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Abstract

Few places on Earth are as tectonically active as the Karliova region of eastern
Turkey. In this region, complex interactions between the Arabian, Eurasian and Anatolian
plates occur at the Karliova Triple Junction (KTJ). The relationship between tectonics and
magma propagation in triple-junction tectonic settings is poorly understood. Here we present
new field and numerical results on the mechanism of magma propagation at the KTJ. We
explore the effects of crustal heterogeneity and anisotropy, in particular the geometry and
mechanical properties of many faults and layers, on magma propagation paths under a variety
of tectonic loads. We propose that two major volcanic centres in the area, the Turnadag
volcano and the Varto caldera, are both fed by comparatively shallow magma chambers at
depths of about 8 km, which, in turn, are fed by a single, much larger and deeper reservoir at
about 15-18 km depth. By contrast, the nearby Ozeng volcanic area is fed directly by the
deeper reservoir. We present a series of two-dimensional and three-dimensional numerical
models showing that the present tectonic stresses encourage magma-chamber rupture and

dyke injection. The results show that inversion tectonics encourages the formation of magma
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paths as potential feeder dykes. Our three-dimensional models allow us to explore the local
stresses induced by complex loading conditions at the Karliova triple junction, using an
approach that can in future be applied to other similar tectonic regions. The numerical results
indicate a great complexity in the potential magma (dyke) paths, resulting from local stresses
generated by interaction between mechanical layers, major faults, and magma chambers. In
particular, the results suggest three main controls on magma path formation and, eventual
eruptions, at KTJ: (1) the geometry and attitude of the associated faults; (2) the heterogeneity
and anisotropic of the crust; and (3) mechanical (stress) interactions between deep and

shallow magma chambers.

Key words: triple-junction tectonics, numerical modelling, dyke propagation, Eastern Turkey

1. Introduction

One fundamental problem concerning convergent plate boundary tectonics is the nature of the
interplay between deformation processes and magma transport (e.g. Hutton, 1988;
Vigneresse, 1999). Networks of fractures (primarily extension fractures but also faults) and
contacts play a crucial role in creating efficient paths through which magma is transported,
stored and eventually erupted at the surface (e.g. Clemens and Mawer, 1992; Cembrana and
Lara, 2009). Extrusion-block tectonic regimes may be characterised by triple-junction
tectonics with significant components of mostly active strike-slip faulting. These regimes
provide a good opportunity to understanding of the interplay between crustal stresses and

magma propagation in strike-slip regimes.

A triple junction, defined as a boundary where three lithospheric plates meet, marks

an important type of setting for extrusion tectonics, initiation of volcanism, and seismicity at
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active plate margins. (cf. Jarosinski, 2012). Triple-junctions are the sites of abundant
seismicity, high heat flow, and volcanism (e.g. Furlong and Schwartz, 2004). Although 16
types of possible triple junctions have been identified (McKenzie and Parker, 1967), the
spatial and temporal relationships between magmatism and the extrusion tectonics of triple
junctions remain poorly constrained. A Karliova-type triple junction, the focus of this study, is a

continental triple junction (Sengor et al., 2004) consisting of a non-subductable continental crust.
Convergence is predominantly accommodated by strike-slip faults resulting in extrusion tectonics
(Sengor et al., 2004).. The new data and numerical model results presented here offer excellent
opportunities to clarify and constrain better the relationships between volcanism and tectonic activity

at continental triple junctions.

Migration of an extruded block promotes crustal thinning of thickened accretionary
complex crust composed of a variety of materials (e.g. Furlong and Schwartz, 2004). Suitably
stressed crustal materials of the extruded block on the Karliova-type triple junctions are
potential regions for magma ascent. Magma in the mantle and partly in the lower crust
ascends by porous flow. At shallower crustal levels, magma ascends primarily through
magma-driven fractures, mostly dykes. Dyke initiation and propagation is known to be partly
controlled by regional stress fields (Tibaldi, 2015), particularly those induced by crustal
extension (e.g. Gudmundsson, 1990; Hurwitz, 2009; Daniels et al., 2012; Le Corvec et al.,

2013; Maccaferri et al. 2014).

