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Abstract

The Karliova triple junction (KTJ) in eastern Turkey has been subjected to incremental
deformation resulting in complex kinematic and mechanical interactions throughout the upper
crust. These interactions have generated tectonic inversions and uplift, extensive seismicity and
volcanism. The regional tectonics generate local stresses, some of which are favorable to
magma transport and thermal water circulation throughout the lithosphere. Here we evalauate
hydrogeochemical, geological and numerical results relating to the mechanism of thermal fluid
circulation around the KTJ. Hydrogeochemistry of the samples indicates that the thermal water
springs are probably heated by steam. Volcanic rocks at the site appear to be the host rock
owing to the enrichment of Na* and CI ions in water and the abundance of these elements in
minerals of the volcanic rocks. In addition, it is clear that the thermal fluids are sourced from
depth and migrate through permeable networks of faults. The effects of crustal heterogeneities,
in particular the geometry and mechanical properties of many faults and layers, on thermal
fluid circulation in relation to active magma chambers were investigated under a variety of
different mechanical conditions. The numerical results indicate very close relationships
between the stress field causing faulting and thermal fluid movement in the KTJ. Thermal
transfer effects were modeled throughout the crust and along the crustal surface. The models
show that some faults encourage thermal fluid circulation below the Varto and Ozeng
volcanoes. Hydrogeochemical, geological and numerical results suggest that magmas residing
beneath both the Varto caldera and the Ozeng volcano are the main heat source for thermal
fluid in the Varto region. Fluid-solid interactions and fluid circulation models show that the
permeable faults are important factors affecting heat transport and fluid circulation. In a series
of thermal fluid flow models we probe the mechanism for fluid and gas transport from the 900
°C ‘hot’ zone around the deep magma chambers and how heat is lost throughout the crust on
the way to the surface and so eventually creates water channels of temperatures between 50 to
60 °C.
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1. Introduction

Faults and fractures which accommodate the deformation of large sections of the upper
crust have a significant impact on the physical processes controlling heat transfer and fluid
motion in the subsurface. This is because they disturb the conformal succession of geological
layers (Press and Siever, 1995). In addition, the mechanical properties of the rocks, the
hydraulic characteristics of the rocks, and the geologic and also geodynamic relations provide
useful information about thermal fluid circulation through the fractured upper crust. Numerical
modeling provides one approach to estimate the structural setting of the subsurface and the
mechanical processes controlling fluid and heat transfer (e.g., Cherubini et al., 2013).

The emplacement of hot asthenospheric mantle into shallow levels beneath the crustal
materials of the Karliova-type triple junction could be expected to generate magmatism and
possibly thermal water potential. Consistent with this expectation, sequences of volcanic
centers have historically erupted along the triple junction within Karliova (e.g., Furlong and
Schwartz, 2004).

Geothermal systems are linked to magmatism in a variety of geodynamic contexts in
volcanic environments (i.e., island arcs, hot-spots, middle oceanic ridges, sea-mounts,
intraplate volcanism and intrusions) (Caracausi et al., 2005). Thermal fluid circulation is
affected by both temporal variations in degassing and in the activity level of the magmatic
systems supplying fluids and energy to the geothermal reservoirs (Baker, 1995; Von Damm et
al., 1995; Baker and Urabe, 1996; Giggenbach, 1996; Caracausi et al., 2005). Active tectonics
and very recent volcanic activity have a strong impact on the geochemistry of the circulating
fluids (e.g., [taliano et al. 2013).

A triple junction that deforms the upper crust in a complex manner is a site of special
interest in which to study thermal and cold water transportation. Geometric consequences of
the motions of three plates, following a collision between convergent plates, mostly result in
extrusion through crustal-scale transtensive faults. Triple junction tectonics can produce
surface uplift and crustal deformation, abundant seismic activity, high heat flow, and the
eruption of volcanoes on the Earth’s surface (e.g., Furlong and Schwartz, 2004).

In order to better understand the source and thermo-mechanical constraints on
hydrothermal systems, the detailed geologic background and geochemical analysis of the
fluids, which in turn form a numerical modeling approach, must first be evaluated. The young
Karliova-Varto volcanic terrain provides an excellent opportunity to explore the relationships
between magmatic heat sources (i.e., magma chambers, magma storage, magma plumes, hot
spots) and geothermal fluids throughout the upper crust.

The aim of the study is to demonstrate how hydrothermal systems follow paths with
different dimensions along these faults, and also how a fluid behaves in this intensely deformed
crust. The hydrogeochemistry of geothermal springs around the Varto volcanic province is
documented in order to link geochemical constraints with thermo-mechanical controls on fluids
in the crust.

2. Tectonic and Geologic setting

Eastern Turkey represents a particular part of the Mediterranean region which is
characterized by the presence of major continental fragments and suture zones (e.g., Isik et al.,
2014). The closure of the Neotethyan Ocean along the BZSZ during the Cretaceous-early
Paleogene led to the formation of the Eastern Anatolian Accretionary Complex (EAAC), which
has subsequently acted as one of the major tectonic units during the subsequent tectonic
evolution of the region (Barka, 1992; Okay and Tiiysiiz, 1999; Bozkurt, 2001).

The Karliova triple junction area is one of the best examples of an active continental
collision zone in the world (Fig. 1). The location, timing and geochemical characteristics of
volcanism result from the complex interaction of the colliding Eurasian and Afro-Arabian
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plates. Escape tectonics of the Anatolian plate to the west gave rise to strike-slip motion along
the North Anatolian Fault Zone (NAFZ) and East Anatolian Fault Zone (EAFZ) after the
closure of the Neotethyan Ocean as a result of Arabia-Eurasian convergence (Barka, 1992;
Okay and Tiiystliz, 1999; Bozkurt, 2001). The Varto Fault Zone (VFZ) presents a structural
continuation of the NAFZ starting from the KTJ (Fig. 2). The VFZ is composed of sets of
discontinuous faults with differential kinematics and associated sets of striae (Karaoglu et al.,
2017). The VFZ extends for over 50 km and can be subdivided into six segments (Fig. 1b).
Fault planes from the VFZ commonly exhibit multiple sets of striations, highlighting
incremental and complex deformation of the KTJ region since ~6 Ma (Karaoglu et al., 2017).

