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ABSTRACT 

Reservoir depletion in the Bredasdorp Basin has come with many rising challenges, 

such as exorbitant decommissioning costs and deteriorating pipelines. However, a 

depleted offshore reservoir also has many opportunities that can be explored. This 

research study looks closely at offshore aquifers occurring in the Central Bredasdorp 

Basin, South Africa, as an alternative source of water.  Groundwater usage accounts 

for 56% of South Africaôs population, either as sole or combined with surface water 

resources. Therefore, exploring different water sources is essential to the sustainability 

of our water resource management and security.  

Offshore aquifer research bridges the gap between two research groups, petroleum 

geology and hydrogeology, but is very rarely a reality, as data is not publicly available 

due to propriety rights restrictions. Integration of seismic and well log data acquired by 

the petroleum industry has demonstrated the effectiveness for offshore fresh 

groundwater modelling. 

Groundwater reserves below the seafloor are now becoming a common global 

phenomenon with brackish to low salinity water regarded as a substitute over sea 

waters, as the price of desalination processes rapidly decrease. This study focusses 

on the 14A aquifer, whereby water salinities measuring below a threshold of 30 ppt is 

regarded as fresh water. The aquifer was interpreted across an area of ~2300 km2 

using a 3-dimensional seismic survey to map the aquifer boundaries, along with 

wireline data from twenty-two wells to extract critical aquifer parameters like porosity, 

water saturation, water salinity and permeability.  

The evaluation identified primarily sandstone and shale lithologies, with sand 

packages ranging from 4 m to 125 m of gross sand. Porosities in the aquifer range 

between 10-17% while core analysis indicated permeability values between 3mD and 

639 mD in sandstone layers, suggesting good production potential in these intervals. 

The aquifer, measuring 18.72 km3 in size, is correlatable across a distance of ~ 35 km. 

Considering the City of Cape Town as the recipient of the Central Bredasdorp Basinôs 

aquifer, the 14A sandstones host enough water to supply the City of Cape Town for 

2.4 years (777 billion m3). The technological requirements for offshore groundwater  
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exploitation are still not well defined.  However, within the Bredasdorp Basin, the 

extraction process could take advantage of technologies and infrastructure installed 

by South Africaôs oil and gas company, PetroSA. 

The overall results achieved in this study have good implications for improving 

sustainable water management in South Africa, particularly the City of Cape Town. 

Economic feasibility, environmental impacts and legal implications of the extraction of 

offshore groundwater are not well established and future studies should focus on 

addressing these issues. 
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GLOSSARY OF TERMS 

Ma Million years ago 

Ppm Parts per million 

Ppt Parts per thousand 

mD Milli Darcy 

API American Petroleum Institute 

Bw Water expansion factor 

GR Gamma Ray 

Vcl Volume of Clay 

Rt True Resistivity 

Rw Resistivity of water 

SP Spontaneous Potential 

AFFZ Agulhas-Falkland Fracture Zone 

MMbl Million barrels 

OFG Offshore Fresh Water 

K Permeability 

NTG Net to Gross 

TWT Two Way Time 

TD Total Depth 

MD Measured Depth 

TVD True Vertical Depth 

TVDSS True Vertical Depth Subsea 

PHIE Effective Porosity 

PHIT Total Porosity 
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Chapter 1: Introduction 

Offshore fresh groundwater (OFG) aquifer research is an emerging field, having been 

documented in most continental margins worldwide (Morgan, 2022). The interest in 

OFG is driven by their proposed use as an unconventional water source due to the 

rising importance of water sustainability as population growth and climate change 

burden local water sources (Morgan et al., 2022; Micallef et al., 2020). Droughts and 

extreme flooding events are common in South Africa, exacerbated by global warming 

(Ziervogel et al.,2014). Access to sufficient amounts of water of proper quality is one 

of human being's primary needs and is crucial for societal and economic development 

(Bakken et al., 2011). Therefore, as surface water diminishes and groundwater 

becomes over-exploited, South Africa has the impetus to explore different water 

sources (Nkosi, 2021).  

 

This study focuses on offshore groundwater in the Bredasdorp Basin as a potential 

water supply for human consumption. Using technology originally developed to 

explore oil and gas allows offshore groundwater to be exploited in locations with a 

water shortage that would otherwise be difficult to explore (Bakken, 2011). This study's 

limitations include the aquifer's salinity, which will dictate the treatment and energy 

consumption, and the distance from the shoreline, which will dictate the necessary 

pipeline infrastructure. 

 

1.1 Background and context 

A sustainable source of potable water is critical for life. Lack of sustainable water 

resources negatively impacts economic development, land use and management, 

food production, geopolitical stability, human security, and natural ecosystems 

(Contractor, 2020). This can result in competition and conflict over limited water 

resources.  

South Africa is a water-scarce country. According to the Food and Agriculture 

Organizationôs Aquastat database, it ranks as the 30th driest country globally, with an 

average annual rainfall of 450 mm ï significantly lower than the global average of 

860 mm (Figure 1.1). The rainfall and the resulting river flows are erratic, with long 
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periods of drought in between (Jury, 2021).  Owing to the uneven surface and 

groundwater distribution, only 8.6% of rainfall converts to usable runoff, the lowest 

proportion in the world (Molobela et al., 2011).   

 

Figure 1.1: Annual average rainfall in Southern Africa) (after Ashton, P., in DWS, 2017).  

 

South Africaôs climate varies from semi-arid in the western part to sub-humid along the 

eastern coast (DWAF, 2004). The main factors contributing to this variable climate are:  

(1) Its complex topography of steep mountain ranges and flat inlands  

(2) the southern African subcontinent is surrounded by the warm Agulhas current on 

the east coast and the cold Benguela current on the west (Tysen et al., 2000).  

Due to climate change, mean average temperatures are expected to increase by at 

least 1.5 times the observed global average of 0.65ÁC over the past five decades 

(Ziervogel, 2014). Rising temperatures will increase the evaporation rate in different 

parts of the country and further contribute to the countryôs aridity (Mnguni, 2020). 

Presently, over 2000 mm3 is lost each year through evaporation from surface storage 

reservoirs (Figure 1.2). This evaporated water is estimated at 7.5% of South Africaôs 

total surface storage capacity and nearly equal to the volume of water stored in its 

largest dams (Smakhtin et al., 2001). 
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Figure 1.2: Annual average rainfall in Southern Africa) (DWS, 2017). 

 

Precipitation is expected to intensify globally due to climate change (Myhre, 2019). An 

increase in temperature leads to an increase in evaporation, a higher moisture content 

in the atmosphere and, ultimately, the formation of more rainclouds (Myhr,2019). 

McBride et al. (2022) analysed data over a 100-year period, from 1920 to 2020, 

indicating that extreme daily rainfall events will increase. Extreme rainfall means 

precipitation will have a higher intensity over a shorter period ï resulting in flooding. 

Flooding increases the variability in run-off, causing a reduced groundwater recharge 

(McBride et al., 2022). South Africa has experienced devastating extreme flooding 

events as recent as April 2022 occurring in the Kwa-Zulu Natal Province, which led to 

448 deaths and destroyed nearly 12,000 homes. (https://reliefweb.int/disaster/fl-2022-

000201-zaf).  

Water quality is critical in determining use (Fassihi et al., 2023). Water quality has 

deteriorated (Figure 1.3) in rivers or river reaches receiving large quantities of effluent. 

Increasing urban and industrial development places strain on water resources, 

reducing water availability through contamination (Otieno A. et al., 2011).  

https://reliefweb.int/disaster/fl-2022-000201-zaf
https://reliefweb.int/disaster/fl-2022-000201-zaf
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Figure 1.3: Groundwater quality in South Africa (WRC, 2012) 

 

Current trends indicate that water issues are becoming more complex and 

interconnected, and new approaches are required to respond to water resource 

depletion. Losses of surface storage through evaporation and increasing arid 

conditions have hindered the development of conventional water resources, with an 

increasing interest in using groundwater (Otieno A. et al., 2011).   

This study is motivated by South Africaôs future demands on water supply and 

significant advances in OFG research. An improved understanding of the evolution 

and volume of OFG in the Bredasdorp Basin will identify the significant knowledge 

gaps and uncertainties that exist. This research aids in understanding the general 

characteristics of the aquifer and presents the geophysical, petrophysical, and 

volumetric approaches to characterising the OFG in the Central Bredasdorp Basin.  

 

1.2 Offshore fresh groundwater as a global phenomenon 

Offshore freshened groundwater (OFG) is water stored in pores of sediments and 

fractures of rocks found beneath the seafloor and with a total dissolved solids (TDS) 

concentration below that of seawater (Micallef et al.,2020). Offshore paleo 

groundwater, the focus of this study, refers to ancient offshore fresh groundwater 
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stored in aquifers beneath the seafloor for thousands to millions of years, typically 

deposited when the sea level was lower than today (Davies et al., 1997). This is also 

termed connate or fossil water in some instances.  

Post et al. (2013) documented that continental shelves, the submerged fringes of 

continents, harbour aquifers which store large volumes of low-salinity groundwater. In 

other words, an enormous freshwater resource is available and suitable for human 

consumption. These continental shelves are covered by seawater at present, but on a 

geological timescale, these coastlines have been expanding and contracting with the 

falling and rising global sea levels (Post et al., 2013; Faure et al., 2002).  

Offshore groundwater was recognised as a source of freshwater in ancient times. 

Kohout (1964) provided an extensive list of submarine springs in the Mediterranean 

Sea from Greece to Spain, noted in Natural History (23 ï 79 A.D.). The Roman 

geographer Strabo (63 B.C. to 21 A.D.) described a submarine spring 4 km offshore 

of Latakia, Syria, where spring water was collected from a boat by lowering a lead 

funnel attached to a leather tube (Kohout, 1964).  Buoyant freshwater flowed up 

through the tube, which was collected and utilised as a source of freshwater (Moore, 

2010). Nearly two decades later, following a petroleum resource assessment 

expedition along the U.S Atlantic continental shelf, OFG was intercepted in many 

drilled wells up to 100 km from the coastline (Micallef et al., 2020). 

In more recent times, a drilling campaign in Wellington, New Zealand, ventured out to 

explore offshore freshwater as an alternative water source. Wellington Water, the 

service council of Wellingtonôs water management, relies on major feed pipes which 

intersect geological faults and may rupture in the event of an earthquake (Morgan et 

al., 2022). The Waiwhetu aquifer, which extends right under the harbour, where it is 

capped with a 40m thick layer of mud that keeps the seawater out, was envisioned to 

supply at least 20% of the water to residents of the coastal city of Wellington. The 

groundwater was found to have elevated iron and manganese, and concept plans to 

pipe the groundwater directly to Wellington City via a seabed pipeline were abandoned 

due to high treatment costs (Warner et al., 2014).  
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Figure 1.4: World map of topography and bathymetry showing known fresh and brackish offshore 

water occurrences. Red blocks indicate occurrence proven by direct observational data. Green blocks 

indicate freshwater mixing component inferred based on pore water composition. Blue indicates 

significant meteoric offshore groundwater with indirect evidence based on onshore paleo-

groundwater. (Post. et. al., 2013). 

 

Micallef et al. (2020) have compiled more than 300 datasets globally to demonstrate 

that low salinity groundwater reserves below the seafloor have a global volume of 1 x 

106 km3, as depicted in Figure 1.4Understanding and managing paleo groundwater 

resources is crucial for ensuring their sustainable use, as groundwater exploitation and 

scarcity increase with population growth and economic demands. Using these non-

renewable reserves as a freshwater resource provides an incentive for future research 

(USGS, 2019).  

 

1.3 Study Area: Bredasdorp Basin 

The Bredasdorp Basin is located on the South African continental shelf between Cape 

Agulhas and Mossel Bay (Asiashu, 2015). The basin is one of South Africaôs five 

offshore sub-basins within the larger Outeniqua Basin, covering an area of over 18 000 

km2 in generally less than 200 m of water (Wood, 1995). The Bredasdorp sub-basin 

formed following rift tectonics during the breakup of Gondwana about 180 million years 

ago (Broad et al., 2006; Catuneanu et al., 2002) and is bound by the Southern 

Outeniqua Basin to the south (Brown et al., 1995), by the Agulhas Arch in the west to 

south-west and the Infanta Arch in the north-east (Figure 1.5) (Broad et al., 2006).  
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Figure 1.5: Locality map showing the Bredasdorp Basin and adjacent basins within the Greater 

Outeniqua Basin, which lies off the south coast of South Africa. The Agulhas-Falkland Fracture Zone 

forms the southern limit of the continental margin (Modified from Burden et al., 1997b 

 

The Bredasdorp Basinôs depositional evolution reflects the interplay of tectonic, 

eustatic and sedimentary processes over millions of years (Broad et al., 2006). During 

the late Jurassic to Cretaceous periods, the basin formed an ideal depocenter for 

weathered sediments sourced from the subaerially exposed continental crust and the 

submarine shelf edge (Davies, 1997a; Tinker et al., 2008). During this time, the sea 

level was rising globally. However, intermittent falls in the local sea level, influenced 

by pulses of basin margin uplift, caused subaerial erosion of the basement structural 

highs and initiated sediment transport from the fluvial source into the offshore 

environment as mass flows from areas of unstable shelf edge quickly downslope onto 

the basin floor (Clarke et al., 1996).  

The depocenter of the Bredasdorp Basin contains a concentration of fault-bound horst 

and graben structures. At the time of the Last Glacial Maxima, the sea level reached 

approximately 150 m below the present sea level (Dingle et al., 1983). It is postulated 

that during this time when the Agulhas and possibly the Infanta Arch were subaerially 

exposed, rainfall is likely to enter the marginal highs and migrate down to the more 

porous/permeable sandstones (Davies, 1997a). The rainfall then dilutes or replaces 
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the formation water with low-salinity water (Davies, 1997c). Vos (1992) recorded 

salinities as low as 2000 ppm in the Basin.   

Before the commencement of hydrocarbon exploration in the 1960s of South African 

offshore basins, there were no geological studies of its continental shelf 

(Davies,1997a). The first exploratory borehole was drilled in the north flank of the 

Bredasdorp Basin in 1970 by Soekor. Fifty years later, over two hundred wells have 

been drilled across the basin. The focus continues to be on the exploration of oil and 

gas, with less attention given to the offshore aquifers in the basin other than to improve 

the recovery of petroleum. It is uncommon for wells to be purposefully drilled into 

aquifers. Consequently, information about aquifer-specific properties is lacking.  

In the petroleum industry, approaches to characterising aquifers are largely schematic, 

capturing their impact on hydrocarbon recovery through analytical or numerical 

modelling (Fassihi et al.,2023). This study investigates the distribution of the aquifer 

units using tools otherwise used in reservoir characterisation (Fassihi et al., 2023).  

 

1.4 Objectives and Expected Deliverables 

The main objective of this study is to develop a geological model of the geometry and 

extent of the aquifer in the Central Bredasdorp basin and quantify the volume of this 

water.   

