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resource exploration, development and production. Here, we present petro- and ther-
mophysical data from a deep borehole (KWV-1), drilled in 2015 within the framework of
the research programme KARIN (Karoo Research Initiative) near the town Willowvale in
the Eastern Cape Province. The borehole intersected a 1375 m thick siliciclastic succes-
sion of the Permian Ripon Formation up to 2276 m depth. Dolerite sills are character-
istic features of the succession, dividing the sedimentary series. The clastic rocks show
low matrix permeabilities and high thermal conductivities ranging from 3.17 to 3.71 W/
(m-K). Specific heat capacity is highest in siltstones and fine-grained sandstones. Reser-
voir permeability may be enhanced by joint and fracture systems and dolerite sills with
potential for fluid-flow channelling along the intrusion-host rock interfaces. Tempera-
tures of 80 °C at 2200 m depth indicate a moderately elevated geothermal gradient.
Sandstones of the Ripon Formation occurring at >3000 m depths in the southern
Eastern Cape region are promising EGS reservoirs with temperatures >100 °C suitable
for electricity production in a binary geothermal power plant.

Keywords: Geothermal potential, Thermophysical rock properties, Permian, Karoo
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Background

Within the global scenario of renewable energy exploitation, geothermal energy has
undergone an enormous increase in recent years. Besides high-enthalpy volcanic set-
tings (e.g., Chambefort and Bignall 2016), deep sedimentary basins are currently being
assessed globally with respect to their geothermal energy resources (e.g., Eggeling et al.
2011; Zafar and Cutright 2014; Horvéth et al. 2015; Lenhardt and Goétz 2015; Zhu et al.
2015). The utilization of deep geothermal energy has not been addressed or included in
any renewable energy scheme of South Africa. However, the Main Karoo Basin, with an
area of 700,000 km? and a basin fill of more than 5000 m of siliciclastic rocks, is a prom-
ising target for future geothermal resource exploration, development and production in
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South Africa. Recently, Campbell et al. (2016a) provided a first estimation of the geother-
mal power generation potential of the Karoo Basin based on petro- and thermophysical
data from an outcrop study of Permian sandstones in the Eastern Cape Province, and
evaluation of groundwater temperature data and heat flow values from literature. A vol-
umetric approach of the sandstones’ reservoir potential led to a first estimation of 2240
TWh (8.0 EJ) of power generation potential within the central and southern parts of the
basin.

Here, we present the first petro- and thermophysical data from a deep borehole
(KWV-1), drilled in 2015 within the framework of the research programme KARIN
(Karoo Research Initiative) near the town Willowvale in the Eastern Cape Province
(Fig. 1). The aim of the present study is to compare this dataset with the dataset gained
from an outcrop analogue to test whether outcrop studies are a reliable tool in geother-
mal reservoir characterization. Furthermore, the data from borehole KWV-1 will serve
as an initial reference dataset for further investigations of the geothermal potential of the
Karoo Basin for future exploration of geothermal energy with respect to power genera-
tion in South Africa.

Geological setting

The Karoo Basin of South Africa forms part of a series of basins that developed through
subduction, compression, collision, and terrane accretion along the southern margin of
Gondwana (Cole 1992; De Wit and Ransome 1992; Veevers et al. 1994; Johnson et al.
1997; Catuneanu et al. 1998). These include the Parana Basin in South America, the Bea-
con Basin in Antarctica and the Bowen Basin in Australia, depocentres filled between
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Fig. 1 Dirill site of borehole KWV-1, drilled in 2015 within the framework of the research programme
KARIN (Karoo Research Initiative) near the town Willowvale in the Eastern Cape Province, South Africa
(32°14/43.10" S, 28°35'08.10" E; 263 m a.s.l.). The final depth of borehole KWV-1 is 2352.39 mbs
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the Late Carboniferous (Pennsylvanian) and Mid Jurassic. Their economic significance
in terms of energy resources ranges from coal and coal bed methane to shale gas, ura-
nium and geothermal energy (Hancox and Gétz 2014).

Recent interpretations of the basin evolution and its tectonic setting range from a
retro-arc foreland basin (Catuneanu et al. 1998, 2002; Catuneanu 2004; Veevers 2004;
Johnson et al. 2006), a transtensional foreland system created by subsidence and tilting
in a strike-slip regime (Tankard et al. 2009), a thin-skinned fold belt that developed from
collisional tectonics and distant subduction to the south (Lindeque et al. 2011), to a tran-
sient hypothetical mantle plume related model (Turner 1999).