The northernmost segment of the VFZ, called the Tuzla Fault, is mainly a thrust fault
(Karaoglu et al., 2017). The western part of these faults is offset laterally by the EAFZ (Fig.
1b). The Varto fault is the most seismically active segment of the VFZ, a N70°W-trending-
normal fault that offsets the southern part of the Varto caldera (Fig. 1b) (or the Bingdl caldera;
Hubert-Ferrari et al., 2009), and was introduced for the first time by Karaoglu et al. (2017).
Several destructive earthquakes (Mw = 6.8) shifting further south took place on the Varto fault
in 1966 and on the Leylek Fault (Mw = 6.2), and there was also a small earthquake (Mw 23)
on the Caycat1 Fault (Wallace, 1968; Ambraseys and Zatopek, 1968).

The first volcanic activity began with high-silica obsidian flows at Catak on the EAFZ
reflecting the southern branch of the triple junction, and started at 6.06 Ma (Poidevin, 1998).
Two composite volcanoes were emplaced in the area at around 3 My ago. The Turnadag
volcano located in the western part of KTJ was formed 2.3-2.8 Ma ago, but the Varto caldera
was active 2.6-3.1 Ma ago (Fig. 2) (see Pearce et al., 1990; Hubert-Ferrari et al., 2009 for details
about K/Ar whole rock and *°Ar/** Ar groundmass dating of the rocks). The two volcanic domes
are 0.46 Ma and 0.73 Ma old (Hubert-Ferrari et al., 2009, see Fig. 2). Recent tomographic
image data shows the presence of active magma reservoirs throughout the crust around the
Karliova region (Salah et al., 2011; Karaoglu et al., 2018).

The Varto and Turnadag volcanoes exhibit quite similar major or trace element
compositions. Volcanic rocks from the two volcanoes are composed of high-K and shoshonitic
series rocks including trachy-andesite to rhyolite with a small amount of basaltic trachy-
andesite (Buket and Temel, 1998; Hubert-Ferrari et al. 2009).

Italiano et al. (2013) stated that the release of volcanic fluids is a common feature along
the main active faults in Turkey, however the local geological setting is responsible for the
uprising of deep fluids through tectonic discontinuities and the occurrence of shallow processes
affecting the original characteristics of the circulating fluids. Moreover, the presence of
carbonatic rocks, travertine deposits, metamorphic rocks and old volcanic rocks (Fig. 2)
accounts for the different nature of the circulating fluids and different fluid—rock interactions
(Italiano et al., 2013). Across the Karliova-Varto area, a volcano-sedimentary package, around
45 m thick, interfingers with the effusive and explosive-type volcanic rocks of the Bing6l group
(Fig. 2). The former volcano-sedimentary deposits display a well preserved subaqueous-
subaerial transition in a fluvio-lacustrine setting generated after some volcanic eruptions. The
deposits are composed of mud-poor sandstone, sand-filled pebbles intercalated with the
mudstone, which in turn are exposed in restricted plains dissected by braided rivers in the
western part of the Varto caldera (Karaoglu et al., 2017). Most of these volcaniclastic
successions have experienced an intense deformation particularly since 6 Ma. These deposits
are overlain by lava stacks and ignimbrite veneers of the Varto group. The Pleistocene
lacustrine sediments are mainly composed of marl, limestone, and tuff. Tectonic activity has
created a faint deformation within these deposits on the plain near Teknediizii and Yayikli
villages (Fig. 2). Fault complexity is observed in strongly folded lacustrine sediments at a
meter-scale, with nearly horizontal axial planes, whose strikes are scattered around an NNE-
SSW direction (Fig. 1b). The youngest effusive and extrusive volcanism conformably overlies
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these sediments. A massive-type travertine is exposed in the northern part of Karliova, on a
continuation of the EAF to the northeast.

3. Fault kinematics

KTJ is a key area for understanding the deformation of Neogene volcanoes in eastern
Turkey because of their progressive inversion tectonics. Structural analysis suggests that this
volcano has undergone incremental tectonic controls in eastern Turkey since the Upper
Miocene. Karaoglu et al. (2017) documented 128-slip data points from 16 locations of two
transpressional and transtensional deformational fields which were collected for palaeostress
analysis (Fig. 3). The fault surfaces document that inversion tectonics dominated the area when
both extensional and transtensional deformational phases progresively reversed over the past 3
My (Karaoglu et al., 2017). Structural data across the Varto Fault Zone (VFZ), obtained from
six faults for which kinematics indicate a range of shortening and extensional deformation for
3 Ma (Fig. 3). Many fault surfaces show evidence of reactivation. Particularly, the splays of
the VFZ and the other segmented faults have thrust to strike-slip fault components, indicating
multiple reactivation events. To establish the surface expressions of the deformation process,
we present the kinematic data, which was previously published by Karaoglu et al. (2017), on
each fault segment around the Varto region (Fig. 3). The episodic deformation, which took
place at Eryurdu, Tuzlu, Varto, Teknediizii, Leylekdag, and Caygati faults, dominate the
southern part of the Varto Caldera (Fig. 3).

The Eryurdu Fault terminates the southern flank of the Varto Caldera resulting in fault-
related volcanic breccia deposits. This fault is offset by the sinistral strike-slip Geyiksuyu Fault
(GF) on the southern margin of the Varto Caldera (Fig. 3). The Eryurdu Fault strikes N85°W-
and is around 18 km long with mostly high-angle and oblique-slip segments. This fault displays
typical high-angle normal fault slickenlines (Fig. 3). Measurements indicate a well-preserved
NNE-SSW-trending extension which formed from deformation of the southern part of the
Varto caldera (Karaoglu et al., 2017).

The Tuzla Fault is reported by Karaoglu et al. (2017) as an active fault due to recorded
seismic activities on this fault (Fig. 3). This fault is a thrust fault with a right-lateral component
which extends laterally for over 20 km (Fig. 3). Fault kinematics suggest that it underwent a
NW-SE directed compression with a maximum stress axis and that this compression has
dominated for circa 6 Ma. The Pliocene deposits have been deformed by Tuzla Fault (Karaoglu
et al., 2017).

The N75°W-striking Varto Fault is composed of three sub-parallel segments which
extend for 20 km (Fig. 3). A zone of distributed compression affects Pleistocene lacustrine
sediments, which accommodate the deformation between the dextral faults. The easternmost
segment of the Varto Fault shows dextral offsets for around 1.5 km in the valleys. Westernmost
segments display some releasing step-over structures. Kinematic data for this fault poses
oblique-slip normal fault surfaces dipping 55°S and with rakes of 35°E (Fig. 3).

