is controlled by a complex combination of release factors, soil
or aquifer properties and LNAPLs properties which includes (Mercer and Cohen, 1990):

o Volume of LNAPL released.

o Rate of source loading.

o LNAPL infiltration area at the release site.

o Properties of the LNAPL.

o Properties of the soil and aquifer media.

o Permeability and pore size distribution.

o Fluid and porous media relationships.

o Lithology and stratigraphy.

o Macro - scale features.
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2.2 Potential Sources of LNAPL

Groundwater contamination can occur from petroleum product spills and leakages during
production, transportation and or storage. Production activities could be drilling and or refinery.
Petroleum products are hereby referring to Light Non - Aqueous Phase Liquid (LNAPL) such
as petrol, diesel, aviation fuel and paraffin. The contamination often occurs as a point source,
where the contamination can be traced back to a single origin or source. For instance, the
source could be a leaking underground storage tank, accidental tanker spills and or pipeline
transportation leakage. Petroleum hydrocarbon contamination can also be a non - point source
pollution, in cases where disposed oils and spilled brake fluid from the motor vehicle industry
are rain washed and transported by the urban runoff.

A review of the South African Petroleum industry is given below with the objective of bringing
to light potential LNAPL sources and activities which can lead to groundwater contamination.
The potential LNAPL sources can occur during the production, refinery, transportation and or
storage of petroleum products.

2.2.1 South African Petroleum Industry

2.21.1 Petroleum Manufactures

The industry is composed of six main petroleum manufacturers; four of these are crude oil
refineries, one is a coal to liquid conversion facility and the other is a gas to liquid conversion
plant. South Africa is reported to be having the second largest petroleum refining capacity of
519 547 barrel per day (bbl/d) in Africa, surpassed by Egypt. Its refined products are sold both
in the local market and also exported mainly within Southern Africa, but also in the Indian and
Atlantic basin markets. Major South African petroleum refineries include; Sapref and Enref in
Durban, Chevron in Cape Town, and Natref at Sasolburg (Figure 2-1). (e/a, 2007).

Sapref is South Africa’s largest crude oil refinery with 35 % of the country’s refining capacity
which equates to 180 000 bbl/d of crude oil or 8.5 million tons per year. Its operations
include refinery in prospection, storage facilities at Durban harbor, management of a single
buoy mooring where tankers offload 80 % of the country’s crude oil and ships bunkering
services, both on behalf of industry partners. Sapref refines crude oil to produce petroleum
products for the South African market. Products include petrol, diesel, paraffin, aviation fuel,
liquid petroleum gas and marine fuel oil (sapref, 2007).




Engen supplies about 18 % of South Africa’s liquid fuel requirements through the Enref
refinery in Durban. The refinery has the capacity to refine 150 000 bbl/d. Their refined products
include a wide range of petrol, diesels, paraffin, jet fuel, liquefied petroleum gas (LPG), heavy
fuel oil, bunker fuel oil and bitumen (engen, 2007). The Chevron refinery is the third largest
crude oil refinery in South Africa. The refinery is situated approximately 20 km northeast of
Cape Town’s Central Business District in the suburb of Milnerton. According to (eia, 2007),
Chevron has a refining capacity of 110 000 bbl/d. Total caters for South Africa’s liquid fuel
requirements through the Natref refinery at Sasolburg. According to (tofa/, 2007) Natref has a
refining capacity of about 108 500 bbl/d. Figure 2-1 shows the location of major petroleum
production in South African and refinery facilities.
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Figure 2-1 Location of major petroleum production and refinery facilities in South Africa (Taken from
google maps, 2009).
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Sasol, the world’s largest manufacturer of oil from coal, maintains the coal liquefaction plants
located at Secunda (oil) and Sasolburg (petrochemicals). Sasol caters for the South African
petroleum industry requirements through their highly developed synthetic fuels produced by
coal to liquid conversion processes. Sasol Synfuels has an operating capacity of
150 000 bbl/d. State owned PetroSA began synthetic fuel production in 1993. PetroSA
converts the gas into a variety of liquid fuels including motor gasoline, distillates, kerosene,
alcohols and LPG with an operation capacity of 50 000 bbl/d. (e/a, 2007). Figure 2-2 shows
some of the trend in capacities of the South African petroleum production facilities.
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Figure 2-2 Capacities of the South African fuel production and refinery facilities from 1992 - 2005.
Sources: Sasol Facts 2007., sapref, 2007., engen, 2007., saflii, 2007 and e/a, 2007.

These production capacity figures reflect a continued increase in the production of petroleum
products. The increased production capacity implies increased need for storage and
transportation. It is usually during the transportation and storage petroleum products where
accidental spillages and leakages are bound to occur. Accidental spillages and leakages have
the potential to cause groundwater contamination once the spilled petroleum product finds a
preferential flow path towards the water table.
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2.2.1.2 Petroleum Downstream Markets

The downstream markets involve wholesale, retail marketing and distribution of the petroleum
products. This is mainly achieved through the use of storage deports and retailing service
stations. Multinational companies, including British Petroleum (BP), Shell, Caltex (Chevron
Texaco), Engen, and Total, are the major participants in South Africa’s downstream petroleum
markets. Several domestic firms are also involved, these includes Naledi Petroleum and Afric
Oil.

2.2.1.2.1  Service Stations and Storage Deports

Engen is the largest marketer of petroleum products in South Africa and has about 27 %
market share with about 1 400 service stations in South Africa (engen, 2007). Their products
include a wide range of petrol, diesels, paraffin, jet fuel, liquid petroleum gas (LPG), heavy fuel
oil, bunker fuel oil and bitumen. According to Sasol Facts (2007), Sasol Oil market fuels are
blended at Secunda and are refined through its 63.6 % share in Sasolburg’s Natref refinery.
Sasol oil's products include petrol, diesel, jet fuel, illuminating paraffin, fuel oils, bitumen and
lubricants. These products are marketed and distributed through its 390 service stations
established since January 2004. (Sasol Facts, 2007).

Caltex is a joint venture between two of the world’s major oil companies, Chevron Corporation
and Texaco. Caltex controls a network of approximately 1 000 service stations and a total of
31 storage depots in South Africa. BP Southern Africa is in control of about 790 BP branded
service stations, 26 depots and other distribution sites. BP Southern Africa’s distribution sites
include three coastal installations. Shell has a total of about 800 branded service stations and
40 storage deports. (shell, 2007 and safiii, 2007).

Total’'s marketing assets includes 688 branded service stations, with a network of depots and a
fleet of road tankers. The company manufactures and sells a full range of petroleum products
including lubricants, greases, kerosene, jet fuel and liquid petroleum gas (fota/, 2007). Table
2-1 and 2-2 gives a summary of the estimated number of fuel service stations and storage
depots in South Africa respectively. Jet fuel is stored in mobile dispensers at the airports, and
is owned by the Johannesburg, Cape Town and Durban international Airports. These mobile
dispensers are owned by a consortium of the six major oil companies. (saffii, 2007).
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Table 2-1 Estimated number of fuel service stations in South Africa (2007).

Company Estimated number of fuel service stations
BP SA 790
Caltex (Chevron) 1 000
Engen 1400
Sasol QOil 390
Shell Oil SA 800
Total Oil SA 688
Total 5068

Sources: Sasol Facts 2007., total, 2007., shell 2007 and safilii, 2007.

Table 2-2 Estimated number of fuel storage depots in South Africa.

Number of fuel storage depots

Company Owned Guest Total
BP SA 11 14 25
Caltex (Chevron) 20 11 31
Engen 13 9 22
Sasol Oil 2 23 25
Shell Oil SA 13 17 30
Total Oil SA 13 13 26
Total 72 87 159

|

Sources. fotal, 2007 and saffii, 2007.

Petroleum product retail service stations’ arrangement in most cases consists of dispenser
pumps supplied by USTs (Figure 2-3). According to US EPA (2003), petroleum product

leakages from USTs are a worldwide phenomenon as many of them have either leaked or are

currently leaking.
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Figure 2-3 Typical petroleum UST installed at the study area's service stations (Taken during the
fieldwork).

It was estimated in the early 1990s that there were about 50 000 USTs being used in South
Africa (Charman, 2003). It is important to highlight that not all of the 50 000 USTs were
installed at service stations and storage deports. However the magnitude of the impact from
USTs installed at service station is more likely to be enormous, because of the huge quantities
of fuel they handle and store. The remainder of the USTs is installed at farms, garages and
transport yards. In other words, the USTs deserve special mention and attention especially
considering that the LNAPL contamination on the Beaufort West study area is from USTs
installed at retail service stations.

2213 Transportation of Petroleum Products

In the early 1960’s the state - owned South African Transport Services (SATS) commenced
the construction of a 12 inch diameter pipeline intended to convey refined petroleum product
from Durban to Johannesburg. The pipeline, which become known as the Durban
Johannesburg Pipeline (DJP) was commissioned in 1965. In order to accommodate the steady
growth inland demand for fuel products, the DJP was in 1972, extended to Pretoria West
Waltloo and Benoni from Alrode and to Klerksdorp via Potchefstroom from Sasolburg. The
government also decided to accumulate crude oil reserves in disused coalmines in the inland
area at Ogies and at farm tanks throughout South Africa. To this end an 18 inch diameter
Crude Oil Pipeline (COP) was commissioned in 1969. When Natref was commissioned in
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1971, the COP was also used to convey the inland refinery’s crude oil requirements. After the
commissioning of Natref in 1971, a pipeline was constructed from Natref to Johannesburg
airport in 1973 for the conveyance of jet fuel. (saffii, 2007).

The growth in demand for refined oil product in the inland market resulted in the DJP
becoming capacity constrained. In 1978, SATS commissioned the Durban Witwatersrand
Pipeline (DWP). This 16 inch white oil pipeline from Durban to Alrode via Ladysmith, Volksrust
and Secunda and from Secunda to Witbank via Kendal was intended to augment the DJP’s
capacity in order to meet the inland growing demand for white fuels. The DJP has 11 terminals
where the refined products are removed and transported by road or rail to the relevant depots
or service stations (saffii 2007). Petroleum product leakages can occur along these
transporting pipes such that they can become a continuous point source of contamination.
Figure 2-4 shows an example of a leaking petroleum pipeline (pacificenvironment, 2009). A
number of petroleum product accidental spillages and leakages events in Durban from
1998 - 2004 have been given in Appendix 1 (groundwork, 2009).

Figure 2-4 Example of a leaking petroleum pipeline (Taken from pacificenvironment, 2009).

As evident in Figure 2-4, the leaking free phase petroleum product is already floating on the
surface water. Considering the ground and surface water interaction processes in particular
recharge and base flow, some of the petroleum product will eventually find their way into the
saturated zone. In other words the existence of petroleum transporting pipelines is a threat to
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both surface and groundwater resources as they are bound to leak as a result of ageing and

bursts among other factors.

After pipeline transportation, long - haul rail is the second most cost - effective means of
transporting refined product to the inland region. Once on the inland, petroleum product
transportation is achieved through long - haul road transport services. Road transportation of
petroleum products in South Africa is provided by a number of third parties to which the oil
companies have outsourced the service. The third party transportation services are
complimented by the oil companies’ owned fleets (saflii, 2007). Petroleum product accidental
spillages are bound to occur during road and rail transportation, for example Figure 2-5 shows
an accidental petrol spillage from a tanker, carrying about 35 000 liters of petrol
(sabcnews, 2003). Once an accidental spill has occurred some of the spilled petroleum

product has the potential to cause groundwater contamination.

Figure 2-5 Overturned petrol tanker on fire (Taken from sabcnews, 2003).
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2.3 LNAPL Migration in the Subsurface

Groundwater constitutes of the vadose or unsaturated, capillary fringe and saturated zones

which are all prone to various forms of LNAPL contamination. Groundwater dictionary by IGS
of South Africa describes the three groundwater zones in the following manner:

1. Unsaturated/Vadose Zone

Is defined as the zone between the earth’s surface and the water table, this may
include the capillary fringe. Water in this zone is generally under less pressure than
atmospheric pressure. The voids in the unsaturated zone may contain water and air or
other gases. Most groundwater recharge passes through this zone. The nature and
thickness of this zone has great influence on the amount of contaminants reaching the
water table. High clay content in the unsaturated zone has the potential to retard and
reduce contaminant migration towards the water table.

2. Capillary Fringe

The zone in which water naturally occurs in contact with, but rising above the water
table. The rise above the water table is caused by tensional forces in the soil pore
spaces, sediment and rock material. In fine grained material the capillary rise may
amount to 2 - 3 m, but only measures a couple of centimeters in coarser grained

material.
3. Saturated Zone

Is that part of the earth’s crust beneath the water table or piezometric surface in which
all voids, large and small, are filled with water under pressure greater than
atmospheric. The saturated zone is the groundwater.

2.3.1 LNAPL Migration in the Vadose Zone

On introduction into the subsurface, LNAPLs will migrate as a distinct phase downward
through the unsaturated zone under the influence of gravity. Because of less density, LNAPLs
travels much slower as compared to DNLAPLs under the influence of gravity. The vertical
migration will also be accompanied to some extent by the lateral spreading because of the
effect of capillary forces. The advective groundwater effect also promotes the lateral
spreading, thus in an ideal porous and homogeneous media the LNAPL plume is bound to

follow groundwater flow direction. In the unsaturated zone, the LNAPL contaminant can exist
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in all four distinct phases (Huling and Weaver, 1991). Figure 2-6 shows the possible existence
all four LNAPL phases; gas, free, dissolved phases and residual entrapped LNAPLSs in the soil
pores.

Solid

Water

Soil Gas

~—

Figure 2-6 LNAPL phases in the unsaturated zone (Taken from Huling and Weaver, 1991).

As the LNAPL descend through the unsaturated zone, the free phase volume decreases
because the immobile LNAPL is left behind in the soil column as residual entrapped LNAPLs
in the pore spaces. This entrapment of residual LNAPL is due to the surface tension effects
which are a function of grain structure, texture and size among other factors. In general, the
migration of LNAPL may also be limited by physical barriers such as low permeability layers
(Brost and DeVaull, 2000). This fact seems to suggest that various permeability materials
exhibit different retention capacities for LNAPLs. In addition to the migration of the
non -aqueous phase, some of the LNAPL may volatilize and form a gaseous envelope of
organic vapor extending beyond the main zone of contamination (Abriola, 1989).

2.3.2 LNAPL Migration in the Saturated Porous Media

On reaching the water table, the LNAPL behavior is chiefly dependent on its lighter density
property and will spread laterally along the capillary fringe forming a lens or pancake. It may
also depress natural groundwater levels during the lateral spreading. During interaction with
the advective flowing groundwater, soluble components may dissolve to form a contaminant
plume (Figure 2-7). The dissolved LNAPL phase can then migrate under the influence
hydraulic gradients present in the aquifer (Newell et a/, 1995). It is important to highlight that
both natural and artificial gradients has great potential to mobilize LNAPL contaminants. On
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the Beaufort West study area, artificial gradients from abstraction on private and municipal
boreholes are conceptualised to be mobilizing the LNAPL contamination.

o

1\ A 4

Dissolved LNAPLs

Groundwater flow

Figure 2-7 Simple conceptual model of LNAPL migration in the subsurface (Adapted from Mercer and
Cohen, 1990).

Accumulated LNAPLs at or near the water table are subject to “smearing” as a result of
changes in the water table elevation due to seasonal changes and or abstraction regimes.
Seasonal changes could be due to recharge or discharge or tidal influence close to coastal
environments. Mobile LNAPL floating above the water saturated zone will move vertically as
the groundwater elevation fluctuates. As the water table rises or falls, LNAPLs will be retained
in the soil pores, leaving behind a residual LNAPL “smear zone”. If smearing occurs during a
decline in the groundwater elevations, residual free phase LNAPLs may be trapped below the
water table as groundwater elevations rise (Newell et a/, 1995). Entrapment of the free phase
LNAPLs below the water table elevations can lead to a wrong impression that the free phase
contaminant has depleted, only for it to reappear as water levels falls.