Using desktop-based interpretational software (i.e. Petrel, Interactive Petrophysics 

(IP) and GeoX E&P Software platform), the following objectives are addressed: 

¶ Map the top and base horizons of the interval, map the faults, and ultimately create 

a 3D model using seismic interpretation to delineate the boundaries and better 

understand the internal geometry of the aquifer 

¶ Evaluate the various petrophysical parameters such as volume of clay, porosity, 

water saturation and permeability to generate a range of reservoir summations 

¶ Input the results of 1 and 2 to predict the volume of freshwater stored in the 14A 

reservoir  
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1.5 Study Scope and Limitation 

Seismic data provided by the Petroleum Oil and Gas Corporation of South Africa (Pty) 

Ltd (PetroSA) offers dense coverage of the study area across the Central Bredasdorp 

Basin, consisting of 3D and 2D seismic lines. For this study, only one 3D seismic 

survey covering an area of 3600 km2 is used to model the aquifer across the basin.    

From over 200 wells drilled across the Bredasdorp Basin, a subset of 22 wells within 

the Central part of the basin were selected for the petrophysical evaluation. The wells 

which have been selected, according to well completion reports, have all intersected 

water in the 14A sequence in the Central Bredasdorp study area. The information 

gathered from these wells includes geophysical well logs, drilling reports, geological 

well completion reports, core descriptions and special core analysis reports. The well 

logs used in this study are calliper, gamma ray, resistivity, sonic, density and neutron 

logs.  

 

1.6 Structure of the thesis 

The thesis outline of this study is as follows:  

Chapter 1 provides a general introduction to the relevance of offshore groundwater 

studies, global offshore fresh groundwater occurrences, and the study area. In 

addition, it describes the scope of the study, its aims and objectives, a methodology 

overview, and the structure of the thesis.  

Chapter 2 provides a literature review of previous studies relating to offshore fresh 

groundwater on continental shelves. It also describes the depositional architecture of 

continental margins that harbour the OFG occurrence and the geophysical and 

petrophysical methods used to derive the volume of water.  

Chapter 3 provides the geological background of the Bredasdorp Basin. It summarises 

the basin's geological and tectonic evolution to understand how and when basin infill 

was generated. Particular attention is given to the Aptian-Barremian period during the 

deposition of the 14A sequence, the focus of this study. 
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Chapter 4 provides a detailed description of the methods used during this study to 

obtain the objectives set out in Chapter 1. These methods include constructing a 

aquifer model through seismic data, petrophysical analysis to characterise the 

lithology and rock architecture, and creating cross-sections to map the aquifer's 

continuity.  

Chapter 5 covers the results in two parts. First, using seismic to interpret the study 

area within the Central Bredasdorp Basin. The seismic interpretation entails mapping 

the surfaces and delineating the aquifer's boundaries. Secondly, using petrophysical 

methods. It begins with a well correlation of the wells across the basin to achieve a 

high level of sand distribution of the 14A sequence across the Central Bredasdorp 

Basin. After that, petrophysical parameters such as porosity, water saturation, 

permeability, net-to-gross and water salinities are determined. 

Chapter 6 calculates the volume of the paleowater in the 14A sequence using the 

seismic and petrophysical interpretation results.  

Chapter 7 concludes the findings, indicating whether the aquifer portrays 

characteristics of a potential alternative water resource. Details such as the 

advantages and limitations associated with these are also discussed. 
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Chapter 2: Literature Review 

2.1 Introduction 

Offshore groundwater systems have drawn attention in recent years, highlighting their 

significance in addressing water scarcity (Bratton, 2010). Various studies have 

explored the potential of offshore freshwater, particularly along continental shelves, 

emphasising the feasibility of extracting this water using advanced technologies, 

including desalination and aquifer recharge techniques (Bakken, 2012; Post et al., 

2013). Additionally, research conducted by Kohout (1966), Moore (1998) and Burnett 

(1999) expanded the study of offshore groundwater inflow, a process known as 

submarine groundwater discharge (SGD).  Moreover, studies have also focused on 

the ecological implications of tapping into offshore freshwater, ensuring that extraction 

methods do not interrupt marine environments (Taniguchi et al., 2003; Valiela,1990). 

These research efforts highlight offshore groundwater's critical role in sustainable 

water management strategies (Micallef et al., 2020). As water depletion continues 

worldwide, the characterisation and modelling of offshore groundwater in the 

Bredasdorp Basin offer possible options for evaluating and managing water 

sustainability.  

Continental shelves harbour significant aquifers beneath the seafloor (Morgan et al., 

2012). Based on well logs and offshore seismic data, 1,800 km3 of fresh and low-

salinity water has been postulated in the West Zanzibar Basin off the coast of Tanzania 

(Bakken, 2012). The continental shelves off Nantucket, Massachusetts, have 

documented occurrences of low-salinity water extending as far as 130 km offshore 

(Fassihi, 2023).  

In the Bredasdorp Basin, this low-salinity water was originally encountered by offshore 

oil well drilling in 1986 (Vos, 1992). Davies (1997) proposed that low-salinity water is 

suggested to have occurred during a global sea-level low stand, where a large part of 

the basin was exposed aerially, and meteoric water was introduced through faults and 

fractures.  

 

This chapter will provide a brief introduction to the fundamentals of groundwater and 

the multidisciplinary approach used to characterise the aquifer. The goal is to assess 
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the water-bearing sandstone's spatial distribution using a geology, geophysics, and 

petrophysical approach. The methodologies described in this chapter show how 

information gathered from petroleum industry datasets is used to derive information 

on aquifers and thus reduce the uncertainty surrounding the parameters needed for 

modelling. The chapter will also describe recent advances in understanding the 

fundamental mechanisms favouring emplacement and preserving offshore fresh 

water. 

 

2.2 Aquifers 

The aquifers in South Africa are estimated to contain approximately 235 billion m3 of 

groundwater (DWS, 2004). Most of this cannot be abstracted because of the 

geological limitations of the aquifer, such as porosity and permeability traits, and 

avoiding excessive drawdowns (Konikow et al., 2005). Excessive drawdowns near the 

coast can lead to seawater intrusion, causing the water salinity to degrade. When 

drawdown occurs away from the coast, the water quality may deteriorate if poor-quality 

water from another aquifer is drawn into it (Mouton, 2020). Understanding the 

characteristics of an aquifer is crucial for estimating water resource availability and 

allocation in a global and regional context.   

 

2.2.1 Fundamentals of Aquifers 

An aquifer is a body of saturated rock that is porous and permeable enough to allow 

adequate water to flow through it and/or store it for a sufficient water supply (Govender, 

2019; Khan, 2019). 

At a certain depth, the pores of a rock are filled with water, known as the saturated 

zone. The water in the saturated zone is at a pressure higher than the pressure of the 

atmosphere (Woessner et al., 2020). The zone above through which water percolates 

to reach the saturated zone is the unsaturated zone. The upper limit of the saturated 

zone is known as the water table. (Price, 1996) (Figure 2.1). The water table is the 

level at which water pressure equals atmospheric pressure. Above the water table, 

water pressure is less than atmospheric pressure (Woessner et al., 2020). Using 

atmospheric pressure as a reference point, the negative pressure in the unsaturated 
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zone is due to capillary forces resulting from water molecules' adhesion to subsurface 

solids and the cohesion molecules towards one another (Woessner et al., 2020). As 

the amount of water in the unsaturated zone increases, the tensional forces decrease 

enough for gravity to pull water downward to the water table and recharge the 

groundwater system (Woessner et al., 2020). 

 

 

Figure 2.1: A schematic including the saturated zone below the water table and the unsaturated zone 

above, with the capillary fringe between them (Woesner et al., 2020) 

 

Aquifers are classified as confined and unconfined (Figure 2.2). Unconfined aquifers 

are in communication with the earthôs surface, meaning that these are directly 

recharged by surface water and have no overlying impermeable layer, allowing water 

to flow freelyȢ (Fassihi et al., 2023). On the other hand, confined aquifers are 

sandwiched between impermeable layers that prevent flow across it. This 

impermeable layer is known as an aquitard or a seal. (Figure 2.1). Confined aquifers 

generally require a minimum burial depth for the seal above the aquifer to be effective 

and prevent flow across it towards the earthôs surface (Fassihi et al., 2023). The 

hydrostatic pressure within the aquifer is generally greater than the atmospheric 

pressure (Govender, 2019). 
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Permanent or temporary perched aquifers may occur where the water table is located 

a considerable distance below the land surface. Perched groundwater is unconfined 

groundwater separated from an underlying body of groundwater by an unsaturated 

zone (Figure 2.2). Perched aquifers commonly occur where the regional water table 

is deep and low hydraulic conductivity strata are present that prevent or significantly 

retard the percolation of water to the regional water table (Maliva, 2016). 

 

 

Figure 2.2: Simple cartoon showing three different types of aquifers: confined, unconfined and 

perched. Recharge zones are typically at higher altitudes but can occur where water enters an 

aquifer, such as from rain, snowmelt, river and reservoir leakage or from irrigation. (Khan, 2019) 

 

2.2.2 Aquifer Properties 

The formation in which aquifers occur is critical to understanding and characterising 

the groundwater resource. The porosity and permeability of an aquifer are essential 

factors determining the storage capacity and mobility of water movement underground 

(Salako et al.,2018). Porosity is the percentage of a rock's volume that is pore space, 

which determines how much water it can hold (Fitts, 2013). The aquifer materialôs 

ability to transmit water is known as permeability, which is influenced by the size and 

connectivity of the pores (Paltseva, 2024). In hydrogeology, hydraulic conductivity is 

the term used to describe permeability.  
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2.2.2.1 Porosity 

Porosity in rocks forms during sediment deposition, lithification, or cooling of crystalline 

rock and is referred to as primary porosity (Salako et al.,2018).  Secondary porosity 

arises as the already-formed rock formation becomes exposed to other conditions, 

such as compaction, weathering, fracturing, and metamorphism (Woessner et al., 

2020). 

 

Figure 2.3: Examples of primary (left) and secondary (right) porosity.  

 

The primary porosity of granular material is affected by the shape and packing of 

grains, the distribution of grain sizes, sorting and uniformity, and the porosity of the 

particles themselves (Figure 2.2). The degree of cementation during sedimentary 

rocks' lithification will also affect the primary porosity (Woessner et al., 2020). 

Secondary porosity is the additional porosity acquired after the original rock formation 

process. A rock that is fractured or weathered after its initial formation has secondary 

porosity (Woessner et al.,2020). The main diagenetic processes affecting porosity are 

mechanical compaction or consolidation, chemical compaction, dissolution, and 

cementation. Secondary pores include molds and vugs formed by the dissolution of 

individual grains and larger volumes of rock. Large secondary pores include fractures, 

which are tabular or more irregular pores that form by mechanical failure of rock, and 

conduits, which are elongated dissolution features that allow for the rapid, sometimes 

turbulent, flow of water. Intercrystalline porosity is the space between crystals in a rock 

and is usually secondary (Figure 2.3) (Maliva, 2016). Whether the porosity is primary 
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or secondary, the combined properties are included in effective porosity (Table 1.) 

(Woessner et al., 2020).  

Porosity () is expressed as a percentage calculated from the volume of open space 

in a rock compared to the total volume of rock defined by Equation 1. The typical 

ranges in porosity of several different geological materials are shown in Figure 2.4 

Equation 1 

f   
Ὕέὸὥὰ ὺέὰόάὩ έὪ άὥὸὩὶὭὥὰ

ὠέὰόάὩ έὪ ὺέὭὨί
 ὼ ρππϷ 

 

 

Figure 2.4. Variations in porosity of unconsolidated materials (red) and rocks (blue) 

 

The primary and secondary porosities are collectively used in this study as Total 

Porosity (PhiT) and Effective Porosity (PhiE). Both PhiT and PhiE are defined by the 

sum of primary and secondary porosity, except that PHIE excludes pores that are too 

small to allow water to pass through. For example, some pores of clays restrict water 

flow because of their small scale. These pores are isolated from the active 

groundwater system and do not contribute to the exchange of groundwater storage or 

transmission of groundwater (Woessner et al., 2020). Understanding primary and 

secondary porosity is essential for assessing aquifer properties and groundwater 

management (Salako et al.,2018). Primary porosity establishes the initial storage 

capacity, while secondary porosity is the additional porosity acquired after the original 
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rock formation process and can significantly alter flow dynamics and improve water 

availability in geological formations (Salako et al.,2018) 

 

2.2.2.2 Permeability 

Permeability is a combination of the size and shape of the pores and the degree to 

which the pores are interconnected (Salako et al., 2018). This defines how easily a 

fluid flows through a porous material. Larger pores mean higher permeability, which 

allows easy flow, while smaller pores mean more friction along pore walls and permit 

water to pass only with difficulty, or not at all, are impermeable (Figure 2.4) (Price, 

1996).  

 

Figure 2.4: Permeability through larger pores (left) produces high permeability, whereas permeability 

through smaller pores (right) produces a lower permeability. (alvinxihinton.com/2022) 

 

Permeability is the most crucial variable in groundwater and describes how easily the 

water will flow to extract the water for our purpose. The best aquifers are usually 

encountered in sedimentary rocks, with both clastics and carbonates able to form 

excellent aquifers (Fassihi, 2023). When aquifers occur in igneous and metamorphic 

rocks, they require a significant amount of fracturing to be effective (Maliva, 2016). 

Permeabilities can be measured in many different terms; in this study, permeability (K) 

is measured in darcies (D) or millidarcies (mD). Permeability values for various 
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materials typically range from a fraction to several thousand millidarcy (Petro sync, 

2023).  

 
2.2.2.3 Water Salinity 

Salinity in aquifers refers to the concentration of dissolved salts (TDS) in the 

groundwater within those aquifers (Fassihi,2023). Aquifers display a wide range of 

salinity, a critical parameter because it affects water quality and suitability for various 

uses (Gurmessa et al., 2022). Aquifers are highly valued as a source of fresh water, 

when they contain low concentrations of dissolved salts (Fassihi et al., 2023).  

The salinity of groundwater can vary significantly depending on several factors: 

(1) The type of rocks and sediments through which water flows can influence the 

amount and type of dissolved salts in the groundwater.  

(2) Arid or semi-arid climates can lead to higher salinity levels due to increased 

evaporation, which concentrates salts in the groundwater 

(3) The depth of aquifers: deeper aquifers might have high salinity because of more 

prolonged exposure to mineral dissolution  

(4) Natural processes such as mineral weathering and dissolution of salts from rocks 

can contribute to salinity (Gurmessa et al., 2022) 

Salinity is typically measured in parts per thousand (ppt) and sometimes in thousands 

of parts per million (kppm) (Fassihi, 2023). Figure 2.4 Illustrates the most common 

categories used to classify water quality: freshwater (<0.5 k ppm), brackish water (0.5 

k ï 30 k ppm), saline water (30 k ï 50 k ppm), and brine (>50 k ppm). 

Brackish water is increasingly seen as a resource for water supply because reverse 

osmosis requires less energy than previously required, making desalination more 

economically viable (Post, 2013). Approximate subsurface water salinity can be 

estimated from measurements of formation water resistivity recorded in well logs 

(Fassihi, 2023). 
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Figure 2.5: Water quality is defined by salinity and uses. (Summerlin, 2011) 

 

2.2.3 Aquifer Heterogeneity 

Aquifer heterogeneity refers to the variability in physical properties, such as porosity 

and permeability, within an aquifer (Fassihi, 2023). All aquifers are heterogeneous, 

and the degree of heterogeneity varies with scale. This variation can occur from small-

scale over metres or large-scale variations over kilometres (Maliva, 2016).  