The Teknediizii Fault exhibits typical thrust fault constraints of N75°W-striking in
different curved strands. The horsetail shape branches deformed up to 20 km in length of the
fault (Fig. 3). This fault is regarded as one of the youngest faults because it cuts Pleistocene
lava flows as well as recent lacustrine and alluvial deposits (Karaoglu et al., 2017). The
Teknediizii Fault is represented by two main strands of The Leylekdag and Caydag reverse
faults, both have minor dextral strike-slip components (Fig. 3). The central part of the
Leylekdag Fault was ruptured by an earthquake (Mw 6.2) 20 August 1966.

The Varto region, where the thermal and non-thermal springs are most visible, has been
subjected to intense deformation due to those reactivated faults. Fault planes of F9 and F10
record a NE-SW-directed contraction associated with a NW-SE extension, whilst a coeval
phase of F11 developed under NE-SW extension (Fig. 3; Karaoglu et al., 2017).
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The Caycat1 Fault, which displays thrust fault kinematic morphological constraints,
consists of two main segments. The western segment shows a N70E°-striking thrust component
on a 7-km-long transpressional fault (Fig. 3). Evidence for the earthquake faulting scarps and
related deformation generated by the 1966 earthquake can still be observed in this area. The
kinematic data from F12 indicate that a NW—SE-trending extension is associated with the NE—
SW contraction (Fig. 3; Karaoglu et al., 2017).

Both extensional and transtensional dominated fault motions have been documented on
the extruded Anatolian block (Karaoglu et al., 2017) (Fig. 3). Measurements of stress tensors
on the western part of the KTJ indicate E-W-trending extension which is compatible with the
westward motion of the Anatolian block (Fig. 3). However, measurements from point F14 on
Figure 3 indicate a NE-SW-trending extension (Karaoglu et al., 2017), point F13 on Figure 3
indicates a sinistral strike-slip fault motion with at least two phases of movement. Both fault
scarps suggest extensional tectonics along the East Anatolian Fault (Fig. 3) (Karaoglu et al.,
2017).

4. Governing equations

We present three sets of governing equations used to create models in COMSOL
Multiphysics. They are mass balance, momentum and heat transfer.
The momentum and mass balance equations are as follows:

—V-n(Vu+(Vu)T)+%u+Vp=g,BT(T—TC) (1)

Vau=0 2)
where p is pressure, u is a vector of directional velocities, h is dynamic viscosity, k is
permeability, r is fluid density, g is gravity, g is thermal expansion coefficient, T is

temperature from the heat transfer application, and Tc is the initial temperature.
A buoyant lifting term links flow and heat:

V-(-kVT +¢,pTu)=0 3)

where, T is temperature, K. is effective thermal conductivity of the fluid and solid medium, Cp
is fluid volumetric heat capacity, CL= ¢, 1, cp is fluid specific heat capacity, and u is a vector of
directional fluid velocities from the flow application (Versteeg and Malalasekera, 1995).

The heat transport in this paper is described by the heat transport equation:

(pC,),, 0T 18t + pCouN =V.(k,VT)+0+0,, @)

Heat is balanced generally and it is transported by both conduction and convection processes

within a fault zone. Heat can be generated or lost, which can be defined in the source term, &
. One special feature of heat transfer at the porous medium interface is the hydrothermal

heating feature implemented, represented as a domain condition: Qge". It is also possible to
implement an average representation of rock thermal parameters, comprising the rock structure
and the underground water using the matrix volume fraction, ©, as a weighting factor (for
further details see the COMSOL website, www.comsol.com).

In the case of volume averaging, the volumetric heat capacity in the heat transport equation
becomes:

(pcp )eq = Z(epippicp.pi) + (1 - Zepi )'OCP ®)
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and the thermal conductivity becomes:

ky=2.(0,k,)+(1-2.0,)pC, 6)

Solving the heat transport properly generally requires incorporation of a flow field. There are
various situations in the subsurface which require different approaches to describe the fluid
flow mathematically (Durbin, 1986). In this paper we focus on the macro-scale and also take
into consideration resolution of flow in pores. However, fully-saturated and mainly pressure-
driven flow in deep geothermal strata are sufficiently described by Darcy’s law:

k
U

where the velocity field, u , depends on the permeability, «k, the fluid’s dynamic viscosity, p
and is driven by a pressure gradient, P. Darcy’s law is then combined with the continuity
equation:

)
a(pep) +V.(pu)=0, (8)

as our scenario concerns geothermal time scales, the time dependence is due to storage effects
on the flow and heat transfer from the fluid to solid and vice versa. Therefore, the first term on

the left-hand side of the equation above vanishes because the density, p, and the porosity, g”,
can be assumed to be constant. Usually, the temperature dependencies of the hydraulic
properties are also negligible. In some of our models, especially if the number of degrees of
freedom is large, it can make sense to utilize independence by splitting the problem into a few
time dependant and stationary sections for solution. In the following models, heat transfer from
the fluid into solids is only due to conduction (Taler and Duda, 2006). Fourier’s law also
describes how to define the conductive heat flux, g. This shall be proportional to the
temperature gradient:

q= —kVT (9)

oT

(PC,)e o =V k,VT)+0 (10)

5. Methods
5.1. Field investigations

To explore the thermo-mechanical relationships of the fault activity, hydrogeology,
thermal and fluid circulation we carried out an extensive field study around the Varto-Karliova
region (Fig. 1b). The sampling strategy was developed based on the geological map, cross
sections, and also fault surfaces.

The sampling study was performed on five hot fluids and two mineral water springs,
together with cold waters in November 2008 in the region shown in Fig. 1b. During the field
surveys, some physical parameters of water, including pH, electrical conductivity (EC as
puS/cm), temperature (T as °C), redox potential (Eh as mV) and flow rate (Q as L/s), were
measured in-situ with a WTW Multi 3401/SETS. For water-quality monitoring, four sets of
samples were collected from each point: a 500 mL sample for major anions and cations; a 1000
mL sample for tritium isotopes; a 100 mL sample for oxgen-18 (*0) and deuterium (*H), and
a 100 mL sample for heavy metals and trace elements. To prevent the complex formation of
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trace elements with oxygen, samples were filtered with 0.45um filter paper, transferred to 50-
mL polyethylene bottles and stored at 4 °C.

5.2. Analytical Methods

The heavy metals and trace elements were acidified to pH<2 conditions by adding 0.5
ml HNOs to prevent the complex formation of trace elements with oxygen and then analyzed
by inductively coupled plasma—mass spectroscopy (ICP-MS) at the ACME Laboratories in
Canada. Chlorine and HCOs  were determined volumetrically and SOs* by a
gravimetric method in the Hacettepe University in Ankara, Turkey.