Magma chambers are the main sources for major polygenetic volcanoes and, partly,
for associated volcanic systems, that is, swarms or fields of volcanic (and in rift zones, also
tectonic) fissures and basaltic lava flows. The depths of shallow or upper-crustal magma
chambers are commonly between 1 km and 6 km, particularly at divergent plate boundaries
(Gudmundsson, 2012). However, some chambers reach depths of 7-9 km, depending on the

tectonic regime and crustal structure, and may also be regarded as comparatively shallow
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(Chaussard and Amelung, 2014). Chambers at greater depths are normally classified as deep-
seated reservoirs, and these may reach depths of 20-30 km or more (Gudmundsson, 2012;

Chaussard and Amelung, 2014; Le Corvec et al., 2015).

As is detailed below, we propose the existence of two comparatively shallow magma
chambers at around 8 km depth and a deep-seated reservoir at around 15 km depth in the KTJ
region (Figs. 1, 2). We relate these magma sources to likely magma paths, i.e dykes. For an
eruption to occur, the magma chamber must rupture (Browning et al., 2015) and propagate a
dyke or an inclined sheet to the surface (Gudmundsson, 2012; Chestler and Grosfils, 2013; Le
Corvec et al., 2013; Caricchi et al., 2014). The conditions for magma-chamber rupture and
dyke injection have been analysed by many (e.g. Gudmundsson, 1990, 2006; Grosfils, 2007;
Hurwitz et al., 2009; Gerbault, 2012; Le Corvec et al., 2015). Many of the basic ideas are
reviewed and analysed by Gudmundsson (2012), with particular reference to direct
observations of fossil magma chambers and the results of hydraulic fracture stress
measurements in drill-holes worldwide down to crustal depths of about 9 km.

Generally, the critical stress required for magma-chamber rupture can be reached in
two ways (Gudmundsson, 1990, 2006; Folch and Marti, 1998; Browning et al., 2015): (1) by
increasing the total pressure inside the chamber (for example, by adding magma to the
chamber or through gas exsolution from its magma), and (2) by external extension, such as in
rift zones, where divergent plate movements gradually reduce the minimum principal
compressive stress o3. Tensile fractures do not normally extend to depths greater than 0.5-1
km. If they try to propagate to greater depths they will change into closed normal faults, in
accordance with Griffith criterion (Gudmundsson, 2011). There are thus no open tension
fractures or open normal faults at the depth of many kilometres ready to be filled with magma
to form dyke fractures. By contrast, dyke fractures are initiated when the excess pressure in

the chamber reaches the host-rock tensile strength under either loading condition. Then the
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magma chamber ruptures and a dyke (or an inclined sheet) is injected (Gudmundsson, 1990;
Gaffney et al., 2007). The mechanical layering and local state of stress inside the volcano,
together with rate of magma solidification and other factors, ultimately determine whether the
dyke propagates to the surface and erupts or, alternatively, becomes arrested at depth in the
volcano (e.g. Spence et al., 1987; Gudmundsson, 1990, 2011; Acocella and Neri, 2009; Geshi

and Neri, 2014).

Although the geometries of magma chambers vary, many and perhaps most crustal
magma chambers are sill-like (Gudmundsson, 1990; Annen and Sparks, 2002; Kavanagh et
al., 2006; Grosfils et al., 2015) as evidenced by seismic studies of volcanoes and rift zones
(Sinton and Detrick, 1992) and field studies of fossil chambers, that is, plutons (Pasquare and
Tibaldi, 2007; Tibaldi et al., 2008; Gudmundsson, 2012). Numerical, analogue, and field
studies indicate that piston-type calderas are often associated with a sill-like magma
chambers (Geyer et al., 2006; Geyer and Marti, 2009; Gerbault, 2012; Gregg et al., 2012,
2015; Le Corvec et al.,, 2013; Gudmundsson, 2015). The size of an underlying shallow
magma chamber is then thought to closely resemble the radius of associated collapse caldera,
whereas the deeper reservoirs may be many times larger (Gudmundsson, 2012, 2015;
Grebault, 2012; Gregg et al., 2013; Grosfils, 2007, 2015; Browning and Gudmundsson,
2015). As indicated above, the depths of many magma chambers have been estimated using
petrological, geochemical, and geophysical methods (Becerril et al., 2013; Chaussard and

Amelung, 2014).

The emplacement of hot asthenospheric mantle to shallow levels beneath a Karliova-
type triple junction could be expected to generate melt and, likely, surface volcanism.

Consistent with this expectation is the sequence of volcanic centres that have erupted in the
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wake of the triple junction within the Karliova regime (e.g. Furlong and Schwartz, 2004;

Gaffney et al., 2007).