The Karoo Basin is underlain by a stable basement comprising the Kaapvaal Craton
in the north (Nguuri et al. 2001; James et al. 2003), the Namaqua-Natal Metamorphic
Belt in the south (Cornell et al. 2006) and the Cape Fold Belt along its southern margin
(Fig. 2; Johnson et al. 2006). The Namaqua-Natal Metamorphic Belt (NNMB) is defined
as those terranes in Southern Africa which acquired a pervasive structural fabric dur-
ing the ca. 1.1 Ga Kibaran tectono-magmatic event (Thomas et al. 1993). The Natal Belt
makes up the eastern section of the Namaqua-Natal Metamorphic Belt and lies adjacent
to the south-eastern margin of the Kaapvaal Craton. It is divided, from north to south,
into the Tugela, Mzumbe and Margate terranes. The Margate terrane is the structur-
ally highest panel and is characterized by granulite facies rocks. The underlying Mzumbe
terrane comprises gneisses at upper amphibolite and locally granulite facies and the
Tugela terrane rocks at amphibolite and greenschist facies (McCourt et al. 2006). Heat
flow values recorded from the Kaapvaal Craton are ultra-low (33 mW/m?) and low to
moderately high (50-75 mW/m?) in the surrounding mobile belts (Jones 1987, 1992,
1993, 2001).

In the Early Palaeozoic (Cambrian-Silurian), sediments of the Cape Supergroup were
deposited along a passive continental margin during a period of extensional tectonism.
Sedimentation continued into the Late Palaeozoic (Devonian-Carboniferous) and was
followed by deposition of the Permo-Triassic Karoo sediments (Hélbich 1983, 1992;
Shone and Booth 2005). Tectonic inversion took place towards the end of the Palaeozoic.
The Cape Fold Belt developed in response to subduction-related compression along the
convergent south-western margin of Gondwana (Trouw and de Wit 1999) resulting in
intense deformation of the Cape Supergroup, the underlying basement, as well as lower
units of the Karoo Supergroup (Lindeque et al. 2011) by northwards-directed shortening
(de Wit and Ransome 1992).

Karoo-aged depositional environments broadly range from glacial (Dwyka Group), to
marine and coastal plain (Ecca Group), to non-marine fluvial and aeolian (Beaufort and
Stormberg groups). These siliciclastic deposits reach a thickness of more than 5 km in
the southern part of the basin and are capped by some 1.4 km of basaltic lavas of the
Drakensberg Group (Veevers et al. 1994; Johnson et al. 1996), the extrusion of which is
related to the break-up of Gondwana (Cox 1992). Flexural tectonics imposed by orogenic
loading and dynamic subsidence are the most important controls on accommodation in
the Karoo Basin (Catuneanu 2004). Initial flexural tectonics resulted in partitioning of
the foreland system into foredeep, forebulge and back-bulge flexural provinces. Later in
the evolution of the Karoo Basin, flexural tectonics was supplemented by dynamic sub-
sidence, which created additional accommodation across the entire foreland system.
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Fig. 2 Geological map of the Karoo Basin with location of borehole KWV-1 (east of the town Willowvale,
Eastern Cape Province; see Fig. 1), stratigraphic reference sections 1-3 (see Fig. 3) intersecting the Ripon For-
mation at depths >3000 m, seismic reflection profile a—a’ (Fig. 6), and stratigraphic log of KWV-1 (KO Koonap
Formation, WF Waterford Formation, FB Fort Brown Formation, RP Ripon Formation, D Dolerite, WH Whitehill
Formation, PA Prince Albert Formation, DG Dwyka Group), scale bars 350 m. Transparent rectangle west of East
London marks the potential resource area. Transect A-C highlights the layer cake stratigraphy of the Karoo
Basin with dolerite sills and dykes and location of borehole KWV-1 intersecting the uppermost Dwyka, entire
Ecca, and lowermost Beaufort groups. Red dashed line marks the southern extent of dolerite intrusions (doler-
ite line; Veevers et al. 1994). Black dashed lines mark the craton boundaries of the Kaapvaal Craton (KC) in the
north (Nguuri et al. 2001; James et al. 2003) and the Namaqua-Natal Metamorphic Belt (NNMB) in the south

(Cornell et al. 2006) adjacent to the Cape Fold Belt, forming the basement of the Karoo Basin

The configuration of the earliest Karoo foreland system accounts for a forebulge ele-
vated above the base level during Dwyka times, representing the early underfilled stage
followed by a time of system-wide sedimentation during Ecca times (late underfilled
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stage), when the forebulge subsided below the base level under the influence of dynamic
subsidence. During the entire underfilled stage, the foredeep hosted a relatively deep
marine environment with glacio-marine (Dwyka) followed by pelagic and gravity flow
(lower-middle Ecca) sediments. The upper part of the Ecca Group reflects a filled stage
of shallow marine sedimentation followed by the overfilled style of fluvial sedimentation
of the overlying Beaufort and Stormberg groups (Catuneanu et al. 2005). The complex
basin architecture led to distinct lateral facies changes and varying thicknesses of sedi-
mentary formations (Smith 1990; Smith et al. 1993).