The concentrations of 6 2H, § *H and & 'O isotopes in water samples were determined
in the isotope laboratories of the Hacettepe University in Ankara, Turkey. The analysis was
carried out in accordance with the standards defined by the International Atomic Energy
Agency (Attendorn and Bowen, 1997). 8'%0 and & 2H analyses were conducted using an MS
technique that had an uncertainty of +0.05% and +1.0%, respectively. These values are
expressed conventionally in delta notation as a per-mil deviation from the V-SMOW (Vienna
Standard Mean Ocean Water) (Verhagen et al., 1991). Tritium (3°H) analysis was conducted
with a liquid scintillation counter after electrolytic enrichment of the water samples with an
error of 0.8 tritium units (TU) (Attendorn and Bowen, 1997).

The data handling was performed by the descriptive manner of specifying water types
(facies), their origins and average reservoir (host) rock temperature calculation. Piper and
Schoeller diagrams are used to emphasize differences and similarities in terms of water types.
Isotope signatures of samples indicate their origins. Solute geothermometer equations were
applied to calculate average reservoir rock temperatures.

5. 3. Hydrogeochemical properties of water resources

The preliminary evaluation of geological conditions at the site provides some
information regarding depths of water circulation, bearing potential of the rocks and their
influence on spring water chemistry. To represent the chemistry of the site, twenty water points
were sampled, including five hot water springs, two mineral water springs, and twelve spring
water and surface water (cold water) (Fig. 1b).

The average discharge of thermal springs ranges from 1 to 5 L/sec in the study area
(Fig. 1b) (Table 1). Surface temperatures of these springs range from 22.5 to 32 °C, with
electrical conductivity (EC) values from 2100 to 5775 uS/cm. The average discharges of
mineral waters at that site are between 0.5 and 2 L/sec. Surface temperatures were measured
as 13.2 and 14.8 °C. Their electrical conductivity values are also in the range of 719-751 uS/cm.
The average discharges of cold water springs in the study area are between 1 and 150 L/sec.
Surface temperatures of these springs vary between 4.9 and 11.7 °C and electrical conductivity
values range from 51 to 199 pS/cm. Regarding pH values, water samples belonging to the site
are entirely in the pH range of ~5.4 - ~6.2 for hot and mineral waters, and ~6.2 - ~7.7 for cold
waters. Thermal springs have acid character, whereas pH values for cold water springs change
from slightly acid, neutral to slightly basic. The ranges of physical parameters measured are
affected by outcropping rocks and structural features of the site allow different circulation
depths.

Volcanic and sedimentary rocks outcrop in the vicinity of the study area and the
groundwater flow in the volcanic rocks appears to be controlled by the presence of structural
features. The information indicating the circulation depth only arises from alignments of the
springs. Thermal, mineral and cold water springs discharge from rocks of Upper Miocene and
Upper Pliocene age (Yoliistii Formation of Upper Pliocene, Kohkale Lava and Zirnak
Formation of Upper Miocene in Fig. 2).
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These rocks include both volcanic rocks and intercalated volcanic rocks with
continental deposits such as sandstone; therefore, they are water-bearing formations. In
addition to this, the NAF in Upper Miocene rocks which can outcrop in the study area controls
groundwater transport (see Fig. 1b). Shallow and deep flow paths for the groundwater are
reflected in the chemistry of the springs (Table 2). The deep flow paths of groundwater
resources consist of more ions than the shallow flow groundwater paths.

On the basis of major ion chemistry, the Piper and Schoeller diagrams for the study area
are shown in Fig. 4. Both diagrams give not only information about different water types at the
site but also their evolution. According to the Schoeller diagram, cold waters can be
distinguished easily with low major cations and chloride when compared with geothermal and
mineral waters. According to the Piper diagram and water type classification (Deutsch and
Siegel, 1997), thermal springs are of Na-HCO;-Cl and Mg-Na-HCOs types; while mineral and
cold waters are of Ca-HCOs type. To compare the thermal waters with mineral and cold waters,
a Cl-SO4-HCOs a ternary plot was used (Fig. 5). This diagram covers the entire spectrum of
naturally occurring waters from virtually pure chloride, over mixed chloride-sulfate, to
bicarbonate (Giggenbach, 1988; Nicholson, 1993). For the hydrogeochemical data, relative
portions of CI-SO4-HCO3 cluster into steam-condensates and dilute CI-HCOs3 sectors (Fig. 5);
see the data labeled 2. According to the scatter diagram each thermal fluid has different
concentration of SO4* ions (Fig. 6). Sample 2 has a high SO4*concentration which comes from
volcanic units.

The hydrogeochemical facies map of the area is shown in Fig. 7. As seen in Fig. 7, the
lower altitudes contain geothermal waters and the zone of Na-HCO;3-Cl. Cold waters discharge
at higher altitudes and they represent the zone of Ca-HCO:s.

When taking account of the linear arrangement of plotted data in Fig. 4 and the
processes of steam condensates and dilution with chloride acting upon them, water types
change from dominant Ca?>* and HCOs™ ions to dominant Na* and CI ions as expressed in Eq.
11.

Ca-HCO3 — Ca-Na-HCO3; — Na-HCO;-Cl (11)

Na" and CI ions are obtained from the altered volcanic rocks. Consequently, volcanic
rocks at the site appear to be the likely host rock owing to enrichment of Na* and Cl- ions in
the water and abundance of those elements in minerals in the volcanic rocks. In addition, it is
clear that thermal waters have relatively deeper circulation routes than cold water under the
assumption that they are fluids ascending due to deep processes (water-rock interaction,
boiling, and steam heating; see Nicholson, 1993 for details) which do not affect their isotope
compositions and originate in descending cold waters.