This study focuses on the mechanism of magma propagation, primarily through
dykes, in the Karliova Triple Junction (KTJ) tectonic regime. We aim to demonstrate how
fault geometry and mechanical properties may affect magma propagation under a variety of
tectonic boundary loads. We discuss the geologic setting of the KTJ and the manifestations of
shallow and deeper magma chambers within the crustal segment. Our numerical modelling
aims to quantify the crustal response to various tectonic regimes in Eastern Turkey. The
region is characterised by considerable lithological heterogeneity and anisotropy (cf.
Jarosinski, 2012) which are taken into account in our numerical models. We present a series
of two-dimensional and three-dimensional numerical models to help constrain evolving ideas
regarding the tectonics of the KTJ. We also analyse a north-south striking profile that is
subject to regional compression and local extensional tectonic phases which likely operated
in the region ~3 My. A general three-dimensional model is presented to show the local stress

effects resulting from complex regional loading on crustal magma chambers.

2. Geologic and tectonic setting

Eastern Turkey is a part of the Mediterranean region which is characterised by the
presence of major continental fragments and suture zones (Sengor et al., 2004). Propagation
of the westward extrusion of the Anatolian block, just after the formation of the Northern
Anatolian Fault Zone (NAFZ), started around 12 Ma from the pivot point of KTJ and
triggered lithosphere-scale transtensional deformation (Barka, 1992; Sengor et al., 2004). The
NAFZ, whose main fault is the active right-lateral North Anatolian Fault (NAF), is a nearly

2000 km long zone, extending from Karliova in eastern Anatolia to the tip of the Corinth Rift
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in Greece (Armijo et al., 1999). The overall width of NAFZ increases from ~10 km (Figs. 1,

2) in the east to ~100 km in the west (Sengor et al., 2004).

Present-day earthquake focal-mechanism solutions indicate dextral transtensional
movements (McKenzie, 1972; Ozener et al., 2010) on the Yedisu Fault at the western part of
the KTJ (Fig. 1). GPS data show that the eastern part of the Anatolian plate (the western part
of the KTJ) moves at a rate of ~20 mm/yr with respect to the Eurasian plate (Fig.1, McClusky
et al., 2000; Reilinger et al., 2006). Solid-block modelling of the region and GPS velocity
data (Fig. 1) show that eastern margin of the KTJ is undergoing crustal shortening, whereas
in the west the prevailing tectonic stress and crustal deformation is transtensional to the west
(Barka, 1992; Aktug et al., 2013). The present geodetic average slip rate for Eastern
Anatolian Fault Zone (EAFZ) is 5 mm/yr (Aktug et al., 2013). The EAFZ is around 30-km-
wide at the eastern extremity near the KTJ. It is proposed that the fault zone has been active

since the Pliocene (Tatar et al., 2004).

The NAFZ and EAFZ, which are two western branches of the KTJ, are characterised
by transtensional tectonics (Sengor et al., 2004). The right-lateral Yedisu Fault (YS, Fig. 1),
striking N105°E, represents the eastern branch of the NAFZ and extends for more than 30 km
to the KTJ (Fig. 1). The VFZ extends for over 50 km, strikes N105°E-N120°E and can be
subdivided into six fault segments (Sancar et al., 2015). The Varto Fault (VF, Fig. 2c) is
seismically the most active segment of the VFZ; it is a N120°E-striking right-lateral strike-
slip fault with a reverse component that offsets the southern part of the Varto caldera. Two
destructive earthquakes (Mw = 6.8 and 6.2) occurred on the VFZ in 1966 (Fig. 2c,
Ambraseys and Zatopek, 1968). Karaoglu et al. (in press) suggest that the combined motions

of NW-striking dextral, normal, oblique and thrust faults indicate a successive and reactive
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tectonic phase that caused incremental complex movement of numerous fault blocks during

the deformation of the Karliova and Varto region since 6 Ma.

Structural and stress data indicate a distinct kinematic behaviour of the KTJ during
the past 12 Ma (Sengor et al., 2004). Following the formation of NAFZ and EAFZ, the
western part of the triple junction has been subject to transtensional tectonics during which
the east end of the KTJ has undergone incremental deformation accommodated by numerous
faults during (i) ongoing shortening phases driven by the regional-scale thrust tectonic regime
and (ii) transtensional phase caused by westward extrusion tectonics at a local-scale
(Karaoglu et al., in press). It has been suggested that a right-lateral motion developed under a
NE-SW-trending extension associated with NW-SE contraction. The fault surface planes of
the WNW-ESE-striking VFZ were reactivated at 3 Ma, which suggests that inversion
tectonics occurred when transtensional faults reversed their movement during a subsequent
compressional tectonic episode (e.g. Williams et al., 1989). Since 3 Ma, thrusting shifted
further south, coupled with a component of dextral strike-slip motion (Karaoglu et al., in

press).

