European Geothermal Congress 2016
Strasbourg, France, 19-24 Sept 2016

- /. “wafpg

r ‘ GEOTHERMAL 1S s

Enhancing permeability by multiple fractures in the Krafla geothermal reservoir, Iceland

Gudjon Helgi Eggertsson?, Yan Lavallée!, Jackie Kendrick!, Anthony Lamur? Sigurdur
Markusson?

'Department of Earth, Ocean and Ecological Sciences, University of Liverpool, Liverpool, UK

2Landsvirkjun, Haaleitisbraut 68, 103 Reykjavik, Iceland

g.eggertsson@liverpool.ac.uk

Keywords: Fracture permeability, Storage capacity,
Krafla geothermal reservoir.

ABSTRACT

The presence of fractures in hydrothermal systems
influences the storage capacity and efficiency of fluid
flow necessary for successful and sustained
exploitation for geothermal energy production. The
magmatic-hydrothermal system at Krafla Volcano,
North-East Iceland, has been exploited by Landsvirkjun
National Power since 1977 to generate electricity. Here,
to gain insight on the permeability of the reservoir rock,
we present results of laboratory experiments conducted
to evaluate the effects of multiple fractures on the
permeability and porosity of basaltic rocks (with 10-
21% initial porosity) collected at Krafla. A hydrostatic
cell was used to measure the permeability and pore
volume changes of intact rocks as a function of
effective pressure (5-100 MPa). The samples were then
fractured using Brazilian tensile tests and permeability
measurements were repeated under the same range of
conditions. Finally, the samples were fractured a
second time and the permeability was measured anew.
The results show that the generation of the first macro-
fracture induced the most significant permeability and
porosity changes. The permeability increase due to the
presence of a macro-fracture is highest for the densest
samples, with a porosity of <15%. The generation of a
second fracture imparts little additional effect on
permeability across the range of porosities tested. The
findings show that the effective pressure is a key
control on the efficacy of fluid flow in intact and
especially, fractured rocks.

1. INTRODUCTION

The porous networks of crustal rocks are capable of
storing high-pressure and temperature fluids, extracted
for geothermal energy production (Gudmundsson,
1995). The storage capacity is thus directly related to
the porosity of the rock, in particular the connected
porosity (e.g. Siratovich et al., 2014). Hence,
permeability within exploited geothermal fields has an
important control on both productivity and the
sustainability of fluid flow within the reservoir. The
development of permeability (whether natural or
induced) has a great impact on the success, magnitude,

and sustainability of energy production (e.g. Mock et
al., 1997; Zimmermann et al., 2009).

The architecture of the porous network of rocks and, as
a result, permeability varies widely (e.g. Brace, 1980;
Norton and Knapp, 1977; Paterson and Wong, 2005).
This is especially the case for volcanic rocks, as they
have undergone complex deformation histories during
their formation (Ashwell et al., 2015; Kendrick et al.,
2013). It has been suggested that there is a porosity
change point (15~20%) above which, the permeability
is primarily controlled by pores and below which, by
fractures (Klug and Cashman, 1996). This owes to the
relative tortuosity and pore throat size of the variably
constructed porous networks of dense and porous rocks
(Farquharson et al., 2015). As a result, the permeability
of dense rocks (<15% porosity) can be more strongly
influenced by the generation of macro-fractures as it
decreases the tortuosity of fluid flow through fractures
(Lamur et al., 2016).

Geothermal exploitation relies heavily on the presence
of fractures to optimise fluid flow and energy
generation. During drilling operations, a number of
methods have been applied to enhance the extent of
permeable fractures, whether through fracking
(McClure and Horne, 2014; Miller, 2015; Zang et al.,
2014) or thermal stimulation (Grant et al., 2013;
Siratovich et al., 2015). However, in high-temperature,
high-enthalpy geothermal reservoirs, where the rock
may exhibit pseudo-plastic behaviour (e.g. Violay et
al., 2012), it is commonly assumed that fractures would
not remain effectively opened for long periods of time
(e.g. Scott et al., 2015). This can be overcome if the
rock is kept fragmental if stress is sufficiently high (e.g.
Lavallée et al., 2013) or by keeping temperature low,
thus thermally contracting the rock (e.g. Siratovich et
al., 2015).