5.3.1. Isotope Composition of Water Samples

880 (%o) and 8*H (%o) composition of the selected samples is essential to explore
whether or not they are meteoric or processed waters. Craig (1961) demonstrated that the 6180
(%o0) and 02H (%o0) ratios of meteoric waters (precipitation, river and lake samples from various
countries) fit to a line known as the global meteoric water line (GMWL) represented by the
formula in Eq.12.
dD= 85'%0+10 (12)

However, 8'%0 and 8D values at any locality are strongly dependent upon distance from
the ocean (continental effect), latitude and altitude (Nicholson, 1993). Thereby, regional
(RMWL) and especially local meteoric water lines (LMWL) are convenient references for
understanding local groundwater isotope variations with reference to local meteoric waters
(Mazor, 2004). Isotope signatures of groundwater can shift from meteoric water lines to
schematic trends designating processes; each process represents a shift in isotopic composition



337
338
339
340
341
342
343
344
345
346
347
348
349
350
351
352
353
354
355
356
357
358
359
360
361
362
363

364
365
366
367
368
369
370
371
372
373
374
375
376
377
378
379
380
381
382
383
384
385
386

to the extent that 5*H as well as 8'0 enriched. Isotope processes can be separated as surficial
and deep processes including surface evaporation for the former; and water-rock interaction,
steam heating and boiling for the latter respectively. Groundwater influenced by these
processes is defined as processed water mentioned in the first line of this section. To explore
whether the selected samples are processed or not, selected RMWLs (Gat, 1983; Eisenlohr,
1995) and LMWLs (Sayin and Eyiipoglu, 2005) are used (Eq. 13) and the site data given in
Table 3 are plotted (Fig. 8).

8D= 85'80+22.00 (Eastern Mediterranean)

8D= 85'%0+16.00 (Marmara)

8D= 85'%0+10.00 (Global & Central Anatolia)

8D= 85'80+11.36 (Dalbahge-Erzurum)

dD= 85!80+14.87 (Senyurt-Erzurum) (13)

The data are separated as thermal and cold waters in the diagram and clustered between
the RMWL of Eastern Mediterranean and Marmara. Isotope signatures of the site data do not
show any trend indicating processes.

The activity of *°H indicates groundwater circulation time consumed from recharge to
discharge and can be simply stated that as the lower the 3°H activity in groundwater, the older
it is or it has taken a longer route. This statement is applicable under the assumption of the
piston flow model (no dispersion or mixing between different aged flow paths; see Kazemi et
al., 2006 for details). In this model, the passage of time through which the activity of *H
decreases can be calculated by the decay law in Eq. 14 (Kresic, 2007).

H, = e (14)

where *y,is the amount of *H in the sample, ,is the activity of *H in precipitation, and A is the

decay constant of tritium of 0.056 year!. In this equation, the most important point is to
determine the 8°H activity in precipitation, essentially needed for the use of 6°H as a tracer of
groundwater circulation time. Therefore, the activity of 6*H atoms in precipitation water should
be measured to determine peak values of natural 8°H activity. These types of measurements
are related to thermonuclear testing begun in 1952 (Kazemi et al., 2006). During the tests, large
quantities of tritium were released into the atmosphere; hence, natural 8°H in precipitation
between 5 and 20 tritium units (TU) stated by Kaufmann and Libby (1954) reached up to
several thousand TU in precipitation (Mazor, 2004). To sum up, in the year 1952 the start of
thermonuclear tests provided an indicator to determine pre and post-1952 recharge entering
into aquifers. To estimate pre and post-1952 recharge at the site, 8*H values in Table 3 are used.

The results indicate that 5°H values lower than 6 TU indicate mixing of pre and post-
1952 recharges, whereasvalues higher than 6 TU are a sign of post-1952 recharge. Except for
the spring labeled 1 which indicates cold water (post-1952), all thermal waters are mixed with
cold waters. In conclusion, although thermal water samples cluster in steam-
heated/condensates and dilute CI-HCOj3 sectors on the C1-SO4-HCOs3 ternary plot (Fig. 9) they
do not shift from meteoric water lines. Therefore, steam-heated conditions are available for the
site but for robust checking, solute geothermometers were used. It was expected that the host
rock temperature is lower than that at steam condensate conditions.

5.3.2. Application of geothermometers to the site data

Chemical analyses of geothermal fluids can be used to estimate subsurface reservoir
temperature. The results are given in Table 4. For robust checking, appropriate solution
geothermometers given are explained by providing Giggenbach (1988) and SI diagrams (Reed
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and Spycher, 1984). The ternary plot of Na/1000-K/100-Mg'? of Giggenbach (1988) is a
method to discriminate mature waters which have attained equilibrium with relevant
hydrothermal minerals from immature waters and waters affected by mixing and/or re-
equilibration at low temperatures during their circulation (Fig. 9). All samples plotted in the
immature water zone in Fig. 9. Reservoir temperature values estimated by this method are
invalid because thermal waters mix with some proportions of both cold and mineral waters.
Na-K geothermometers thus provide unacceptable results for groundwater samples from this
site.

A different approach to geothermometry (Reed and Spycher, 1984) is illustrated in Fig.
10, where SI (Saturation Indices) are computed as a function of temperature. In the calculation
of the mineral saturation indices, the PhreeqC code (Parkhurst and Appelo, 1999) was used. It
is easy to note that thermal waters are saturated with respect to dolomite, calcite and aragonite
between 50 °C and 80 °C, thus suggesting this range of temperature as reliable for the deep
geothermal reservoir temperature (Baba et al., 2010).

5. 4. Thermal numerical modeling setup

In order to investigate magma heat transfer and fluid circulation a series of models is
created that replicate the heat from a crustal shallow magma chamber which is overlain by a
series of faults. The geometry of the models is based, as closely as possible, on the geology of
the region. The various mechanical properties that are input into the models are investigated to
obtain the most realistic outputs in terms of surface water temperatures. In the first set of
models, shown in Figure 11, vertical fault zones are simulated, each with a different
permeability (k). The fault connects a magma chamber with an internal temperature of 900 °C
to the surface, the geometry of the magma chamber is not generated and so we simply assign a
‘hot’ boundary. The surface temperature in this model is defined as with atmospheric
conditions and so is 25 °C. The bottom of the model is defined with magma chamber conditions
and so the given pressure and temperature conditions in this area are 10 MPa and 900 °C
respectively, based on an intermediate magma composition (Murase and McBirney, 1973). The
lower boundary is fixed, and both the left and right boundaries have no additional load but they
are allowed to deform. The upper boundary is a free surface (a region free from shear stress).
We present four models of this type (Figs. 11 a,b,c and d) to show the effect of permeability
which varies across a narrow range (from 1 x 10°'° in part a to 4.3 x 10!° in part d) of fluid
velocities. Fluid rises in this model as we impose a temperature gradient of 25 °C / km. As such
the body temperature in the model varies over distance according to the equation T = (D.x) +
25.