Volcanic activity commenced on the EAF with some eruptions producing acidic rocks
whose ages are between 4.4 and 6.06 Ma (Poidevin et al., 1998). The earliest volcanism
occurred at around 6 Ma and highlights the initiation of crustal deformation in the EAF. As
for the deformation of Varto and Turnadag volcanoes, the age of the basement volcanic rocks
in the southern part of Varto is around 3 Ma (Fig. 2a). The lifespan of the Varto caldera
volcanism is estimated at between 3 and 1 Ma (Hubert-Ferrari et al., 2009). This may be
regarded as the second major volcanic episode in the area. The third event or activity in the
area relates to some small-scale volcanism on the southern sector of the VFZ. The resulting

domes are dated at approximately 0.73 Ma to 0.46 Ma (Fig. 2a). The most recent dyke-fed
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eruptive and effusive-type volcanism (1.96-2.67 Ma, based on K/Ar ages from Biggazi et al.
1997, 1998) occurred around the Ozeng area, at the southern part of the Varto caldera (Fig.
2). The volcanism produced partly mafic lavas, mostly of the alkaline and rarely sub-alkaline
series, including basaltic trachy-andesite and basaltic andesite (Buket and Temel, 1998;
Hubert-Ferrari et al., 2009). The Varto caldera, the Turnadag volcano, and the Ozeng
volcanic area (Fig. 2) show distinct volcanic facies, and also certain geochemical

characteristics (e.g. Buket and Temel, 1998; Hubert-Ferrari et al., 2009; Sangar et al., 2015).

3. Magma-chamber geometry

In order to estimate the rough geometry and depth of the magma chamber feeding a
polygenetic volcano, field and analytical data are required. There have not, however, been
any petrological or geodetic studies on the geometry of the magma feeding systems in
Eastern Turkey. Recent compilations, based on various methods, suggest that most magma-
chamber or reservoir depths worldwide range from about 1 km to about 20 km below the
volcanoes to which they supply magma (Middlemost, 1997; Gudmundsson, 2012; Chaussard
and Amelung, 2014; Tibaldi, 2015). The exact depths of the magma chambers for the
volcanoes Turnadag and Varto (Fig. 2b), as well as for the Ozeng¢ volcanic area, are not
known. The chemistry of the eruptive materials suggest that the source chamber for the
Ozeng volcanism is deeper and larger than the chambers beneath Turnadag and Varto. All
these areas, however, contain dykes whose aspect (length/thickness) ratios can be used to

estimate the depths of the source chambers.

We use a method based on the principles of fracture mechanics and fluid-dynamics to
constrain the depth of the magma chambers/reservoirs at Karliova (e.g. Becerril et al., 2013).
All dykes in the area are dominantly trachy-basaltic in composition. Magma overpressure (po)

within a dyke during its formation can be estimated from the ratio of dyke strike dimension
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(L) and thickness (Auy). A total of 14 dyke measurements in the study area were used to
estimate their depth of the source chamber/reservoir. The method is as follows. The opening
displacement of an elastic mode | (tensile mode) crack, such as a dyke, subject to internal
fluid or magma overpressure (driving pressure) p, is given by:

_2p,(1-v?)L

Au,
E

1)

where L is the smaller of the strike and dip dimensions of the fracture, and E and v are
Young’s modulus and Poisson’s ratio, respectively, of the host rock. While Au; denotes the
opening or aperture of the dyke at its time of emplacement it also corresponds roughly to the
thickness of a solidified dyke as measured in the field (the error due to contraction as the
magma as the dyke solidifies is about 10% - Becerril et al., 2013). Here we use 40 GPa as an
average Young’s modulus for the host rock and 0.25 for the Poisson’s ratio. The overpressure

in a dyke at the crustal level of exposure (at the surface for a feeder) is given by
pozpe+(pr _pm)gh+o-d (2)

where pe is the fluid excess pressure in the source magma chamber, p, is the average density
of the host rock, pn, is the average density of the magma in the dyke, g is acceleration due to
gravity, h is the dip-dimension or height of the dyke, and oy is the differential stress (the
difference between the vertical stress and the minimum principal horizontal stress) at the
depth in the crust where the dyke is measured or, for a feeder-dyke, the stress difference at
the surface where the volcanic fissure forms. From equations (1) and (2) the depth to the

intersection between the source magma chamber and the feeder dyke is:

B Au,E _ P +oy
2L(1_V2)(pr_pm)g (pr_pm)

(3)
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Using Eq. (3), we calculated the depth to the source of the feeder-dykes exposed in
the three volcanic regions under consideration (Fig. 1). We use the typical trachy-basaltic
magma density (pm) of 2730 kg. m™ (e.g. Middlemost, 1997). Since there are no detailed and
accurate density data for the crust of the Eastern Anatolia Accretionary Complex, we have
used a revised geological stratigraphy made of 18 lithologic units (Appendix 1), of the region
(e.g. Tarhan, 1991). The crust is thought to be mostly composed of units of limestone,
metamorphic rocks, massive gabbro and sandstone with estimated laboratory densities in the
range from about 2000-3100 kg m™ (e.g. Gudmundsson, 2011). We use an average density of
2650 kg. m™. Note that excess magma pressure in the chamber/reservoir (pe) is defined as
pressure in excess of lithostatic stress or pressure and thus automatically takes into account

the effects of gravitational loading (e.g. Gudmundsson, 2011, 2012).

The measured feeder-dyke thicknesses range from 0.8 to 3 m. The estimated
overpressures from Eq. (1) are from 9 to 11 MPa for the Varto and Turnadag volcanoes and
from 15 to 18 MPa for the Ozeng¢ volcanic area (flood basalts). These are similar
overpressures as estimated for dykes in many other areas (e.g., Becerril et al., 2013). Using
these and the above values, Eqg. (3) yields source-chamber depths of 8-10 km for Varto and
Turnadag volcanoes, and 15-18 km for the Ozeng¢ volcanic area (Appendix 2). In the
numerical models we thus use an estimated depth of 8 km for the magma chambers feeding
eruptions in volcanoes of Varto and Turnadag and 15 km for the larger reservoir supplying

magma to the flood basalts of the Ozeng volcanic area.
4. Model set-up

All the numerical models are built and solved using the finite element program

COMSOL (www.comsol.com; cf. Zienkiewicz, 1979; Deb, 2006; Tabatabaian, 2014). The

models are based on the real geological setting of the KTJ as interpreted from field
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measurements and seismic data (e.g. Sandvol et al., 2003) as well as INSAR data (Cavalié¢ and
Jonsson, 2014). We differentiate between two predominant magma-chamber modelling
techniques. The first uses 2-D geometry where magma chambers are modelled as holes with
applied excess pressure (pe) (Gudmundsson, 2006, 2011; Gerbault, 2012; Gerbault, 2012).
The second set uses 3-D geometry where the chambers/reservoirs are modelled as ellipsoids
of prescribed volume with applied excess pressure. We present two geometries of 2-D models
based upon (1) a N-S striking profile through the Varto caldera (Fig. 2), and (2) an E-W
striking profile that encompasses both the Turnadag volcano to the west and the Varto caldera

to the east.

Our models consider ellipsoidal magma chambers/reservoirs. While these are, in
detail, simplifications of the actual shapes, the long-term stable geometries may be similar to
these (e.g. Gudmundsson, 2012). Topography may affect near-surface stress fields. However,
in the present models the primary focus is on the local stresses induced by the stress
concentration around chambers/reservoirs subject to different boundary conditions, in which
case topography normally plays a less prominent role (cf. Gaffney and Damianac, 2006;
Gudmundsson, 2006). Thus, we assume a flat topography in all models. The 16 different
mechanical layers used in our models are based on our direct geological observations. The

values used to calculate magma chamber depth encompass all of these mechanical layers.

In Fig. 3 we show only the N-S model setup. In this model two magma chambers, one
relatively shallow, at a depth of 8 km, and one deeper, at a depth of 15 km, are residing
within a heterogeneous, anisotropic elastic half space with Young’s modulus (E) varying
between individual layers from 40 GPa to 0.1 GPa, as shown in Fig. 2. The shallower magma
chamber has a maximum diameter of 9 km, whereas the deeper chamber or reservoir has a