Aquifers exhibit heterogeneity both laterally and vertically. Vertical heterogeneity, also 

called layered heterogeneity, mainly refers to the variations in the properties in the 

vertical direction between strata. Lateral heterogeneity refers to the variation in the 

horizontal direction within the strata (Maliva, 2016).  
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Several factors influence the heterogeneity of an aquifer: 

(1) Variations in the sediment composition and texture, such as grain size, shape, and 

sorting  

(2) sediment composition, which is a by-product of the deposition environment or 

facies  

(3) through diagenesis, which the rock has undergone 

(4) through structural geological processes (Maliva, 2016).   

Differences in permeability structure between depositional facies are primarily related 

to differing textures and bedding styles and the enhancement of these heterogeneities 

by diagenetic processes (Schatzinger et al., 1999).  

Aquifer heterogeneity can also result from structural geological features such as folds 

and faults. The latter can result in the compartmentalization of an aquifer if the fault 

acts as a permeability barrier or if displacement juxtaposes aquifer strata with 

confining strata (Figure 2.6) (Maliva, 2016).  

 

 

Figure 2.6 : Explanatory diagram along a dip section of an aquifer indicated a large number of faults 

that disrupt the continuity of the aquifer (www.edwardsaquifer.net modified from Ewing et al., 1991) 

http://www.edwardsaquifer.net/
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2.3 Offshore Fresh Water 

Offshore freshwater is stored in porous sediments and rocks beneath the seafloor. 

These submarine groundwaters comprise meteoric-derived water, compaction-driven, 

and thermobaric-derived fluids (Bertoni et al., 2020). Typically, shallow and proximal 

sediments (100 metres deep) on continental shelves contain pore fluids dominated by 

water of meteoric origin. In comparison, deeper sediments up to a few 1000 metres of 

burial depth contain pore fluids expelled by compaction. (Bertoni et al., 2020).  

Two broad categories of offshore aquifers exist, namely, confined and unconfined 

(Harrar et al. 2001):  

Unconfined aquifers may terminate at the continental slope, hundreds of kilometers 

from the shoreline (Bakken et al., 2012). These offshore aquifers continue to receive 

freshwater recharge with water infiltrating from land to sea, replenishing the offshore 

aquifers through permeable pathways under current sea-level conditions (Knight et 

al., 2018; Kooi et al., 2001; Bakker, 2006). For these systems to exist, it depends on 

whether the onshore water table is high enough to provide the necessary driving force 

and whether hydraulic connectivity exists between the offshore aquifer and the 

onshore recharge area (Post et al., 2013). 

Confined submarine aquifers occur where water is trapped during periods of lower sea 

levels, such as during ice ages, when parts of the continental shelf were exposed 

(Groen et al., 2000). Water entrapped in the aquifer is called paleo-groundwater (e.g., 

Meisler et al., 1984; Essaid, 1990). Buried paleochannels and canyons are known to 

contain paleo groundwater in the Bredasdorp basin (Davies, 1997) 

Paleo-groundwater with low salinities is thought to have been emplaced during the last 

glacial maximum when shelves were exposed during sea-level low stands (Knight et 

al., 2018). Groundwater systems are slow to adapt to the reconfiguration of 

hydrological conditions at Earthôs surface, and as such, the response of subsurface 

salinity mixing due to changes in sea level is sufficiently slow to allow the development 

of these relics (Kooi et al., 2000).   

Calculations of the global volume of fresh water (Total Dissolved Solids (TDS) < 1 gl-

1) along passive margins were estimated by Cohen et al. (2009) and Post et al. (2013) 
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to be 3 x 105 km3, while Brackish water (TDS < 10 g/L) is estimated to total 5 x 105 km3 

(Post et al., 2013) and later revised by Micallef et al (2020) to be 5 x 106 km3. These 

estimates have significant uncertainties due to the scarcity of offshore data (Knight et 

al., 2018). Additionally, this estimate includes only 16% of the present-day coastline, 

and the total global reserves are most likely much greater (Bertoni et al., 2020). 

Furthermore, brackish water, with an upper salinity limit of 30,000 ppt (Post et al., 

2013), is becoming more sought after as the economic costs of desalination could 

considerably decrease using extracted water with lower salt content (Bertoni et al., 

2020).   

The occurrence of Offshore Fresh Groundwater (OFG) has been observed in most 

continental margins, with 73% of the records in passive margins and 27% in active 

margins. Passive margins generally have thicker OFG bodies, while active margins 

have a larger proportion of OFG bodies in deeper waters (Micallef et al., 2020). 

 

2.3.1 Characteristics and Controls of OFG in Continental Margins 

The general characteristics and emplacement mechanisms of OFG are primarily 

sourced from large-scale geophysics and borehole data, mostly from industry-funded 

and confidentially protected sources (Morgan et al., 2022). To a lesser degree, data 

from marine electromagnetic (EM) surveys, observations of submarine groundwater 

discharge, and potential onshore indicators (e.g., fresh coastal groundwater dating to 

the last glacial period) are sourced (Micallef et al., 2020).  
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Figure 2.7: Map of Offshore Fresh Water records and emplacement mechanisms. ñmixedò refers to 

two or more reported emplacement mechanisms. Scientific holes refer to sites drilled by the 

International Ocean Discovery Program (IODP), Ocean Drilling Program (ODP), and Deep-Sea 

Drilling Project (DSDP) in continental margins with no record of OFG (Micallef et al., 2020) 

 

Five main mechanisms are known to be responsible for the emplacement of OFG 

(Figure 2.7): 

(1) Current meteoric recharge through permeable offshore-onshore aquifer 

connections: Offshore groundwater presence in such aquifers is influenced by the 

aquifer's capacity to transmit water, which is determined by factors such as 

hydraulic conductivity and thickness, along with the extent of the semi-confining 

layer above (Morgan et al., 2022).  

 

(2) Meteoric recharge during lower sea levels: Relic OFG bodies have been found 

where current recharge is unlikely due to a lack of hydraulic connection with 

onshore aquifers or low onshore hydraulic pressure (Post et al., 2013). Recharge 

primarily occurred during glacial periods when reduced sea levels exposed more 

continental shelf and coastal plains, allowing meteoric recharge. Rainfall, river 
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systems, and freshwater lakes contributed to vertical recharge via localized breaks 

in confining layers (Micallef et al., 2020)   

 

(3) Diagenetic processes: Alterations in sediment after deposition can release fresh 

water, forming freshened water accumulations in marine sediments. Diagenesis of 

minerals like silica, gypsum, and clay plays a role in pore water freshening in these 

settings (Myhre et al., 1995). As sediments undergo diagenesis, the expelled water 

moves through available permeable pathways (Miall, 1997). 

 

(4) Sub-glacial and proglacial water injection: Techniques such as groundwater dating, 

stable isotope analysis, and numerical modelling show that recharge beneath ice 

sheets can affect aquifers on the continental shelf (Micallef et al., 2020). Sub-

glacial melting may reverse groundwater flow compared to modern patterns and 

reduce permeability due to permafrost, directing groundwater toward ice-free 

discharge areas (Person, 2003). Freshwater recharge rates on ice-covered 

shelves can be significantly higher than today's (Person, 2007). 

 

(5) Decomposition of gas hydrates: Gas hydrates, which are ice-like crystalline 

structures primarily containing methane, release low-salinity pore water when they 

break down due to changes in temperature or pressure (Hesse, 2003; Micallef, 

2020). 

 

Entrapment of connate water in subsiding basins and landslides has been 

documented on a lesser scale as a contributor to OFG. In the Norwegian Basin, a 

coastal sediment slab hosting freshwater slid into the deeper basin where pore water 

was preserved (Micallef et al., 2020).   

 

In conclusion, meteoric recharge during sea level low stands is the most common OFG 

emplacement process reported by the literature (34%), followed by diagenesis 

(10.2%), and OFG emplaced by multiple mechanisms 3.9% (Micallef et al., 2020). 
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2.3.2 OFG in the Bredasdorp Basin 

During the early exploration phase of the offshore Bredasdorp Basin by Soekor (now 

PetroSA), wells drilled to target hydrocarbons, instead intercepted water. An analysis 

was done on the salinity of formation water by Vos et. al. (1992) using mostly well log 

data (SP Curve) and, when available, water samples from drill stem tests, and found 

salinities of the water varying between 2000 ppm and 10 000 ppm common among 

the wells.  Davies (1997) conducted a study, ñFrom Source to Sink in the Bredasdorp 

Basin,ò in which he postulates that this low salinity water stems from meteoric flushing 

of the reservoirs.  

Post et al. (2013) reviewed OFG along continental shelves on a global scale, in which 

he recognized the presence of offshore fresh water in Bredasdorp Basin, observed in 

more than thirty log observations, measuring salinities as low as 2000 ppm, and 

occurring at a depths of 2000-2500 m. Micallef et al. (2020), continuing the work of 

Post et al. (2013), tried to quantify the volume of this offshore freshwater for the 

Bredasdorp Basin using the following criteria:  

(1) Looking at meteorically recharged water that has a minimum salinity of <10 PSU 

(10 000 ppm) 

(2) Estimating the volume of OFG per km of shoreline by considering a rectangular 

profile  

(3) Assuming a porosity of 45%. Then, assuming that 60% of the available OFG 

volume is lost to brine during desalination, it calculated that 36 km3 per km of 

shoreline of desalinated water is available for human consumption in the coastal 

city of Cape Town.   
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Figure 2.8: OFG thickness and minimum salinity plotted on a global water stress map. 

 

According to Micallef et al. (2020), Cape Town, the coastal city of South Africa, 

considering the current population and annual water consumption rates, has the 

highest potential of using OFG in the Bredasdorp Basin as a resource (Figure 2.8).  

This study intends to calculate the volume in the Central Bredasdorp Basin using data 

and methods that will eliminate many of the uncertainties and assumptions used by 

Micallef et al. (2020). 

 

2.4 Aquifer Detection and Identification 

A deep offshore aquifer can be described and characterised through the interpretation 

of data generated by three key subdisciplines at various scales of investigation: 

geology, geophysics, and petrophysics (Fassihi et al., 2023). This chapter aims to 
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present the essential concepts that form the technical basis for the construction of 

aquifer models. 

 

2.4.1 Geology: Basin Analysis 

Basin analysis is a field of geoscience that was developed and financed by the 

petroleum industry (Sorkhabi, 2019). It involves the processes used for identifying 

areas with a high probability of containing significant amounts of hydrocarbons 

(Okprevyi 2021). An unconventional groundwater resource, such as OFG, displays 

characteristics much like oil and gas in that it is considered non-renewable. A 

groundwater resource is termed non-renewable when present-day aquifer 

replenishment is limited but aquifer storage is large (Foster et al., 2006). 

A major part of basin analysis is to compare and correlate evidence from different parts 

of a basin in order to build up a picture of the overall basin architecture (Miall, 2000). 

First, the dynamics of tectonic processes at various scales control the generation of 

accommodation space through thermal doming of the crust followed by subsidence 

(Allen et al., 2013; Dayal, 2017). At a smaller scale, tectonic processes generate fault 

arrays that provide the template for spatial patterns of uplift and subsidence and 

determine the pathways of sediment source to sink (Allen et al., 2013). 

Secondly, sediment deposition is used to form stratigraphy. (Allen et. al., 2013). A 

sediment is derived by weathering and erosion and transported through wind or water 

(Dayal, 2017).  The functioning of sediment routing systems determines a basin's 

gross depositional environments and stratigraphic geometries (Allen et al., 2013). 

These areas of accumulation could be lakes, swamps, estuaries, deltas, or shelf 

areas. A large amount of sediments are deposited in marine regions, as two-thirds of 

our Earth is marine and only one-third is terrestrial (Allen, 2008). The total thickness 

of sediment that accumulates in a marine region could be up to 2.5 times the water 

depth, with the density of the accumulated rocks and temperature playing a key role 

in forming sedimentary rock (Dayal, 2017).  

For aquifer characterisation, this historical unfolding of interrelated geological 

processes provides an important basis for understanding the likely extent of the 

geological systems present at the time of deposition (Fassihi et al., 2023).  



28 
 

2.4.1.1 Overview of deep-water architectural elements 

Deepwater depositional environments are regions where there is a net accumulation 

of sediment, typically below the wave base into the deep ocean, formed by the 

complex interaction of various sedimentary processes (Mutti et al., 2009). Also known 

as Gross Depositional Environments (GDE), these commonly include Abyssal plains, 

continental slopes, submarine- canyons, channels, levees, lobes, and overbanks 

deposits (Figure 2.9) (Mutti et al., 2009). Understanding deep-water depositional 

environments plays a vital role in the exploration and production of offshore aquifers. 

This section focuses on the main controls of development of deepwater environments, 

the variability of sediment transport processes and their heterogeneity.   

 

 

Figure 2.9: Schematic illustrating the sedimentological terminology of marine depositional 

environments (Modified from Reading and Richards 1984). 

 
Canyons commonly form the up-dip regions of submarine channel systems and are 

restricted to the upper areas of continental slope (Bozetti, 2017). They commonly 

display V-shaped valleys cut into the continental shelf and slope and act as conduits 

for transporting sediments from the continental shelf to deeper environments via 

turbidity currents (Janocko et al., 2013) 
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Submarine fans are large, fan-shaped sedimentary structures typically found on the 

ocean floor at the mouths of submarine canyons (Bouma, 1985). These fans are 

primarily created by dense turbidity currents, sediment-laden flows driven by gravity 

(Bouma, 1985). The key structural elements of submarine fans include channels, 

lobes, and overbank deposits (Mutti et al., 1987). 

Submarine channels, which can extend hundreds of kilometres from shallow marine 

or shelf areas into deep-marine environments, are long, trough-like features (Mutti et 

al., 1991). These channels are shaped by both erosion and deposition, and they 

exhibit a variety of shapes, ranging from straight to highly sinuous forms (Janocko et 

al., 2013). Submarine channels are typically bordered by levees, which are formed 

when sediments overflow from the main channel. The sediments within the channel 

tend to be well-sorted, whereas the levees usually contain finer materials (Deptuck et 

al., 2017). 

Additionally, subsurface investigations (Bouma et al., 1985; Mutti et al., 1987; Cronin, 

1994) reveal that deep-marine slope channels undergo several stages of 

development. These include phases of erosion, sediment bypass, infill, and late-stage 

sinuous channel formation (Figure 2.9) (Janocko, 2013).  

Analysis of submarine channel deposits from seismic data typically reveals U- or V-

shaped bounding surfaces (Figure 2.10)  (Deptuck et al., 2003). These channels 

generally have sharply defined erosional bases, and their sediment fills are often 

confined within the depressions carved into the sea floor (Janocko, 2013). In mid-slope 

regions, where canyons and valleys are present, the proximal fills tend to cluster 

together and are characterized by coarser, occasionally amalgamated deposits. 

Further downdip, the sediment fill can extend beyond the channel boundaries, with a 

mixture of coarser and finer sediments depending on the slope's nature and sediment 

source (Posamentier et al., 2003). 

In the distal reaches of the fan, the channels become less deeply cut than those found 

further upstream; they spread out more and transition into sheet-like sand layers that 

define the outermost part of the lobe (Bozetti, 2017). 
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Figure 2.10: Plane evolutionary trend along channel systems (Liu, et. al., 2013). 