Dolerite sills and dykes occur throughout the Karoo Basin with a southern extent of
intrusions marked by the so-called dolerite line (Veevers et al. 1994; Fig. 2). The thick-
est sills are up to 200 m thick, representing extensive (>200 km) sheets emplaced in the
organic-rich shales of the lower Ecca Group. Higher in the Karoo stratigraphy, sills are
emplaced in the sandstone-dominated upper Ecca and Beaufort groups and form nested
saucer-shaped intrusions with individual thicknesses of about 100 m and characteris-
tic diameters of 20—-60 km. At an outcrop-scale and from boreholes a high frequency of
intrusions (at intervals of 10 s of meters) is known in these stratigraphic groups (Smith
1990). Sills are less common in the uppermost part of the basin, the Stormberg Group
(Smith 1990; Johnson et al. 1996; Catuneanu et al. 2005), whereas dykes are common
and form 120-180 km long lineaments such as the 100-200 m wide Gap Dykes. Sills
are absent in the Drakensberg Group lavas, suggesting that they were emplaced prior
to the main phase of flood volcanism or that emplacement within the lavas was pre-
vented. The Karoo sills are dominantly tholeiitic basalts to basaltic andesites, although
more evolved sills are also present locally (Marsh and Eales 1984; Neumann et al. 2011).
Recently published U-Pb zircon data (Svensen et al. 2012) indicate that basin-scale
emplacement took place within an interval of less than 0.5 Ma and could represent a sin-
gle magma emplacement event. The peak of volcanic activity in South Africa and Leso-
tho is recorded at 183 £ 1 Ma by 40Ar/39Ar dating of the Drakensberg basalts and some
Karoo Basin dykes and sills (Duncan et al. 1997; Jourdan et al. 2005, 2007).

The Ripon Formation is part of the Permian Ecca Group and recently published U-Pb
zircon ages from the Ecca Pass section (McKay et al. 2015) place the formation chron-
ostratigraphically in the Mid Permian (early Guadalupian). It is generally 600-700 m
thick but increases in thickness to over 1000 m in the eastern part of its outcrop area
and rapidly wedges out northwards in the subsurface (Veevers et al. 1994; Johnson et al.
2006). A thickness of >1350 m was encountered in the study area northeast of East
London (Fig. 2). The formation is composed of poorly-sorted medium to fine-grained
sandstones, alternating with siltstones and shales, and occurs at depths between 1000
and >3500 m in the southern part of the Karoo Basin (Fig. 3). Ecca shales below the
Ripon Formation in the south-western part of the basin proximal to the Cape Fold Belt
document a thermal history with temperatures >230 °C (Craddock et al. 2007). Vitrin-
ite reflectance values of these shales of >3.5 % were reported by Branch et al. (2007)
and Campbell et al. (2016b) from the south-western basin, and from the south-central
to south-eastern part of the basin Decker (2011) reports values of <3.5 % (<200 °C). In
the East London area (south-eastern basin) depths of the Ripon Formation in excess
of 4500 m can be expected due to down-faulting (Scheiber-Enslin et al. 2015). An area
of 16,000 km?, marked as a transparent rectangle west of East London (Fig. 2), where
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Fig. 3 Stratigraphic reference sections (1-3) of the Permian Ecca Group (Prince Albert, Whitehill, Collingham,
Ripon, Fort Brown and Waterford formations) and lower Beaufort Group (Middleton, Koonap, Abrahamskraal
and Teekloof formations) in the Eastern Cape (for location of sections see Fig. 2), compiled and modified
from Johnson et al. (2006) and Steyl et al. (2012), and stratigraphic section intersected in borehole KWV-1
(this study). The Ripon Formation contains the first sandstones within the Ecca Group, after deposition of
glaciomarine tillites (Dwyka Group) and shallow to deep marine shales of the Prince Albert, Whitehill and
Collingham formations (lowermost Ecca Group) on the Pre-Karoo Basement. The formation is composed of
poorly-sorted medium to fine-grained sandstones, alternating with siltstones and shales, and occurring at
depths between 1000 and >3500 m in the southern part of the Karoo Basin

boreholes documented Ripon sandstones at depths >3000 m (Fig. 3), is identified as a
potential resource area and in this study relevant to a first estimation of the theoretically
available thermal energy (heat in place).

The average thickness of sandstone units in the formation is ca. 12 m with an aver-
age minimum and maximum of 0.3 and 44 m, respectively. The Ripon sandstones of the
Eastern Cape region are interpreted as turbidites (Johnson et al. 2006; Campbell 2014)
and represent the stratigraphic equivalent of the Skoorsteenberg and Laingsburg for-
mations in the Western Cape region (Johnson et al. 1996, 1997; Catuneanu et al. 2002)
which have been studied in detail as outcrop analogues of hydrocarbon reservoirs (e.g.,
Flint et al. 2011; Brunt et al. 2013). In the study area northeast of East London (Fig. 2)
the Ripon Formation is dominated by sandstones and might represent the southernmost
deposits of the Natal Trough (Tankard et al. 1982; Selley 1997). The sandstone succes-
sion is highly fractured and intersected by numerous dolerite sills reaching a maximum
thickness of 148 m. Vertical and sub-vertical fractures, associated with dolerite sills and
dykes, occurring at depths >3000 m are documented in SOEKOR exploration boreholes
(e.g., Leith and Trimpelmann 1967). In outcrops, two predominant mean joint orienta-
tions of 242/53 and 143/73 were encountered (Campbell 2014) and similar orientations
are reported from the overlaying Permo-Triassic Beaufort sandstones studied by Senger
et al. (2015). Major faults in the study area northeast of East London are striking E-W
(Mountain 1974; Johnson and Caston 1979).
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Methods