The hydrothermal system of Krafla volcano, North-
East Iceland, has been a source of extensive
exploitation for geothermal energy production since
1977 (Landsvirkjun, 2016). Geological investigation of
drilling products (cores and cuttings) has revealed that
the upper 1300 m of the Krafla reservoir is primarily
made up of basaltic lavas and hyaloclastite. At depths
below 1300 m, the reservoir is made up of intrusive
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volcanics, primarily gabbro and felsite (e.g.
Bodvarsson et al., 1984; Mortensen et al., 2014).
Recent drilling activity during the Iceland Deep
Drilling Project (IDDP) has revealed the presence of a
shallow rhyolitic magma body at 2100 m, powering the
hydrothermal system (Elders et al., 2011; Zierenberg et
al.,, 2013), which has now been imaged using
geophysical inversion (Schuler et al., 2015). The
combined volcanological and geothermal interest for
this system has recently pushed the organisation of the
Krafla Magma Drilling Project (KMDP) — a joint
international effort aiming to further our understanding
of the potential, limitations, sustainability and dangers
of clean magma energy exploitation (Eichelberger et
al., 2015). Such activities will also further our
understanding of magma-hydrothermal systems to
improve volcanic hazard assessment (Bjornsson et al.,
2007).

Here, we present results of laboratory experiments,
conducted in the WVolcanology and Geothermal
Research Laboratory at the University of Liverpool, to
evaluate the effect of multiple induced tensile fractures
on the permeability of basaltic rocks from the Krafla
volcanic/geothermal field in North-East Iceland.

2. METHODOLOGY

To evaluate the impact of multiple fractures, we
combined permeability measurements with indirect
Brazilian tensile tests. The tests were carried out on
basalt lava, erupted during the 1724-29 Myvatn fires
(Armannsson et al., 2014), collected near the drilling
platform of KV-01, during a field campaign at Krafla
volcano in the summer 2015.

The samples prepared for this study had a 2:1 aspect
ratio, with a diameter of 26 mm and thickness of ~13
mm. The connected porosity was determined using an
AccuPyc 1340 He-pycnometer from Micromeritics.
The chamber used was 35 cm® which provides a
volume determination accuracy for the sample of
+0.1%.

The initial permeability of the cylindrical samples was
measured in a hydrostatic pressure cell from Sanchez
Technologies (Figure 1) following Darcy’s Law. The
cylindrical sample was placed inside a rubber jacket
and the rock permeability was measured using water by
imposing a pressure gradient of 1.5 MPa across the
sample (upstream: 2 MPa; downstream: 0.5 MPa) at an
average pore pressure of 1.25 MPa for a range of
confining pressures (5-100 MPa) using silicon oil. Thus
the measurements were done for a range of effective
pressures (effective pressure = confining pressure —
pore pressure) that cover, and extend beyond, the
conditions of the Krafla geothermal reservoir. At each
confining pressure, two measurements are made with
the low and high flow rate value recorded. The porosity
change undergone by compaction of the samples during
confinement to different pressures was assessed by
monitoring the amount of water expelled from the
samples back into the volumometer of the pumps. The
accuracy of the volumometer on the pump is 0.002 ml
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and the volume of water displaced from the samples
during confinement ranges between 0.020 and 0.100
ml. Hence the accuracy of each measurement is 2-10 %,
depending on the volume of water displaced (relating
to the absolute porosity) and the accuracy of this
method for the calculation of porosity variation is 4-
20%. Before and after each test, the sample was dried
in an oven at 75 °C.

To induce tensile fractures through the samples, the
Brazilian tensile testing method was employed. To
break the samples, the cylindrical sample was loaded
diametrically in a 5969 Instron uniaxial press at a rate
of 103 s To ensure that the samples would not
disintegrate during tensile fracturing, the samples were
carefully wrapped in electrical tape around the
circumference.

After sample failure, the tape was removed and the
porosity was measured before jacketing the sample and
measuring the permeability anew. A second set of
fractures was then imparted, perpendicular to the first
fracture in the samples. This time, however, the sample
was left in the rubber jacket during loading in the press
to ensure it remained coherent. After sample failure, the
permeability was measured once again under the same
range of conditions as detailed above, and finally the
sample was removed from the jacket and porosity was
measured

Air/Oil
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Figure 1: Schematic of the Sanchez permeameter at
the University of Liverpool. The rock permeability
was measured using water by imposing a pressure
gradient of 1.5 MPa across the sample at an average
pore pressure of 1.25 MPa (upstream: 2 MPa;
downstream: 0.5 MPa) for a range of confining
pressures (5-100 MPa). The porosity variation was
measured by displacement of water back into the
volumometer of the pump.