In Figure 12 we extend the results from Figure 11 to investigate the effects of both fault
width and fault permeability on heat transfer within the fault. In total we present 18 models,
with six different permeabilities (1.0 x 1075 m? — 4.3 x 10"'°> m?) and three different fault widths
(Im, 5m and 10 m). The models are designed with permeability steps of 0.1x107!> m? and fault
width steps of 0.1 m between the minimum and maximum ranges. In total, 430 different
permeabilities over 100 different fault widths were investigated, here we present 18
representative model results from the full suite of model runs. We run the models to obtain a
surface temperature of around 50 °C so as to compare with the field results.

In Figure 13 we present a series of linear elastic stress models. These models consider
the effects of regional tectonic loading on the fault zones of the KTJ. We imported a surface
plan view of the faults from geological maps (Karaoglu et al., 2016) (Fig 12a), and then
assigned a boundary horizontal extension (Fig. 13b) or compression (Fig. 13c) of 5 MPa. The
resulting models (Figs 13b and 13c) show the concentration and linkage of tensile stresses
around the faults.
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In the next set of models (Figs 14-15) we use the results from the baseline models
presented in Figures 11-12 and combine these with the geological setting of the Karliova region
(Fig 13). The faults in plan view (Fig 13) are extrapolated throughout the crust based on a
contant dip, and interactions are inferred (Karaoglu et al., 2016). The boundary conditions in
Figure 15 are fixed with a constraint on the horizontal edges, a set pressure and temperature on
the lower boundary and a free surface on the upper boundary. The deepest fault inferred is
around 10 kilometers, and so we set a pressure gradient of 10 MPa/km, and a temperature
gradient of 25°C/km. A porous medium with a very low permeability was defined as the host
rock in order to prevent fluid leakage from the fault to the host rock. The system cannot model
fluid losses and so heat transfer takes place only from the fluid to the solid. This happens while
the fluid is passing within the fault as the model edges are fixed for any Y direction movements.
For this reason, this model will not be affected by the fault zone to the right or left side of the
model or by any effect from these two sides of the medium.

In Figure 15, we plot the fluid velocity field in several orientations although the fracture
network that creates the permeability is assumed to be isotropic. This is a limitation that we
seek to investigate further in the future as it is well known that fault zones in complex tectonic
regimes may be overprinted with anisotropic fracture networks (e.g., Browning et al., 2018).

6. Results
6.1 Fluid and solid interactions

In order to better understand fluid and heat transport throughout crustal structures such
as permeable faults, we created models to investigate the effects of fluid and heat transfer (Figs.
11 and 12). In Figure 11 we show how fluid velocity changes within the fault zones as a
function of permeability. These models represent fluid at pressures of 10 MPa injected into the
fault (Fig. 11). The fault zone has a fixed size but the permeability varies by a factor of four.
Permeability values are 1 x10">m? to 4.3 x 10->m?. In all the models the fastest velocities are
found in the centre of the fault (assuming a homogenous fracture network), simulating a
Poisuelle like flow. In the faults with the lowest permeabilities (Figs. 11a and 11b) the initial
fluid velocity decreases almost immediately after fluid injection and is sustained for a
maximum of 40% of the fault length. However, when the permeability is increased (even if
only by a factor of 4) the initial injection fluid velocity is sustained for almost the entire length
of the fault (Figs. 11c and Fig. 11d).

The rate at which fluids can pass through the fault network obviously has impllications
for how quickly heat within the fluid and/or gas is transferred to the surrounding rocks.
Essentially when a fluid or a gas is flowing with a high velocity, there will be less interactions
with the rock body so less heat is transferred to the porous medium. In Figure 12 we consider
this problem by presenting models that investigate how the temperature of the fluid with an
initial magma temperature of 900 °C interacts with the body (crustal rocks) while it moves
vertically through the fault to the surface (Fig. 12). Over the 10 km of the fault the fluid loses
almost allit’s heat, around 875 °C depending on the permeability of the fault. We find, in all
cases, that fault width has little effect in changing the temperature distribution. It is clear that
the hot zone in part A5 (Fig. 12) is 4 times higher than Al (Fig. 12). In A1 (Fig. 12), the
temperature decreases rapidly to 700 °C (within a few tens of metres). In Figure 12, part A6,
the fluid remains with a temperature of 900 °C for almost 50% of the fault length. The body
(crust) of the model medium uses the elastic parameters of Young Modulus (E) 40 GPa,
Poisson’s ratio 0.25 and a density of 3300 Kg/m2. The fluid thermal conductivity is
6[W/(m*K)], the fluid ratio of specific heat is 1, and the fluid heat capacity at constant pressure
is 4200[J/(kg*K)]. The heat transfer coefficient, heat convection and heat conduction will all
affect the fluid flow in the fault.
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Both these models show that the properties of the material within the fault and their
respective damage characteristics have significant effects on controlling the movement of both
fluid and heat.

6.2. Stress intensity around the Karliova triple junction

In order to better understand the mechanical relations between stress intensity and
thermal fluid discharge to the surface, a series of stress models were created (Fig. 13). These
models are very important in terms of identifying the location of thermal fluid outflow points
as tensile stress intensity may indicate areas of fracture and fault dilation and hence increased
permeability. The stress concentration models show that the main faults (e.g. NAF, EAF and
VFZ) are zones of maximum stress concentration and are thereby likely to control the majority
of fluid flow within the region (Fig. 13). During periods of regional extension associated to
extrusion of the Anatolian plate we find that the main result is that a NE-SW strike is dominant
for the main crustal strain deformation (e.g., Karaoglu et al., 2017, Figs. 3 and 13b). During
periods of regional compression we find a N-S compressional deformation is the main driving
deformation process in the Karliova Triple Junction (e.g., Karaoglu et al., 2017, Figs. 3 and
13¢).

6.3. Fluid circulation models in the KT.J

To investigate fluid circulation throughout the upper crust for the specific case of the
KTJ, some additional models were developed (based on heat transfer and velocity considering
the geological setting around the KTJ, Figs. 14 and 15). In this model, velocity changes were
observed in the fault zone based on permeability changes. The velocity changes in each fault
show how it is possible to have fluid flowing inside that fault. It is very important to determine
why hot fluid concentrates in some areas and not in others. Rivers are fed by both hot and cold
waters sourced from underground but the situation is even more complex as some of the rivers
are relatively close to each other. This is one of the challenges that we attempt to deal with
using geomechanical rationale which highlights why both hot and cold fluids can form over
very narrow areas (Fig. 2). The origin of hot waters can then be discussed but for this discussion
it is necessary to return and use model setups from the model series A-C (A1-6) (Figure 12).