2.3.3 LNAPL Migration in the Fractured Media

The behavior of LNAPL within a fractured rock media is a function of the properties of the
immiscible fluid, geometry of the fracture network, rock matrix properties, and the groundwater
flow regime. In other words, the LNAPL behavior is completely different in fractured rocks as
compared to porous media. According to US EPA (2001), fractured rock sites are among the

most complex because of their considerable geologic heterogeneity and the nature of fluid flow
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and contaminant transport through fractured media. Complex geology poses a great

challenge to site characterization.

Hardisty et a/ (2004) noted the potential of relatively small volumes of LNAPL within vertical
and sub - vertical fractures to produce significant LNAPL pressure heads. Significant LNAPL
pressure heads can result in the pronounced LNAPL penetration into the saturated zone and
such penetration can be significantly deeper than predicted by porous medium models. Once
the LNAPL reaches the groundwater surface, its accumulated weight will begin to depress the
LNAPL - water interface within the fracture. In a water wet system, LNAPL will enter a given
fracture only if the LNAPL - water capillary pressure (P.) at the fracture entrance is greater
than the fracture entry pressure P,. Considering the fracture as two paralle! plates of aperture
b, the fracture entry pressure can be described as a capillary phenomenon, and is expressed
with the following equation (Kueper and McWhorter, 1991).

P - 20Cl;0s ¢

Equation 1

Where; o is the interfacial tension between LNAPL and water, and ¢ is the interface contact
angle through the wetting phase. At the water table, where the water fluid pressure P, equals

zero, the capillary pressure is equal to the LNAPL fluid pressure at the interface and is
proportional to the connected vertical height of LNAPL within the fracture (h). This pressure is
balanced by the buoyancy of the LNAPL provided by the penetration beneath the groundwater
surface, and the entry pressure of the fracture as shown in equation 2 below (Hardisty et al.
1998).

20Cos
hpg= h/pwg+—¢

Equation 2

Advection plays an important role in both groundwater and LNAPL flow through the fractured
aquifer system. Groundwater flow in a fractured aquifer is mainly dependent on; fracture
density, orientation, effective aperture width and nature of the matrix. Mercer and Spalding
(1991) noted the tendency of the LNAPL to be transported in the same general direction as the
groundwater. Fetter (2001) also reported the dissolved LNAPLSs travelling at the same rate with
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average linear groundwater velocity. In other words, groundwater advection plays an important
role in driving the LNAPL contamination in fractured rock aquifers.

In the fractured rock aquifers, dip and fracture orientations have great influence on the rate of
LNAPL migration. These fracture features have the potential to move contamination up or
across the gradient. The fracture dip and orientations also have important implications for
detailed LNAPL site characterisation. Hardisty et a/(2004) highlighted the need to consider the
possible existence of the LNAPL contamination both below the historical groundwater levels
and sometimes significantly up - gradient or cross - gradient of the source when placing
monitoring wells. Figure 2-8 shows a conceptualised migration of LNAPLs in a typical Karoo
fractured rock aquifer. In a typical Karoo fractured rock aquifer, the majority fluid flow occurs in
the fractured preferential flow paths with matrix diffusion also contributing immensely to the
LNAPL migration and distribution.

Ny

Residual LNAPLs in
unconsolidated layer

Vadose zone

Free phase LNAPLs

Dissolved LNAPLs

Figure 2-8 Conceptualised LNAPL movement in a typical Karoo fractured aquifer.

The nature and properties of the rock matrix also plays an important role in the movement of
groundwater water and contaminants through the fractured rock aquifer. The study area is
dominated by coarse grained sandstone which is charaterised by high primary porosity and
permeability. Though fractures serve to convey the bulk of groundwater fluids, matrix diffusion
has strong implications for dissolved LNAPL contamination distribution. The existence of
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chemical concentration gradients between the fractures and the rock matrix will result in mass
transfer of contaminants from the flowing groundwater in the fractures into the relatively
immobile groundwater in the rock matrix (Feenstra et a/, 1984). Due to the matrix diffusion
effect the contamination concentrations in the fracture preferential flow path are bound to
diminish rapidly into the matrix resulting in the contaminant plume moving at slower rate than
groundwater. It is also possible for the dissolved LNAPLs in the matrix to diffuse back into the
fracture preferential flow path once the concentration gradient reverses, posing great
challenges for contamination flushing through remedial action.

It's imperative to determine the rock matrix properties when characterising the LNAPL
contaminated fractured rock aquifers given the value of the property in understanding matrix
and fracture interactions. However for this thesis, due to limited resources and time span
needed, rock matrix properties experiments were not conducted. For the detailed experiment
to determine rock matrix porosity readers are referred to Feenstra et a/(1984).

2.4 Summary of Chapter 2

In summary, Chapter 2 gives a review of literature on the LNAPL properties which are
important because of their great influence on the behavior of LNAPLs in the earth’s
subsurface. A review of the South African petroleum industry is also given with the objective of
bringing to light potential LNAPL sources and activities which can lead to groundwater
contamination during the production, refinery, transportation and storage of petroleum
products. Another important aspect addressed as part of the literature review is the migration
process of LNAPL in the subsurface environment with emphasis being placed in the fractured
media migration. More emphasis was placed on LNAPL migration in the fractured rock media
taking into consideration that the study area is characterised by a typical Karoo fractured rock
aquifer. The next Chapter documents preliminary investigations which were conducted on the
Beaufort West study area.
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3 Site Preliminary Investigations

3.1 Site Description

The study area is located in Beaufort West town, which is situated in the Western Cape
Province of South Africa. Figure 3-1 shows the study area and positions of contaminated and
uncontaminated private boreholes. The map also shows the location of the main potential
LNAPL sources at the Beaufort West study area.
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Figure 3-1 Location of the potential LNAPL sources, contaminated and uncontaminated boreholes at the
Beaufort West study area (Western Cape Province of South Africa).




3.1.1 Climate

Beaufort West is generally characterised by arid to semi - arid climate with long periods of

insignificant rainfall amount. The area is generally dry, receiving on average about 230 mm
rainfall per year. Figure 3-2 shows the average monthly temperature and rainfall distributions
for Beaufort West from 1960 -1990 (weathersa, 2008). Summer daily maximum temperatures
may rise above 40 °C and winter temperatures can fall below freezing point. Snow often
covers the Nuweveld Mountains in mid - winter. Evaporation rates at the study area are in the
order of 2000 mm/year.
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Figure 3-2 Average temperature and rainfall distribution for Beaufort West.

The study area is characterized by a generally flat topography which drains into a south to
south east and to south west direction. Typical trellis drainage pattern which is mainly
attributed to the underlying sedimentary formations and generally flat topography dominates
the study area. The study area is bounded by Gamka and Kuils seasonal rivers which are
about 1 km apart. Gamka River is largely activated by the spillway overflow from the Gamka
Dam. Gamka River which drains the Nuweveld Mountains is a tributary of the Dwyka - Gouritz
system, a major drainage of the Great Karoo. The vegetation in the vicinity of the study area
reflects the general aridity and insolation associated with high temperatures. Mesembs and
other succulents are the dominant plant types. Hardy acacia is mostly confined to runoff
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channels and drainage systems, with the resistant white steek grass being the most common
representation of its species.

3.1.2 Geology

The study area falls under Beaufort group of the main Karoo Supergroup. The Karoo super
group mainly constitute of sandstone, mudstone, shale and siltstone sedimentary rocks. The
sandstones of the southern Karoo basin have extremely low primary porosity and permeability
(Woodford and Chevallier, 2002). Teekloof formation dominated by the red mudstone
characterizes the Adelaide Subgroup in the study area. The Beaufort Group (Adelaide
Sub - group) sediments are highly indurated with appreciable chlorite and sericite, these
includes carbonates, iron oxides, calcite, feldspar and quartz.

The Adelaide Subgroup attains a maximum thickness of about 5000 m in the southeast, which
decreases rapidly to about 800 m in the center of the Karoo Basin and thereafter more
gradually to around 100 - 200 m in the extreme north. In the southern and central parts of the
basin, the Adelaide Subgroup consist of alternating bluish - grey, greenish - grey or grayish
red - mudrock and grey, very fine to medium grained, lithofeldspathic sandstone. In the
northern part of the basin, coarse to very coarse sandstone, or even gluestone, are also
common in the Normandien formation (Woodford and Chevallier, 2002). The sediments of the
lower part of Beaufort Group (Adelaide Sub - group) within the general area of the study site
comprises of a sequence of shale, mudstone, and sandstone. The sandstones vary in colour

from yellowish - green and grayish blue to purple (Campbell, 1980).

Figure 3-3 Examples of bedrock vertical and horizontal bedding plane fractures (Taken from
science.jrank, 2009)



The sediments are well joined and fractured, horizontal to sub - horizontal in altitude; highly
variable in thickness and extend. Bedding plane and vertical joints are common in the sandier
facies, whereas siltstone - mudstone facies are dominated by a more irregular fracture pattern
with random orientation and curvilinear joint planes. Figure 3-3 shows examples of bedrock
vertical fractures and horizontal bedding planes.

The joints are recognized as dominant with the best developed and most frequently occurring
being the striking between N 25°and N 30° W in Beaufort West (Campbell, 1980). A directional
frequency diagram (Figure 3-4) shows the dominant joint sets that strike between 150° - 160°
and 330° - 340°.

Figure 3-4 Rose joints from field data collected within 30 km of Beaufort West (Taken from Campbell,
1980).

The existence of joints and fractures present great potential for contaminant transportation as
they are usually associated with high transimisivity. In high transimisivity fractures and bedding
planes, advection transportation is most likely to be the dominant mass transport process
considering that the bulk of groundwater flow occurs in the fractures. The contribution of
fracture flow to advective mass transportation process is also dependent on other fracture
features and properties. Regionally the dolerite is intrusive at all levels of the sedimentary
sequence but is most prominently displayed as transgressive sheets on sills. The dolerite
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intrudes most preferentially at sandstone - siltstone contacts and within sandstones following
bedding planes and joints. The intrusion is presumed to have been injected during the episode
of igneous activity which brought close to a Karoo deposition at the end of the Jurassic period
(Campbell, 1980). Sills are usually discordant, causing relative displacement of stratification
and are often intruded at the same stratigraphic levels as sandstone units, preferentially along
the upper and lower sandstone - siltstone contacts. On the other hand, the dolerite dykes
generally trend northerly or sometimes in easterly directions. Two sets of joints in the country
rock are associated with the dolerite dykes, one parallel to the dyke margin and the other
perpendicular to it (Vandoolaeghe, 1978). It was evident from the core geological logs (Figure
3-5) that the uppermost layer of the study area is characterized by the unconsolidated river
depositional material.

Figure 3-5 Sandstone boulders from core drillings on the study area (Taken during the field work).

According to Woodford and Chevallier (2002), quaternary deposits are a major characteristic
along main rivers of the Karoo basin. Deposits on the bed of braided streams consist mainly of
coarse sediments, conglomerates and patches of finer material on their banks. Meandering
streams on the other hand deposit mainly fine - grained sand, mudstone and siltstone with little
or no conglomerates (Visser, 1989). These deposits mainly constitute of gravels, comprising of
well - rounded cobbles and boulders which are sometimes cemented by calcrete. The
thickness of the quaternary deposits varies where fine sediments dominate the unsaturated
zone. Volatized LNAPLs are of great concern considering the potential for increased diffusion
in fine grained sediments. The underlying consolidated material on the study area comprises
of shale and sandstone which are typical Karoo Supergroup attributes.

Figure 3-6 shows the location of the Karoo basin on a simplified geological map of South
African.
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Figure 3-6 Simplified geological map of South Africa (Taken from geoscience, 2009).
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Alluvial deposits dominate the study area’s flood plains with much of the deposits being
concentrated along valleys and stream courses of Gamka and Kuils rivers. The nature of these
deposits has important implications for recharge and contaminant movement through the
unsaturated zone. Boulder alluvium composed primarily of dolerite and metamorphosed
sedimentary rocks are found along banks and flood zones of the Gamka River on the
upstream of the Gamka dam. Most boulders accumulate in the orders of 1 - 3 meters below
ground level (mbgl) in thickness (Campbell, 1980). Thick unsaturated alluvial deposits have
great potential to facilitate diffusion of the VOCs. In such environments, precautionary
measures has to be taken during air percussion drilling to asses and measure the VOC levels,
in order to avoid incidence of fire. The result from the core geological logs (Figure 3-7)
confirms the presence of alluvium deposits on the study area where a thickness of 3 m river

sand was observed.

Figure 3-7 River sand deposits from 0 - 3 mbgl on the study area (Taken during the field work).

3.1.3 Geohydrology

The study area is charaterised by a typical Karoo fractured rock aquifer occurring within the
Karoo Super group and is the most extensive type of aquifer present in South Africa. Fractured
rock aquifers are essential as they present preferential flow path which play an important role
in both groundwater flow for abstraction purposes. However fractured preferential flow paths
also present opportunities for accelerated contaminant migration.

According to Botha et a/(1998), a major characteristic of the Karoo Supergroup which consists
mainly of sandstones, mudstone, shale and siltstone is their low permeability. The storage
capacities of Karoo formations are limited and as a result the matrix becomes a storage
reservoir supplying the fractures which serves as the main conduit for groundwater flow.
Vegter and Foster (1992) noted that the porosity of Karoo sediments appears higher close to
the surface and this has implications for both groundwater yield and contamination flow in the
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catchment. The high porosity sediments are important as they present potential for high
recharge along major rivers of the Karoo basin. High recharge waters also have important
implications for LNAPL biodegradation as they aid in replenishing groundwater oxygen which
serve as the first electron acceptor during microbial consumption of organic hydrocarbon.
Through dilution, recharge greatly contributes to natural attenuation of contaminants. In
contrary, high recharge rates can also enhance contaminant migration through smearing and
mobilization.

Regionally ubiquitous bodies which intruded the sediments cause induration of the contact
sediments of the horst rock. This phenomenon leads the formation of a baked zone which
when exposed to erosion by groundwater movement becomes water bearing and hydraulically
conductive. It is the existence of such hydraulically conductive zones that might have
facilitated and accelerated LNAPL migration in the Beaufort West study area.

In contrast the thickness and associated induration of the sill intrusions are considerably large
and this result in the contact zones near the sill intrusions being thoroughly metamorphosed.
In other words the potential of sill contact area being highly permeable and hydraulically
conductive is substantially reduced. Good groundwater storage properties of low transmissivity
are however sometimes provided by the clayey product of the dolerite weathering. The main
recharge zone for Beaufort West is located at the piedmont of the Nuweveld escarpment. In
this recharge zone, boreholes sited near drainage channels showed the most rapid rise in
groundwater levels after local rains (Campbell, 1980).

3.1.3.1 Historical Groundwater Data

The regional hydraulic gradient is directed north to south, with the gradient being high in all
localities. Figure 3-8 shows monitored groundwater levels from 2001 - 2007 by GPT at the
Beaufort West study area. Figure 3-9 shows the potential LNAPL sources and the location of
boreholes in which the water levels was monitored from 2001 - 2007. The exhibited fluctuating
trend can be attributed to rise and fall of the water table during dry and wet periods
respectively. It is however important to point out that the degree of fluctuations is possibly a
function of rainfall amounts and intensities. Campbell (1980) observed a similar trend in the
vicinity of Beaufort West town. Exceptional rise in water ievels occurring along the Nuweveld
escarpment were observed after abnormal rains between December 1975 and March 1976.
This exceptional rise in water levels was explained and linked to main recharge zone located
at the piedmont of the Nuweveld escarpment.
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Figure 3-8 Monitored water levels in the Beaufort West study area (Taken from Nabee, 2007).