3. RESULTS

3.1 Brazilian tensile testing

The porosity of the samples tested in this study ranges
from 10.9% to 21.3% and the density is 2.40-2.74 g/cm?®
(Table 1). The results of the Brazilian tests show an



inverse correlation between the tensile strength and the
porosity of the rocks (Table 1) as seen in other studies
on various lithologies (e.g. Aydin and Basu, 2006;
Palchik and Hatzor, 2004).

Table 1: Connected porosity of intact and fractured
(F1; 1 fracture, F2; 2 fractures) samples, density
and peak strength results.

Sﬁg‘nﬂe Porosity (%) %322%’ stlrpjr?gl;(th
Intact ~ F1 F2 (MPa)
KB-04 159 @ 16.0 16.7 2.57 115
KB-08 135 13.6 143 2.66 18.3
KB-10 148 151 16.3 2.60 184
KB-14 129 13.1 143 2.68 19.9
KB-19 109 @ 11.2 113 2.74 20.0
KB-20 213 214 237 240 8.1

The first tensile failure, generated by Brazilian testing,
generally fractured the sample through the centre
(shown as the near-horizontal fractures on Figure 2).
The fracture was found to be sharp and centred for the
densest samples (<15% pores), but undulating and less
central for the more porous samples. The geometry of
the second tensile fracture (near-vertical in Figure 2)
was also dependent on the sample porosity; that is, the
second fracture is straight in the densest rocks (<15%
pores; Figure 2).
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3.2 Storage capacity as a function of effective
pressure

The storage capacity of fluid-filled rocks may vary as a
function of effective pressure (Wong and Baud, 2012).
Here, we combine helium-pycnometry measurements
and the monitored data from the volumometers in the
hydrostatic pressure vessel to constrain the evolution of
porosity during confinement (Figure 3). In doing so, we
assume that the connected porosity at an effective
pressure of 5MPa is the same as that measured via
helium pycnometry (0 MPa).

The data shows that the storage capacity of the intact
samples may decrease by 2-3% (in absolute porosity
value) by increasing the effective pressure from 5 to
100 MPa (Figure 3; 50 MPa for weaker sample KB-20
which could not sustain 100 MPa). The presence of a
single fracture increases the porosity of the sample. An

Figure 2: Photographs of the samples. The vertical
fracture in all of the photos is the first fracture
generation, and the horizontal fracture is the second
generation. The samples are 26 mm in diameter.
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Figure 3: Porosity variation from the initial porosity (Table 1) for intact rock (blue) and samples with 1 fracture
(red) and 2 fractures (green) as a function of effective pressure. Note that the scale of each graph varies.
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Figure 4: Permeability variation of intact rock (blue) and samples with 1 fracture (red) and 2 fractures (green)
as a function of effective pressure. The permeability measurements show 2 points at each pressure step for each
sample, this represents the maximum and minimum possible permeability values during the measurement given
variation in flow rate. This variability is higher in the most permeable samples. Note that the scale of each graph

varies.

increase in effective pressure from 5 to 100 MPa is
found to decrease the porosity of the fractured samples
by approximately 2-4% (Figure 3). Yet, we find that the
samples do not all respond in the same way; for
instance, in sample KB-10, the connected porosity in
the presence of one fracture is maintained to relatively
high effective pressure.

The porosity of samples hosting two fractures seems to
show little difference to those harbouring only one
fracture (Figure 3). The exception is the most porous
sample KB-20, which lost small fragments during the
second fracture generation. This loss of material
resulted in a different initial porosity (Table 1; at
effective pressure of 0 MPa) and a different porosity
evolution as the effective pressure was increased. This
sample is therefore excluded from further
considerations of porosity-permeability evolution with
pressure (i.e., it is not displayed in Fig. 4).