The studied borehole KWV-1 was drilled in an abandoned quarry 10 km E of the
town Willowvale (Fig. 1) in the Eastern Cape Province, South Africa (32°14/43.10” S,
28°35'08.10” E; 263 m a.s.l.) within the framework of the research programme KARIN
(Karoo Research Initiative) and represents the first deep Karoo borehole since the
SOEKOR exploration drilling program undertaken in the 1960s and 1970s. The core is
curated at the Council for Geoscience (CGS), Pretoria. The borehole intersected six for-
mations of the Beaufort and Ecca groups and the Dwyka Group (Fig. 2): the Koonap
Formation of the Adelaide Subgroup (lower Beaufort Group) at 0 m, the Waterford For-
mation at 189.20 m below surface (mbs), the Fort Brown Formation at 264.50 mbs, the
Ripon Formation including the Trumpeters Member at 919.20 mbs, the Wonderfontein
Member at 1048.40 mbs, and the Pluto’s Vale Member at 1346.13 mbs, the Whitehill
Formation at 2294.95 mbs, the Prince Albert Formation at 2308.40 mbs (Ecca Group),
and the Dwyka Group at 2339.75 mbs. The final depth of borehole is 2352.39 mbs. Core
size PQ (85 mm) was used until a depth of 300.16 m, core size HQ (63.5 mm) until a
depth of 1000.15 m, and core size NQ (47.6 mm) until the end of hole.

In total, 32 samples were selected across all members (Trumpeters Member, Won-
derfontein Member, and Pluto’s Vale Member) of the Ripon Formation (Fig. 4). Litholo-
gies range from siltstone to very fine to medium-grained, partly organic-rich sandstone
(Fig. 5). Descriptions of the samples were prepared, detailing lithology as well as the
occurrence of pore space and fractures. Petrographic analyses were conducted on thin
sections prepared from selected samples at Keele University. Measurements of petro-
and thermophysical rock properties were performed at the Geothermal Laboratory
Hydrothermikum at TU Darmstadt.

Porosity and permeability analyses were carried out on all samples. Measurements of
skeletal density (helium pycnometer AccuPyc 1330) and envelope density (DryFlo pyc-
nometer GeoPyc 1360) allowed the calculation of total porosity. Permeability measure-
ments were conducted by usage of conditioned compressed air, using a gas pressure
columnar-permeameter, developed at the Institute of Applied Geosciences, TU Darm-
stadt, Germany (Filomena et al. 2014). The device can measure permeability ranges from
1dto1 pd (9.869-1071-9.869-107" m?). Samples were measured in a 1 MPa confined
cell with five pressure stages ranging from 0.108 to 5 MPa, and a differential pressure
of 80 kPa. All samples were dried overnight in a conventional oven at 105 °C before the
measurements.

For the determination of the dry bulk thermal conductivity A and dry bulk thermal
diffusivity «, the optical scanning method after Popov et al. (1999) was applied using a
Thermal Conductivity Scanner developed by “Lippmann and Rauen GbR”. The determi-
nation of both properties is based on a comparison of the cooling rates of a pre-heated
sample with unknown thermal properties with the cooling rates of reference standards
with known thermal properties. The methodology is non-destructive and contactless,
but requires the sample surface to be sprayed with a thin layer of black acrylic lacquer
to homogenize heating and temperature measurements. The measurement accuracy is
stated by the manufacturer as ca. 3 % (c.f. Lenhardt and Gotz 2015). Measurements of
thermal properties on dry porous samples under laboratory conditions reveal generally
lower values than measurements on water-saturated samples of the reservoir. However,
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Depth KWV-1 Permeability Thermal Conductivity  Heat Capacity
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Fig. 4 Stratigraphic log of the Ripon Formation intersected in borehole KWV-1 and trends of thermophysical
properties on a reservoir scale. Intervals without measurements (dolerites) are grey shaded. Scale bars 100 m,
Fm Formation. All lithologies are classified as impermeable. Fine-grained sandstones, the dominant lithology,
show the highest thermal conductivity. Specific heat capacity reveals the highest values in siltstones and
fine-grained sandstones

measurements on oven-dried core samples guarantee a very good reproducibility of
the results in contrast to in situ values (Homuth et al. 2014). Including lithotype-spe-