B potential LNAPL sources @ Boreholes with monitored water levels
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Figure 3-9 Location of potential LNAPL sources and boreholes with monitored water levels
(2002 - 2007) at the Beaufort West study area.
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Based on the pump tests carried during the same period (Campbell, 1980), the aquifer was

categorized as a semi - confined to confined and highly anisotropic. The effects of increased
abstraction during the dry seasons contributing to different degree of water level fluctuation
cannot be ruled out. Increased abstraction rates during the dry seasons are an important factor
considering the large number of groundwater users identified in the study area during the
hydrocensus. Fluctuations in the groundwater levels as indicated on Figure 3-9, has the
potential to cause vertical smearing and entrapment of LNAPLs in the event of a quick rise of

water levels.

According to (Vandoolaeghe, 1978), the quality of groundwater in Beaufort West is highly
variable. Total Dissolved Solids (TDS) ranges from 45 mg/l in Gamka river area north of
Beaufort West to a value of 7500 mg/l in high infiltration areas covered with alluvial and
surface limestone deposits. Groundwater quality generally deteriorates with increasing
distance from the Nuweveld Mountains recharge zone. The water near the Nuweveld
escarpment is generally regarded to be fresh (< 150 mS/m). Regionally the classic
hydrochemical trend of water is from calcium bicarbonate (CaHCO3) - sodium bicarbonate
(NaHCOs) types to mixed facies to sodium sulphate (NaSQ,) - sodium chloride (NaCl) types
(Campbell, 1980).

3.2 Desktop Study

The exercise comprised of a detailed search of the available historical and current records,
maps to identify the potential on and off - site LNAPL sources, pathways and receptors of
contamination. A well conducted desktop study enables future investigations in a cost effective
and an efficient manner. During the desktop study, past geophysics and geohydrological
information (1970 - 1980) was obtained from old GH reports. These old GH reports were
obtained from the DWAF's library in Pretoria with the assistance of Eddie Van Wyk. Old
Beaufort West geohydrological and geological maps were provided by Professor Van Tonder
of the IGS. Old GH reports and geological maps played an important role in showing regional
geological distributions and location of intrusions in the vicinity of the Beaufort West study
area. Also realised from the old GH maps is the location of various boreholes which were sited
during geophysical investigations in Beaufort West (Vandoolaeghe, 1978).
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3.2.1 Site History

Site history data was obtained courtesy of GPT consulting company currently working at the
site. The site consists of petroleum product service stations as the main potential LNAPL
sources. Other potential sources of LNAPLs include motor vehicle dealership, general stores,
garages, workshops and transport yards where USSs are usually located. Underground
Storage Systems are a major source of soil and groundwater contamination. The United
States EPA in 1988 acknowledged USSs as one of the five major threats to groundwater
quality (Bedient, 1994).

LNAPL contaminants at the study site are believed to have been released by an accidental
petroleum spill around 1983 or 1984 and leakages from an UST at a service station. Free
phase petroleum products were detected in a number of private boreholes and as a result the
boreholes are contaminated with both free and dissolved phases. The contamination has
adversely affected some of the Beaufort West groundwater users; some of the residents have
stopped using their boreholes. Groundwater use activities mostly affected include gardening,
swimming pools and domestic purposes.

It is worth mentioning that the desktop study revealed important information which had strong
bearing on the planning and preparation of the site survey and subsequent field work. From
the previous work done on the site, it was noted that some of the previous drilling attempts had
failed because the drill bit got stuck after the borehole wall had collapsed. During planning of
the fieldwork, the driller was requested to bring long casings to avert such dangers. From the
old GH reports and maps, possible dolerite and sill intrusion positions in the vicinity of Beaufort
West study area were also revealed. These intrusions have the potential to generate
groundwater bearing and transmitting fractures at contact areas with the horst sedimentary
deposits, but at the same time they can also facilitate quick movements of contaminant.

3.3 Site survey (Walkover)

A site survey is a process of confirming the information gathered during the desktop study.
This involves physical walking on and around the site. This helps to reveal any features such
as structures, tanks, pipe work which may suggest possible sources and pathways of
contamination. The activity is important for planning and decision making prior to the actual
field work. The survey on the Beaufort West study area enabled achievement of the following
aspects:
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3.4

Selection of private boreholes to be used during the field tests and taking measures to
prevent contaminant mobilization during tests.

Identification of boreholes with free phase product. This was important considering that
all boreholes having free phase product are most likely to be intersecting the
preferential fracture flow path connected to the LNAPL sources. It was therefore
important for these boreholes to be part of the field investigation.

Identification of other potential LNAPL sources such as motor vehicle garages and
transport yards on the study area. This was more important because previous
investigations had mainly concentrated on the LNAPL source number 1.

The need for a hydrocensus to assess the plume migration and affected groundwater
use activities was prompted and established during the site survey. This was after the
free phase petrol product was reported in a previously unmonitored private borehole.

Identification of the drilling positions for the planned field investigation was done during

the site survey.

Assessment of the private borehole owner’'s willingness to assist in the investigation
and their time of availability. Appointments were conveniently arranged in advance. In
essence, more production time was unveiled and the working environment was well

secured for both the personnel and equipment.

Four main potential sources of LNAPL contamination at petroleum products service
stations were identified during the site survey. Numbers 1 to 4 will be used throughout
this thesis to refer to these potential LNAPL sources.

Initial Conceptual Model

Based on the desktop study and previous work done on the Beaufort West study area, the

aquifer was conceptualized as a typical Karoo fractured rock aquifer, with transport occurring

primarily in the high transmissivity fractured sandstone. The bulk of the groundwater is being

stored in the low transmissivity sedimentary deposits matrix. The aquifer system is artificially

stressed due to the abstraction on private and municipal boreholes leading to mobilization of

the LNAPLs. As a result the contamination was conceptualised to be migrating up and across

gradient (Figure 3-10).
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Figure 3-10 Initial conceptualised LNAPL contaminant migration at the study area (Taken from Van
Biljon and Hassan, 2003).

Previous drilling results indicated the existence of fractured zones which are potential
preferential flow pathways to LNAPL contaminants. Depicted on the initial conceptual model
are the potential LNAPL sources which were identified during the site survey. It is also
conceptualised that these are the only LNAPL sources causing groundwater contamination in
the Beaufort West study area.

3.5 Hydrocensus

The hydrocensus was carried out in October 2008 to identify and characterise the groundwater
use activities in the vicinity of the four identified main potential LNAPL sources (Figure 3-10).
The exercise was carried out as an extended hydrocensus, considering that some of the
groundwater users had already been identified during previous investigations by the GPT
consulting company. It is also important to highlight that the hydrocensus was carried out in
the main conceptualized direction (North to north east) of the contaminant migration as
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understood from desktop study and site survey. A total of 22 boreholes were identified during
the hydrocensus exercise adding to 20 already identified private boreholes by GPT. H

Figure 3-11 shows the existing monitoring boreholes and those identified during the

hydrocensus on the Beaufort West study area.
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Figure 3-11 Location of the existing and hydrocensus boreholes on the Beaufort West study area.

The initial hydrocensus by GPT was triggered after some private boreholes located to the
north and north east of the conceptualised LNAPL source reported pumping of free petroleum
products from their boreholes. The initial hydrocensus covered a radius of about 500 m from
the conceptualised contamination source. The current hydrocensus increased the radius of
coverage to about 1.3 km from the potential contamination sources. Two municipal boreholes
(MSO1 and MSO2) were also sampled during the hydrocensus, considering their value as part
of Beaufort West town water supply system. MSO2 borehole which is located on the east side

of Kuils River (Figure 3-11) was found to be contaminated with dissolved LNAPLs, which
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implies that the contamination crossed the Kuils River. Such an observation highly suggests
the existence of preferential pathways underneath the Kuils River. Organic chemistry results
for the boreholes sampled during hydrocensus have been placed under chemical
characterisation, see section 7.21. Geohydrological data collected during the hydrocensus is

placed in Appendix 1.

The hydrocensus results indicate that gardening dominate the groundwater use activities,
accounting for more than 57 % of the groundwater use activities. The remainder is shared
between irrigation, domestic and on swimming pools (Figure 3-12).
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Figure 3-12 Groundwater use activities in the Beaufort West study area.
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The groundwater use findings are in line with previous GPT results in which most boreholes
were reported to be supplying water for gardening, with few being used for domestic purposes.
Some of the gardens are no longer operational as the water is contaminated with both free and
dissolved phase. For instance at borehole PW5 the owner had to abandon the gardening as
the water is contaminated with free and dissolved phases of diesel product. With some people
still using the water for domestic and swimming purposes, the risk to human health is a cause

of concern.

In general the uptake of hydrocarbons in animal or human tissue is governed by similar
principles to other lipophilic substances. Adsorption occurs through respiratory surfaces of the
gastrointestinal tract and external surfaces, with the hydrocarbons generally being deposited in
the lipid - rich tissues. Benzene is the most significant LNAPL compound with a high health
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risk considering its carcinogenic effects. It was very sad to note how the local population in
particular boreholes owners had been affected by the contamination; abandoned gardens,
uncertain health effects for those who have been using the water, uncertainty about when the
problem will be resolved among other observable effects. The need for a social scientist was
and is still imperative to give counseling to the affected people, and is given as one of the
study recommendations.

3.6 Summary of Chapter 3

In summary, Chapter 3 gives details on the preliminary investigations that were conducted
prior to field tests and how they played a pivotal role in planning for the field tests. Old
Geohydrology reports and GPT consulting reports contributed most to the desktop study. The
desktop study captured information on the contaminant history, local and regional geology and
geohydrology of the Beaufort West study area. A site survey was conducted following the
desktop study and it prompted the needy for a hydrocensus after free phase of petrol product
was detected in a previously unmonitored borehole. The hydrocensus which was conducted in
the vicinity of potential LNAPL sources to assess the groundwater use activities and extend of
the contamination proved helpful in identifying drilling positions and boreholes to use for
aquifer tests. Based on the information collected during the preliminary investigations, initial
site conceptual model was then developed to kick start the field work. The next Chapter
describes the geologic characterisation which was achieved through core and percussion

drilling explorations.




4 Geologic Characterisation

Geological characterisation of the subsurface was achieved through drilling log analysis and
visual observations made during the drilling. A total of 4 core and 2 percussion boreholes
(Figure 4-1) were drilled on the Beaufort West study area as part of the LNAPLs project. The
siting of the drilling positions was conducted by a contaminant geohydrology expert. During
drilling, a PID was used to detect and measure VOCs and the environment was deemed safe
for work.

| 4 ‘\\ ; ot s 4
; Sy "‘w g .

F s

d : ~
West &
e g

.~ A5 |

2 % 3
. 1 R Image £°20C€ DigitabClnke,
L . L 2008 E_1opa ech~ clogie®

Fooks oRR-0i S 00N <0 . %

. Potential LNAPL sources M Percusion drilled boreholes

# Contaminated boreholes Core drilled boreholes

Figure 4-1 Location of newly drilled boreholes in relation to the contaminated boreholes and potential
LNAPL sources on the Beaufort West study area.

Drilling was also conducted with the idea of using the new boreholes for downhole geophysical
logging and aquifer testing. The aim of the drilling exercise was to compare the conventional

percussion drilling to core drilling. The comparison was carried out to assess the applicability
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of various geohydrological techniques as complimentary tools for characterising an LNAPL
contaminated fractured rock aquifer. Comparison and discussion of geological logs and other
observable features during the two drilling techniques were also conducted. The comparison
helped to determine how these methods can be used most effectively, separately or in
combination, to maximize information about lithology and fracture location in a fractured rock
aquifer. The geological logs and observed fracture features were then cross correlated with
borehole geophysics to maximize subsurface understanding.

4.1 Core Drilling

Core drilling is an effective tool where detailed structural geologic analysis is necessary to
identify and quantify contaminant migration pathways (Bunker, 1998). Structural and lithologic
information obtained from oriented cores provide an understanding of migration pathways,
more importantly with regard to fracture networks which are hydraulically very conductive.
Core drilling technology is widely used in the petroleum, mining exploration and engineering
geology construction industries, but can also yield valuable information for groundwater
exploration and contamination studies.

Figure 4-2 Core drilling equipment used at the Beaufort West study area (Taken during the field work).
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Core drilling equipment (Figure 4-2) involves use the of a core barrel, attached at the bottom of

a string of rods, which is rotated and advanced through the soil or rock to obtain a core sample
of the material. Water or drill fluid is used to cool the cutting bit and to carry cuttings to the
surface. The cutting bits are usually constructed of steel with carbide inserts or with
impregnated diamonds. To retrieve a core cut with a conventional core barrel, the entire string
of drill rods must be removed from the hole. The wire line of the core barrel has an inner barrel
which holds the core that can be pulled up through the drill rods thereby eliminating the need
to remove the entire string of drill rods.

Core drilling presents the opportunity to view and assess fracture orientations in situ while at
the same time allowing sampling of solid core for laboratory matrix and porosity
measurements. With a maximum of core recovery, it is possible to determine the dip and strike
of fractures. It is however difficult in some cases to distinguish between natural and drilling
induced fractures, especially in geological rocks of high cleavage (for instance in shale
formation). Despite the valuable and superior results from core drilling, it is a costly exercise
and requires well skilled and experienced drillers for maximum core recovery. Tire'n, et a/
(1999) highlighted one of the main challenges of the core drilling as the tediousness involved
in orienting of the core, more importantly in fractured rocks where it is difficult to restore the
core rendering orienting almost impossible. This challenge has great implications to the use of
core drilling as part of fractured rock characterisation given that the main goal is to view and

asses fracture orientations in situ.

Additional information can however be obtained through the use of a borehole camera to
analyse core drilled wall. The borehole camera can be used in conjunction and or compared
with core logged data to optimize subsurface geological understanding. In most cases,
percussion drilling and coring are often followed by borehole geophysics logging to maximise
information on the fractured zones (US EPA, 2001). As part of this study, 2 core boreholes
(MW6 and MWB8) were drilled. During the drilling exercise, geological logging and core
sampling were performed in most cases accompanied by photos.

4.1.1 Core Geological Logs

4111 MW®6 Core Geological Log

Figure 4-3 shows MW6 geological core log. From the geological log, it is evident that the
uppermost layer of the Beaufort West study area is characterised by a thin layer of river sand
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underlain by sandstone boulders which are part of the river sequence deposition. This is
expected considering that the study area is located in the Karoo basin where quaternary
deposits are a major characteristic along rivers. It is important to highlight that this river
depositional sequence characteristic occupying the top unconsolidated layer was observed in
both percussion and core geological logs. The underlying consolidated material comprises of
sandstone interlayered with mudstone and shale formations which are typical Karoo

Supergroup attributes.
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Figure 4-3 MW6 core geological log and EC log.

Observed features on MW6 core geological log (Figure 4-3) include; vertical to subvertical
fractures intersected from 9 - 10 mbgl and at 31.5 mbgl as depicted on Figure 4-4 and 4-5
respectively. The fractured zone between 9 -10 mbgl lies in the sandstone formation and was
intersected in the unsaturated zone. The influence of the fracture intersected between 9 - 10
mbgl is difficult to evaluate using EC logging considering that it's located in the unsaturated
zone. The identified fracture at 31.5 mbgl correlates closely to the EC logging (Figure 4-3)
where a peak anomaly of 67.3 mS/m was also observed at 31.5 mbgl. The fracture intersected
at 31.5 mbgl (Figure 4-5) in MW6 core hole can be inferred to be one of the preferential flow
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pathways. In this situation, the fracture is possibly conveying contaminated groundwater or
naturally high TDS groundwater as indicated by elevated EC.

Fractured sandstone

Figure 4-4 Fractured sandstone between 9 - 10 mbgl in MW6 core borehole (Taken during the field
work).