In Figure 15 we present the pressure changes within the faults (Fig. 15 A1-B1), the
resulting fluid velocities (Fig. 15 A2-B4), and the temperature field (Fig. 15 A5-B5). In Fig 15
A1-B1 we note that pressure concentrations around the faults increase from this deformative
fault zone at outer province. This pressure value reaches to 6 MPa through the upper crust
where the western part of the KTJ is (Fig. 13 A1-B1). The minimum pressure value of 1 MPa
(maximum) is characteristic for the fault zone (Fig. 13 A1-Bl).

In Figs. 15 A2-B4 we compare the effects of different permability values on fluid
velocity. The main finding is that increasing the permeability increases the fluid velocity at
faults (Figs. 15 B2-B4). Applying a value of the 4.3 x 10"!> m? rather than 1 x 10" m?, which
is in the total velocity field, clearly demonstrates the the effect of the fluid velocity within these
faults. We note that a fault placed at the eastern side of the section show a value from 5.0 to
5.6 x 10° um/s (Fig. 15 A2-B2). Such an effect can be observed in all faults (Figs. 15 A2-B2).
In Figs 15 A3-BS5 in the E-W profile we apply vertical and horizontal fluid velocity cases. We
note again that there is a substantial incremental change between vertical (Figs. 15 A3-B3) and
horizontal cases (Fig. 15 A4-B4). While this fluid velocity value is around 5.4 x 10° pm/s (Fig.
15 B3), the values around 4.4 x 10° um/s (Fig. 15 B4).

Our numerical model indicate that the temperature field show a markedly greater values
around the fault zone (Figs. 15 A5-B5). These value reach to 900 °C particularly in the deeper
zone, whilst the temperature show a decrease (between 100-300 °C) where the cross faults
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interact to each other (Figs. 15 A5-B5). We note that there is no substantial effect of the
changing of permability values on temperature field (Figs. 15 A5-B5S).

In this model, it can be observed that pressure is relatively constant at different
permeabilities and so the temperature does not change dramatically. The temperature inside the
fault zone changes similar to the model in Fig. 15 (A5 and B5). The model also displays how
permeability in the fault zone affects fluid circulation, while there is no substantial impact on
the solid porous matrix.

7. Discussion and Conclusions

Kinematic data is a very useful tool to better understand the episodic deformational
fields and fluid circulation interactions throughout the crust underneath the KTJ region (Fig.
3). Field studies coordinated with kinematic data show that the complexity of these fault
deformations indicate variations in the local stress field following initial activity of a westward
extrusion of the Anatolian plate since 6 Ma. The direction of the compressive principal stress
(o1) has been shifted during this deformational period. This direction and local stress fields
imply major controls of both magmatic fluids on magma propagation as an individual volcano,
or fluid circulation throughout the crust in the region (Fig. 3).

Since Late Miocene, deformation of the KTJ has been controlled by the combined
effects of continuing compressional tectonics due to a regional shortening of Eastern Anatolia.
This shortening is represented by a local stress field, and the westward displacement of
Anatolia, which has kinematically responded through a local extensional stress field and
coincides with transtensional tectonics (Fig. 3). In this framework, a successive and reactive
tectonic motion has caused the incremental complex movement of numerous fault blocks which
have resulted in mostly non-thermal but rarely thermal fluid circulation within intensely-
deformed crustal materials. This is illustrated by the local stress fields and thermal and non-
thermal spring points (Fig. 3). We note that non-thermal fluids are likely concentrated around
zones of high minimum principal compressive (maximum tensile) stress (o3) (Fig. 3). Although
these zones are expected as sources for thermal waters, the non-thermal waters like thermal
waters tend to also circulate within the upper crust. These non-thermal waters may therefore
be circulating in open fractures and faults in the upper level of the crust, but have not yet been
subject to heating processes. Thus, these non-thermal waters may be temporally younger than
other thermal water sources.

The fault stations of F3, 5, 8, 11, 15 and 16 show that an extensional regime agrees
well with the location of non-thermal waters (Fig. 3). However, both non-thermal and thermal
waters are found to circulate not only in extensional but also in compressional regimes (Fig.
3). So, the combined field and numerical studies show that crustal heterogeneity in the form of
faults, as well as fault attitude and mechanical properties of both the crust and crustal faults,
below the KTJ encourage fluid circulation in the region.

Field data and results from a suite of numerical modeling tests indicate that thermal
water transport is influenced by the depth of intruded magmas and the permeability of crustal
faults in the upper crust.

Magma chamber location plays a prominent role in the surface discharge of hot water
around the Varto region (Fig. 1b). The thermal water discharge points are located just between
the Varto caldera to the north, and the Ozeng volcano to the east (Fig. 2). Numerical models
indicate that maximum tensile and shear stresses concentrate at the lateral margins of magma
chambers and at the Earth’s surface above the magma chamber (see Karaoglu et al., 2016).
These stress accumulation zones are directly associated with thermal water circulation through
the crust (Fig. 13). So, these thermal water locations in the region might be related to this stress
intensity and fluid interaction. In volcanoes worldwide, the thermal water cycle might be used
to indicate the lateral margins of magma chambers as zones of increased faulting and fracturing.



584
585
586
587
588
589
590
591
592
593
594
595
596
597
598
599
600
601
602
603
604
605
606
607
608
609
610
611
612
613
614
615
616
617
618
619
620

621
622
623

624
625
626
627
628
629
630
631
632
633

Hydrogeochemistry of the samples indicates that thermal water springs are likely heated
by steam. Field studies, hydrogeochemical data and numerical models suggest that the magma
systems beneath both the Varto caldera and the Ozeng volcanoes are the main heat source for
thermal water in the Varto region.

The results reveal that most water in the study area comes from the outcropping
volcanic rocks in the Varto Region. The rocks demonstrate typical characteristics of water
resources which originate in highly fractured volcanic formations where water seeps through
cracks and faults and flows to the surface at lower elevations. On the basis of major ion
chemistry, the Piper and Schoeller diagrams (Fig. 4) show that the majority of the cold water
resources are of the Ca-HCOs3 type and the thermal water of the Na-HCOs-Cl type. As the
fractures allow a deep circulation of groundwater and a dominant Na-Cl component, we infer
that the waters have a volcanic origin. However, the hot waters have the same recharge area as
the cold waters. Reliable reservoir temperature ranges for hot waters were obtained with Li-
Mg and B-Cristobalite geothermometers as 44-66 °C and 54-80 °C, respectively. These values
were also checked with Saturation Indices (SI) vs T diagrams. Results of SI vs T diagrams
indicate equilibration with calcite and aragonite. The result shows that jointed volcanic rocks
are a reservoir for the geothermal system and that the heat source for the geothermal fluid is
the magma chamber.