cific correction and conversion equations (Fuchs et al. 2013) enable the calculation of
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Fig. 5 Ripon Formation intersected in borehole KWV-1 (32°14/43.10" S, 28°35’08.10" E), Eastern Cape
Province, South Africa; a Very fine to fine-grained feldspathic greywacke containing quartz, feldspar, lithic
fragments in clay-sized matrix with organic matter. Plane polarized light; b fine-grained lithic arkose contain-
ing predominantly quartz, lithic fragments in clay-sized matrix. Plane polarized light; € medium-grained lithic
arkose consisting of quartz, feldspar, lithic fragments in clay-sized matrix. Cross polarized light; d siltstone
containing abundant quartz and organic matter. Plane polarized light; e sandstones of the Wonderfontein
Member between the depths of 1259.50-1269.50 m with sub-vertical fractures (marked by red arrows)

the water-saturated matrix (bulk) thermal conductivity from data of dry-measured
bulk thermal conductivity, and can be applied in a later stage of exploration to gain
more accurate estimates of the resource potential. In contrast, samples of impermeable
to low permeability rocks show different effects. In the reservoir, the thermal proper-
ties are affected by temperature and pressure. Compaction closes micro-fractures and
thus decreases porosity which leads to an increase of bulk density. As a result, thermal
conductivity increases due to better grain-to-grain contacts and less “defects” (such as
micro-fractures). Increase in temperature causes “thermal cracking” due to differen-
tial thermal expansion coefficients of the minerals (Clauser and Huenges 1995). Hence
at depth micro-fractures can be assumed, that are not present at ambient (laboratory)
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conditions. As a result, thermal conductivity decreases due to increasing “defects” Satu-
ration generally enhances thermal conductivity and specific heat capacity in a porous
rock, as water/brine has significantly higher values than air. But in a low porous rock
there might be simply no pore space that can be filled with water, so the properties are
not increased. Petro- and thermophysical rock properties are presented in Table 1.

A dynamic Calvet calorimeter SETARAM C80 (Calvet and Prat 1963) was used to
measure the specific heat capacity for the temperature range from 25 to 200 °C. The
device has two chambers, of which one is filled with weighted sample material, while
the second chamber remains empty and acts as reference. In course of the measure-
ments the temperature was stepwise increased by 0.5 °C/min, while the heat flux in the
sample chamber and reference chamber is measured. The difference between the heat
flows is proportional to the specific heat capacity of the sample material (Schellschmidt
1999). The device has a temperature accuracy of £0.1 °C and a measurement precision
of £0.1 %. The specific heat capacity results are presented in Table 2.

Results

Lithology and petrography

The Permian Ripon Formation contains siltstone and three distinct sandstone litholo-
gies: (1) very fine-grained sandstones, (2) fine-grained sandstones, and (3) medium-
grained sandstones.

Very fine-grained sandstones (Fig. 5a) contain sub-rounded to rounded grains of
quartz and feldspar as well as shale fragments in a clay-sized matrix classifying them as
feldspathic greywackes (Folk 1954). Feldspars include albite as well as microcline and
have been partially altered to clays. Muscovite, biotite and chlorite were also observed
within the poorly sorted sandstones.

Fine-grained sandstones (Fig. 5b) contain angular to sub-rounded quartz, albite,
microcline, and lithic fragments within a clay-sized matrix classifying them as lithic
arkoses (Folk 1954). Chert fragments, zircon, chlorite, and muscovite were also observed
within the moderately sorted sandstone. The majority of the feldspar grains had been
altered to clays, possibly sericite.

The medium-grained sandstones (Fig. 5c) contain angular to sub-angular quartz,
albite, microcline, and lithic fragments within a clay-sized matrix which classify them as
lithic arkoses (Folk 1954). Muscovite, chlorite, chert, and hornblende were also observed
in the poorly to moderately sorted sandstones. The primary clay content is lower than in
the very-fine and fine-grained sandstones, however, the majority of feldspars have been
partially altered to clays.

Siltstones (Fig. 5d) contain angular to sub-angular quartz grains, elongate muscovite
as well as chert and shale fragments in a clay-sized matrix. Abundant organic particles
were also observed.