Fractured sandstone at 31.5 mbgl

Figure 4-5 Fractured sandstone at 31.5 mbgl in MW6 core borehole (Taken during the field work).
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41.1.2 MWS8 Core Geological Log

Figure 4-6 shows MW8 core geological log. Of particular interest on MW8 geological log
besides the quaternary depositional sequence observed in all the logs is the location of
fractured zones at 8.9 mbgl (Figure 4-7) and 10.7 - 11.5 mbgl (Figure 4-8). The first subvertical
fracture intersected at 8.9 mbgl is located in the consolidated mudstone formation of the
unsaturated zone (Figure 4-7). Despite this subvertical fracture feature being intersected in the
unsaturated zone, it still has the potential to act as a preferential flow path for both
groundwater and LNAPL contamination. It can contribute immensely to aquifer recharge and
also accelerated contaminant movement in the unsaturated zone towards the water table.

Another vertical fracture (Figure 4-8) in sandstone formation was identified between
10.7 - 11.5 mbgl and is still located above the measured water level of 12.6 mbgl. It is
important to highlight that in both core drilled boreholes (MW6 and MW8) which are about 275
m apart, subvertical to vertical fractures were intersected in the vadose zone. These fractures
are most likely responsible for conveying contaminants vertically towards the water table.
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Figure 4-6 MW8 core geological log and EC log.




Subvertical fracture intersected at 8.9 mbgl in mudstone formation

Figure 4-7 Subvertical fracture intersected at 8.9 mbgl in MW8 core borehole (Taken during the field
work).

10.7 mbegl

Vertical fracture in sandstone formation 11.5 mbegl

Figure 4-8 Vertical fracture intersected from 10.7 - 11.5 mbgl in MW8 core borehole (Taken during field
work).

4113 Core Logs Correlation

Core geological logs from MW6 and MW8 boreholes which are about 270 m apart were
compared with the objective of trying to relate the observed geological formation to the depth
of location and thickness. Figure 4-9 shows the lithologic correlation between MW6 and MW8
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core geological logs. All the identified formations can be linked in depth between the two logs
with neglible variation in sedimentary layers’ thickness, which could be a function of other
geological processes. The analysis is of great value in the geological characterisation of
LNAPL contaminated fractured rock aquifer and will be used to define the geological

conceptual model.

Based on the core drilling results, it can be concluded that river sand, sandstone interlayered
with mudstone and shale formations constitute the study area subsurface lithology. Sandstone
being the main constituent of the formation forms the fractured water bearing aquifer. The bulk
of the fluid flow takes places in the fractures while matrix diffusion is also a significant factor.
The fact that all identified formations between the two core holes (Located about 270 m apart)
can be related to depth of location is good evidence to show the core drilling’s ability to
characterise the geological subsurface.
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Figure 4-9 Core geological log correlation between MW6 and MW8 core boreholes.
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4.2 Percussion Drilling

Traditionally percussion drilling is used to drill boreholes for groundwater abstraction.
However, it can also be of insurmountable value for contaminated site investigation, in
particular site characterisation and monitoring purposes. According to US EPA (2001), drilling
boreholes remains the principal means of geological characterization. Because percussion
drilling is generally slow and inexpensive, it contributes significantly to the reduction of site
characterization cost. It is possible to obtain geological logs, but interpretation is much difficult
because most of the drilling cuttings are crushed into fine soil material, making it difficult to
relate to rocks of origin. Percussion drilled boreholes at the study area (Figure 4-10) were also
meant to be utilized during aquifer tests and borehole geophysics. The use of newly drilled
boreholes for aquifer test meant the presence of geological and borehole data to be used
during aquifer test planning. There is more merit in having geological and geohydrological data
for boreholes prior to the conducting of aquifer tests and borehole geophysics logging. The
availability of such data enables good aquifer test planning in the selection of equipment and
test depths among other aquifer tests requirements. Rotary air percussion drilling method
(Figure 4-10) was used for this drilling exercise.

Figure 4-10 Air rotary percussion drilling equipment used at the study area (Taken during the field work).

With the air rotary percussion drilling method, air alone lifts the cuttings from the borehole. A
large compressor provides the air which is forced into the drill pipe and escapes though small
pots at the bottom of the drill bit, thereby lifting the cuttings and cooling the drill bit. The
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cuttings are blown out to the top of the hole and collect at the surface around the borehole.
The capacity of the compressor dictates the drilling depth and diameter. Cutting removal is a
function of the air up hole velocity, which should be sufficient to lift them to the surface
provided they grounded finely enough. Two percussion boreholes (MWS5 and MW7) of 45 m
depth were drilled, geologically logged and soil samples were also collected for VOC analysis.
VOC analysis was important, especially considering the potential of compressed air
percussion drilling method to volatilise the LNAPLs.

4.2.1 Percussion Geological Logs

Figure 4-11 and 4-12 shows the geological logs for MW5 and MW7 percussion boreholes
respectively. Results from both logs indicate the presence of river depositional materials
dominated by river sand and pebbles in the thin unconsolidated section. As expected, the
underlying consolidated section is composed of sandstone, mudstone and shale which are
typical Karoo Supergroup attributes.

4211 MWS5 Percussion Geological Log

Figure 4-11 shows geological log of MWS5, which is a percussion dilled borehole.
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Figure 4-11 MWS5 geological log and EC log.
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Of particular interest on MW5 percussion geological log (Figure 4-11) is the shale and

sandstone contact area at about 27.5 mbgl which is also characterised by an elevated EC of

84 mS/m. Sedimentary deposit contact areas are important for hosting bedding plane fractures

that can act as a preferential flow paths to both groundwater and contamination. On the

Beaufort West study area, the location of bedding plane fractures features has important

implications for LNAPL migration and fate. Another shale and sandstone contact area

associated with a water strike is observable on Figure 4-11 between 17 - 18 mbgl. It will be

important to correlate drilling logs to borehole geophysics; such an analysis has been included

in the borehole geophysics section (Chapter 5). A blow yield of < 0.1 I/'s was measured on

MWS5 and is strong evidence to suggest that the intersected fractures are of low yields.

4212

MW?7 Percussion Geological Log

Figure 4-12 shows geological log of MW7, which is a percussion dilled borehole.
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Figure 4-12 MW7 geological log and EC log.

Besides observation of the typical Karoo sedimentary depositions sequence, MW7 geological

log (Figure 4-12) also shows the main water strike at 28 mbgl which is located close to the

sandstone and shale contact area (25 mbgl). On average, a blow yield of 0.8 I/s was measured
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suggesting the possibility of a high yielding fracture being intersected as a bedding plane
fracture at a sandstone and shale contact area. It is important to note that the location of water

strikes in both MW5 and MW?7 percussion boreholes, between 25 - 30 mbgl are all on contact |
areas between sandstone and shale formation. Such an observation is strong evidence to
suggest the existence of bedding plane fractures that are being intersected by the boreholes at
different depths and are at different levels of connectivity as suggested by different blow yields.

4.2.2 Borehole Construction

In general, groundwater monitoring boreholes are necessary to collect precise and reliable
data for understanding aquifer behavior. Important aspects of aquifer behavior include;
groundwater flow directions and rates, groundwater quality and aquifer boundaries. The design
and construction of test and monitoring boreholes at the study site placed some special
consideration on the following aspects:

e The compatibility of construction materials with LNAPLs.
o Allowing for the collection of both free phase product and water samples.

o Technical capability and availability of the material.

Boreholes were cased at shallow unconsolidated depths where the rock was weathered and
weak, and were left uncased and unscreened below these zones. Figure 4-13 shows the
borehole construction schematic for MW5 and MW7 percussion drilled boreholes. On the
schematic a 5.7 m steel casing was used with 3 m of perforations made on its bottom to cater
for the possible rises in water levels. In all drilled boreholes water levels of at least 9 mbg|
were measured during and two weeks after drilling.
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Figure 4-13 MW5 and MW?7 borehole construction schematic.

Protective metal steel casing and locking caps (Figure 4-14) were installed at the two
boreholes. This protection measure was put in place taking into consideration the existing
public environment around these boreholes. The two boreholes (MWS5 and MW?7) will be used
as part of the existing monitoring borehole network by the GPT consulting company working
on the site.
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Figure 4-14 Steel metal casing and locking cap placed on MWS5 borehole (Taken during the field work).

4.3 Core and Percussion Logs Comparison

It was one of the drilling objectives to compare the core and percussion geological logs. The

core drilling logs were used as the basis of comparison and correlation to asses the reliability
of percussion logs. This comparison is based on geological logs logged by two MSc
geohydrology students working together on each log. The lithologic correlation was based on
the principle of original horizontality of sedimentary layers which state that “the sedimentary
beds were originally deposited horizontally or nearly so” (GWS114, 2008). In other words
observed sequence from the core logs would be expected to continue close to a horizontal
manner unless tectonic processes such folding, faulting and or intrusion causes deviation from
original horizontal position. As far as percussion drilling has been the principal means of
geological characterization because of its low cost in comparison to coring. Other attributes
besides cost were analysed and compared based on field observations. |

Figure 4-15 shows a lithologic correlation between MWS5 percussion and MW6 core geological

logs. The boreholes are located only 4.7 m apart. 1
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Figure 4-15 Geological log correlations between MW6 (Core) and MWS5 (Percussion) boreholes.

It is evident from the correlation analysis (Figure 4-15), that only the first 3 layers (River sand,
sandstone and mudstone) in that order from the top can be easily related in their depth of
location between the two logs. This is despite the variation in thickness of layers, which is
expected due to the subsurface heterogeneities and core losses during drilling. A rating of
60 % can be given for correct correlation of the first 3 layers out of a total of 5 (Figure 4-15).
One of the main possible reasons for missing the last two layers could be the accumulation
and mixing of drilling cuttings as the drilling depth increases and on hitting the first water strike.
The first water strike in MWS5 was at 17 mbgl. It is evident on Figure 4-15 that immediately after
hitting the first water strike misinterpretation of formations also started to occur.

Figure 4-16 shows lithologic correlation between MW7 percussion and MW8 core geological
logs. The boreholes are only 4.7 m apart.
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Figure 4-16 Geological log correlations between MW8 (Core) and MW7 (Percussion) boreholes.

The first two layers (top river sand and sandstone) can only be related in their order of layering
and depth of location between the two boreholes logs (Figure 4-16) and would get a 50 % (2/4)
rating. For the second layer (3 - 23 mbgl), MW7 percussion drilling log (Figure 4-16) only
managed to identify sandstone which is the main formation, but missed mudstone
interlayering. The percussion geological log also missed the majority of shale formation which
is evident in MW8 core log between 23 - 42 mbgl. The positive and encouraging aspect is that
percussion geology logs at least managed to identify the dominance of sandstone formation.

As highlighted in the first correlation analysis, the success rate achieved with percussion
drilling in the first few top layers is due to the presence of less drilling cuttings. In most cases
the drilling cuttings will be dry, making it easier to identify and relate to rocks of origin. Itis a
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fact that geological logging results (core or percussion) is largely depended on the capability
and experience of personnel doing the logging. This fact might also have contributed on the
results of this exercise considering that the logging was done by MSc students without much
experience. The other important factor most likely to have contributed to the failure of
percussion drilling to completely characterise the geological subsurface is the nature of
sedimentary rocks in the study area in which the major constituent sandstone is interlayered
with shale and mudstone. The existence of sandstone interlayered with shale and mudstone,
can make it possible to interchange the formations during interpretation especially considering
that a lot of mixing occurs during air percussion drilling.

It is an undeniable fact that crushed and pulverized drilling cuttings (Figure 4-17) are difficult to
analyse and important information can be missed. Pulverization of drilling cuttings occurs after
hitting the water strike and this was the case with the two percussion drilled boreholes at the
study site. It important to highlight that in the next chapters only the core geological logs have
been used for cross correlations and comparisons with borehole geophysics given their proved
ability and reliability in subsurface characterisation. In other words, core geological logs
formed the basis of the geology component for the study area’s conceptual model.

Dry drilling cuttings Wet and pulverised Moist drilling
drilling cuttings

cuttings

Figure 4-17 Typical drilling cuttings from the Beaufort West study area (Taken during the field work).
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Table 4-1 gives a summary of the achievements and some flops of the two drilling methods

used to characterise the geological subsurface of the Beaufort study area.

Table 4-1 Drilling achievements and failures at the Beaufort West study area.

Core drilling

Percussion drilling

Achievements

Achievements

1. In situ view of logs.

1. Water strikes identification.

2. ldentification of fracture positions.

2. Soail
analyses.

samples collected for organic

3. Estimation fracture orientation.

3. VOC measurements were taken during
drilling.

and porosity experiments.

4. Physical core sampling for laboratory matrix

4. Bore
accommodate the downhole geophysics

diameter big enough to

equipment,

Failures

Failures

drilling, could not be used for other tests.

1. Three core boreholes collapsed 2 days after

1. Could not completely characterise the
lithology.

2. Diameter of core hole too small

accommodate test equipment e.g. camera,

to

2. Did not identify any features, except after
EC logging and cross correlation.

4.4 Summary of Chapter 4

In  summary,

Chapter 4 gives a detailed description of the subsurface geological

characterisation, in particular the identification of fractures. This was achieved through drilling

log analysis and visual observations made during the core and percussion drilling. As

expected, core geological logs proved to be more superior in compared to percussion

geological logs for characterising the geological subsurface. Vertical and subvertical fractures

most likely responsible for facilitating the downward migration of LNAPL contamination

towards the water table were identified on the Beaufort West study area. The drilling

explorations however failed to locate the bedding plane fractures at shale/sandstone and

60




mudstone/sandstone weathered contact areas because the weathered material was washed
away by the driling mud. The next Chapter gives details on the borehole geophysics
characterisation that was conducted at the Beaufort West study area with the objective of

identifying preferential flow paths to groundwater and LNAPLs.
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5 Borehole Geophysics Characterisation

Borehole geophysics logs can provide unbiased continuous and in - situ data. It also allows
sampling of a larger volume than core and drill cuttings samples (Williams, 1998). Unlike the
drilling geological log analysis that relies on the visual observation and the individuals’
technical skills which may be biased, borehole geophysics logging has the potential to look
beyond sidewalls which drilling logs usually depend on. Borehole geophysics investigations
provide a cost - effective supplement to drilling due to the following factors:

e Relatively low cost.
o The ability of geophysics methods to look beyond the sidewalls of the borehole.
o The collection of in - situ data not available from a standard drilling program.

It is however important to note that borehole geophysics log interpretation is more of an art
rather than a science because different phenomena can cause similar log responses
(Welenco, 1996). In other words, there is no unique analysis and interpretation of borehole
geophysics logs; there will always be various possible explanations for a single exhibited
anomaly. It is that non - uniqueness property which brings the need to compare borehole
geophysics to geological logs in trying to explain the observed anomalies. Borehole
geophysics characterisation was conducted at the study area with the objective identifying
preferential flow paths to groundwater and LNAPL contamination. Borehole geophysics
equipment used on the Beaufort West study area consisted of; AV, FWS imaging, EC and
Conventional logging [Resistivity, SP and Gamma].

5.1 Electrical Conductivity (EC) Logging

Contaminated groundwater is charaterised by high electrical conductivity, thus it is possible to
identify and infer zones associated with high electrical conductivity as preferential flow path to
contaminants. According to Atekwana et a/ (1998) groundwater hydraulically conductive zones
associated with the biodegradation of LNAPLs in the subsurface can provide a window into the
biogeochemical processes ongoing at such sites. In such a situation, EC profiling would be
more applicable considering that LNAPLs biodegradation by - products in form of organic and
carbonic acid contribute to enhanced mineral dissolution leading to an increase in the amount
of total dissolved solids. Hence the prevalence of elevated EC in the LNAPL contaminated
aquifers is not unusual. EC logging as a borehole geophysics tool worked well on the study
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area. Previous monitoring results by Gilbert (2006), suggested that LNAPL biodegradation is

highly active.