Fluid and solid interactions and fluid circulation models show the role of fault
permeability on heat loss during fluid circulation. Also Fig. 12 illustrates what happens to fluid
heat loss when the fault permeability and fault width changes. The main boundary condition is
the constant injection pressure of 10 MPa. As the pressure is constant and dependent on the
injecting boundary, fault width has no obvious effect. The permeability ranged from 1x107!° to
4.3 x10°'> m2. When the fault permeability increases, heat loss from 900 °C to 50 °C takes place
over a longer distance. In Fig. 15, the model is a combination of two previous models. The
same effect of changing permeability of the fault was investigated in a porous medium. The
model illustrated that increasing permeability from 1x1071° to 4.3 x10°'> m? can significantly
affect the fluid pressure drop. Fluid injected at pressure declines from 10 MPa to atmospheric
pressure over a smaller distance when the permeability is very low. The additional physical
parameters added to Fig. 15 is the porous medium body temperature, and also the effects of
stress and strain on fluid circulation in the porous medium where observed. These effects
usually have little or no impact. However, those effects are very substantial and visible near
the boundary area of the fault zone and the porous medium. In these models the detailed
structural geology and fault zone are presented to illustrate how a relatively small permeability
variation from 1x10755 to 4.3 x10°'> m? can significantly affect fluid circulation in fault zones.
The result is important as the permeability of fault zones can be heterogeneous (Mitchell and
Faulkner, 2009) and so for a proper understanding of geothermal resources and hot water fluid
circulation this must be considered.
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790  Figure 1. a) Regional map showing crustal deformation in the eastern Mediterranean and
791  Anatolia (Armijo et al., 1999). NAFZ: North Anatolian Fault Zone, EAFZ: East Anatolian
792 Fault Zone, BZCZ: Bitlis—Zagros Collision Zone, CF: Caldiran Fault, VFZ: Varto Fault Zone,
793 YS: Yedisu Fault, KTJ: Karliova Triple Junction; b) Shaded relief basis map showing locations
794  of water sampling in the Varto region. The main faults and seismicity around the Karliova and
795  Varto regions are modified from Herece (2008); Karaoglu et al. (2017). Seismicity data is
796  obtained from KOERI.
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Figure 2. Geological map showing the main faults and seismicity around the Karliova and
Varto regions. Radiometric ages are given in Ma. Active faults are modified from Herece
(2008) and Karaoglu et al. (2017). Thermal water signifies hot fluids that contain a variety and
concentration of dissolved particles consistent with a thermal origin. The surface temperature
of thermal water is higher than 20 °C. Mineral water means that which contains various
minerals such as salts and sulfur compounds. These waters have temperatures lower than 20
°C. Spring water is defined as natural water that was collected from underground sources.
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806  Figure 3. a) Map showing dominant stress orientations. b) Lower hemisphere equal area
807  projections and striations on the main faults around the Varto-Karliova region (data from
808  Karaoglu et al., 2017). Locations of the fluid measurement sites and kinematic stations are
809  given in the map.
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Figure 4. a) Piper and b) Schoeller diagrams for the water resources in the study area. The red
dots: thermal water, green dots: spring water, yellow dots: mineral water and blue dot: cold
water.
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815  Figure 5. C1-SO4-HCO3 Ternary diagram for the water resources in the study area.
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817  Figure 6. Scatter diagram and trend lines for the water resources in the study area.
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825  Figure 10. Changes in the selected mineral saturations of thermal waters at different

826  temperatures in the Varto Geothermal Region.



827
828

829
830
831
832
833
834

X 10°

C

Figure 11. Fluid velocities as a function of permeability change. The fault in a) has a
permeability of 1.0 x 10'> m? in part b) has a permeability of 2.1 x 107> m?, in part ¢) has a
permeability of 3.2 x 10> m? and in part d) has a permeability of 4.3 x 10> m?. In the model
we also impose a temperature gradient from 900 °C at the base of the model to 25 °C at the
surface. The maximum velocity field is found in the fault with the largest permeability as
expected.
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836  Figure 12. Fluid heat loss in the modelled fault as a function of fault width (L), and
837  permeability (k). The three different fault widths shown are 1 m, 5 m and 10 m. The six
838  different permeabilities (k) shown are 1) 1.0 x 107" m?,2) 1.5 x 10 m?, 3) 2.1 x 101> m? 4)
839  2.7x 10" m? 5)3.2x 10"° m?, and 6) 4.3 x 10""° m?.
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841  Figure 13. a) Surface view of the model setup where the lineations simulate faults based on
842  the geological setting along the Karliova Triple Junction region. The only loading in these
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models is regional horizontal extension or compression. b) Modelled minimum principal
compressive stresses induced from regional horizontal extension of 5 MPa. ¢) Modelled
minimum principal compressive stresses induced regional horizontal compression of 5 MPa.
NAFZ: North Anatolian Fault Zone, EAFZ: East Anatolian Fault Zone, VFZ: Varto Fault Zone,

KTJ: Karliova Triple Junction.
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Figure 14. A two dimensional vertical cross-section through a N-S striking profile of the
faulted region around Varto caldera. The fault geometry is used as the model setup where each
fault is assigned a different permeability. In all cases the top surface is unconstrained, whereas
the x and lower y boundaries are fixed. The lower boundary of the model is assigned a starting
temperature of 900 °C and the upper surface (free surface) is set at an atmospheric temperature
of 25 °C.
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Figure 15. Fluid circulation in the fault zones around the Karliova region. Al) regional
pressure at permeability 1 x 10> m?, B1) regional pressure at permeability 4.3 x 10715 m?, A2)
Fluid velocity within a fault of permeability 1 x 10> m?, B2) Fluid velocity within a fault of
permeability 4.3 x 10> m?, displaying the total velocity field in both cases. A3) Fluid velocity
within a fault of permeability 1 x 10-'°> m?, B3) Fluid velocity within a fault of permeability 4.3
x 1075 m?, displaying only the x direction (horizontal) flow in both cases. A4) fluid velocity
within a fault of 1 x 10"1° m?, B4) fluid velocity within a fault of permeability 4.3 x 10715 m?,
displaying only the fluid velocity in the y direction (vertical) in both cases. A5) temperature
field at permeability of 1 x 10> m?, B5) temperature field at permeability of 4.3 x 10> m2.