maximum diameter of 30 km. Poisson’s ratio (v) does not vary significantly between
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individual layers; thus, in the models we use a constant typical value for rocks of 0.25
(Gudmundsson, 2011). In the N-S striking profile all the layers dip gently to the north,
whereas the E-W striking profile hosts predominantly horizontal layers. The softest (most
compliant) layers are those comprising the fault cores/damage zones (Ef.ui), indicated by
black polygons in Fig. 3. The faults are given Young’s modulus values of 0.1 GPa, as has
been estimated for some active faults (Gaffney et al., 2007; Gudmundsson, 2011; Grosfils et
al., 2015). The thicknesses of layers and fault cores/damage zones are taken from our
geological measurements (Fig. 2) and given in Appendix 1. All 2-D models are fixed at the
corners, with boundary loads applied at the left and right edges and a free surface (a region
free from shear stress) prescribed on the upper edge. More specifically, the fixing of the
models at the corners means that the model boundaries are free to move (be displaced) under
loading, except for the corners themselves. This is a standard procedure in modelling magma

chambers subject to various loading conditions (e.g. Gudmundsson, 2006, 2011).

Loading conditions applied are (1) internal magmatic excess pressure between 5 and
15 MPa, (2) regional extension (tension) of 5 MPa, (3) regional compression of 5 MPa, and
(4) a combination of regional stress and magmatic excess pressure. Magma-chamber rupture
and dyke injection is supposed to occur when the tensile stress, mostly measured through
hydraulic fracturing and down to crustal depths of about 9 km, are between 0.5 and 9 MPa,
the most common values being 2-4 MPa (Gudmundsson, 2011). As indicated above, by using
excess pressure in the chamber/reservoir, rather than total pressure, the effects of gravity are
automatically considered (cf. Gudmundsson, 2012). We use a triangular mesh with a
maximum element size of 4.02 km; minimum element size of 0.018 km for 2-D, and
tetrahedral mesh with a maximum element size of 4.02 km; minimum element size of 1.8 km

for 3-D models.
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Due to the complex tectonic nature of a triple junction it is not possible to fully
encompass the regional stress pattern in two dimensions. For this reason we made additional
3-D models that allow more boundary loading options. In contrast to the two-dimensional
models, in these 3-D models results can be observed normal to the plane of interest. In the 3-
D models, we impose three magma chambers of similar depths and sizes to those used in the
2-D models, i.e, two shallow chambers at 8 km depth and one deeper and larger reservoir at
15 km depth. The axes (diameters) of the ellipsoidal shallow chambers are 2 km, 6 km, and 9
km (Fig. 2b), similar in general dimensions to many shallow magma chambers
(Gudmundsson, 2012). By contrast, the axes of the 4 km, 12 km, and 30 km (Fig. 2b), and
thus similar in geometry and dimensions to many inferred deep-seated reservoirs in rift zones
(Gudmundsson, 1990, 2006). All 3-D models simulate an elastic half space with a Young’s
modulus of 40 GPa. In these models the focus is not on the mechanical contrast between
individual layers but on the effect of regional stresses on spatial distribution of the local
stresses around the magma chambers. The boundary loads prescribed in these 3-D models
include (1) compression or extension various directions in relation to the axes of the magma
chambers/reservoirs had (2) shear, that is, compression or extension in opposing directions

across a zone, thereby simulating strike-slip tectonics.

5. Results

In order to characterise the propagation path of dykes in the shallow crust at the KTJ
it is first necessary to consider the stress required for magma chamber rupture. In the simplest
terms, a magma chamber will rupture and inject a dyke or an inclined sheet when

(Gudmundsson, 1990, 2011):

P+ Pe =03+T, (4)
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where p is lithostatic pressure and pe is the excess pressure in the magma chamber, o3 is
minimum principal compressive stress in the host rock, and T, is the tensile strength of the
host rock which, as indicated above, ranges from 0.5 to 9 MPa (cf. Amadei and Stephenson,
1997). When a chamber roof has failed in tension and a dyke is initiated then the magma
follows the path or trajectories of maximum principal compressive stress, o1 (Gudmundsson,

2011).