5.1.1 EC Logging in Contaminated Private Boreholes

Electrical conductivity profiling was conducted on some of the contaminated private boreholes,
during the process of selecting boreholes to use for the aquifer test. No geological logs or any
drilling information is available about the private boreholes. EC logging proved to be of great
value in revealing possible high hydraulic conductivity zones where elevated anomalies were
recorded. The identified zones of high hydraulic conductivity were related to the location of
possible water bearing fractures. Hydraulic conductive zones were targeted in tracer and pump
testing, for pump positioning and tracer injection respectively.

For instance EC logging in PWS (Figure 5-1) revealed an elevated EC at 23 mbgl. The
observed anomaly at 23 mbgl was linked to a high hydraulic flow zone conveying degraded
diesel product which according to (Hiebert et a/, 1995) has the potential to generate carbonic
acid during the biodegradation process. Electrical conductivity logging in PW2 private borehole
(Figure 5-1) also indicated elevated EC values between 19 - 28 mbgl and the zone was
targeted for the tracer tests.

ECmS/m 1 ECmS/m

120 125 130 135 | ‘ 100 200 300 400 500 600

35 1 |

25 v\g : | /
: P | —
‘}1 40 j/

-

Depth mbgl
Depth mbgl

35
{ s
40

4

50 +

45 55
PW2 PWS5

Figure 5-1 EC profile in PW2 and PWS5 private boreholes.
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5.1.2 EC Logging in newly Drilled Boreholes

Electrical conductivity profiling was conducted in newly drilled core and percussion boreholes
prior to the aquifer testing and borehole geophysics logging. Identification of hydraulically
conductive zones to contaminant and groundwater flow was the core objective. Electrical
conductivity logging results were correlated to geological logs. The correlation presented an
opportunity to test the concurrent applicability of geological and borehole geophysics logging
site characterisation tools.

5.1.2.1 EC Logging in MW5 and MW6 Boreholes

Figure 5-2 shows the EC profile in core borehole MW6 and percussion borehole MW5 which
are only 4.7 m apart. The profiles depict anomalies at 27.5 mbgl and 31.5 mbgl in MW5 and
MWS6 respectively. The EC anomaly in MWS5 is attributed to the existence of a preferential flow
path conveying LNAPL - contaminated groundwater. The preferential flow path being
intersected in MWS5 is most likely to be part of the fracturing system detected in MW6 core
borehole which is evident on the core log at 31.5 mbgl (Figure 4-5, Section 4.1.1.1). It can be
concluded from the two EC profiles that the two boreholes intersect the same fracture
preferential flow path but at different depths. This conclusion however needed to be verified
through the use of other complimentary tools for optimum subsurface understanding.
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Figure 5-2 EC profiling in MW5 (Percussion) and MW6 (Core) boreholes.
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5.1.2.2 EC Logging in MW7 and MW8 Boreholes

Figure 5-3 shows EC profiles in MW7 percussion and MW8 core boreholes. Displayed in both
profiles are EC anomalies at 24 - 25 mbgl and 34 - 35 mbgl. The anomalies are most likely due
to the weathering on the shale and sandstone contact areas, leading to the formation of a
bedding plane fracture preferential flow path. MW8 geological core log also confirms the
existence of shale and sandstone contact area as shown besides MW8 EC profile (Figure 5-3).
It is most likely that that the two boreholes are intersecting the inferred bedding plane fractures
at 24 - 25 mbgl and 34 - 35 mbgl. FWS, AV and conventional borehole geophysics logs
(Section 5.2.2 and 5.2.3 respectively) also indicated clearly the existence of bedding plane
fracture feature at those depths.
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Figure 5-3 EC profiling in MW7 and MW8 boreholes and MW8 core geological log.
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5.2 Combined Borehole Geophysics

Combined borehole geophysics toolbox used on the study area consisted of AV and FWS
imaging and Conventional logging tools [SP, Gamma and Resistivity]. The results from
borehole geophysics were correlated and also cross correlated to geological logs, with the
objective of assessing the applicability and merits of using complimentary tools for
characterising an LNAPL contaminated fractured rock aquifer. A short description about each
tool is given in Section 5.2.1 before the presentation and discussion of results. Combined
borehole geophysics logging was successfully conducted in MW6, MW7 and MW8 boreholes.
Borehole camera was not used because its resolution was significantly affected by muddy
colour of the borehole water.

5.2.1 Brief Description of the used Boreholes Geophysics Tools
1. Acoustic Viewer (AV)

Is a borehole geophysics tool that uses ultrasonic waves to scan the borehole wall. AV
logs provide images of the acoustic reflectivity of an open fluid filled borehole wall.
Fracture signatures are also observable and the tool enables measurement of fracture
depth, orientation, dip, and apparent aperture where possible.

2. Full Wave Sonic (FWS)

Is a geophysical measurement of sound properties in an open hole in fluid filled
formations. In general, formations could be filled by either fresh or contaminated
groundwater. FWS logs can be used for fracture identification, lithologic and waveform
analysis. The tool can also be used for rock property analysis such as porosity,
permeability, competency, and rock strength.

3. Conventional Logging
3.1 Natural Gamma

The tool measures naturally occurring gamma emissions due to the decay of radioactive
materials in the subsurface. Sodium - iodide crystal is used to detect gamma rays and the
crystal produces a flash of light in response to a gamma ray collision within the detector
(Keyes, 1989, Telford et a/, 1990).
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3.2 Resistivity

This tool measures the material's resistance to electrical flow. In a saturated porous
material, the bulk resistivity is a combined electrical conductivity of earth materials and the
pore fluid. Generally, in fresh pore water conditions, high resistivities are associated with
coarse grained materials (sand and gravel), and low resistivities are associated with silt
and clay. The decreasing resistivity in clay and silt is attributed to the increase of clay rich
minerals with high electrical conductivity properties.

3.3 Spontaneous Potential (SP)

It measures the natural potential between the borehole fluid and the surrounding rocks. If
the surrounding rocks are filled with water, the natural potential is a function of the
geological formations. Differences in ion concentration exist between the borehole water
and the water filling the surrounding rock formation and as a result a charge differences
develops between the two. The charge difference is detected between the reference and
measuring electrode and it gives a measure of the SP. It is useful for the identification and
location of porous and permeable beds.

5.2.2 MWG6 Logging

Figure 5-4 and 5-5 shows conventional logging, FWS and AV imaging in MW6 borehole from
15 - 20 mbgl. Of importance is an anomaly displayed in both logs between 18.5 - 19 mbgl. It is
important to note that emphasis has only been placed on the depths with geophysics and
geological features of interest. Complete borehole geophysics logs have been placed in
Appendix 2. It is important to highlight that the radius of MW6 borehole was not big enough to
accommodate the borehole camera with required flexibility for maximum performance.
Furthermore the borehole water was too dirty for the camera to obtain clear pictures; hence
video logging was not performed.
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5.2.2.1 Bedding Plane Fracture Feature between 18.5 - 19 mbgl

Depth GAMMA % 2 RES -
——y tps 80 500 m 500 0 ohs 1000
15
- 'f}_
7 -
2 S —— P
= 20 -
Anomaly between 18.5 - 19 mbgl corresponding to a
weathered contact of mudstone and sandstone formation

Figure 5-4 Gamma, Resistivity and SP logs from 15 - 20 mbgl in MW6 core borehole.

Gamma and Resistivity logs also show the same anomaly between 18.5 - 19 m depth (Figure
5-4). The elevated gamma and resistivity values at 18.5 - 19 mbgl, (mudstone/sandstone
contact area) are most likely due to the existence of arkosic (feldspathic) minerals from
weathered sandstone. In such a situation the high percentage of potassium feldspar is
associated with increased amounts of potassium isotope (K4o). Potassium isotope is the most
natural abundant radioactive isotope recorded on the natural gamma which results in higher
gamma counts associated with increases in resistivity (Keyes, 1989). Resistivity follows the
same increasing trend as influenced by quarts minerals of low electrical conductivity in the
sandstone formation of the Beaufort group. Figure 5-5 shows AV and FWS logs from 15 - 20
mbgl.
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Figure 5-5 AV and FWS images from 15 - 20 mbgl in MW6 core borehole.

From AV (Figure 5-5), the existence of a horizontal oriented fracture feature is evident on the
3D view image between 18 - 19 mbgl. The displayed feature is characterised by a high
travelling time and low amplitude. The FWS (Figure 5-5) further shows the horizontal fracture
feature (18 - 19 mbgl) being associated with low wave amplitude and increased travelling time
which is an indication of reduced wave velocity in the formation. A cross correlation to core
geological logs closely suggest the presence of a bedding plane fracture feature at the
mudstone and sandstone contact area (see MW6 geology log on Figure 4-3 in Section 4.1.1).
It was also evident during the visualization of core geological logs that the contact area is
heavily weathered, thus sonic waves were attenuated as shown by the reduced wave velocity

leading to increased travelling time (Figure 5-5).




9.2.2.2 Fracture Feature in Sandstone Formation at 31.5 mbg|
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Figure 5-6 FWS and conventional logs from 28 - 33 mbgl in MW5 borehole.

The existence of a fracture feature anomaly at 31.5 mbgl is evident on both FWS and
conventional logging (Gamma and Resistivity) (Figure 5-6). On the FWS image the fracture
feature at 31.5 mbgl is characterised by a low amplitude sinusoidal wave at high travelling
time, an indication of reduced wave velocity. The reduced wave velocity is most likely due to
the attenuative effects of feldspathic clay (sandstone weathering product) filling the fracture
feature at 31.5 mbgl. Acoustic viewer imaging could not detect the fracture feature at 31.5

mbgl and for that reason the log is not presented.

Gamma and Resistivity logs also confirmed the existence of a fracture feature at 31.5 mbgl
with elevated values (Figure 5-6). The most likely reason for the Gamma log displaying an
increase of natural gamma emissions in a sandstone formation is the presence of arkosic

(feldspathic) clay minerals from sandstone filling the fracture. A closer look at Resistivity log
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anomaly (Figure 5-6) fully supports the suggestion of arkosic (feldspathic) clay minerals from
sandstone filling the fracture, because the anomaly take a small dip at 31.5 mbg| distinguishing

from the high resistivity surrounding solid sandstone.

5.2.3 MW7 Logging

5.2.3.1 Horizontal Bedding Plane Fracture Feature at 24.5 mbgl|
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Figure 5-7 FWS and AV images from 20 - 25 mbgl in MW7 borehole.

Figure 5-7 shows AV and FWS borehole geophysics logging from 20 - 25 mbgl in MW7
borehole. Acoustic Viewer log displays the horizontal bedding fracture feature on the 3D
image. The observation on the AV log is supported by an anomaly on the FWS log which

shows an increase of wave travelling time at 24.5 mbgl which is associated with a reduction in
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wave amplitude (Figure 5-7). Cross correlation to MW7 geological log (Figure 4-12, Section
4.2.1) shows the presence of a sandstone and shale contact area between 24 - 25 mbgl|. It was
also evident during core log visualization that the contact area is heavily weathered and is the
most probable reason for the anomaly. Sonic waves are retarded and attenuated in loose
weathered formations, resulting in an increased wave travelling time and low wave amplitude.
Gamma log on Figure 5-8 also confirmed the presence of a bedding plane fracture displayed
on AV and FWS images (Figure 5-7) at 24.5 mbgl.
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Figure 5-8 Gamma, Resistivity and SP logs from 20 -25 mbgl in MW7 borehole.
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5.2.3.2 Horizontal Bedding Plane Fracture Feature at 33 - 34 mbgl|
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Figure 5-9 AV image from 30 - 35 mbgl in MW7 borehole.

The existence of a horizontal bedding plane fracture feature is evident on the AV imaging
(Figure 5-9). The displayed anomaly is attributed to weathering at the contact area of
sandstone and shale formation (see MW7 geological log on Figure 4-12 in Section 4.2.1).
Weathering on the sedimentary layer contacts areas or interphase has great potential to create
preferential flow path for groundwater movement at the same time enhancing LNAPL
contamination migration. Conventional logging (Figure 5-10) and FWS could not detect the
horizontal fracture feature at 33 - 34 mbgl, as indicated by absence of distinguishable anomaly
between 30 - 35 mbgl.
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Figure 5-10 Gamma, SP and Resistivity logs from 30 -35 mbgl in MW7 borehole.

5.24 MWS Logging

5.2.4.1 Horizontal Bedding Plane Fracture Feature at 24.5 mbgl|
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Figure 5-11 AV image between 20 - 25 mbgl in MW8 core borehole.

The AV image (Figure 5-11) shows an anomaly on the 3D profile at 24.5 mbgl. The anomaly
corresponds to a contact area of sandstone and shale (see the MW8 geological log in Section
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4.1.1.2). Weathering at sedimentary contact areas can lead to the formation of a bedding
plane fractures. It is also important to note the presence of drilling induced fractures on the
acoustic viewer’'s 3D profile between 20 - 25 mbgl as evidenced by breakouts separated by
almost 180° (Figure 5-11). Both natural and drilling induced fractures are poor reflectors of
acoustic waves and this result in the waves having to take too much time to travel in those
features.

It is not surprising that AV and FWS images displays similar bedding plane fracture feature at
the contact area of sandstone and shale in both MW7 (Figure 5-7, Section 5.2.3) and MW8
(Figure 5-11 and Figure 5-12) at 24.5 mbgl considering that they are only 4.7 m apart. This is
expected considering the horizontal continuity in nature of sedimentary deposited layers
unless they are offset by intrusion or faulting processes which are not highly active at the study
area. The FWS imaging (Figure 5-12) indicates a wave of low amplitude and high travelling
time at 24.5 mbgl and is most likely due to the attenuative property of the weathered materials
at the sandstone/shale contact area.
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Figure 5-12 FWS image between 20 - 25 mbgl in MW8 core borehole.

It is evident based on the borehole geophysics results that AV, FWS and conventional logging
cannot be used as standalone tools. Correlation to geological logs coupled with EC profiling
enables maximum output and better understanding of the subsurface. For instance, AV
imaging could not pick any fracture feature at 31.5 mbgl in MW6 borehole which conventional
logging, FWS and core logs exhibited clearly. It is important to highlight that correlation of
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results among borehole geophysics tools, further demonstrates the merit for the application of
various geohydrological tools to complement one another considering the existence of a non -
unique interpretation.

5.3 Summary of Chapter 5

The Chapter gives details on borehole geophysics characterisation conducted at the study
area with the objective of identifying preferential flow paths to groundwater and LNAPL
contamination. Borehole geophysics equipment used on the Beaufort West study area
consisted of AV, FWS, EC and Conventional logging (Resistivity, SP and Gamma). Borehole
geophysics characterisation proved important for determining tracer injection depth in private
boreholes (PW5 and PW2) and newly drilled boreholes (MW8 and MW?7). An important finding
of this chapter is the identification of two bedding plane fractures at 24 - 25 mbgl and 34 - 35
mbgl. These bedding plane fractures form preferential flow paths to groundwater and LNAPL
migration. The bedding plane fractures were identified at shale/sandstone and
mudstone/sandstone weathered contact areas. The next Chapter gives a detailed description
of hydraulic characterisation of the study area which was achieved through aquifer testing.
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6 Hydraulic Characterisation

A total of 8 slug, 3 pump and 4 tracer tests were conducted during hydraulic characterisation of
the LNAPL contaminated fractured rock aquifer in the Beaufort West study area. The map on
Figure 6-1 shows the location of all boreholes used for the aquifer testing in relation to the
identified potential LNAPL sources.
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Figure 6-1 Location of the boreholes used for aquifer testing in the Beaufort West study area.