Faults and fractures

An 8 cm wide fault was observed at 1046.40 m in the Trumpeters Member sandstone
and a 2.5 cm wide fault at 45° to the core axis was encountered at 1121.95 m within
the Wonderfontein Member siltstones (Fig. 4). Fault breccias were encountered in sand-
stones of the Pluto’s Vale Member between 1792.60 and 1797.90 m. Pyrite and quartz
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Table 2 Specific heat capacity values [kJ/(kg-K)] at different temperatures (25, 80, 100,
200 °C) and for extrapolated temperatures at reservoir depths 3000 m (103 °C) and 3500 m
(117 °C), respectively

Sample location Lithology T=25°C T=80°C T=100°C T=200°C T=103°C T=117°C

KWV-1 (borehole)  Siltstone 0.80 0.88 091 1.06 0.92 094

KWV-1 (borehole)  Very fine-grained  0.80 0.87 0.89 1.02 0.90 0.92
sandstone

KWV-1 (borehole)  Fine-grained 0.80 0.86 0.88 1.00 0.88 0.90
sandstone

KWV-1 (borehole)  Medium-grained  0.77 0.83 0.86 0.97 0.86 0.88
sandstone

was observed along fault surfaces. Numerous vertical to sub-vertical fractures (Fig. 5e)
occur within the sandstones of the Pluto’s Vale, Wonderfontein and Trumpeters mem-
bers. Fractures in dolerite sills occur at 1715.81 m and between sills and sandstone at
2158 m. Some fractures in both sandstone and dolerite have been filled with gypsum and
calcite.

Petro- and thermophysical rock properties

Ranges and mean values of density, porosity, permeability, thermal conductivity, and
thermal diffusivity of the Ripon Formation’s silt- and sandstones from borehole KWV-1
are provided in Table 1 in comparison to data gained from outcrop samples from the
Ecca Pass section (Campbell et al. 2016a). Specific heat capacity at different tempera-
tures (25, 80, 100, 200 °C) and for extrapolated temperatures at reservoir depths are pro-
vided in Table 2.

Siltstones have porosities below 1 %, their permeabilities are below 0.0010 mD
(9.87-107"° m?), the mean density is 2740 kg/m?. Very fine-grained sandstones range
in porosity from 1.2 to 1.3 % with a mean of 1.22 %. Their permeabilities show a mean
value of 0.0011 mD (1.09-10~'® m?), the mean density is 2680 kg/m?>. The fine-grained
sandstones range in porosity from 0.8 to 1.8 % with a mean of 1.1 %. The permeabilities
of this lithology have a mean value of 0.0020 mD (1.97-10~'® m?), the mean density is
2700 kg/m?®. The medium-grained sandstones range in porosity from 1.5 to 2.2 % with
a mean of 1.7 %. Their permeabilities are below 0.0010 mD (9.87-10~'° m?), the mean
density is 2650 kg/m?.

The thermal conductivity of the siltstones shows a mean of 3.21 W/(m-K) with a stand-
ard deviation of 0.03 W/(m-K), very fine-grained sandstones have a mean of 3.26 W/
(m-K) with a standard deviation of 0.04 W/(m-K), fine-grained sandstones exhibit
a mean of 3.67 W/(m-K) with a standard deviation of 0.05 W/(m-K), and the thermal
conductivity of the medium-grained sandstones shows a mean of 3.19 W/(m-K) with
a standard deviation of 0.04 W/(m-K). Heat capacity is highest in siltstones and fine-
grained sandstones (Table 2).

Heat in place

Following the volumetric approach by Muftler and Cataldi (1978), the calculation of the
heat in place using Eq. (1) leads to a first estimation of the theoretically available thermal
energy from a geothermal system.
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En=c-pr V- (Tr—Ts) (D)

where E,; is heat in place (]), c, the specific heat capacity of the reservoir rock [k]/(kg-K)],
p, the density of the reservoir rock (kg/m?), V the reservoir volume (m?), T, the reservoir
temperature (°C) and T the average surface temperature (°C), respectively.

With the available KWV-1 data of a mean specific heat capacity c, of 0.89 [k]/
(kg-K)] (Table 2), a mean density p, of 2700 kg/m?® (Table 1), a reservoir volume of
10,400,000,000,000 m?> including the area west of East London to the western bor-
der of the Eastern Cape Province north of the Cape Fold Belt (Fig. 2) where the Ripon
Formation reaches a mean thickness of 650 m and occurs at depths of 3000 m, and a
temperature difference of 85 °C (reservoir temperature T, = 103 °C; average surface tem-
perature 7, = 18 °C), a preliminary estimation of the available thermal energy suggests
596.70 TWh (2.15 EJ) of heat in place.

Discussion

The petro- and thermophysical rock properties of the Ripon Formation intersected
in borehole KWV-1 at a depth between 919.20 and 2294.95 m reveal the potential of
this formation for geothermal energy utilization. Generally, impermeable fine-grained
sandstones—the dominant lithology—show the highest thermal conductivity (3.71 W/
(m-K)). Fine-grained sandstones and siltstones revealed the highest specific heat capac-
ity. A comparison of outcrop and core samples shows that measurements of outcrop
samples yield slightly higher porosities and permeabilities, however, these sandstones
have permeabilities that are low to impermeable (Campbell et al. 2016a). Thermal con-
ductivities of sandstones encountered from borehole KWV-1 are noticeably higher than
those of outcrop sandstones. For a first assessment of a potential geothermal resource
and its distinct reservoir formations, data gained from outcrop analogue studies seem
to lead to a conservative estimation of the reservoir capacity but prove to be useful with
respect to transferability of outcrop conditions to reservoir conditions. Based on the
investigations of geothermal parameters from a deep drill core, in a later stage of geo-
thermal exploration, the integration of reservoir transfer models (e.g., Tikhomirov 1968;
Somerton 1992; Vosteen and Schellschmidt 2003; Abdulagatova et al. 2009) enables a
more precise reservoir prognosis including numerical simulation and upscaling (Rithaak
et al. 2015).