5.1 Magma-chamber excess pressure

Here we present first the results on crustal stresses induced solely by magmatic excess
pressure within each chamber, ignoring initially the potential effects of any regional tectonic
loading. In Fig. 4 we show the magnitudes of the minimum principal compressive (maximum
tensile), stress, o3, and von Mises shear stress, t. In both the N-S and E-W profiles the
maximum tensile and shear stresses concentrate at the lateral margins of each magma
chamber and at the earth’s surface above the magma chamber. Complex stress patterns and
interactions occur at depth because of the attitude and mechanical properties of the imposed
fault structures. In all models the soft or compliant material that comprises each fault zone
inhibits stresses within the fault, but raises and concentrates stresses at the boundaries or
contacts of the faults with the host rock. The effects are, for example, prominent in the
steeply dipping East Anatolian Fault (EAF) segment that extends between the shallow and
deep chambers along the E-W profile (Figs. 4a, b). At this location (Fig. 4a) high shear
stresses concentrate where the fault zone intersects the surface and at depth high tensile
stresses occur where the fault zone narrows (Fig. 4c). In the N-S profile, two shallow dipping
faults concentrate both shear and tensile stress between the margins of the deep and shallow
chambers, indicating that magma transfer between the two systems in this location is likely

(Figs. 4a, b). Stress also concentrates at depth along the EAF in the E-W profile (Figs. 4c, d).
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It should be noted that we did test excess magmatic pressure of 15 MPa (and 10 MPa
as well) for the loading of the magma chambers/reservoirs. However, in the models presented
here we used only 5 MPa as the loading, both as regards the magmatic excess pressure as
well as for the external tension (in some of the models). This we did primarily because 5 MPa
is similar to the in situ tensile strength of rocks. Increasing the excess magmatic pressure
simply increases the stress concentration magnitudes (higher stresses close to the chamber, in
particular) but does not markedly change the geometry of the concentration zones and their
location — as is well known from numerical modelling in volcanology and other fields (e.g.

Gudmundsson, 2011).

5.2 Regional tectonic stresses

In the second set of 2-D models the focus is on the effect of regional stresses induced
by tectonic loading on the local stresses around the magma chambers. In Fig. 5 we show the
tensile and shear stresses around overpressured magma chambers subjected to both regional
compression and regional extension, as indicated by arrows in the Fig. 5. During E-W
extension of 5 MPa, two stiff (high Young’s modulus) near-surface units concentrate tensile
stress, which may encourage dyke propagation (Gudmundsson, 2006). Focussing on the EAF
(Figs. 5e-h), we note that shear stress concentrates at the surface during regional compression
but dissipates during imposed regional extension in both strike directions (Figs. 5a, €). The
N-S striking profile is dominated by a series of high angle faults (Fig. 5a) that during regional
compression (Figs. 5a-d) suppress much of the shear stress surrounding the deeper chamber
(Figs. 4b, 5d). The effect is similar during regional extension; however, the steepest central
fault concentrates substantial shear stress directly above the central part of the deep chamber.
Our models also show that caldera-related ring faults increase the maximum tensile stresses

(Figs. 5a, c).
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Regional tectonic loading gives different stresses which potentially affects magma
paths. The effect is most clear in the E-W profile whereby tensile stresses are shifted to the
west at the Turnadag volcano during regional extension. Our findings also indicate an
increased likelihood of shallow chamber dyke injection from the deeper source during

periods of regional extension.

5.3. Three-dimensional models

In order to better understand the geodynamic setting of the Karliova Triple-Junction
we present a series of simple three-dimensional (3-D) models (Figs. 6-10) exploring the local
stresses in differential tectonic regimes. These models are homogeneous; the aim here is not
to fully encompass the geological setting of Karliova but instead to provide constraints on the
location of volcanism as a function of different tectonic loading. In Figs. 6a, b in the E-W
profile we apply a north-south directional extensional load of 5 MPa and observe the resultant
tensile and shear stresses along E-W and N-S profiles. The deeper and shallower chambers
concentrate shear stress at their margins. However, those shear stresses dissipate close to the
surface, and then the stress state is dominated by the deeper chamber at Earth’s free surface
(Figs. 6a-d). Maximum tensile stresses concentrate at the lateral margins of all the chambers,
which suggests that the chamber walls tend to rupture and dykes become injected at these

locations (Figs. 5a-b).

In Figs. 7, 8 and 9, we model the loading effects of strike-slip faulting, using
compressional load of 5 MPa on either side of the N-S-striking plane (Fig. 7). Such a regime
cannot be represented fully in a two-dimensional model. As in previous models we show the
magnitudes of tensile and shear stresses, although now in two directions (Figs. 7-9). We note
stress concentrations and linkage between the deeper chamber and the shallow chamber

directly above (Varto) (Fig. 7). Surface stresses are dominated by the larger reservoir, and no
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stress interaction occurs with either chamber or the shallow chamber to the west (Figs. 7b, d).
There are tensile stress concentrations around, and particularly above and in-between, the
chambers and reservoirs of Varto and Ozeng (Fig. 7c). This stress concentration between the
chamber and the reservoir may promote rupture at the upper margin (the roof) of the reservoir
and encourage dyke propagation from the reservoir to the shallow chamber. Furthermore,
from the shallow chamber there is a zone of tensile stress concentration all the way to the
surface (Fig. 7a), suggesting that the local stress field encourages dyke propagation from the
chamber to the surface. While these models only show the stress magnitudes, we also
analysed the stress trajectories (the directions of the principal stresses) and these agree with

the suggested dyke paths.