 

The arrangement or stacking pattern of submarine channel deposits, as shown in 

Figure 2.11, is shaped by the balance between lateral and vertical amalgamation as 

the channel system develops (Bozetti, 2017). This arrangement determines how well 

the channel body fills are connected. Vertical stacking occurs when lateral movement 

is limited, which may be caused by topographical constraints or a consistent sediment 

supply. This results in thick, vertically aligned deposits with multiple cycles of erosion 

and deposition (Miall, 1985).  

Lateral stacking happens when shifts in sediment supply, changes in slope gradient, 

or tectonic activity cause channels to overlap or run alongside one another, creating a 

complex web of interconnected deposits (Miall, 1985). 

Furthermore, the stacking pattern can shift over short distances along the channel. 

While this is common, the precise cause of these variations is often difficult to pinpoint, 

potentially arising from local, subtle changes in seafloor topography or subsidence 

(Mayal, 2006). 
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Figure 2.11: Stacking pattern models of submarine channels related to confinement degree, channel 

dimensions (width/depth ratio), rate of deposition, aggradation and sinuosity (Bozetti, 2017 after Clark 

et al., 1996a) 

 

2.5 Geophysics: Seismic Interpretation 

Seismic techniques, which have been commonly used in oil and gas exploration, are 

now increasingly applied to studying aquifers because they offer detailed images of 

underground formations (Fassihi et al., 2023). Seismic reflection methods help define 

the boundaries and thickness of aquifers. 

The process of collecting seismic reflection data is similar to conducting an ultrasound 

of the Earth. Sound waves are generated from a source and sent into the ground. 

These waves reflect back at different points, and sensors capture the returning signals. 

The data is then processed and interpreted to create a subsurface image (Draper et 

al., 2021). 
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Figure 2.12: Illustration of a 2D marine seismic survey whereby acoustic waves are propagated from 

a source into ground and reflected back at different times to various receivers 

(www.nopsema.gov.au).  

 

While recording, part of the seismic wave energy reflects off a layer boundary where 

there is a change in impedance (which is the product of velocity and density) and 

returns to the surface. The remaining energy continues to travel deeper and may 

reflect off additional layers at greater depths. The time taken for a seismic wave to 

travel from the surface source to a subsurface layer and back to the surface receiver 

is referred to as two-way time (TWT) (Brown, 1999). When seismic waves are 

gathered along a single profile line, a two-dimensional seismic image is produced. By 

placing multiple sources and receivers across an area, often arranged in perpendicular 

lines, a three-dimensional seismic survey can be obtained (Mondol, 2017). These two-

dimensional or three-dimensional datasets are then processed with computer software 

to generate seismic profiles or other visual representations of the subsurface, which 

are analysed by geologists or geophysicists (Fowler, 2005). 

 

2.5.1 Seismic Wave Propagation 

A wave is a rotational or dilatational disturbance transmitted through a medium ï in 

this case, the rock, and they are considered elastic for small disturbances over short 

time scales (Zhang, 2016). The displacement is measured as amplitude as the wave 

travels at a velocity through the medium, and when the displacement magnitude 

(amplitude) from seismic waves are plotted against time, they appear as a sine wave 
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and are described with the same terms. The wavelength (ᾊ) is the distance between 

two crests (or peaks) or between two troughs. The frequency is the number of cycles 

that move through a given point in one second (Draper et al., 2021). The measure for 

frequency is called Hertz, and the formula is : 

Equation 2 

Ὕ    (1) 

Where: 

T= time in seconds 

f = frequency (in Hertz) 

 

The period is the duration of time required for one cycle, or wavelength, to pass any 

point. Velocity of the wave is described by  

Equation 3 

ὠ   ‗Ὢ                                                             (3) 

Where: V= velocity 

Seismic energy is recorded as sinusoidal, band limited waves known as peaks and 

troughs (Figure 2.13). A peak and a trough is identified through itôs phase (minimum 

or zero phase) and itôs polarity, i.e. how the peak and trough represent in terms of 

geological contrasts in depth between soft and hard sediments (Bacon et. al., 2003). 

The wave can be plotted as distance from the initial seismic disturbance, holding time 

constant, or as time from the initial seismic disturbance, holding distance constant 

(Figure 2.13). 
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Figure 2.13: Anatomy of a seismic wave. Displacement is plotted on the Y-axes, and distance or time 

is plotted on the X-axes. The positive and negative nature of the wave is termed polarity. 

 

When a seismic wave that is initiated at the surface travels into the subsurface, it 

encounters an interface between two units with different seismic velocities. When a 

seismic wave hits the interface, some of the energy is reflected and some of the energy 

is refracted and transmitted (Draper, et al., 2021). 

In Figure 2.14, an incident wave encounters an interface; part of the energy is 

reflected, and part of the energy is refracted. The reflected wave returns at the same 

angle as the incident wave arrives. The refracted energy continues as a wave, now in 

a new medium with a new seismic velocity (Fassihi et al., 2023). This refracted energy 

will continue to a new reflector and reflect and refract again. Energy that is reflected 

once, and then returns to the source, is called a primary reflection and is the signal 

that is the object the survey is designed to capture. Energy that reflects multiple times 

in the subsurface is called a multiple and is a source of distortion called noise. Any 

energy that is not a primary reflector can be grouped together as noise (Draper et al., 

2021).  
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Figure 2.14: Reflection and refraction of a seismic wave at an interface separating media (medium 1 

with velocity v1) and (medium 2 with velocity v2) where v2>v1. (Alsadi, 2017) 

When sound waves are reflected, the reflections are known as reflectivities, which are 

determined by the product of the velocity and density (impedance) of the two 

neighbouring subsurface layers at the point where the contrast occurs (Makhubele, 

2022). Impedance is defined in Equation 4 as the product of velocity and density. 

Velocities and densities are commonly obtained from sonic and density logs recorded 

in wells. By applying Equation 5, this impedance is then used to calculate the 

reflectivity, or reflection coefficient (RC), which is a unit-less value representing the 

proportion of seismic rays reflected back to the surface (Sheriff, 1977). 

 

Equation 4 

Z = ”V                                                                (4) 

Equation 5 

RC = ”2ὠ2 ī ”1ὠ1/ ”2ὠ2 + ”1ὠ1 = ὤ2 ï ὤ1/ὤ2 + ὤ1                                 (5) 

 

Where:  

RC: reflection coefficient 

P1: Density (g.cm3) of the upper strata 
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V1: Velocity (m.s-1) of the upper strata 

P2: Density (g.cm3) of the bottom strata 

 
A synthetic trace is produced when the reflection coefficient is convolved with a seismic 

wavelet.  Where the real seismic data is recorded as a function of time, the synthetic 

trace is calculated as a function of depth (Makhubele, 2020). A well-to-seismic tie 

process is then established to bridge the data retrieved from seismic in time with those 

measured from the borehole as a function of depth (Draper et al.,2021).  

When tying well and seismic data using sonic and density logs, it is important to 

calibrate the sonic log with the checkshot data to establish a time vs depth relationship 

(Fassihi et al., 2023). When checkshot data is acquired, a source emits seismic 

energy, during which time a geophone is lowered into the borehole. The geophone 

records the time it took for the waves to travel from the surface to the known depth of 

the receiver- this is repeated multiple times in order to create a time-depth curve 

(Fassihi et al., 2023). When the time-depth curve is established, the reflection 

coefficient is then convolved with a wavelet to give a seismic trace (Figure 2.15) 

(Mondol, et al., 2010). Figure 2.15 depicts a series of recorded seismic traces. Each 

trace consists of one recording corresponding to a single source receiver pair.  Seismic 

energy recorded at the receivers arrives at different times because of the distance of 

receivers from source. (Mondol et. Al., 2010). 
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Figure 2.15: Seismic trace is the result of convolution of a wavelet and the reflectivity series plus 

noise (Mondol et. Al., 2010) 

 

 

Figure 2.16: Recorded seismic traces. Each trace consists of one recording corresponding to a single 

source receiver pair.  Seismic energy recorded at the receivers arrives at different times because of 

the distance of receivers from source. (Mondol et. Al., 2010) 
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2.5.2 Seismic Resolution 

The minimum thickness of geological features resolved on seismic data is limited by 

the vertical resolution of seismic data, which can be estimated using the velocity and 

frequency of the seismic. Essentially, seismic sections show how fast seismic waves 

can move across different subsurface lithologies, therefore a good understanding of 

velocity, frequency and resolution of seismic data aids interpreters in building 

representative geological models.  

Equation 6 

ὺὩὶὸὭὧὥὰ ίὩὭίάὭὧ ὶὩίέὰόὸὭέὲ ‗Ⱦτ                                    (6) 

Where:  

ȿ = wavelength (m) 

f= Seismic frequency (Hz) 

V = Seismic velocity (m/s) 

 

Horizontal resolution on the other hand is the minimum distance required to resolve a 

geological feature (e.g. Discontinuity caused by a fault, a lateral change in structural 

dip) laterally on a seismic data (Brown, 1999).  Horizontal resolution is given by the 

Fresnel zone, a minimum distance required to resolve an event within ı of a seismic 

wavelength. In this regard, geological features smaller than the Fresnel zone cannot 

be distinguished in a seismic section (Hubral et al., 1993). The Fresnel zone increases 

with depth, as velocity increases and frequency decreases (Hubral et al 1993, Brown, 

1999, Veeken, 2006). This becomes important when scaling the very detailed 

information from well logs (often down to centimetres) to the much lower resolutions 

from seismic data (usually with wavelengths of tens of meters). 

While the fundamental equations used to interpret seismic wave interactions are 

simple, they quickly become more complex as a function of subsurface heterogeneity 

(Draper et. al., 2021) 
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2.6 Petrophysics: Wireline logging 

Wireline logs are geophysical tools that measure vertical changes in rock properties 

and provide information about the geological formations in boreholes encountered 

during drilling (Catuneanu, 2006; Maliva, 2016). The first comprehensive description 

of ñSubsurface Geophysical Methods in Groundwater Hydrologyò was written by P. H. 

Jones and H. E. Skibitzke in 1956, and since, the sophistication of geophysical tools 

has evolved tremendously (Keys et al., 1981). The single most important factor that 

has limited the use of geophysical logging in hydrogeology is the cost in relation to the 

unit value of the product (Maliva, 2016).  

Wireline logs run for aquifer characterisation are usually run on open holes during well 

construction, prior to the installation of casing and screens (Maliva, 2016). The most 

commonly used logs are Lithology logs (i.e. Gamma Ray and Spontaneous Potential 

Logs), Resistivity logs (i.e. Induction, Laterolog, Micro resistivity Logs), Porosity logs 

(i.e. Sonic, Density and Neutron Logs) and Auxiliary logs (i.e. Calliper, Dip meter Logs) 

(Figure 2.17). The logs are run in one dimension, vertically down a borehole, and are 

limited laterally by the tools (Catuneanu, 2006). This highlights the importance of 

integrating log data with other sources of data, e.g. seismic data, to extrapolate the 

information acquired across the entire stratigraphic sequence (Liu, 2017). It is also 

important to note that logs are indirect measurements and do not measure 

petrophysical parameters directly, rather, they are inferred and calculated from the 

measurements recorded by the tool (Williams et. al., 2023). When core data is 

retrieved from the borehole, it provides invaluable direct petrophysical measurements 

and should be used to calibrate the well log data (Maliva, 2016).  

This section looks at geophysical techniques derived from industry-sourced offshore 

data relevant to locating and understanding aquifer systems in the subsurface as direct 

measurement through wells. The emphasis is on the types of information that can be 

obtained from the various logs and the limitations of the methods. Figure 2.16 depicts 

the well log curves which are used in this study, each with a brief description in the 

sections below.  
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Figure 2.17: A basic suite of logs. A suite of logging measurements might include spontaneous 

potential, resistivity, neutron and density curves in a single presentation. (Varhaug, 2016) 

 

2.6.1 Gamma Ray Logs 

The gamma ray log is one of the most widely run and useful logs for groundwater 

investigations. The chief use of this log is for the identification of lithology and 

stratigraphic correlation in open or cased holes (Williams, et. al., 2023).  

The gamma log provides a continuous recording of the intensity of the natural gamma 

radiations emanating from the formations (Liu, 2017). The signals comprise gamma 

ray emissions at different energy levels from the radioactive isotopes of Potassium 

(40K), Thorium (232Th) and Uranium (238U) and their daughter products of the decay 

series (Ofwana, 2011). In general, sandstones, carbonates and dolomites have very 

little radioactive content while clays or shales tend to have concentrated radioactive 

content and exhibit a relatively high gamma ray log response (Figure 2.17, track 1) 

(Lui, 2017)  
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High gamma ray reading may at times not imply shaliness, but possibly of radioactive 

sands such as potassium rich feldspathic, glauconitic, or micaceous sandstones 

(Olajide, 2005). As such, gamma ray log readings for lithology differentiation requires 

good knowledge of the local geology (Bassiouni, 1998). Furthermore, gamma ray 

response is also influenced by the composition of the borehole fluid, tool positioning 

within the borehole, presence of casing and cement, logging speed, and time constant 

(Maliva, 2016). The standard unit of measurement is API (American Petroleum 

Institute), typically over a range of 0-150 API (Figure 2.17, track 1) (Maliva, 2016) 

 
Applications of the gamma ray log in aquifer characterisation include:  

(1) defining the depth and character of lithology boundaries,  

(2) well to well correlation, 

(3) grain size indicator  

(4) quantify clay proportions and  

(5) detect and evaluate radioactive minerals. 

 

2.6.2 Spontaneous Potential Logs 

The Spontaneous Potential (SP) log is the oldest borehole geophysical log discovered 

by Schlumberger in 1928 (Serra, 1984). It measures small potential differences 

between the downhole movable electrode and a fixed electrode at the land surface, 

measured in millivolts (mV) (Ofwana, 2011). The SP observed in boreholes is of 

electrokinetic and electrochemical origin, the latter believed to be the major contributor 

to the SP curve (Bassiouni, 1994). These electrochemical factors are brought about 

by the differences in salinities between mud filtrate (Rmf) and formation water 

resistivity (Rw) within permeable beds.  (Asquith et al., 1982; Schlumberger, 1989a). 

Because a conductive fluid is needed in the borehole for the SP log to operate, it 

cannot be used in non-conductive (i.e. oil based) drilling muds (Asquith et. al.,1982) 

The SP log can be used to distinguish between impermeable shales and permeable 

porous sands and generally follows a trend similar to the Gamma ray log (Figure 2.17, 

track 1). Correlation of the SP log with stratigraphic data indicates that the log 
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response in shale formations fall on a straight line called the ñshale baselineò 

(Bassiouni, 1994). Permeable units are identified by deflections of SP logs from the 

shale baseline (Maliva, 2016). In permeable formations the deflections depend on the 

contrast between the ion content of the formation water and that of the following: 

drilling mud filtrate, clay content, bed thickness and resistivity, hole size, invasion, and 

bed boundary effect (Olajide, 2005). 

 
Applications of the SP log are:  

(1) detect permeable beds,  

(2) detect boundaries of permeable beds,  

(3) determine formation water resistivity  

(4) determine the volume of shale in permeable beds  

(5) lithology indicator for correlation with other logs and other wells (Fassihi et. al. 

2023)  

 

2.6.3 Sonic Log 

A sonic log measures the propagation speed of a compressional sound wave in the 

formation, calculated from the time taken to travel through a formation (Serra, 1984). 