3.3 Permeability as a function of effective pressure

The permeability of rocks varies as a function of
fracture density (e.g. Lamur et al., 2016) and confining
pressure (Alam et al., 2014; Walsh, 1981). Here, we
present permeability measurements on intact and
fractured basaltic rocks. The permeability of the intact
samples tested ranges between 103 and 10716 m2. The
permeability of the rocks is constrained to decrease
nonlinearly with an increase in effective pressure
(Figure 4), due to the closure of micro-cracks; in some
cases, permeability may decrease by ca. three orders of
magnitude by increasing the effective pressure from 5
to 100 MPa. The permeability of the intact rocks
increases non-linearly with porosity (Figure 5) as
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previously described (e.g. Ashwell et al., 2015; Bourbie
and Zinszner, 1985; Farquharson et al., 2015; Heap et
al., 2015; Kendrick et al., 2013; Kushnir et al., 2016;
Lamur et al., 2016; Mueller et al., 2005; Saar and
Manga, 1999; Schaefer et al., 2015; Stimac et al.,
2004).
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Figure 5: Permeability as a function of porosity for
the initial and fractured basaltic rocks tested in this
study. The permeability values plotted were
obtained at an effective pressure of 5 MPa. Despite
a wide range of permeability values for the intact
samples across the porosity range tested, the
fractured samples have a narrow range of
permeability.

The presence of one macro-fracture induced through
the samples has a net impact on the permeability of 0.5
to almost 3 orders of magnitude. This influence is
greatest in lowest porosity samples (<15% pores). The



generation of a second fracture does not appear to
influence the permeability of the rocks further, despite
creating more fracture surface area and increasing
porosity (Table 1). This observation remains valid over
the range of effective pressures tested; we note an
exception with the case of sample KB-08, for which the
second fracture seems not to close adequately with an
increase in effective pressure, resulting in a
permeability about 1 order of magnitude higher than the
single-fractured sample at 100 MPa confining pressure
(Figure 4).

4. DISCUSSION

A detailed knowledge of the storage capacity and
permeability of reservoir rocks is crucial to improve the
utilisation of geothermal resources and to maximise
energy production. The experimental work carried out
here sheds light on the efficiency of fluid flow through
the permeable porous network of the basaltic rocks
present in the Krafla geothermal system. The study
shows that the porosity and permeability of rocks are
nonlinearly influenced by the effective pressure exerted
in the system, so permeability may be increased by
controlling the pressure of the fluid injected into the
hydrothermal system. Generation of a macro-fracture
through the samples enhances the permeability of the
rocks; the presence of a second perpendicular fracture
however, does not impact the permeability further;
though this may not necessarily be the case when rocks
are pressurised in anisotropic stress fields where the
presence of a second fracture may favour slight
displacement/misalignment of the fragments, which
may leave gaps in the rock to permit extensive fluid
flow. We find that in dense rocks (with porosity <15%)
permeability is significantly increased by the presence
of a fracture (Figure 5); this may be explained by the
greater decrease in the tortuosity of the porous network
by inducing a fracture in dense rocks (e.g. Farquharson
etal., 2015). Upon increasing the effective pressure, the
fractures shut and permeability decreases; the initially
more porous rocks (>15%) are able to attain a
permeability more similar to their intact rock
counterparts (Figure 4). The higher magnitudes of
porosity and permeability decrease as a function of
effective pressure for the fractured rocks (compared to
intact rocks) suggests that fracture closure underlies the
densification of rocks with confinement.

The laboratory measurements provided here offer a first
step in the constraint of the storage capacity and
permeability of the geothermal reservoir at Krafla
volcano. However, it remains that the results do not
account for complexity arising from the effect of high-
temperatures, or complications that result from fluid
flow in hot rocks such as the effects of dissolution and
precipitation. Such descriptions are subject of ongoing
work as part of the IDDP and KMDP projects.

5. CONSLUSIONS

The experimental study describes the influence of
multiple fractures on the storage capacity and
efficiency of fluid flow in basaltic rocks found in the
geothermal system at Krafla volcano, Iceland. The data
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shows that the generation of the first macro-fracture has
the greatest impact on enhancing the permeability of
rocks, and that subsequent fractures do little to further
increase fluid permeability. We find that effective
pressure is an important control on the porosity and
permeability of the rocks tested, and that it serves to
primarily close micro- and macro-fractures, important
in regulating fluid flow.
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