Another tool for the prognosis of geothermal reservoir properties of deep sedimentary
basins is the thermofacies concept introduced by Sass and G6tz (2012) who showed that
permeability and thermal conductivity, significantly responsible for the heat flow of a
reservoir formation, are dependent on the distinct lithofacies type. Applying the ther-
mofacies concept, the Ripon Formation’s silt- and sandstones are classified as petrother-
mal system with conductive heat transfer. Such systems need reservoir stimulation for
techno-economic utilization (Tester et al. 2005; Huenges 2010). The high fracture and
dolerite sill occurrence in the silt- and sandstones of the Ripon Formation (Figs. 4, 5e)
provide a natural permeability improvement that can be enhanced by hydraulic fractur-
ing. The influence of dykes and sills to permeability enhancement was studied by Senger
et al. (2015) in the Karoo Basin and demonstrates the potential for fluid-flow channelling
along the intrusion-host rock interfaces. This study also highlights the different fracture
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types based on the likely mode of formation, namely (1) syn-emplacement fractures in
host rocks, (2) post-emplacement fractures in dolerite, and (3) tectonic fractures in both
host rock and dolerite. These three fracture types are also present in borehole KWV-1.
Outcrop data from the Ecca Pass (Campbell 2014) reveal two predominant mean joint
orientations of 242/53 and 143/73 in the Permian Ripon Formation and similar orienta-
tions were measured in the Permo-Triassic Beaufort sandstones studied by Senger et al.
(2015). However, these authors note that open fractures decrease with increasing litho-
static pressure (depth) and are less likely good fluid conduits at depth. Temperatures of
80 °C at 2200 m depth indicate a geothermal gradient of 28.2 °C/km in the Willowvale
area (mean annual surface temperature 18 °C) northeast of East London. Sandstones of
the Ripon Formation occurring at >3000 m depths in the southern Eastern Cape region
(Fig. 3) are thus promising reservoirs with expected temperatures of >100 °C, suitable for
electricity production in a binary geothermal power plant. On a local scale, direct use
of the potential reservoir is most probably an alternative to harness geothermal energy
from the Karoo Basin. Thermal springs reported (Steyl et al. 2012) show water tempera-
tures ranging from 26 to 41 °C, with temperatures of 26 to 31 °C in the southern part,
30 to 37 °C in the central part and 28 to 41 °C in the north-eastern part of the basin. So
far, thermal springs have been developed for direct use north of the Karoo Basin in the
Limpopo Province north of Pretoria, where water temperatures of up to 71 °C have been
reported (Chevallier et al. 2014). A review of the direct utilization of geothermal energy
in South Africa is given in Lund and Boyd (2015).

The quantification of the heat in place provided first information for the potential
resource area in the Eastern Cape. In a next step, the recoverable thermal energy, con-
sidering recovery factors suitable for low porosity rocks, and additionally the potential
recoverable electrical energy can be reported for an identified resource as outlined in
Limberger et al. (2014).

Heat flow data from the Karoo Basin (Jones 1993, 2001) indicate areas of a moderately
elevated heat flow within the basin related to the underlying basement (Namaqua-Natal
Mobile Belt; Figs. 2, 6). Generally, heat flow in the mobile belt is much higher than in the
Kaapvaal Craton. Preliminary models attribute approximately half the excess heat flow
in the Namaqua-Natal Mobile Belt to crustal radioactivity, and the rest to a higher heat
flux across the Moho (Jones 1993). Geotherms based on these models agree with esti-
mates of upper mantle pressure—temperature conditions inferred from kimberlite inclu-
sion studies, and indicate that the lithosphere below the Kaapvaal Craton is considerably
cooler and thicker than the lithosphere below the Namaqua-Natal Mobile Belt.

Additionally, distinct spatial patterns of heat flow within the Karoo Basin have to be
seen in the context of different tectonic settings and kimberlite occurrence: In the north-
ern and central basin parts an elevated heat flow might be related to the occurrence of
young (94 Ma and younger) kimberlites (Hielke et al. 2004), the south-western basin
part is located in the northern extension of the syntaxis of the Cape Fold Belt (Johnston
2000), and the eastern and south-eastern basin parts build the southernmost extension
of the East African rift system (Chorowicz 2005).