Interval transit time (ȹt), measured in microseconds per foot and often referred to as 

slowness, is the reciprocal of velocity (Varhaug, 2016). Sonic devices were first 

introduced for seismic velocity determination. These ñcontinuous velocity logsò 

became widely used in oil and gas industry once it was discovered that a reliable 

formation porosity value could be extracted from the log response (Bassiouni, 1998).  

Sonic logs use the velocity, amplitude, and phase relationships of transmitted sound 

waves to obtain information on the physical properties of the tested formation (Lui, 

2007). The three main sonic waves of concern in geophysical logging are, in order of 

their time of arrival, compressional (P waves), shear (S waves), and Stoneley waves 

(fluid waves) (Lui, 2007).  

Modern acoustic logs allow for the digital recording of the entire received waveform, 

from which P, S, and fluid arrivals can be separated and quantitatively analysed 
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(Maliva, 2016). The ȹt is dependent upon both lithology and porosity; therefore, a 

formations matrix velocity must be known to derive sonic porosity (Serra, 1984). In 

clastic sedimentary successions, the value of ȹt decreases with the degree of 

compaction of sediments, and hence also decreases with depth, mainly because 

deeper sediments are more compacted and less porous, whereas in shallow, less 

compacted sediments, the value of ȹt will increase. Figure 2.18 indicates the transit 

time and speed of P-waves of the most common minerals and rocks (Lui, 2007) 

 

Figure 2.18: Interval transit time and speed of P-wave of the most common minerals and rock (Lui, 

2007) 

 
Applications of the sonic log are to:  

(1) provide porosity data,  

(2) provide indirect data to distinguish between oil and gas  

(3) establish and monitor state of stress  

(4) provide mechanical properties  

(5) Seismic tie in time-to-depth conversion (Fassihi et al., 2023). 

 

2.6.4 Neutron Log 

Neutron logs are used to determine the porosity of formations by measuring the 

hydrogen ion concentration in a formation (Asquith, 2016). The various types of 

neutron logs are potentially the most useful techniques in borehole geophysics, as 
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applied to groundwater investigations, because most of the probe response is due to 

hydrogen and therefore also to water (Keys et al., 1981).  

In well logging, neutrons are artificially introduced into the rock-fluid system, and the 

effect of the environment on the neutron is measured (Keys et al., 1981). These 

neutrons collide with the nuclei of the formation material and result in a neutron losing 

some of its energy (Liu, 2017). Because the hydrogen atom is almost equal in mass 

to the neutron, maximum energy loss occurs when the neutron collides with a 

hydrogen atom (Liu, 2007). Therefor the maximum amount of energy loss is a function 

of a formationôs hydrogen concentration. (Asquith et. al., 1982) 

Because hydrogen in a porous formation is concentrated in the fluid filled pores, 

energy loss can be related to the formationôs porosity. Whenever pores are filled with 

gas rather than oil or water, neutron porosity will be lowered (Maliva, 2016). This 

occurs because there is less concentration of hydrogen in gas compared to oil or 

water. A lowering of neutron porosity by gas is called gas event (Asquith, et. al. 1982) 

Neutron logging tools are standardized using the UPI neutron unit (Figure 2.6, track 

4). Logs are typically scaled in apparent limestone porosity units by conversion from 

API units (Maliva, 2016). Neutron logs are affected by factors such as borehole size, 

the type, of fluid in the borehole, or the position of the logging instrument in the 

borehole, the adverse effects of mud cake in open-hole logging and irregular 

cementing in cased hole applications. (Allen et. al., 1967).  

 
Applications of neutron logging include:  

(1) Provide accurate lithology and porosity determination,  

(2) Provide data to distinguish between oil and gas, and  

(3) Provide porosity data for water saturation determination (Fassihi et. al., 2023). 

 

2.6.5 Density Log 

The density log, also referred to as the gamma-gamma log, measures the density of 

electrons in a formation. This density of electrons in the formation is related to the bulk 

density of the formation (Maliva, 2016). This measurement of density of a formation 
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involves bombarding the formation with gamma rays from a logging source and 

measuring the intensity of backscattered radiation a short distance away through a 

receiver (Pickell et. al., 1960).  This attenuation of backscattered gamma rays is due 

to an effect called Compton scattering. 

Compton scattering occurs when emitted gamma rays from a logging tool source, 

collides with electrons in the formation, and as a result, lose some of their energy to 

the electrons (Maliva, 2016). After every collision, the gamma ray suffers an energy 

loss to the electron and then continues with diminished energy. As a result, the 

scattered gamma rays will reach a detector and will be counted. These values reflect 

the formation density while the amount of Compton scattering is proportional to the 

electron density of the formation (Liu, 2017).  

This intensity is smaller, the larger the number of collisions experienced by a photon, 

hence, the number of gamma rays detected is smaller when the formation density is 

higher and increases as the formation density decreases (Figure 2.6, track 4) (Maliva, 

2016). Bulk density of the formation is quantified in g/cc with the formation density, a 

function of mineralogy and porosity (Asquith et al, 1987). The combination of density 

and sonic log responses at a given interval defines the acoustic impedance of a rock. 

The acoustic impedance is then used in well-to-seismic tie, where synthetic wavelets 

can be extracted to tie the borehole information with the seismic data (Schlumberger 

Wireline and Testing, 1989). 

 
Applications of the density log:  

(1) Provide accurate lithology and porosity determination,  

(2) evaluation of formation density and  

(3) provide porosity data for water saturation determination (Fassihi et al., 2023). 

 

2.6.6 Resistivity Logs 

Resistivity logs are commonly used in groundwater investigations because they can 

provide information on porosity, location of permeable zones, formation water salinity 
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and lithology (Maliva, 2016). Resistivity logs are by far the most important logging tools 

for differentiating between hydrocarbon and water bearing zones (Keys et al.,1981).  

Resistivity is the inherent property of all materials, regardless of their shape or size, to 

resist the flow of an electric current. The reciprocal of resistivity is conductivity (Serra, 

1986). Current flow in porous rock is mainly carried by ions within the formation water; 

so that the parameters that affect formation water resistivity will also affect rock 

resistivities (Bassiouni, 1998). The greater the number of ions present in solution, 

called salt concentration or, in formation water, salinity, the higher the conductivity and 

therefore, the lower the resistivity (Lui, 2007; Bassiouni,1998).  Resistivity logs 

therefore provide critical information on formation water salinities (Varhaug, 2016).  

The resistivity of water is not only a function of salinity but also of temperature. The 

higher the temperature is, the lower the resistivity at a given salinity, so that water 

resistivity will vary according to temperature (Lui, 2017). Formation water salinities are 

commonly expressed in parts per million, which is equivalent to milligrams per 

kilogram (Bassiouni,1998).  

There are several measuring techniques in use in the oil and gas industry and 

groundwater investigations (Maliva, 2016), all variations of a common basic system; 

an emitter made up of an electrode or coil, sends a signal via an electrical current or 

electromagnetic field, into the formation. A receiver consisting of an electrode or coil, 

then measures the response of the formation at a certain distance. Generally, an 

increase in spacing of the system results in an improved depth of investigation, at the 

expense of vertical resolution (Serra, 1984).  

The resulting log (fig 2.6, track 3) presents shallow, medium, and deep-reading curves. 

The shallow curve, recording the smallest radius of investigations, shows the resistivity 

of the flushed zone surrounding the borehole (Varhaug, 2016). Micro-tools, mounted 

on pads which are applied against the hole wall, are designed to read resistivity of the 

flushed zone, by virtue of their very shallow depths of investigation (Serra, 1984). The 

medium curves indicate the resistivity of the invaded zone. The deepest curves show 

the resistivity of the uncontaminated zone, which is presumed to be true resistivity, 

although even the deepest reading curves may be affected by the presence of mud 

filtrate (Varhaug, 2016). Long spacing devices which are medium to deep reading 
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include, induction logs, laterologs and spherically focused logs (Figure 2.6, track 3) 

(Serra, 1984). By evaluating the separation between these curves, a geologist can 

estimate the diameter of invasion by the mud filtrate and may be able to determine 

which zones are more permeable than others (Varhaug, 2016).  

 

Types of resistivity that are important for log analysis (Figure 4.9): 

Rw resistivity of the formation water 

Rmf resisitivity of the mud filtrate (drilling fluid after solids have been filtered out) 

Rt resistivity of the uninvaded zones of a formation 

Rxo resistivity of the flushed zone of a formation 

Ro resistivity of a water-filled formation 

Ra apparent resistivity (calculated, uncorrected Rt value) 

 

 

Figure 2.19: Environment around the borehole (Lui, 2007) 

 

In the uninvaded zone, Rt is the true virgin formation. Rw is the formation water 

resistivity, and Sw is the water saturation of the uninvaded formation. Water saturation 

in the uninvaded zone is the parameter we are most interested in. This information, 
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along with porosity and a permeability estimate, can be used to predict the wells 

ultimate production (Lui, 2007).  

 
Applications of resistivity logs:  

(1) determine the thickness of the formation,  

(2) estimation of groundwater resistivity and thus salinity,  

(3) identification of permeable zones from drilling fluid invasion  

(4) provide information for correlation purposes  

(5) identification of fractures and bedding orientation (Fassihi et al., 2023) 

 

2.6.7 Caliper Logs 

The caliper log is a measure of the diameter and shape of a borehole hole and how it 

changes with depth, critical for the interpretation of other logs and for well construction 

(Keys et. al., 1981). The tool uses two, four, or more extendable arms which move in 

and out as the tool is withdrawn from the borehole (Maliva, 2016). The motion is 

recorded electrically and transmitted to the surface recording equipment. (Ofwana, 

2011). 

Calliper logs are generally run as part of every borehole geophysical log suit, more so 

if the data are to be quantitatively interpreted. The reason for this is that many other 

geophysical tools cannot be accurately interpreted without detailed data on the 

boreholes (Maliva, 2016). The logging produced by every geophysical tool that emits 

and receives any type of artificial pulse, whether radio waves, electric field, or 

radiation, is dependent on the distance between the source, the wall of the borehole, 

and the collector (Maliva, 2016). In groundwater, caliper logs are utilized to detect 

secondary porosity features, such as fractures and solution conduits. (Liu, 2017).  

 
Applications of caliper logging:  

(1) Borehole size and  

(2) log quality (Fassihi et. al., 2023).  
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Chapter 3: Geological Setting 

3.1 Introduction 

This chapter discusses the geology of the Bredasdorp Basin.  Starting at plate 

tectonics and basin evolution and then focussing on the structure and stratigraphy of 

the Bredasdorp study area. Understanding the depositional history is crucial to 

interpreting petrophysical parameters and mapping aquifer boundaries on seismic 

images. This interpretation impacts the total volume of paleo-water in the Bredasdorp 

Basin groundwater resources in South Africaôs offshore basins.  

 

3.2 Plate Tectonics and Basin Evolution 

The structural evolution of supercontinent Gondwana was initiated during the Middle 

Jurassic (~180 Ma) through lithospheric stretching along Southern Africaôs continental 

margin (De Wit et al., 1999). The breakup, or rifting, began with the separation of East 

Gondwana (comprising Antarctica, Madagascar, Australia, India) and West Gondwana 

(comprising South America and Africa) along the eastern margin of Africa, driven by 

mantle plumes and upwelling of magma (McMillan, 1997). 

During the Late Jurassic, rifting occurred as the present-day continent of South 

America began to break away from the African continent. The differential movement 

between these two continents produced a major transform fault system, known as the 

Agulhas Falkland Fracture Zone (AFFZ) (Broad et. al., 2006). The AFFZ spans 

between the Agulhas Plateau near South Africa to the Falkland Islands in the South 

Atlantic (Figure 3.1) and played a crucial role in facilitating the relative motion between 

the African and South American Plates (Uenzelmann-Neben, 2004).  

During the Early to Mid-Cretaceous another pulse of tectonic activity was initiated. The 

Falkland Island plateau passed the southern coast of Africa along the Agulhas-

Falkland Fracture Zone (AFFZ) forming a right lateral shearing of the southern African 

margin (Broad et al, 2006).  
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Figure 3.1: Pre-break-up distribution of rift basins within south-west Gondwana (Modified after 

Jungslager, 1999).  

 

Tectonic activity persisted, until the Aptian period, so long as transcurrent movement 

continued between the Falkland Plateau and the southern margin of Africa along the 

AFFZ (McMillan et. al., 1997). Strong trans-tensional stresses associated with the 

AFFZ triggered normal faulting along the older compressional structures inherited from 

the Cape Fold Belt (CFB) (Tinker et. al., 2008). This created the five Outeniqua sub-

basins as a series of oblique rift half-graben, during the latest Valanginian period (~121 

Ma) (Thomson, 1998). Four major depocenters known as the Bredasdorp, Pletmos, 

Gamtoos and Algoa basins, with the smaller infanta embayment were formed 

(Figure 3.2) (Tankard, 2009).  The Algoa and Gamtoos basins are single fault basins 

with maximum depth of 12 km, and the broad Pletmos and Bredasdorp basins are 

multiple-fault basins with a maximum depth of ~6 km (Tankard, 2009). Each sub-basin 

is separated by ridges of Palaeozoic metasediments of the Cape Supergroup (Dingle 

et.al., 1983). 

Variations in the structural style along the five Outeniqua sub-basins, from West to 

East are depicted in Figure 3.3. Prominent highs and lows, horsts and half grabens, 
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and their related faults are immediately apparent across the Greater Outeniqua basin 

(Jungslager, 1996). 

 

Figure 3.2: Map of South Africa's south coast showing the Outeniqua Basin with its sub-basins with 

major tectonic elements (Van der Spuy, 2003 and PASA, 2012)  

 

Figure 3.3: Schematic profiles across the South African margin showing simplified structure and 

sediment distribution across the larger Outeniqua basin separating it into sub-basins a.) Bredasdorp 

basin, b.)  Gamtoos and Algoa basins c.) Pletmos d.) Southern Outeniqua (Tinker et. al., 2008). The 

1At1 unconformity forms the boundary between the rift and post rift sediments. 
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The rift phase on the south coast ended in the Lower Valanginian with the 1At1 

unconformity (Figure 3.3), followed by at least three phases of inversion related to 

continued dextral shearing which ultimately led to the separation and migration of the 

Falkland Islands from the African plate (Uenzelmann-Neben et al., 2004). Inversion 

tectonics due to intermittent reactivation of AFFZ had a huge effect on the structural 

development of Southern Africaôs continental margin and the morphology of its basins 

(Tinker et al., 2008). 

 

3.3 The Bredasdorp Basin Tectonics 

The Bredasdorp basin is located south-west of Mossel Bay (Brown et al., 2005), 

approximately 200 km long and 18 km wide, covering an area of approximately 

18000 km2 (Figure 3.4) (Broad et al., 2006). The Bredasdorp Basin, a sub-basin and 

part of a series of en-echelon sub-basins within the Outeniqua Basin is bound by the 

Infanta arch in the north and the Agulhas arch in the south and south-west (Afolayan 

et. al., 2023).  

 

 

Figure 3.4: Detailed map showing that major structural elements of the Bredasdorp Basin roughly 

follow WNW-ENE structural trend (modified after McLachlan and McMillan, 1976; McMillan et. al., 

1997). 
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Faulting in the Bredasdorp basin occurred largely as normal faults which exhibit a 

WNW-ENE trend, inherited from the Cape Fold Belt (Figure 3.4) (De Wit et al., 1992).  