6.1 Challenges faced during Aquifer Testing

A number of constrains were faced during the aquifer testing and this is worth to mention so as
to give readers an understanding of the operating environment. Understanding of the
challenges faced during the test due to external factors is essential for interpreting and
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analysing the observed trends. Three of the four tracer tests and two of the three pump tests
were conducted on private boreholes without any idea of the drilling details such as; water
strikes, geology logs, bore depth and date of drilling. The missing geohydrological information
is important for aquifer testing preparation. The relevance and value of such information goes
even beyond the aquifer testing exercise to data analysis and interpretation of the observed
drawdown trends.

It is important to highlight that for hydraulic connectivity investigation between contamination
source and receptors (private boreholes in this case), the use of contaminated boreholes
during aquifer testing is ideal. It has great potential to provide insights on the pathways taken
by the contaminants to reach the receptors. However the use the contaminated private
boreholes presented us with a routine constrain of cleaning and decontaminating the
equipment. Cleaning and decontamination of the equipment would mean downtime for at least
an hour. Consider for instance, the time it would take to clean a pump which has been
pumping water contaminated with both free and dissolved phase of diesel. Figure 6-2 shows
the nature of the contaminants which we had to frequently clean.

A At

Figure 6-2 Contaminated pumping equipment on PWS5 private borehole (Taken during the fieldwork).
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Bearing in mind that the Beaufort West area is characterised by arid to semi - arid climate with
long periods of dry weather; the community relies much on groundwater with most of the
houses having boreholes. The extent of the reliance on groundwater by the Beaufort West
community has been partially reflected by the hydrocensus. Figure 3-11 in Section 3.5 shows
the distribution of the boreholes identified during the hydrocensus on the Beaufort West study
area. However observations made during the field work, shows that many boreholes than
identified are present on the study area, putting on high the need for another hydrocensus.
Such a big number of boreholes in use almost equate the Beaufort West study area to a well
field and this had great implications during aquifer tests. Difficulties were faced in
distinguishing between drawdown responds due the pump test itself and that due to
abstractions on the surrounding boreholes.

In one instance after conducting a slug test in RW1 borehole, the respond was actually
contrasting to the expected. Instead of the water receding back to its static water level, it was
observed to be rising (Figure 6-3). The observations suggest that the borehole had been under
the influence of some local abstractions before performing the test. Conducting aquifer tests
on private boreholes would also mean asking for the permission and keys each time one has
to enter into the private property which is very much time consuming.

Water level respond in RW1 during slug test
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Figure 6-3 Recovering water level during slug test in RW1 (Instead of receding).




Some of the private contaminated boreholes are still equipped with submersible pumps which
had to be taken out in order to use the boreholes for aquifer testing. The investigation team
had to deal with the hassles involved in taking out contaminated pumps. Figure 6-4 shows a
typical example on PWS5, where extra man power had to be hired to remove the installed
pump. Returning of the pumps after the tests was also another piece of time consuming and
rigorous activity. The other challenge posed by working in a contaminated environment where
people have been affected is; different questions pertaining to their plight. Unfortunately it
happens that most of the questions will be directed at the inappropriate personnel as they
would require legal experts or a social scientist.

Figure 6-4 Taking out a pump from PWS5 borehole prior to the aquifer tests (Taken during the field work).

6.2 Aquifer Test Borehole Selection

Borehole selection for aquifer testing is critical, because the output of the test mainly depends
on the degree to which test boreholes are connected among other hydraulic factors. In other
words boreholes intersecting a closely connected fractured zone would be worth to use for
both pump and tracer tests. The use of such boreholes would enable quick observation of a
considerable drawdown and tracer breakthrough. Observation of considerable drawdown and
tracer breakthrough is essential for aquifer and mass transport parameter estimation. It is upon
such aquifer test requirements that test boreholes had to be selected from the newly drilled

and existing private boreholes.
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From an LNAPL contamination point of view, it was also essential to include boreholes
contaminated with free phase LNAPLs, because it was important to note their drawdown
responds during the test. Such a drawdown response can be related to the existence of a
preferential flow path between the pumping well located at one of the conceptualised LNAPL
source. This would be a major step in determining the existence of preferential flow paths for
LNAPL migration.

Having highlighted some of the borehole selection requirements, private boreholes posed a
challenge during the selection process as there was no geological and any geohydrological
data. This was however not a surprise considering that most of these boreholes were drilled in
the early 1980s. In the wake of such an adversity it was decided to EC profile all accessible
private boreholes in order have an idea of flow zone location, borehole depth and any other
observable anomalies. Also considered during the selection of test boreholes was access and
easiness of removing installed pumps. Selection of test boreholes from newly drilled boreholes
was done with some confidence given the availability of geological logs, geohydrological and
borehole geophysics data. Detailed selection procedures have been outlined in each test
Section.

6.3 Slug Tests

A slug test provides a rapid means of assessing the potential yield of especially low yielding
(< 1 I/s) boreholes (Vivier et a/, 1995). To perform a slug test, the static water level in a
borehole is suddenly lowered or raised. To raise the water level, in this test was done by
lowering a closed cylinder into the borehole. According to (Krusemann and De Ridder, 1999),
measurement of the rate of recovery or recession of the water level allows the borehole's
transimisivity or hydraulic conductivity to be determined. The slug test is also useful in
estimating the borehole potential yield, which is used to select the pump size prior to pump
testing.

Slug tests are usually single - well tests that give estimates of hydraulic conductivity near the
bore or screen of the test borehole. However studies by (Belitz and Weston, 1999) revealed
that in a porous media, water levels can also be monitored in observation wells during a slug
test. This has the potential to improve aquifer parameter estimates because groundwater flow
during the slug test is closer to natural conditions as compared pumping. Gonthier and Mayer
(2003) also highlighted the value of performing slug tests in contaminated boreholes during the
initial site characterisation, before pumping tests. This is important because it prevent the risk
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associated with lowering expensive equipment into contaminated boreholes. The above
mentioned fact is not suggesting that the slug test should replace pump testing. But where the
risk of placing equipment in contaminated boreholes is high, then a slug test can be of great
value. A total of 8 slug tests were conducted on existing private and newly drilled boreholes
with the objective of obtaining the contaminated site aquifer parameters. The slug test
procedure (IGS, 2008) has been placed in appendix 3.

Bouwer and Rice (1976) method was used to estimate aquifer transmissivity. Table 6-1 shows
the slug test results, borehole and aquifer configurations used during calculations, where:

e dis the estimated flow thickness (m) (Estimated from EC profiling).
e b is the aquifer thickness (m) (Equivalent to saturated thickness).

o Ty is the horizontal distance from the borehole centre to the undisturbed aquifer (m).

Table 6-1 Slug test results.

Site Name Static Water d (m) b (m) rw (M) T (m%d) K (m/d)
Level (mbgl)
MW5 10.9 3 34.1 0.08 0.068 0.002
MW8 11.8 8 33.2 0.06 0.033 0.001
Mw?7 14.4 15 30.5 0.08 0.031 0.001
RW2 11.9 8 30.0 0.08 3.14 0.104
Geometric mean 0.12 0.004

The estimated transmissivity for RW2 is high in comparison to the rest of the boreholes. The
difference is mainly attributed to the fact that RW2 borehole has been under abstraction since
2002 as part of the LNAPL containment system installed at one of the petroleum service
stations. In other words, RW2 borehole should be by now fully developed with very little skin
effects, thus high transmissivity is expected in the vicinity of the borehole. As for MW5, MW8
and MW7, they are newly drilled boreholes which are still to be developed. The low
transmissivity values observed in these boreholes is most likely a reflection of high skin effects
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in the vicinity of the boreholes. Slug tests were also performed on RW1, PW2, PW5 boreholes,
but the results were affected due to the recovery effects from previous abstraction on other
boreholes in the study area.

6.4 Pump Test

Aquifer pump testing is essential for determining aquifer parameters. Aquifer parameters have
great influence on the groundwater flow, contaminant transportation and fate. With regard to
contaminant transportation and fate, pump test can yield important information such as the
existence of hydraulic connectivity between contaminant source and receptors. This is the
situation on the Beaufort West study area, where there was need to investigate the existence
of fracture preferential flow paths between abstracting boreholes(RW1 and RW2) located at
one of the conceptualised LNAPL source and contaminated private boreholes PW2, PW5 and
PW12 (Figure 6-1). Aquifer parameters; hydraulic conductivities, transimisivity and storage
properties are also important inputs of groundwater flow models. As guidelines the following
procedure by Van Tonder et a/(2001a) was used to conduct the 3 constant rate pump tests:

e Choosing of pump size, possibly with high discharge rate.
o Calibration test.

¢ Determining length of constant rate test.

e Measuring of drawdown during the pumping period.

e Measuring of recovery on stopping the pump until 95 % of the recovery has been
achieved.

6.4.1 Pump Test 1

During the test, RW1 borehole was used as the pumping well at an average abstraction rate of
0.78 I/s. PW2, RW2 and PW5 were used as the observation boreholes. Figure 6-5 shows the
location of the boreholes used in pump test 1. It is important to highlight that RW1 and RwW2
are boreholes drilled at conceptualised LNAPL source number 1 (Figure 6-5) and they are
being used as part of the LNAPL containment system. PW2 and PW5 are private boreholes
which are contaminated with both free and dissolved phases of diesel and petrol products

respectively.
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Figure 6-5 Location of boreholes used for pump test 1 in the Beaufort West study area.

On switching off the pump, all boreholes were allowed to fully recover during a 12 hour
monitored recovery period. Transducers were installed in each well about 3 hours before the
pumping test to monitor the water levels prior, during and after stopping of the pump
(recovery). It is important to monitor water level behavior prior and after pumping so as to
establish external effects on water level. Examples of the main external effects include artificial
abstraction and barometric pressure due to changes in atmospheric pressure. Establishing
and understanding of the external influence on water level has an important value when
analyzing drawdown behavior and making corrections for water level changes. The FC
program by Van Tonder et a/ (2001b) was used to estimate the transmissivity of the aquifer
formation. Figure 6-6 shows the Copper Jacob fit at late time on the pumping well RW1
drawdown plot. Cooper Jacob yielded a transmissivity value of 3.4 m?/day.
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Figure 6-6 Late time Cooper Jacob fit on RW1 pumping well drawdown.

It is important to monitor the recovery on switching off the pump considering that the data is

just valuable as pumping drawdown. Using the recovery data, a water level rise against t plot

on Figure 6-7 yielded a transmissivity estimate of 3.5 m?/day.

Recovery: t against rise of water level
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Figure 6-7 Water level rise during recovery against t in RW1 borehole.

The transmissivity obtained from the recovery drawdown (3.5 m?day), concurs with a value of

3.4 m%day obtained above using the Cooper Jacob method. RPTSOLV program (Verwey et a/,

1995) which avoids the dependency of storativity on distance was also used to estimate
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aquifer parameters using RW1 drawdown. Observation wells PW2 and RW2 were affected by
the abstraction effects from surrounding private boreholes; as a result the data could not be
used for parameter estimation. In the RPTSOLV program, the pump was assumed to be set at
matrix and fracture position. The fracture was taken as the observation position. Considering
that RW1 is a pumping well, an observation distance of 0.065 m was used in the RPTSOLV
program. Table 6-2 shows aquifer parameters estimated from the first pump test using the
RPTSOLYV program.

Table 6-2 Aquifer parameters estimated using RPTSOLV from pump test 1.

Site Name T - Formation (m“/d) S - Matrix

Rwi1 5.8 3.e-4




6.4.2 Pump Test2

During the second pump test, RW2 was the pumping well at an average abstraction rate of
0.78 I/s. PW2, PW12 and PW5 were used as observation boreholes. Pump test 2 was
conducted over a 5 hour period. Figure 6-8 shows the location of boreholes used in the second

and third pump tests.
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Figure 6-8 Location of the boreholes used for pump test 2 and 3 in the Beaufort West study area.

It is important to highlight that PW12 and PW5 boreholes are contaminated with both free and
dissolved phase (6 m petrol and 6 cm diesel respectively). The inclusion of PW12 and PW5
contaminated boreholes as observation boreholes was essential in order to see their
drawdown behaviors. Table 6-3 shows the aquifer parameters obtained from pump test 2

using the RPTSOLV program.
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Table 6-3 Aquifer parameters estimated using RPTSOLV from pump test 2.

Site Name T - Formation (m?/d) S - Matrix
Rw2 5.8 8.e-4
PW5 4.7 8.e-4

PW12 6.0 5.e-4

6.4.3 Pump Test3

During the third pump test, MW8 was used as the abstraction well and observations were
made in MW7 which is located 4.7 m away (Figure 6-8). MW8 and MW?7 are newly drilled core
and percussion boreholes respectively. Initially a tracer test was only scheduled between the
two boreholes, but it was later decided to place transducers and monitor drawdown changes
during the five hour tracer test period. The data had to be smoothened by discarding the first
98 minutes points due to the interference during the calibration process. The calibration
process was conducted to determine a suitable abstraction rate that would enable reaching a
steady state flow without the borehole running dry.

Cooper - Jacob
5.87 7

5.86 f

Drawdown (m)
o oo
3 S E &
1 1 i i

5.81
10

Time (min) 100 1000

Figure 6-9 Late time Cooper Jacob fit on MW8 pumping borehole drawdown.

From the Cooper Jacob plot on Figure 6-9, a formation transmissivity of 15.4 m?/day was

estimated using the pumping well (MW8) drawdown. It was not possible to monitor the water
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level recovery because the abstraction core borehole MW8 collapsed towards the end of the
test and all equipment had to be removed.

6.5 Tracer Tests

Tracer tests were carried out with the objective of determining mass transport parameters in
particular; Darcy velocity, seepage velocity and effective porosity. Mass transport parameters
are important for understanding the contaminant migration processes and also used as input in
contaminant models. Figure 6-10 shows the location of boreholes used in the tracer tests. The
following tracer tests were conducted; injection test, 1 point dilution test and 2 radial
convergent tests.
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Figure 6-10 Location of the boreholes used for tracer testing in the Beaufort West study area.
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6.5.1 Tracer Injection Test

The tracer injection test was performed in order to investigate the hydraulic connectivity
between the pumping and observation boreholes. Tracer injection test was performed
concurrently with pump testing. About 200 mS/m equivalence of iodated salt was injected in
PWS5 borehole during the pump test. The breakthrough was monitored for 8 hours through the
measurement of EC in RW2 (abstraction borehole) and PW2 (observation borehole) located
between the injection (PW5) and pumping borehole (RW1). PW5 borehole is located about
125 m from PW2 and 225 from RW2 (Figure 6-10). Figure 6-11 shows the measured EC with
time in PW2 (observation borehole) and RW1 (abstraction borehole). It is important to highlight
that in PW2 the EC was measured at 23 mbgl, this depth was identified as the main flow zone
through EC profiling (Figure 5-1, Section 5.1.1).
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Figure 6-11 EC tracer breakthrough measurements in pumping RW2 borehole.

Despite having a few data points, an increase in the EC is evident in both boreholes with time
(Figure 6-11). More interesting is the similarities displayed by the two curves which cannot be
by coincidence. However from a practical point of view it is difficult to relate the displayed EC
trend to the tracer breakthrough. This would translate into a forced groundwater velocity of
4.5 m/min during the first 50 minutes after injection over a distance of 225 m. Such a forced
groundwater velocity is extremely too high in the context of groundwater flow.
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On the other hand what is causing the EC trend remains a big of concern. One of the possible
explanations for such a trend could be the mobilization of sediment containing clay minerals
during pumping. Such an effect can result in increased total dissolved solids in the
groundwater and consequently the EC. There might be need to just monitor EC trends in those
boreholes without injecting any tracer. It is even more important to separate the causative
effects of such a trend from the injected tracer effects. It is possible that the observed EC trend
maybe partially related to tracer breakthrough.