The southern Karoo Basin is seen as a promising future target area for geothermal
energy exploration in South Africa. The area is characterized by thrust tectonics (Fig. 6)
and highly fractured clastic rocks. Sandstones of the Ripon Formation occur at depths
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Fig. 6 SSE-NNW transect through the southern Karoo (for location see Fig. 1) and tectonic model based on
interpretation of a seismic reflection profile (modified from Lindeque et al. 2011). The up to 5 km thick Karoo
Supergroup is tectonically disrupted by low-angle thrust faults rooted in local décollement horizons in the
lower Ecca Group and overlays unconformably the up to 10 km thick wedge of the Cape Supergroup. The
underlying mid-crust basement, the Mesoproterozoic Namaqua-Natal Metamorphic Belt (NNMB), reaches a
thickness of 13-21 km and the 10-24 km thick lower crust, built by a Paleoproterozoic section of the NNMB
or an (?) Archean craton, is bounded by a 2-5 km thick reflective horizon sub-parallel to the Moho. Abbrevia-
tions used: u.c. upper crust, Fm. formation, Gr. group, WH Whitehill, PA Prince Albert

of >3000 m (Fig. 3) and from the borehole KWV-1 data a high thermal conductivity and
high specific heat capacity can be assumed. In the region west of East London with deep
thermal springs (Steyl et al. 2012), the highly fractured sandstones south of the dolerite
line (Fig. 2) might act as transitional systems (Sass and Go6tz 2012) and can be further
enhanced by hydraulic stimulation. In the region northeast of East London, the frac-
tured sandstones are intersected by dolerite sills and here fluid-flow channelling along
the intrusion-host rock interfaces might serve as natural enhancement of a petrother-
mal system that could possibly be operated as an enhanced geothermal system (EGS)
by additionally man-made stimulation. However, since information on the deep Karoo
aquifer systems is not readily available (Murray et al. 2006), there is a need to address
this research gap to provide the necessary information on the hydraulic and hydrochem-
ical properties of reservoir fluids to be integrated in further geothermal exploration
strategies.

On a basin-wide scale, the heterogeneity with respect to facies and thickness of pro-
spective sandstone reservoir formations has to be considered for future geothermal
exploration activities. However, heat flow in a low permeability basin such as the Karoo is
effectively very slow since convective heat transfer is negligible. A predominantly conduc-
tive thermal regime can be assumed. As the potential geothermal system would rely on
fractures, and these may be very variable in their transmissibility properties across a large
area, extrapolating results from a single borehole across the basin remains difficult. Fur-
thermore, until boreholes are drilled to reservoir depth, and fluid has been extracted from
a natural or artificial reservoir at an economically sustainable flow rate, no specification
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can be made about development of or production from the reservoir. However, the initial
dataset of the KWV-1 borehole and Ecca Pass section from the southernmost part of the
basin identifies this area as the most suitable for ongoing geothermal research.

Conclusions and outlook

The potential of geothermal energy utilization from the Main Karoo Basin has been
assessed by compiling available literature data on the basin’s siliciclastic successions,
their thickness, lateral extent, depth, as well as using available data on heat flow, geo-
thermal gradient, thermal springs, structural geology and dolerite occurrence and
integrating new petro- and thermophysical data, as well as structural and down-hole
temperature data obtained from the present study.

Sand- and siltstones of the Permian Ripon Formation were intersected in a deep drill
core at a depth between 919.20 and 2294.95 m. Measurements of petro- and thermo-
physical rock properties of core samples indicate a geothermal resource potential. High
thermal conductivities ranging from 3.17 to 3.71 W/(m-K) and a high specific heat
capacity are parameters of the geothermal reservoir formation. Although low matrix
permeabilities were detected, the reservoir permeability may be enhanced by the joint
and fracture system and numerous dolerite sills intersecting the formation with a poten-
tial for fluid-flow channelling along the intrusion-host rock interfaces. Temperatures of
80 °C at 2200 m depth indicate a moderately elevated geothermal gradient. Sandstones
of the Ripon Formation occurring at >3000 m depths in the southern Eastern Cape
region are candidate EGS reservoirs with temperatures >100 °C suitable for electricity
production in a binary geothermal power plant.

Thermophysical data gained from an outcrop analogue study of the Ripon Formation
exposed about 200 km SW of the studied borehole KW V-1 prove to be of value for a first
resource assessment. Similar values of petro- and thermophysical rock properties were
collected, classifying the Ripon Formation as a low permeability, fractured reservoir with
a high thermal conductivity and a high specific heat capacity. Such petrothermal systems
can be exploited and used for electricity production by creating fluid pathways by means
of hydraulic stimulation (Breede et al. 2013). Future studies should thus focus on the
deep aquifers of the Karoo Basin, e.g. with respect to hydraulic conductivity of the frac-
tures and the influence of dykes and sills intersecting the sandstone formations.

With regard to economic feasibility of electric-power generation in the Karoo, the
endeavour to implement geothermal energy as a viable contribution to the future energy
mix of South Africa should include feasibility studies on hybrid energy systems such as
geothermal-solar-wind systems.
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