Majority of the faults are restricted to the rift sequence, though some do extend into 

the post-rift succession (Figure 3.3) (Sonibare et al., 2015). Another set of faults 

showing an NNW-SSE trend (Figure 3.4) was ascribed to subsequent shear 

movement along the Agulhas-Falkland Fracture Zone to the south of the basin 

(Ramphaka, 2015).  

 

3.4 The Bredasdorp Basin Stratigraphy 

Stratigraphically, the Bredasdorp basin is made up of the Oxfordian-Recent sediment 

deposition (Figure 3.5) (Brown, 1997).  The pattern of sedimentary filling in the 

Bredasdorp basin has been largely controlled by global eustatic changes 

superimposed on regional tectonism (Davies, 1997). These tectonic events have been 

subdivided by Jungslager (1996) into four major tectono-stratigraphic phases 

(Figure 3.6), namely: 

¶ Pre-rift, 

¶ Syn-rift,  

¶ Transition-early Drift, and  

¶ Drift.  

 
The Pre-rift phase is associated with basement rocks and sequences deposited prior 

to the formation of the Valanginian-aged (~139 Ma) 1At1 unconformity (Van Rensburg, 

2015). The Syn-rift phase refers to the period of active rift tectonics and sedimentation 

associated with the early stages of continental break up (Broad et. al., 2006). 

Transition - Early Drift refers to the post-rift phase of thermal subsidence as the new 

oceanic crust cooled and subsided, and the continents foundered and drifted apart 

(Broad et. al., 2006). Drift phase refers to the final separation of the two continents, 

Africa and South America. The syn-rift sequence and drift sequence are separated by 

a regionally developed 1At1 unconformity (Figure 3.6) and display a passive margin 

setting (Megner-Allognos, 2006). Further events regarding their tectonic events and 

their timing are discussed below and depicted in Figure 3.6. 
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Figure 3.5: Generalized chronostratigraphic map of the Bredasdorp Basin (modified after Brown et 

al., 1995; PASA 2017) with the 14A deposition, the focus of this study, indicated by the red block.  

https://link-springer-com.ezproxy.uct.ac.za/article/10.1007/s11053-023-10180-w#ref-CR22
https://link-springer-com.ezproxy.uct.ac.za/article/10.1007/s11053-023-10180-w#ref-CR62
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Figure 3.6: Three schematic cross sections across the Bredasdorp Basin for profiles A-Aô represents 

the dip section, B-óB represents the oblique section and C-Cô along the dip section. Basement (or Pre-

rift sediments) are indicated in grey, Syn-rift sediments in peach and Post-rift (Drift) sediments in 

yellow.  



56 
 

3.4.1 Pre-rift  

The basement rocks of the Bredasdorp basin consists of a Cape Granite batholithic 

core of Cambrian age, followed by the Ordovician-Silurian Table Mountain Group 

quartzites and thereafter overlain by black slates of the Devonian Bokkeveld Group 

(McMillan, 1997; Jungslager, 1996).  

The Agulhas and Infanta Arches, being basement highs, are composed of the Cape 

Supergroup sediments, metamorphic rocks, and granites dated to the Precambrian, 

overlain with varying thicknesses of drift sediments (Afolayan et al., 2023). The earliest 

of the post basement and pre-rift sediments comprise mainly of red and green 

sandstones and shale, deposited in continental fluviatile, lacustrine, and estuarine 

environments (Davies, 1997a). 

 

3.4.2 Syn-rift 

The synrift succession of the Bredasdorp Basin has been subdivided into Synrift I and 

Synrift II. Synrift I correspond to the initial stages of rifting, composed generally of 

Middle Jurassic ï Early Cretaceous aged sediments, bound by Horizon D and 1At1 

unconformity (Baiyegunhi et al., 2020). Synrift II refers to a renewed tectonic phase, 

where continued rifting resulted in more defined fault blocks and grabens. Sediments 

deposited in Synrift II are often finer than those in the Synrift I, owing to a subsiding 

and deepening basin (Van Rensburg, 2016).  

 

3.4.2.1 Synrift I 

Syn-rift sedimentation began as early as Middle Jurassic (Figure 3.6) where initial 

rifting was characterised by the development of horsts and grabens in an extensional 

stress regime (Baiyegunhi et al., 2020).  Syn-rift sediments, which filled half grabens, 

consist of continental clastic deposits eroded from orthoquartzites and slates of the 

Cape Supergroup and sandstones and shales of the Karoo Supergroup, which 

constituted the Cape Mountains at that time (Baiyegunhi et al., 2020). These 

continental clastic sediments were intercalated with shallow marine sediments. Four 

distinct lithogenic units recognized by McMillan (1997) and later Broad (2006) in the 

rift sequence, largely controlled by active boundary faults are made up of:  
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¶ a lower fluvial interval consisting of claystones, sandstones, and conglomerates 

deposited in alluvial fan and fluvial environments  

¶ a lower shallow marine interval that resulted from the first marine incursion in 

the basin. It consists of glauconitic sandstones representing progradational 

beach deposits.  

¶ an upper fluvial interval is made up of alluvial floodplain and meandering fluvial 

deposits; and 

¶ an upper shallow marine interval marked by the occurrence of glauconitic 

sandstones of late Valanginian age.  

The 1At1 unconformity marks the termination of active rifting sedimentation (Synrift 

I) and the beginning of a renewed rifting phase (Synrift II) initiated due to early 

movement along the AFFZ at approximately 121 Ma (Valanginian- Hauterivian 

boundary) (Baiyegunhi et al., 2020).  

 

3.4.2.2 Synrift II 

A second rifting episode was initiated at the 1At1, according to Jungslager (1996), 

earlier master faults formed during Synrift I period, were reactivated during the Synrift 

II phase. Renewed extensional forces regionally led to renewed block faulting, and 

local inversion and folding which provided structures of economic significance for oil 

and gas accumulation (Broad et. al., 2006) Prospect mapping revealed several horst 

and graben structures and inferred distribution of reservoir rocks in the untested basin 

(Aremu, 2000).  

Sedimentation during Synrift II was influenced by tectonic events, eustatic sea level 

changes and a rapidly cooling basin along the rift faults which prevailed into the Albian 

times (Davies, 1997). A rapidly drowned basin to significant water depths during this 

second rifting phase, resulted in thick and extensive deep marine shales which drape 

over tilted fault blocks of the  1At1 unconformity (Jungslager, 1996). The end of this 

phase of half-graben infilling is marked by the 6At1 unconformity (El Saadi, 2005).  
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3.4.3 Drift Succession 

The drift sequence is divided into two major intervals, based on tectonic development 

and depositional history, (Broad, 2012), namely: 

¶ transitional to early drift sequence and  

¶ late drift sequence  

The Transitional to Early Drift sequence is bound by the 6At1 unconformity and 13A 

sands at the top and base respectively, and the Late Drift sequence is marked by the 

14At1 unconformity and refers to the time when the two conjugate continental plates 

had fully cleared each other (Petroleum Agency of South Africa, 2005).  

 

3.4.3.1 Transitional to Early Drift Sequence 

As the rate of thermal subsidence started to slow down in the Bredasdorp Basin, a 

transpressional event caused uplift in the basin thereby prompting the formation of the 

6At1 unconformity (Burden, 1992). Sedimentation was characterised by recurrent 

episodes of progradational and aggradational deposition, with frequent deposition of 

shales during sea level highstands and basin-floor reservoir sandstones during sea 

level lowstands (Broad et. al., 2006).  

During periods of relative sea level lows, submarine canyons and channels developed 

in the Bredasdorp Basin from the shelf and basin margin highs (Davies, 1997). Both 

types of conduits provided routes for turbidity flows that fed the deepest part of the 

basin, particularly the succession between 6At1 and 13At1 (Barremian to Early Aptian) 

in the central part of the basin (Davies, 1997 and Burden, 1992).  

The development of a stable depositional environment characterised by low 

sedimentation rates and sediment starvation favoured the deposition of organic-rich 

mud (Davies, 1997). These muds were deposited as intercalations particularly 

between 1At1 and 13At1 stratigraphic markers (Burden, 1992). 

The tectonic action of the Falkland plateau moving past the Agulhas platform caused 

uplift and the associated intensive subaerial erosion which resulted in the formation of 

the 13At1 unconformity (Brown et. al., 1995). A major transgression followed and 

introduced restricted circulation in the basin, which  favoured deposition of organic-
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rich mud, particularly in the central and southern Bredasdorp Basin (McMillan et al., 

1997). Renewed active turbidity deposition occurred intermittently during the earlier 

marine transgression whereby porous and permeable deep marine turbidite 

sandstones were deposited, interbedded with these source shales (McMillan et al., 

1997; Broad et al., 1996). These deep marine sandstones form the 13A sands which 

serve as reservoirs for the storage of both hydrocarbons and groundwater, 

interbedded with shales which, if undisturbed, act as a seal for the containment of 

these aquifers. 

 

3.4.3.2 Late Drift Sequence 

The start of this phase is marked by the mid Albanian 14At1 unconformity (Broad et. 

al., 2006). The 14A sands, which are the focus of this study, were deposited following 

the 14At1 (~108 Ma) unconformity (Figure 3.6) and are commonly recognised as 

hydrocarbon bearing reservoirs (Broad et. al., 2006).  

During this time the basin was subjected to several episodes of subsidence separated 

by events of basin margin uplift and subaerial erosion (Brown et. al., 1995). The sands 

of the 14A sequence were transported from the continental shelf edge and basin 

margin basement highs downslope into the depocenter of the deep marine basin 

(Brown et al., 1995). Transport occurred via slope channels, extending into the distal 

southern parts of the basin from the western and southern flanks (Brown, 1995). The 

sands are thickest towards the basin axis and thin towards the northeastern and 

southwestern flanks (McMillan, 1997).  

The sands of the 14A sequence have been studied in various unpublished papers from 

SOEKOR Reports where low salinity water was encountered in these sands. This low 

salinity water indicates episodes of meteoric water flushing of the 14A channel 

sandstones. This flushing was suggested by Davies (1997a) to have occurred during 

the Plio-Pleistocene sea level falls caused by northern hemisphere glaciation. At that 

time, various topographic subsea highs around the margins of the basin and to some 

extent, the centre of the basin, would have been exposed to rainfall. Meteoric flushing 

resulted in a reduction in sandstone cementation, leaving relics of low salinity water in 

some sandstone (Davies, 1997a). The distribution of low-salinity water is thought to 
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be controlled by geological features such as faults, low-permeability layers and 

paleochannels (Post et. al., 2006).  

Subsequent cycles of basin sag and accompanying local sea level rise in the 

Bredasdorp Basin yielded depositional cycles of thick shales basin wide in the 14 

intervals. This took place until the basin experienced some remnant uplift and erosively 

formed the regional 15At1 unconformity (Brown et. al., 1995).  

Another period of sediment starvation occurred after the 15At1 unconformity where 

organic-rich muds were deposited (McMillan et. al., 1997). By this time, the South 

African and South American plates had completely separated (Broad et. al., 2006).   
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Chapter 4:  Methodology 

3.4 Introduction 

This chapter describes the methodology used to achieve this studies objective, 

namely, to calculate the volume of OFG in the 14A aquifer. The data available for this 

study is listed with an outline of the various methods used to correct the data. The 

collected data is classified into two main groups: wireline logs, with accompanying 

core data, and a 3D seismic survey. All data used in this study were provided by the 

Petroleum Oil and Gas Corporation of South Africa (SOC) Ltd (PetroSA). 

 

3.5 Methodology 

The flowchart (Figure 4.1) represents the process pursued in this study. This process 

followed the following sequence: 

¶ Review the previous literature on paleo-water in the Bredasdorp Basin, along with 

tectonic and depositional history of the basin.  

¶ Review available data of the study area, select wells intersecting water in the 14A 

sequence and a seismic survey which covers the area of all selected wells 

¶ Load seismic data into Petrel and check well-to-seismic ties 

¶ Interpret horizons for the 14At1, 15At1 unconformities; thereafter pick the 14AS 

interval and structural interpretation 

¶ Create isochore maps 

¶ Load wireline log data and core data into Interactive Petrophysics 

¶ Interpret log data and calibrate with core data to determine clay volume, porosity, 

water saturation and permeability 

¶ Determine cut offs and compute aquifer summations for volumetrics 

¶ Using surfaces interpreted in seismic and petrophysical parameters, calculate 

Gross Rock Volume (GRV), Storage Capacity (NPRV) and Original Water in Place 

in GeoX software (OWIP). 

¶ Develop written report 
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Figure 4.1: Flowchart of methodology and processes followed in this study. 

 

4.3 Seismic Interpretation 

Seismic stratigraphy aims to define the aquifers areal extent by mapping the aquifers 

geometry. It also serves to assess the thickness of the aquifer and its potential internal 

complexity. For this study, the focus narrowed down to the 14A sequences, broadly 

bound by the 14At1 and 15At1 unconformities. The latest 3D seismic survey known 

as 2012 Central Basin Survey provides a good quality for regional interpretation. 

Five key horizons have been identified and interpreted:  

(1) sea floor 

(2) basement 

(3) 14At1,  

(4) 14AS and the 

(5) 15At1 surface.  
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4.3.1 Data Import 

The following types of data were collected and imported into the geo-referenced Petrel 

project, guided by the study objectives set out: 

¶ Formation tops  

¶ 3D seismic surveys 

¶ Navigation data  

¶ Wells with wireline logs 

¶ Cultural data (e.g. maps, images, polygons) 

 

4.3.2 Well to Seismic Correlation 

Well-to-seismic ties were performed in this study to calibrate and compare the units of 

the wells measured in the depth domain, to the seismic data measured in time domain. 

By comparing seismic data at a well location to well log data from the well, sands and 

shales of the log data are matched to the peaks and troughs in a seismic section 

(Martinez et. al.,2021).  This enables identification and mapping of horizon tops of the 

formation to a specific reflection on the seismic section.  

 
4.3.3 Fault Interpretation 

Major faults were picked on the seismic dip lines and mapped to study structures 

throughout the area. Building the structural model is based on the position of the fault 

pillars. The faults are interpreted as fault sticks in the modelling software. All the faults 

were then converted to depth using the velocity model. 

 
4.3.4 Horizon Interpretation 

The horizons are mapped manually for single seismic amplitude reflection along peaks 

on 3D seismic processed lines. Positive amplitude reflection corresponding to the main 

reservoir sands on seismic data reflection was identified for mapping. Initially a 

standard 200 by 200 inline-crossline increment was applied in the manual 

interpretation of the regional unconformities and surfaces: present day seabed, 
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basement, 14At1 and 15At1. 3D auto tracking was then applied to the manual 

interpretation to fill in gaps and re-guide the horizon in uncertain or mistied areas. 

 

4.4 Petrophysical Evaluation 

Wireline logs from twenty-two wells were collected from wells penetrating water 

saturated sands in the central Bredasdorp Basin. Interactive Petrophysics (IP) 

software was used for all petrophysical evaluation. The well names were changed to 

alias names as per the confidentiality agreement with PetroSA. All data was reviewed 

in conjunction with image files and well completion reports for validation. As most of 

the data was received in LAS format, acquisition details such as mud properties and 

nuclear detector count rates were not available. For this reason, environmental 

corrections were not applied to the log data. A flow chart following all the steps and 

equations in data editing, data interpretation and reservoir summations can be seen 

in Figure 4.2. 
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Figure 4.2: Flow chart of petrophysical process  
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4.4.1 Data Editing 

Data editing involves the identification, correction and validation of errors or 

inconsistencies in the raw petrophysical data obtained from well logs, core 

measurements and laboratory tests.  