6.5.2 Point Dilution Test

A point dilution test was performed in PW5 contaminated borehole to estimate Darcy velocity.
A single - well point dilution test aims to relate the observed rate of tracer dilution in a borehole
or the isolated borehole segment to the groundwater velocity. The estimated groundwater flow
can be natural or forced. The test section of the borehole should be intersecting the fracture
preferential flow path of interest. In this investigation a test section of 2 m (22 - 24 mbgl) was
used. The test section was selected based on the EC profiling performed in PW5 borehole
where an elevated EC was observed at 23 mbgl (Figure 5-1 in Section 5.1.1). The elevated EC
at 23 mbgl was inferred to be the main preferential flow path to LNAPL and groundwater.
Figure 6-12 shows the point dilution test equipment set up in PW5.
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Figure 6-12 Set up of point dilution tracer test equipment on PWS5 private borehole.
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Sodium bromide (NaBr) (50 g), fluorescein (0.5 g) and sodium chloride (NaCl) (200 g) were
used as tracers. The tracer quantities were selected based on the previous studies conducted
in typical Karoo fractured rock aquifers (Riemann et a/, 2002). The point dilution test was
performed using the procedure by Riemann (2002) (Appendix 4). Before data analysis the
measured EC (tracer concentration) was standardised (Figure 6-14) using equation 3 such
that:

C=1att,and C =0 at EC = EC (background)

O M C B C b
A = C 0 C b
Equation 3
Where: C, = Standardized concentration
C = Equivalent concentration at different times after tracer injection
Co = Background concentration in groundwater
Co = Concentration in the borehole at t,

Figure 6-13 shows the measured EC with respect to time. The tracer concentration decrease is |
evident in Figure 6-13 as indicated by an exponential decay of the measured EC.
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Figure 6-13 EC measurements for point dilution tracer test in PWS5 borehole.
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Figure 6-14 Standardized EC concentration for point dilution tracer test in PW5 borehole.

It is important to highlight that, due to limited time and the private working environment'’s
constrains, it was not possible to measure the tracer concentration until 90 % of the initial EC
had been depleted as stated by (Riemann, 2002). Darcy velocity (m/d) was calculated using
equation 4 (Drost et al, 1968) using the standardized concentration.

Where:

= In(—F)
a At L
Equation 4
W = volume of fluid contained in the test section (m®)
A = cross sectional area normal to the direction of flow (evaluated
from nrL, assuming a radial flow model with n = 2) (m?)

Co = tracer concentrationatt =0
C = tracer concentration at time =t
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o = borehole distortion factor (between 0.5 and 4; = 2 for an open
well) (note that ga = v*, where v*= apparent velocity inside well)

t = time when concentration is equal to C (days)

L = test section length (m)

Darcy velocity was determined at different time intervals during the tracer decay and a
geometric mean of 0.1 m/d (36 m/a) was estimated (Table 6-4).

Table 6-4 Darcy velocity estimated from point dilution test 1.

Time (min) C (attime =1) g (m/d)
58 0.87 0.138
100 0.85 0.092
150 0.81 0.081
200 0.77 0.075
Geometric mean 0.1

6.5.3 Radial Convergent Tests

Two radial convergent tests were conducted as part of the hydraulic characterisation, to
determine effective porosity and seepage velocity for the fracture preferential flow path. It is
also possible to determine dispersion parameters from field tracer tests, but in this study the
level of technology and resources available only allowed for the estimation of effective porosity
and seepage velocity. From an LNAPL contaminated site characterisation point of view, it was
considered very important to use boreholes contaminated with free phase for the first radial
convergent test. The second radial convergent test was performed in the newly drilled MW8
and MW?7 boreholes. Refer to Figure 6-10 in Section 6.4.2 for the location of test boreholes.

6.5.3.1 Radial Convergent Test 1

In radial convergent test 1, private borehole PW5 which is contaminated by diesel product was
used as the injection borehole. The tracer breakthrough was monitored for 5 hours by
measuring EC in RW2 (abstraction borehole) and PW2 (observation borehole). PW2
observation borehole is located between the injection borehole (PW5) and pumping borehole
RW2. PWS5 is located about 125 m from PW2 and 225m from RW2.
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The choice of tracer test boreholes was based on premise that; RW2 (abstraction borehole) is
located on the conceptualised LNAPL source number 1 (Figure 6-10, section 6.5) while PW2
(observation borehole) and PWS5 (injection borehole) are both contaminated with free and
dissolved phases. Thus their inclusion would ideally replicate the contamination movement but
in reverse direction from receptors to the source. The reverse replication of contamination
movement was a deliberate move so as to avoid contaminant mobilization toward private
boreholes. In this set up, RW2 which has a pump already installed as part of the LNAPL
containment system was used for the tracer abstraction. This was also economical because
instead of having an extra pump and the time consumed in installing and cleaning, an existing
one was used. The inclusion of contaminated boreholes has important implications for the
fracture preferential pathway characterisation, because by so doing, the hydraulic properties of
preferential flow path to contamination can be estimated. The test was conducted using the
procedure and guidelines from Riemann (2002) (Appendix 5).

6.5.3.1.1  Tracer Decay Measurements in PW5 Injection Borehole

The measured EC in PWS injection borehole during the 5 hour monitoring period is displayed
on Figure 6-15. Different tracer depletion rates are evident on the EC - time graph. Of
particular interest on Figure 6-15 is the elevated rate of tracer decay from about
210 - 300 minutes. The most likely reason for the elevated rate of tracer decay (Figure 6-15),
could be another groundwater user switching on a borehole in the vicinity of PW5 for almost
one and half hours (210 - 300 minutes). This can be the most likely cause because after 300
min the tracer decay rate started to decrease. The suggestion is strongly supported by high
number of groundwater users; most of households are having boreholes as revealed by the
hydrocensus. In other words, the boreholes located in the study area constitute a well field and
external effects on aquifer tests are highly possible. It is also important to note that from
100 - 200 minutes, the tracer decay rate almost reach a constant value which is low enough to
relate to natural groundwater flow conditions.
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Figure 6-15 EC measurements for radial convergent tracer test in PWS5 injection borehole.

It is also possible that exhibited different rates of tracer depletion/decay are a reflection of the
nature of preferential fractured flow pathways linking the injection borehole (PW5) to the
abstraction borehole RW2 and other private boreholes. Geohydrologic features possibly
contributing to the fluctuating rate of tracer decay include; heterogeneities in the aquifer,
fracture orientation and networks constituting the preferential pathways. Thus the estimated
forced groundwater velocity is more of an average for different pathways with flow lines
converging at PW5. Before data analysis, the measured EC was standardized (Figure 6-16)

using equation 3 (Section 6.5.2).
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Figure 6-16 Standardized EC concentration for radial convergent tracer test in PW5 borehole.
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Darcy velocity under forced gradient (Table 6-5) was calculated for different time intervals by
taking into consideration various tracer depletion rates as displayed in Figure 6-15. Using a
geometric mean, Darcy velocity of 0.2 m/d (72 m/a) was estimated for the inferred fracture
preferential flow path at 34 - 35 mbgl. Table 6-5 shows the calculated Darcy velocities under
forced gradient for different time intervals corresponding to different rates of tracer decay.

Table 6-5 Estimated Darcy velocity under forced gradient from radial convergent tracer test 1.

Time (min) C.(attime =1t) q (m/d)
58 0.89 0.12
153 0.73 0.12
253 0.54 0.14
303 0.31 0.22
Geometric mean 0.15

The observed different rates of tracer depletion (Figure 6-15) is an indication that the
surrounding well field should also have had some strong implications in mobilizing the
LNAPLs, thus accelerating the contamination movement as evidenced by the abstraction
effects on rate of tracer decay from 210 - 300 minutes. In such a situation, contamination
mobilization from the abstraction effects on private and municipal boreholes is more likely to
be the dominant contamination driving factor as compared to natural groundwater flow. This
observation in conjunction with fracture orientations are conceptually the mostly likely reasons
why the LNAPL contaminant is observed to be migrating up and across gradient.

If pumping effects from private the boreholes could have such an implication on contaminant
mobilization, the need to investigate the well field’s capture zone cannot be overemphasized.
Such an investigation would require a complete analysis of the stressed Beaufort West study
area aquifer, through detailed hydrocensus about abstraction rates and water level responds
during abstraction on private and municipal boreholes. It is also worth mentioning that the
estimated Darcy velocity under forced gradient (72 m/a) is greater than the Darcy velocity
under natural conditions (36 m/a) by a factor of two.
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6.5.3.1.2  Tracer Breakthrough Measurements in PW2 Observation Borehole

From the EC profiling in the observation well PW2 (Figure 6-17) during the tracer breakthrough
monitoring, a zone between 21 - 24 mbgl was identified to be conveying a high electrically ‘
conductive fluid. This is evidenced by the increase in EC) between 21 - 24 mbgl| during the 5

hour tracer test (Figure 6-17).
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Figure 6-17 EC tracer breakthrough measurements in PW2 observation borehole.

The exhibited similar EC trend between 21 - 24 mbgl (Figure 6-17) is most likely an indication
of a similar fluid being conveyed. It is however difficult to relate this high electrically conductive
fluid to the injected tracer in PWS. Strictly speaking the fastest tracer would have taken only
about 5 minutes to travel over 125 m which is not practical in the context of groundwater flow.
The possible explanation for the observed EC trend could be the dilution within the borehole
as a result of natural inflow and mobilization of salt rich sediments. From a geological
perspective, it is possible that the zone between 21 - 24 mbgl is highly fractured as observed
on the core drilling results. The result indicates the existence of a hydraulically conductive flow
zone between 21 - 24 mbgl and is not necessarily linked to the tracer movement.

6.5.3.1.3  Tracer Breakthrough Measurements in RW2 Abstraction Borehole

Electrical conductivity was monitored in the abstraction borehole RW2 during the five hour
tracer period. Figure 6-18 shows a flow through cell which was utilized to take EC
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measurements using a temperature level conductivity meter (TLC). The flow through cell was
more convenient for taking EC readings and tracer sampling.

TLC meter

Inflow Outflow

Figure 6-18 Small flow through cell used for EC measurement at abstraction boreholes during radial
convergent tracer tests at the Beaufort West study area (Taken during the field work).

Figure 6-19 shows the measured EC against time at RW2 (abstraction borehole). Contrary to
the trend in PW2 (observation borehole), the observed EC in RW2 shows a decreasing trend
for at least three hours after the start of the test (Figure 6-19). The observed trend can be
possibly attributed to the pumping of low EC water from the aquifer. Initially, stagnant water
from the borehole column characterised by a high EC was being pumped. As the time
progresses, water characterised by low EC or TDS was being pumped from the aquifer.
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Figure 6-19 EC tracer breakthrough measurements in abstraction borehole RW2.

Based on the measured EC trend in the abstraction borehole RW2 (Figure 6-19), it is thus
possible to conclude that no tracer breakthrough was observed over the 225 m distance. Only
data from the injection borehole (PW5) was successfully used as point dilution test to estimate
the forced groundwater velocity. Possible reasons to explain the breakthrough failure include;
the existence of other well defined and connected preferential flow paths converging at PWS.
In other words, the tracer might have moved easily to other boreholes, bearing in mind the
different tracer decay rates observed in the injection well (PW5) which strongly suggest the
influence of the well field on the tests. Considering that a 225 m distance is expected to be
traveled by the tracer under advection, the effects of dispersion and matrix diffusion depleting
some of the tracer before breakthrough observation cannot be ruled out.

0.9.3.4 Radial Convergent Test 2

The second radial convergent test was performed between the newly drilled MW7 and MW8
boreholes which are only 4.7 m apart (Figure 6-10, Section 6.5). It was important in this test to
use the newly drilled boreholes with all the geological logs and borehole information present.
There was also a privilege of using borehole geophysics results in conjunction with the core
geological logs for identifying and selection of the test section. The equipment set up and
procedure is the same as used in radial convergent test 1. MW7 was the injection borehole
and the tracer was injected at 34 mbgl in a 2 m test section (33 - 35 mbgl). The selection of
tracer injection depth (34 mbgl) was based on following observations:
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o EC profiling on MW7 showed an elevated anomaly at 34 - 35 mbgl (Figure 5-3, Section
5.1).

o Multiple water strikes were identified between 28 - 35 mbgl in MW7 during the drilling
(Figure 4-12, Section 4.2.1.2).

e Combination logging in particular gamma indicate the existence of a fracture existence
feature at 24 - 25 mbgl and 34 - 35 mbgl in MW7 (Figure 5-8, Section 5.2.2.1).

o FWS and AV images also shows bedding plane fracture positions at 24 - 25 and 34 -
35 mbgl in both MW7 and MW8 boreholes (Figure 5-7, Section 5.2.2.1).

MW8 core borehole could only accommodate a small pump, thus it was used for tracer
abstraction. The pump was set at 34 mbgl depth giving an initial allowable drawdown of about
21 m. Just as with the first radial test convergent 200 g of iodated salt (NaCl), 50 g NaBr and
0.5 g of fluorescein were used as tracers. It was not possible to attain steady state flow
between the 2 boreholes. This was mainly attributed to slow hydraulic responds because the
boreholes had not been developed. Sticking drilling mud on the borehole side walls has great
potential to increase the resistance to groundwater flow close to the borehole column. It was
therefore decided to inject the tracer after one hour of pumping at an average rate of 0.08 I/s.

Figure 6-20 shows the schematic equipment set up for the radial convergent test between
MW7 and MW8 boreholes.
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Figure 6-20 Schematic equipment set up for radial convergent test 2 between MW7 and MW8
boreholes.
6.5.3.2.1  Tracer Decay Measurements in MW7 Injection Borehole

Electrical conductivity was measured by a TLC meter fixed at 34 mbgl. Figure 6-21 shows the
measured EC in the MW?7 injection borehole.
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Figure 6-21 EC measurements for radial convergent tracer test in MW7 injection borehole.
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The decay curve (Figure 6-21) is initially characterised by high rate of EC decrease (about

2.57 mS/min) for the first 23 minutes. This was followed by a slight EC increase up to 47 min
before receding at a reduced rate of about 0.17 mS/min up to the end of test. Possible reasons
for the decreased tracer decay rate have been discussed in the next paragraph. The measured
EC was standardized using equation 3 (Section 6.5.2) and Figure 6-22 shows the
standardized tracer concentration.
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Figure 6-22 Standardized EC concentration for radial convergent tracer test in MW7 injection
borehole.

Darcy velocity of 0.62 m/day under forced gradient was estimated using equation 4 (Section
6.5.2) (Drost et al, 1968). The estimation was conducted using the EC tracer decay during the
first 23 minutes (Figure 6-21). The remainder of the data was believed to have been affected
by noise effect, most likely because some of the tracer initially displaced upstream, by
dispersion would later re - enter the borehole by advection. Thus a plateau is evident after 23
to 47 minutes (Figure 6-21) before receding due to the advective groundwater flux across the
borehole.

In other words, the tracer concentration (EC) decay from 47 minutes most likely occurred at
lower rate than expected as some of the upstream advected groundwater would be already
containing some tracer (Lamontange et a/, 2002) with a low diluting capacity on tracer in the
injection borehole. Considering that another test had been conducted the previous day with
PW5 located about 110 m away as the injection borehole, chances of the advected
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groundwater containing the tracer cannot be ruled out. As part of evidence for the possible
hydraulic interaction between the current injection well MW7 and previous (PW5), diesel fumes
were smelled from the water samples collected from MW7 borehole. This suggests the
existence of a hydraulic connectivity between the current injection well (MW7) and some of the
contaminated boreholes with PWS being no exception.

6.5.3.2.2 Tracer Breakthrough Measurements in MW8 Abstraction Borehole

6.5.3.2.2.1  EC Tracer Breakthrough Measurements in MW8 Abstraction Borehole

Electrical conductivity was measured in the abstraction well (MW8) during the five hour test
period. Measurements were obtained from a TLC meter placed directly into a flow cell placed
outside the borehole (Figure 6-18, Section 6.5.3.1.3). Figure 6-23 shows the measured EC
against time in MW8 tracer abstraction borehole. The EC breakthrough measurements were
obtained for comparison purposes with the selective conservative bromide anion breakthrough
(Section 6.5.3.2.2.3). Bromide breakthrough measurements have been used for calculating
groundwater velocity and dispersion parameters (Section 6.5.3.2.2.2).

Two tracer peaks that are displayed on the EC measured breakthrough (Figure 6-23) can be
attributed to the existence of at least two preferential flow pathways conveying the tracer. EC
profiling in MW8 borehole had earlier displayed another anomaly at 24 - 25 mbgl, sugesting
the possibile existence of at least two fracture preferential flow pathways.
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Figure 6-23 EC tracer breakthrough measurements in MW8 observation borehole.
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6.5.3.2.2.2 Bromide Tracer Breakthrough Measurements in MW8 Abstraction Borehole

Eight tracer water samples were collected at unequal time intervals during the five hour tracer
period for bromide concentration analyses. Samples were collected directly from the
abstraction pipe outlet into 100 ml brown bottles. The samples were stored under refrigerated
conditions (4 °C) through the use of ice packs and a field cooler box. Laboratory analyses for
bromide concentration were performed courteously of IGS chemical laboratory. Figure 6-24
shows the measured bromide concentration with time in MW8 tracer abstraction borehole.
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Figure 6-24 Bromide tracer breakthrough measurements in MW8 abstraction borehole.

The bromide tracer breakthrough (Figure 6-24) displays a constant rate of tracer concentration
increase (about 8.3 x 10 mg/min) from 50 min until the tracer peak passed after 180 min.
Groundwater velocity is established from the radial convergent test between the tracer
injection borehole (dilution borehole) and the tracer detection borehole (abstraction borehole).
The velocity is derived from fitting the model data through the measured field data on the
TRACER programme (Riemann, 2002). According to Riemann (2002), manually changing the
values for the flow thickness, dispersion and groundwater velocity until the measured data and
the simulated data shows a good fit, will yield the estimates of the fitting parameters (Table 6-
6). Figure 6-25 shows the best fit between the model and measured field data obtained at a
Root Mean Square Error (RMSE) of 7.22E - 02.
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Figure 6-25 Best fit between the model and measured bromide tracer breakthrough concentration in
MWS8 abstraction borehole.

Table 6-6 Mass transport parameter estimates from the TRACER programme (Riemann, 2002).

Distance | Abstraction | Mass of | Dispersion | Groundwater | Kinematic
between rate (I/s) injected (m) velocity porosity
boreholes tracer (m/day)
(m) (kg)
4.7 0.08 0.05 0.6 x| 0.02

It is expected that the kinematic porosity of the Beaufort West formations could be between

0.03 - 0.07, obtained from a large number of tracer tests conducted by IGS in Karoo

Formations (Van Tonder, 2009). From these range of possible kinematic porosity values,

estimated seepage velocities ranges between 1 and 3 m/a [using a flow zone thickness of 2 m

and a gradient of 0.005]. High estimated seepage values (23 m/day, Table 6-6) can only be

attributed to the existence of fracture preferential flow path between the two boreholes.
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6.5.3.2.2.3 Comparison between EC and Bromide Tracer Breakthrough

Figure 6-26 shows a comparison of bromide and EC measured breakthroughs. It is evident
that the Br tracer peak arrived late by approximately 100 minutes after the arrival of the EC
breakthrough peak. The EC measured tracer breakthrough suggests that a pulse of
groundwater with high EC passed through the abstraction well MW8. The suggestion is
supported by subsequent decrease of EC after 98 minutes indicating the passing of tracer
peak. In other words, if there was no external influences contributing to the increase of
electrical conductivity along the flow path, then theoretically the EC and bromide tracer peaks
were suppose pass at the same time. Chances of Br being retarded cannot be ruled out.
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Figure 6-26 Comparison between EC and bromide tracer breakthrough measurements in MW 8
abstraction borehole.

It is possible for one to argue that, the measurement of selective conservative chloride (ClI)
anion in mg/l could have done a better comparison to EC measurements. However in this case
the measured EC was due to the addition of both the iodated salt (NaCl) and NaBr tracers.
Besides what is more important in breakthrough measurements is the position of the tracer
peak concentration with respect to time along the flow path. EC measurements do not
necessarily detect and follow the tracer peak along the flow path. It is important to highlight
that EC measurements does not detect only chloride tracers but anything which cause EC
increases along the flow path. The use of EC measurement for tracer breakthrough
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measurements is thus not reliable. In most cases it is not possible to distinguish between

causes of EC changes along the flow path. Possible causes can include:

o Mobilization of the contaminated groundwater in the aquifer in this case it could be
degraded LNAPL by - products or inorganic contaminants.

o Unknown activities can also result increase in groundwater EC increase, especially in
stressed aquifer system.

o Mineral interactions in the vicinity of the abstraction borehole and along the flow path or
other added tracers can also lead to increase in EC.

6.6 Summary of Chapter 6

In summary, Chapter 6 describes the slug, pump and tracer tests conducted on the Beaufort
West study area to hydraulically characterise the LNAPL contaminated fractured rock aquifer.
Hydraulic characterisation of the LNAPL contaminated fractured rock sandstone aquifer was
important for determining aquifer and mass transport parameters which are essential for
remediation exercises. Estimated formation transimisivity from pump testing ranges from
3.4 - 15.4 m%day. Table 6-7 shows the estimated mass transport parameters from the tracer
tests for different located preferential paths. Chemical characterisation which constitutes of
organic, inorganic and volatile organics carbon analysis is covered in Chapter 7.

Table 6-7 Estimated mass transport parameters from the tracer tests.

Parameter Value Method
q (m/day) (Natura! gradient in PW5) 0.1 Drost et a/, 1968
q (m/day) (Forced gradient in PW5) 0.2 Drost et a/, 1968
g (m/day) (Forced gradient in MW7) 0.6 Drost et a/, 1968
v (m/day) (Between MW7 and MW8) 23 TRACER (Riemann, 2002)
Effective porosity, n. (Between MW7 and MW8) 0.02 TRACER (Riemann, 2002)
Dispersion (m) (Between MW7 and MW8) 0.6 TRACER (Riemann, 2002)
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7 Chemical Characterisation

Chemical characterisation aims to understand the nature and type of contamination on the
study site, it could be in groundwater and or soil. Furthermore it can yield valuable clues to the
chemical processes operating at the site. This stage of site characterisation is important for
planning detailed field investigations, monitoring and establishing remediation requirements.
Various aspects can be covered during the site chemical characterisation, but in this thesis
focus has been placed on the organic hydrocarbon and inorganic compound analysis. Included
in the organic constituent study is the VOC measurement and analysis during air percussion
drilling using a PID meter.

7.1 Sampling

Groundwater sampling aims to obtain samples which are a representative of the in - situ
groundwater conditions. The sampling process should ensure minimum chemical changes
during sample collection and handling. On an LNAPL contaminated site, the objective of
sampling is to identify and quantify the occurrence of contaminants in groundwater and to
investigate processes around the contamination event(s). Weaver et a/ (2007) discusses in
detail the sampling protocols for different sampling objectives and in some cases sampling
protocols come from the analyzing laboratory. It is however important to note that there will
always be some differences between theory and reality. In such cases a balance between
theory and reality should be maintained during data interpretation. In this study, about 88 % of
the boreholes are installed with pumps which are only accessible via tap outlets. Purging was
conducted for 15 minutes before collection of samples from the tap outlet.

In total, 22 boreholes were sampled in order to chemically characterise the LNAPL
contaminated fractured rock aquifer. It is important to highlight that of the 22 sampled wells, 7
were identified during the hydrocensus and these were initially analysed using the Site Lab kit.
Fifteen of the sampled boreholes are part of a monitoring network used by the GPT consulting
company working on the study area. It is important to highlight that MSO1 and MSO2
boreholes are part of the municipal water supply system serving the Beaufort West town
community. It was therefore important to include them as part of the LNAPL sampling
investigation considering the pivotal role they are playing. Figure 7-1 shows the location of
sampled boreholes in relation to identified main potential LNAPL sources.
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Figure 7-1 Location of sampled boreholes on the Beaufort West study area in relation to the potential
LNAPL sources.

Only 4 of the existing monitoring private boreholes (PW2, PW5, RW1 and RW2) were sampled
using a specific depth bailer (Figure 7-2). The sampling depth was determined through EC
profiling (Appendix 6). Electrical conductivities anomalies were used to infer groundwater flow
zones and these were targeted for sampling. Table 7-1 gives the sampling depth for the four
boreholes. Samples from the rest of the boreholes were collected directly from the tap outlets.

Table 7-1 Sampling depths.

Borehole name Sampling depth (mbgl)
RW1 24
PW5 23
PW2 24
RW2 23
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Figure 7-2 Specific steel sampling bailer used for sampling in RW1, RW2, PW5 and PW2 boreholes
(Taken during the field work).

To avoid cross contamination, the bailer was initially cleaned with a sunlight liquid detergent
followed by deionized water and finally rinsed with methanol. Cleaning was conducted after the
sampling on each borehole. Samples were collected into 100 ml and 500 ml petrol package
containers as prescribed by the analyzing laboratory. Samples were then stored in cooler
boxes and maintained at a temperature of 4 °C using ice packs. The cold chain was
maintained until laboratory sample analysis.

7.2 Sample Analysis

Groundwater samples were analysed for inorganic constituents and for the following organic
hydrocarbon carbon constituents:

e Benzene Toluene Ethylbenzene Xylenes (BTEX).

e Methyl Tert - Butyl Ether (MTBE).

e Tertiary Amyl Methyl Ether (TAME).

e Naphthalene.

e Total Petroleum Hydrocarbon (TPH) Volatile (C6 - C10).
e TPH (C10 - C40).

e VOCs (During air percussion drilling).
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7.2.1 Organic Chemistry

Organic hydrocarbon chemical characterisation is important for understanding the nature and
compounds of LNAPL, which is of great value in trying to identify the source of contamination.
It also plays an important part in the delineation of LNAPL plume, assessment of Monitored
Natural Attenuation (MNA) and contamination monitoring. The reliability of organic
hydrocarbon analysis results is of great concern, because important and costly site
characterisation decisions are made based on these results. Health risk assessments are also
conducted based on the organic hydrocarbon results which in most cases indicate levels of
various LNAPL compounds and VOCs in soil and groundwater. In this study, organic
hydrocarbon analysis was performed by Eurofins Analytico (Netherlands based laboratory).
These organic hydrocarbon analytical results have been referred to as “reference laboratory”
throughout the thesis and have been used as the basis of comparison for assessing the
applicability of the Site Lab kit as a preliminary field screening procedure. It is important to
highlight that during the analysis and discussion of the present results, reference has been
made to previous chemical results from the work performed by GPT from 2002 - 2007.

7.2.1.1 Distribution of LNAPL Contaminants at the Study Area

Out of the 22 sampled boreholes, 11 were found to be contaminated with LNAPL petroleum
hydrocarbon. Figure 7-3 shows the percentage proportions of the LNAPL detected in the
contaminated boreholes. Uncontaminated boreholes (MSO1, PW26, PW25, PW3 and PW27)
have been excluded from Figure 7-3 in order ensure a clear view of the map.

Transverse and longitudinal mass transportation processes are highly active at the study area

as evidenced by LNAPL detections across and in the downgradient boreholes of the four
potential LNAPL sources (Figure 7-3). The fact that the study area’s fractured sandstone
aquifer serves as a well field implies that; LNAPL contaminant mobilization due to abstraction
effects is highly possible. Abstraction effects from private and municipal boreholes might
induce an artificial gradient that has the potential to mobilize both dissolved and free phase
LNAPL towards pumping boreholes. This would be a significant contributing factor to the
observed LNAPL migration across gradient towards the easterly direction (See the direction of
inferred groundwater flow under assumed natural conditions in Figure 7-5).
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Figure 7-3 Percentage proportions of LNAPLs detected in contaminated boreholes at the Beaufort West
study area.

According to Williams et a/ (2006), benzene is often the main groundwater contaminant of
concern at petroleum release sites because of its high toxicity and mobility in comparison to
other BTEX compounds. As evident in Figure 7-3, benzene dominates the LNAPL
contaminants at the study area after being detected in 10 out of the 11 contaminated
boreholes. In other words, benzene is the most water soluble component of the BTEX
compounds (Table 7-2); its occurrence in most of the contaminated boreholes is thus
expected. Specific concentrations of BTEX compounds are presented in Figure 7-4.

MSO2 had the highest benzene and MTBE detectable concentrations of 48 pg/l and 6.7 ug/l
respectively (Figure 7-4 and 7-6). It is important to highlight that MSO2 is a municipal borehole
located at least 400 m east of the four potential LNAPL sources. The detection of high
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benzene concentrations at such a distance from the potential LNAPL sources is a major cause |
of concern; theoretically benzene is expected to be within the vicinity of the source due to low
mobility as compared to MTBE. Another contrasting observation is the presence of MTBE
oxygenates in the upgradient MS02 and PW35 boreholes (Figure 7-5 shows the inferred
groundwater flow direction). The most possible reason for the two contrasting observations is
the mobilization of LNAPL contaminants from other unidentified LNAPL sources. Considering
that MSO2 borehole is part of the municipal water supply system, it is most likely being
operated at a high abstraction rate in comparison to other individual household boreholes. This
would effectively create an artificial gradient that can transport the LNAPL contaminants
towards the pumping borehole.

Ethylbenzene had the lowest detected concentrations (mg/l) in all contaminated boreholes
(Figure 7-4) as compared to other BTEX compounds. This observation is expected considering
that that ethylbenzene has the lowest solubility of all the BTEX components (Table 7-2). The
measured BTEX concentration in PW18 borehole confirms to their theoretical solubility (Table
7-2) in the order of benzene, toluene, ethylbenzene and xylenes. However the BTEX
concentrations measured in PW35 borehole (Figure 7-4) shows a sharp contrast to the
expected based on the solubility theory. In PW35 borehole, benzene compound tops the
concentration followed by xylenes and toluene. Possible reasons for the elevated xylenes as
compared to toluene concentration in PW35 include:

o Other LNAPL sources having a high initial concentration (mg/l) of xylenes.

o Cross contamination of sample during the sampling process.

Table 7-2 Vapor pressure and solubility of selected LNAPL compounds

Compound Vapor pressure Solubility in water
(mmHg) at 30 °C (mg/l) at 20 °C
Benzene 100 1200
Toluene 30 800
Ethylbenzene 13 105
Xylenes 11 110
MTBE 30 000 643
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Figure 7-4: BTEX concentration in LNAPL contaminated boreholes.

PWS5 has the least benzene concentration of 0.17 pg/l and the most likely reason for that is the
enhanced biodegradation due to additional sulphate (1 kg) which was injected into that
borehole (Nabee, 2007). Possible evidence and results to infer LNAPL biodegradation has
been discussed in Section 7.2.1.2. Of all the LNAPL contaminated boreholes, PW18 had the
highest BTEX proportion (Figure 7-4). It is interesting to note that in the 2007 sampling run by
GPT (2002 - 2007) an elevated concentration of 16.3 pg/l benzene was measured in PW2 as
compared to 2.03 pg/l recorded in the present sampling run. Based on the observed
substantial decrease of BTEX concentration in some of the private boreholes, it is possible to
infer shrinking of the dissolved plume at the site. Five of the contaminated boreholes (PW17,
PW18, PW6, PW35 and MSO2) had benzene concentration exceeding the Maximum
Contamination Level (MCL) of 5 ug/l based on the US EPA (2002) advisory regulations.
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