The following data editing techniques were carried out on the raw petrophysical data: 

Curve Splicing: Merging valid data from separate logging suites to produce continuous 

logs from total depth (TD) to the shallowest reading. All twenty-two wells 

required curve splicing (Appendix I). 

Depth Matching: Alignment of key features such as formation boundaries across the 

set of logs for each well (Appendix II).  

Curve Normalisation: Gamma ray logs of all the wells in the study were normalised. 

This ensures consistency and comparability across different datasets or 

measurements (Appendix III). 

 

4.4.2 Well Markers 

The stratigraphic zone under investigation in this study, zone 14, is recorded from the 

major unconformity 14At1 to major unconformity 15At. The markers are initially taken 

from geological well reports based on sequence boundaries, commonly recognized by 

an abrupt increase in gamma ray response below thick sandstones or sandstone rich 

intervals and concurrently a decrease of resistivity values (Kendal et. al., 2005).  

The next step was identifying the 14A sand on the well logs. The T14AS markers are 

recorded from the well completion report and adjustments are made when it is clear 

that the marker is cutting through the middle of the sand, or where depth shifts on the 

logs have been made. An essential part was cross checking the markers in the well 

logs with the seismic interpretation. 14At1 is taken as the base of the 14A sand to 

maintain consistency in the study and to minimize uncertainty in the horizon picking.  
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4.4.3 Clay Volume 

Clay volume equation chosen to best fit area, namely sand and shale with very little 

igneous and the occasional evaporite. The Gamma Ray Linear method was selected 

for this environment using the equation:   

Equation 7 

ὋὙὍ 
 

 
                                                     (7) 

Where: 

GRI: Gamma Ray Index 

GR: Gamma reading off the log 

GRclean: Gamma Ray in the cleanest sand 

GRshale: Gamma Ray in the shale 

 
The GR linear method is used for all the wells and a GR clean and GR clay is selected 

on a well-by-well basis between the 14At1 and 15At1 markers. Occasionally the zones 

are further subdivided where there are large changes in shale properties and log 

response in a given zone. A table of all the parameters used to compute the Vcl for 

each well can be found in Appendix IV. To quality check the final Vcl, the density-

neutron cross plot is produced and compared with the results of the GR calculated 

Vcl. A further calibration of this computed Vcl is done by creating a multi well histogram 

(Figure 4.3) and is used to evaluate the consistency of the shale volumes across the 

study area. 

 

Figure 4.3: Histogram demonstrated Vcl calculated for all wells in this study  
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The multi well histogram was performed on the interval between the 14At1 and 15At1 

unconformities. Generally, the 10th and the 90th percentile are used as the GR limits of 

GR clean and GR clay in the volumeôs equation. The histogram enables the visual 

verification of the ranges calculated to maintain consistency in the GR clean and GR 

clay of wells selected. 

 

4.4.4 Porosity Determination 

The porosity from logs can be estimated from a single porosity log (density, neutron, 

sonic) and a combination of porosity logs (Maliva, 2016). The porosity derived directly 

from logs without correction for clay content is regarded as total porosity (PHIT). 

Effective porosity (PHIE) is the resultant porosity determined after removal of the effect 

of clay. Estimation of porosities from wireline logs requires information on lithology, 

core data which includes grain matrix and pore fluid (Al-Hasani et. al., 2017). 

The combination Neutron-Density log (Equation 9) was selected for this study, where 

the neutron log displayed poorer quality data, the density log (Equation 8) was used 

to calculate PHIT and PHIE.  

Conventional core analysis was performed in eleven wells. The core data includes lab 

derived porosity of eleven wells, in the form of excel spreadsheets, which is loaded 

into IP software and plotted with the log interpretation results. Depth shifts were 

applied by visually matching the core porosity with the log-derived porosity. These 

measurements allow for the calibration of the core-derived porosity with log-derived 

and can be seen on Appendix V. 

 

4.4.4.1 Porosity from Density Log 

The porosity derived from the density log (ūD) is defined by the following relationships 

(Wyllie, 1963).  

Equation 8 

ὖὬὭ  
    

 
                                 (8) 
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Where: 

Rhomatrix : Matrix density 

Rhob       : Input bulk density log 

Rhoclay    : Wet clay density 

Rhofluid    : Filtrate density, calculated in (2) or entered as a parameter 

Vcl           : Volume of clay 

 

4.4.4.2 Porosity determination from Neutron-Density Log 

The porosity derived from the Neutron -Density combination log is defined by:  

Equation 9 

‰   ϵ                                            (9)  

Where: 

ū       =         Porosity 

Nū     =        Neutron Porosity 

Dū     =.      Density Porosity 

 

4.4.4.3 Effective Porosity  

Effective porosity can be calculated from the density log, using the following equation: 

Equation 10 

ὖὬὭὩ 
 ɀ 

   
ὠὧὰὥώ z

 ɀ 

   
                                (10) 

Where: 

Eval Phie:   Effective porosity from density log (v/v) 

ɟma         :   Matrix density (g/cc) taken from core grain density 

ɟlog         :   Log bulk formation density (g/cc) 

 



70 
 

4.4.5 Water Saturation Determination 

Water saturation was computed using the Poupon-Leveaux, also referred to as the  

ñIndonesiaò equation (Poupon-Leveaux, 1971). The equation is best suited when 

estimating water saturation (Sw) in shaley rocks and usually behaves better on fresh 

formation waters with salinities of 20.000 NaCl ppm. 

The Indonesian equation is as follows:  

Equation 11 

                                 (11) 

Where:  

Rt: Deep resistivity from log data 

Vcl:  Volume of clay 

Rcl:  Shale resistivity, chosen interactively by well on a zonal basis (14A), and set as 

resistivity value of representative shale sequences within the zone 

Phi:  Effective porosity determined from Rhob  

Rw:  Formation water resistivity at formation temperature 

a, m, n : Archie parameters ; 1, 2, 2 or from SCAL data where available 

 

Various parameters are required as an input for the IP water saturation module using 

the Indonesia equation: 

The volume of clay (Vcl) was calculated from GR linear (see section 4.4.3),  

Archie parameter: a, m and n (Archie, 1952) used in the Indonesian equation 

(Equation 11) are taken from Special Core Analysis (SCAL) data. Petrophysical 

constants, a, m, and n are related to the pore geometries. These parameters are taken 

from the SCAL core data when available, otherwise the parameters are set at default 

values of 1, 2, 2 (Appendix VI).  
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Three core studies from well U-J1, U-A2 and U-D1 show these constants, m= 1.74, n 

= 1.64 and well W-K1:  m =1.82 and n = 2 in 14AS sands. The core data is found in 

(Appendix V.)  

Temperature Gradient: Reservoir formation temperatures were taken from the well 

completion reports and log header information of wells. The temperatures are plotted 

against True Vertical Depth Subsea (TVDSS) to calculate an average temperature 

gradient of the field. A linear regression was applied to the data where a gradient of 

3.75Á Celsius per 100 m was calculated (Figure 4.4). 

 

Figure 4.4: Formation temperature of each well plotted against depth (TVDSS) to calculate average 
temperature gradient.  

 
Water Salinity: Approximate salinity measurements of formation water resistivity 

recorded in the well logs. Formation water salinity is chosen on a zonal basis using 

Pickett Plots and Rwa analysis over clean sand reservoirs, which are considered to 

be 100% water saturated.  

The salinity of formation water in a marine sedimentary basin are likely to approximate 

that of seawater i.e. 35 000 ppm NaCl. For the purposes of this study, upper limit for 

Brackish water at 30ppt is considered as low salinity adopted in the aquifer volume 

calculations.  

Core Grain Density: Grain densities are needed for the porosity input in IP as they 

provide the density log with a reading which corresponds to zero porosity. This ensures 

the rate of change of density porosity equals the rate of change of actual porosity. 
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Grain densities also provide some insight into mineralogy and can be used as a 

general formation evaluation constraint.   

It is beyond the scope of this project to attempt to quantify this mixture of minerals 

contained in the reservoir rock matrix. Based on core measurements and an 

approximation across the study area, trace minerals are accounted for on a general 

basis by choosing a matrix density of 2.655 (Figure 4.5).  

 

 

Figure 4.5: A multi-well histogram plot using core grain density (RHOG). 

 

4.4.6 Permeability Determination 

The permeability values in this study are derived from two sources, namely, log-

derived permeability and core-derived permeability. Core-derived permeabilities are 

measured in a laboratory at reservoir conditions. This data is in excel format and 

loaded into IP as an ASCII file.  

The Choo equation (Choo, 2010) is used to calculate permeability of the reservoir rock 

and have been validated by comparing against the original core measured 

permeabilities. Evaluation of the core data shows that a relation based on Chooôs 

equation which contains a Vcl input, provides a good match.  

The Choo equation is as follows:  
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Where:        (12) 

K = Permeability  

Phie = Effective porosity from log calculation 

Rg =  rock grain radius   

C = compaction factor  

Vcl = clay volume (from log calculation) 

Vsi =silt (used 0 as silt is not in the model) 

m= Archie cementation factor  

6 = Clay Perm Factor  

After analysis of key wells, the parameters were adjusted to match the calculated 

permeability of the core data. The following equation was used:  

K_Choo=.125((2000000**2) *Phie**(2((2/1.1)+1))+2)/10**(4*Vcl+1)  

 

4.4.7 Reservoir Summations 

Net/Gross ratios are most commonly used in volumetrics to define the proportion of 

an interval that is considered to be reservoir rock.  Net to gross is a parameter critical 

to the volumes calculated for paleo water storage. All net thicknesses will be subject 

to some property of the formation being satisfied. A variety of factors are considered 

when determining the cutoff values to be implemented. This includes consistency with 

previous studies within the basin, porosity and permeability relation, and sensitivity to 

small variation in the value of the parameter 

¶ Gross Sand: Interval where Vclay < 40% 

¶ Reservoir: intervals where Vclay < 40% and PhiE > 8% 

 

Equation 12 
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For the Vclay cut off, it is seen that a 40% clay cutoff will capture nearly all non-shale 

intervals. Qualitatively, porosity less than 5% is considered to be small, between 5 and 

20% as medium and the percentage exceeding 20% is considered as large (Craig, R. 

F, 2004) and as such a porosity of 8% is used in this study, which is in line with previous 

studies in the area.  

 

4.5 Volumetric Evaluation 

The objective of this section is to calculate the volumes of low salinity paleo-water of 

the 14A sands. To achieve this, the 14At1 unconformity is used as the base of the 

14AS and T14AS for the top of the aquifer container. Figure 4.6 shows the processes 

and equations followed in order to achieve these objectives:  

 

 

Figure 4.6: Process for volumes evaluation with equation 

 

4.5.1 Gross Rock Volume 

The Schlumberger GEO-X Package is used in this study to calculate the gross rock 

volume (GRV) and ultimately, the reserves of low salinity paleo water of the 14A sands. 

GRV represents the total volume of rock within a subsurface area, extending from the 

top 14A sand, down to the base of the 14At1. Top and base surfaces are extracted 

from PETREL in an ascii format. The GRV is then calculated per contour interval. 
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Figure 4.7: Gross Rock Volume calculated in segments along contours, A*h. 

 

 

 

Where: 

GRV:  Gross Rock Volume 

A: Area 

h: Height  

 
The GRV computation only considers the surface of the 14At1 and T14AS and the 

average gross vertical thickness between them. What this does not include is the 

properties of the rock contained within the volume. The depth-area-thickness method 

for calculating GRV allows one to model the trap geometry more accurately by creating 

a table of depth-area-thickness for a selection of contours along the flanks of the trap. 

This reduces a lot of the uncertainty in geologic traps which often exhibit very complex 

geometries (James et al., 2013). 

 

4.5.2 Reserves Estimates 

Conventional approaches to estimate reserves are divided into deterministic and 

probabilistic methods (Derakhshan, et al., 2008). Reservoirs are heterogeneous and 

by adapting a probabilistic method addresses a lot of the uncertainty in the reserveôs 

calculations. By creating a P10, P50 and P90 geostatistical reservoir model, it uses a 

distribution of values for porosity, water saturation and permeability to get a range of 

GRV = A.h                                                         (13)                                                      

 

Equation 13 
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values for the reserve (Derakhshan, et al., 2008).   The minimum and maximum ranges 

for petrophysical properties porosity, water saturation, permeability was derived in 

Chapter 5: Results. 

The inputs use an oil field approach where the water volume factor Bw defined as the 

change in water volume in the formation a water moves from reservoir to surface 

conditions ï is assumed to be close to one.  

 
4.5.3 Net Porous Rock Volume (NPRV) 

Equation 14 

        ὔὙὖὠ ὃ Ὤzz ὔὸὋzɲ Ὓzύ                                          (14) 

 

4.5.4 Original Water in Place 

Equation 15 

ὕὡὍὖ
ȢȢȢ ȢȢ

                                                (15) 

 

Where:  

OWIP = Original Water in place 

A = Area (acres) 

h = height (m) 

ӏ = porosity (decimal) 

NtG = Net-to-Gross 

Sw = water saturation (decimal) 

Bw = water formation volume factor 

7758 = conversion factor from acre-feet to barrels 
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Chapter 5: Results 

5.1 Introduction 

The following chapter discusses results in two broader sections, namely seismic 

interpretation and petrophysical evaluation. The data is presented in a context of the 

results used for groundwater studies, rather than extract all the information which 

would be required by an oil company. The emphasis in the petrophysics section lies 

on determining parameters required as input data to accomplish the objective of this 

thesis namely, calculating the volume of fresh water in the study area.  

The seismic interpretation was done in a Petrel Software into which a 3D seismic cube 

and twenty-two wells were loaded (Figure 5.1). Although the work is presented in two 

sections, the interpretation was largely done in parallel to arrive at the area of interest 

and include or exclude well data which did not fit the seismic cube.  

 
Figure 5.1: 3D seismic line in a north-west to south-east direction depicting the 14At1 structure map 

along with the wells selected in the Central Bredasdorp basin. A red dashed line indicating the study 

area evaluated in the volumeôs calculation. 

 

The chapter begins with a seismic interpretation of a 3D seismic cube across an area 

of 3600 km2 which was later cropped to an area of 2800 km2 as this fit the wells of 

interest. Figure 5.1 indicates the study area along the red dashed line used in the 
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volumetric calculations in Chapter 6: Volumetric Evaluation.  The main objective of the 

seismic interpretation is to delineate the aquifer boundaries by mapping the top and 

bottom of the 14AS aquifer. The unconformities, 14At1 and 15At1, which occur at the 

top and base of the 14 sequence are also mapped as these present a strong signal 

on seismic acquisition and allowed for the mapping of 14AS top and base to be more 

streamline.  

Furthermore, the petrophysical evaluation is done in the Interactive Petrophysics 

software to calculate the ñingredientsò necessary for volume calculations. This includes 

volume of clay, water saturation, net to gross, porosity and permeability.  A table of the 

average summations is used together with the aquifer boundaries to ultimately 

calculate the volumes in Chapter 6: Volumetric Evaluation. 

 

5.2 Seismic Interpretation 

A review of the dataset was undertaken at the beginning of the project to assess its 

validity and applicability to the scope of the study by considering factors such as basin 

coverage, depth, complexity and quality of the acquisition of the seismic data. Although 

there are several seismic surveys available in the Block 9 exploration block 

(Figure 5.1), ultimately one 3D seismic survey the 2012_survey was selected to cover 

the area of interest.  

The first step was to make sure that the geographical import of the data was correct 

by comparing them to those reported in well completion reports or the necessary 

deviation surveys. The seismic cube was then loaded into Petrel and quality controlled 

by comparing the seismic surveys in vertical and areal extent, the quality of ties 

between them was checked and the time shifts were reviewed across. All the well 

markers and well depths recorded for top and bottom surfaces, in the well completion 

reports and used in the IP petrophysical analysis are cross checked to assure that the 

correct data has been imported. 

The 2012_survey covers an area of 3600 km2 and includes a velocity model from 

which time to depth conversions could be run.  
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Figure 5.2: Block 9 Bredasdorp Basin boundary with 3D seismic surveys available across the block. 

2012_survey is used for this study. 

 

After a comprehensive analysis of the petrophysical data and seismic survey, it was 

decided to exclude four wells from the final reservoir thickness maps for the following 

reasons:  Z-L1: No net sand, M-D1: No net sand, K-V1: Salinity calculated above 

freshwater threshold, H-D1: Falls outside of the survey. Wells Z-L1, M-D1 and K-V1 

have still been used to guide horizon mapping and various aspects of quality check.  
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5.2.1 Well Correlation  

The well correlation is done to quality check markers recorded from the well logs. 

Using the well logs the Gamma Ray log (GR) and Volume of clay log (Vcl) is used as 

a guide to picking well tops. By correlating GR and Vcl logs to the seismic, assures 

that the well to seismic ties are calibrated in both depth and time domains. It also 

ensures that the project geo-referencing system has imported co-ordinate-based data 

such as the wells and seismic surveys, correctly.  

Once the well to seismic ties are calibrated, this guides one into visualising a basin-

scale depositional environment in that particular time of the 14A deposition, namely 

the Aptian-Albian time.  

 

Figure 5.3: 2012 3D inline in a NW to SE direction indicating well U-D1 well markers aligned with the 

surfaces on the seismic survey. 

 

Well U-D1 (Figure 5.3) accounted for well markers to fit all the seismic horizons 

recorded in the well completion report and each marker was then correlated with the 

associated seismic reflection as seen in Figure 5.3. These markers include seabed, 

22At1, 17At1, 16At1, 15At1, 14AS, 14At1, 13At1, 12At1, 10At1, 9At1, 8At1, 6At1 and 

5At1. 
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5.2.2 Horizon Interpretation 

Horizon interpretation begins by creating surface mapping using well markers and 

seismic reflection events. Starting with the seabed horizon picking, the most distinct 

horizon, as it is the shallowest horizon, is the first step in quality control. The regional 

seabed topography was loaded at a 200m-by-200m resolution. It shows a gentle dip 

on the shelf and progressively deepening towards the slope. Water depth across the 

block ranging from approximately 45m at the shallower depths to 1250m towards the 

southeast.  

 

 

Figure 5.4: Structure map of present-day seabed 
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5.2.3 Basement 

The basement, which also represents the pre-rift unconformity, is the oldest rocks 

underlying sedimentary basins. The seismic surface depicted on Figure 5.5 represents 

the current geomorphology related to the continental rifting event that separated Africa 

from South Americas. Mapping of the basement helps to reconstruct the basin 

evolution stages of the basin and more specific to this study, guides the interpretation 

of the main faults in the Central Basin. Tectonics have been the main driving force for 

depositional patterns of sediments into the basin (Broad, 2006). 

 

Figure 5.5: Structure map of the basement across the Bredasdorp basin study area 

 

Figure 5.5 depicts the resultant depth structure map in which the colour gradient 

ranges from 1000m to 9000m, red to purple respectively. The red representing the 
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shallowest depth, and the purple, the deeper, depressional features. The red-orange 

highs in the northwest and southeast indicate the position of the Infantas and Agulhas 

Arches respectively.  

 

The erratic nature of the basement composition caused the horizon to appear erratic 

and discontinuous on the seismic. The basement is composed of interfolded quartzites 

and slates (Davies, 1997), leading to differences in polarity and causing discontinuities 

in the seismic reflection. No wells in the study have intersected the basement and the 

mapping was mostly guided by overlying more continuous sedimentary layers.  

Below the NW-SE trending Infantas Arch, a steep topography leading to two isolated 

depressions can be seen (Figure 5.6). These depressions, almost concave in shape, 

and located along the shoreline are indicative of coastal embaymentôs while the 

steeper topography indicates a paleo shelf. Along the Agulhas Arch in the south, a 

more gradual slope can be seen. 

Between the two highs (Agulhas and Infantas arches), a series of half-grabens 

orientated NW-SE are identified with a structural high in the centre of the basin, all 

having been associated with tectonic activity during the initiation of the breakup of 

Gondwana (De Wit et al., 1992). A conceptual model of a half-graben cross-section is 

depicted in Figure 5.6.  

 

Figure 5.6: Conceptual model of half-graben cross section and its main components (Muravchik, 

et.al., 2016) 
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5.2.4 14At1 

The 14At1 represents an erosional event caused by an episode of basin uplift and 

simultaneous, sea level fall (Broad, 2016). The 14At1 reflector is stratigraphically 

placed below the 14A sand and is identified by a peak while its overlying 14A sand, by 

a strong trough (Figure 5.7). Where the 14At1 reflector showed a poorer, more 

discontinuous reflector, the 14AS sand reflector was used to guide the horizon 

mapping. The 14A sand runs quite parallel to the 14At1 unconformity and hence 

portrays the same geometrical distribution.  

 

Figure 5.7: The 14At1 peak with the 14AS trough placed stratigraphically above 

In Figure 5.8, the structure contours represent bounding highs in the northwest and 

south/southwest with a deepening of the basin floor towards the east into a large 

depression, circular in shape. The bounding high in the north is interpreted as the 

paleo shelf with a gradual slope into the basin depocenter whilst the bounding high in 

the south indicates the deposition over an underlying Agulhas Arch. Transport of 

sediments are interpreted as trending from a west to easterly direction. 
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Figure 5.8: Structure map of the 14At1 horizon over the Bredasdorp Basin 

 

5.2.5 15At1 

The structure map showing the geometry of the 15At1 unconformity is depicted in 

Figure 5.9. The map shows a range of contour values over the Central Bredasdorp 

Basin ranging from 400m in the shallowest region and 3600m in the internal structural 

low, colours ranging from yellow to purple respectively. This assumes a relief of 3200m 

across the basin. The 15At1 reflector is prominent in seismic owing to thick shale units 

deposited both below and above it.  
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Figure 5.9: Structure map of the 15At1 horizon over the study area in the Bredasdorp Basin 

 

In the north, a high, now identified as the Infanta Arch, shows less structural 

expression in comparison to that previously seen in the 14At1 structure (Figure 5.8). 

On the other hand, the high in the south of the map, interpreted as the Agulhas Arch, 

is more noticeable along the 15At1 structure map.  The paleo shelf in the north extends 

further into the basin with a gentler slope relative to the 14At1, whilst the depocenter 

is both smaller and steeper. This is important to recognize as the period during which 

the 15At1 was formed, the Bredasdorp basin was experiencing a period of basin 

subsidence with an overall higher global sea level.  
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5.2.6 Fault Interpretation 

The structural model of the Central Basin is necessary to the static model framework 

as these could potentially compartmentalise the water bearing sands of the 14A 

sequence. For purposes of this study, it is not necessary to analyse all the modelôs 

interpreted faults, because the study aims to calculate the volume of fresh water, not 

investigate the water migration path.  

 

5.2.7 Fault Orientation 

The structural framework consists of polygons assembled from the faults identified 

from seismic and is constructed at the same time as the gridding of the horizons 

(Figure 5.12). The few selected faults interpreted in the central part of the polygon from 

Bredasdorp Central Basin are identified as orthogonal to the main NE-SW orientation 

to the main faults (Figure 5.10). Fault reactivation from the pre-rift stage to the 14At1 

unconformity was largely experienced during tectonic stresses due to upliftment, 

thermal subsidence, and tilting (Broad, 2016). These tectonic stresses yielded 

subordinate faults from the main fault orientation.   

The 3D seismic (Figure 5.11) shows the faults at times reaching into the 14A 

sequence, all deep rooted, but never reaching the 15At1 sequence (Figure 5.12). 

Faulting in the Central Basin have largely played a role in the deposition of the 14A 

sequence in which faults orientated laterally and near vertical have allowed for a 

combination of stratigraphic traps together with the structural faulting to form traps for 

paleo water.  
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Figure 5.10: Plate tectonics largely controlled the main faulting style across the Bredasdorp Basin with 

a NW-SE trend (modified after PASA, 2012) 

 

 

Figure 5.11: SW-NE seismic section in the Central Bredasdorp Basin exhibits deep rooted faults 

cutting into the 14A sand played a role in the combined stratigraphic and structural trapping in well U-

D1 
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Figure 5.12: Pillar gridding of fault horizons in a 3D view illustrating depths of the faults below the 

15At1 and above the 14At1 horizons.  

 

5.2.8 Isochron Maps 

An isochore thickness map was used to guide the modelling of the 14A aquifer. This 

map was generated by using seismic surfaces as an input between the 14At1 and the 

top of 14AS (T14AS), the latter being taken from well completion reports and checked 

with the Gamma Ray log of individual wells (Figure 5.13).  

 

Figure 5.13: Mapping of the 14At1 and 14AS horizons 
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The boundaries of the aquiferôs areal extent are defined using an amplitude extraction 

technique on the seismic. Figure 5.14. represents a reservoir thickness map created 

where high amplitude values, validated with gamma ray log data of the 14A interval, 

are correlated with thicker sand deposits. Varying accumulation of the sands are 

depicted in the thickness map, with sand packages ranging between 0 and 125 

metres.   

 Based on the contours of the structure map, two potential sediment transport 

directions are inferred on the map travelling along the paleo shelf to slope. The 14A 

sequence shows extensive sandstone development in the western basin, on the shelf 

extending in an easterly direction onto the basin floor.   The 14A represents a period 

of deep-water deposition and indicates a channelised environment where onshore 

sediment supply is observed along the basin floor by means of submarine channels 

ending in distal basin floor fans. The west-east sediment transport direction supports 

the diminishing sediment supply with increasing distance from the onshore sediment 

source.  

Seismic data shows only subtle channel conduits into the basin, for this reason, the 

channels have been broadly mapped due to limited data (Figure 5.14). The 14A sands 

are distributed across the study area as two channelised sand fairways, referred to as 

the northern limb and the southern limb. The northern limb is comprised of  strongly  

confined channelised sands while the southern limb is comprised of more meandering 

channels.  The combination of a local sea level fall and gradual subsidence of the 

basin is thought to have prompted the sediments to be transported downslope under 

the influence of gravity, while the basin geomorphology during the Albian times played 

a vital role in the distribution of the sands.      

The main purpose of the sand distribution map is to delineate the aquifer boundaries, 

critical for the calculations of the gross rock volumes in chapter 6: Volumetric 

Evaluation.  
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Figure 5.14: 3D seismic depicting the 14At1 structure map along with the wells selected in the Central Bredasdorp basin. Sands of the 14A creating a 

reservoir thickness map across the basin 
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5.3 Petrophysical Evaluation 

Seismic interpretation delineates the aquifer boundaries of the 14A sequence 

discussed in Section 5.2. However, petrophysical data is required as an input for the 

freshwater volume calculation. This section discusses the petrophysical results of the 

twenty-one wells intersecting the 14A sequence. Petrophysical properties are 

estimated through quantitative analysis of the wireline logs and core data to calculate 

the subsurface distribution of porosity, saturation, salinity, permeability, and net 

reservoir rock. These properties are essential for understanding the behaviour of 

subsurface formations and for evaluating their potential as groundwater reservoirs. 

The emphasis here is determining the input data for the fresh water volumetric 

calculations discussed in the next chapter.  

The section commences with a well correlation across different sections of the basin 

which offers a high-level trend of the sand distribution across the Central Bredasdorp 

basin. Following, the results of the various petrophysical parameters (volume of clay, 

porosity, water saturation and permeability) are presented through distribution maps 

in order align the results with the depositional pattern achieved through the seismic 

interpretation. Lastly, a table of the final summations which will be carried into the 

volumeôs calculations are tabulated. 

 

5.3.1 Well Correlation 

Well correlation aims to understand the continuity and the variability of the 14A sands 

between different wells by observing the gamma ray log motifs in relation to the well 

location on the seismic interpretation of the 14At1 horizon. The well correlation in 

aquifer characterisation allows one to assess the quality of the aquifer through 

stratigraphic interpretation for further field development planning. 

Three well correlations are presented below (5.3.1.1, 5.3.1.2, 5.3.1.3 and 5.3.1.4). The 

14A sands are essentially confined within two main lobe and channel complexes i.e. 

the northern and the southern channel and lobe complex. The well correlations are 

done as follows:  
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1. Across wells which have intersected the slope of the basin: WT1, WT3, WT5, K-

R1 and U-A2.  

2. Wells across the northern limb of the channel and lobe complex: K-R1, U-A2, U-

D1 and K-M1  

3. Wells intersecting the southern limb of the channel and lobe complex: W-T1, M-

B2, W-K1, U-J1 and U-J2. 

 
5.3.1.1 Regional Overview 1: Along shelf-slope 

Sand deposition in the Central Bredasdorp basin originate from regional highs located 

NW, W and SW of the basin and deposited mainly downslope into the basin floor 

depocenters eastward. The simplified well correlation of the 14A sands across the W-

T1, W-T5, K-R1, U-A2 and U-D1 area in a NW to SE direction across the field provides 

a local overview of sand deposition in more confined channel system along the slope.  

 
Individual well stacking patterns are as follows (Figure 5.15): 

W-T1  32m stacked mass flow and channel sand, 6 km from the K-R1 well. The 

gamma ray log motif shows a blocky behaviour (GR~35 API), indicative of 

massive channel fill sands.  

W-T3  composed of two sand packages separated by a 12m claystone with 

Interbedded siltstone streaks. The upper sand between depths 2386.6 ï 

2420.8m show sheet like deposition of sands while the lower package at depths 

2411 ï 2421 m TVDSS are separated by claystone layers less than one meter.  

W-T5 drilled into massive blocky channel fill sands (GR ~25 API). Core taken in well 

W-T5 indicate average porosity measuring 20% and core permeabilities as high 

as 300 mD.  

K-R1: 31m stacked mass flow and channel sand was intersected at 2427.8 m TVDSS. 

The well was drilled 4.8 km W-SW and slightly up-dip of the of the U-A2 well.   

U-A2:  42.5m stacked mass flow and channel sand. A fining upward character of the 

gamma ray at the top of the sequence appearing as thinly bedded sandstones 

and claystoneôs is postulated to be graded laterally from the up-dip wells.  
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Figure 5.15: Wells W-T3, W-T1, W-T5, K-R1 and U-A2 intersecting along the shelf-slope 

 
Deposition of the mid-Cretaceous drift sequence along wells depicted in Figure 5.15 

is a shelf-slope setting. The mass sand and channel sandstones along the slope are 

interpreted to represent dense, turbulent sediment gravity flows originated from basin 

highs. Residual turbidity currents depositing the interbedded/laminated claystone and 
















































































