We also made a set of three-dimensional models to explore the effect of N-S and E-W
directed regional extension. Even though these models do not accurately reflect the exact
tectonic regime of the study area, the results are general and should broadly apply to triple
junctions worldwide, even regions where biaxial tension might operate (Appendix 3). We
note again that there is very little stress interaction between the eastern and western magmatic
systems. Whilst magma propagation between the two systems is unlikely, it appears
substantially more difficult to envisage linkage or interaction during a compressional regime
where tensile stresses are lower in the area between the eastern and western chambers. In the
eastern segment, our results indicate an increased likelihood of magma chamber rupture at the
lateral margin of each chamber during extensional loading. We find that extensional loading
favours central chamber roof rupture and vertical dyke propagation. As indicated in our
earlier models (Figs. 5a, €), the precise direction of the dyke propagation path will depend on
local stresses related to crustal heterogeneity and anisotropy (layering). However, the
extension appears to have shifted the principal stresses towards the north in comparison to the

previous models that consider only extension or compression independently.
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In Figs. 8 and 9 we compare the effects different types of shear, that is, left-lateral and
right-lateral strike-slip faulting, on the local stresses, particularly around the magma
chambers/reservoirs. The main finding is that the shear and tensile stresses again concentrate
around the chambers/reservoirs, but the stresses concentrated around the deep-seated
chamber (reservoir) are greater at the surface in the right-lateral simulations (than in the left-
lateral simulations, shifting stresses slightly to the east (Fig. 9¢). In Fig. 10 we simulate a N-S
compressional regime which has the effect of increasing the symmetry of local stresses, and
in doing so concentrating both tensile and shear stresses vertically above the deeper magma

reservoir.

6. Discussion

Over the past decades many studies have focused on understanding better the
mechanical principles that control dyke propagation paths through the Earth’s crust (e.g.
Druitt and Sparks, 1984; Marti et al., 1994; Acocella et al., 2004; Geyer et al., 2006;
Gudmundsson, 2006; Marti et al., 2008; Hurwitz, 2009; Gerbault, 2012; Gudmundsson,
2012; Le Corvec et al., 2013; Karaoglu, 2014). Although some studies have attempted to
understand how faults affect magma ascent (Magee et al., 2014; Browning and
Gudmundsson, 2015; Gudmundsson, 2015) many aspects of fault-magma path interactions
remain poorly understood. Our work focuses on the mechanism of dyke propagation through
a highly heterogeneous, anisotropic, and intensely faulted crust of the KTJ. It is widely
accepted that the region has experienced N-S directed crustal shortening. We have also taken
into consideration the inversional tectonic regime, i.e., a successive N-S directed extension
and compression during the past 3 Ma, an idea based on the results of recent field studies
(Karaoglu et al., in press). We further accounted for dyke propagation under either E-W

compressional, or E-W extensional tectonic regimes (Fig. 4), as well as strike-slip regimes.
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The numerical results presented demonstrate that the initiation of a dyke is influenced
by the geometries and depths of magma chambers as well as the local stresses in the
heterogeneous, anisotropic, and faulted crust. The overall process of dyke initiation and
propagation may be affected by at least three distinct factors, namely (i) the geometry and
attitude of the associated faults; (ii) the heterogeneity and anisotropy of the crust; and (iii)
stress concentrations around, and stress (mechanical) interactions between, magma chambers.
Here we discuss our numerical analysis of two different tectonic regimes, namely inversion
tectonics using N-S and E-W-striking profiles in order to better understand dyke propagation

under different stress conditions at the Karliova-Varto region.

6.1 Magma transport in the absence of tectonic stresses

Our numerical models indicate that the mechanical properties of a heterogeneous and
anisotropic crust substantially influence the local stresses and thus the potential dyke
propagation paths (e.g. Chaussard and Amelung, 2014; Le Corvec et al. 2015) (Fig. 4). The
initial stage of dyke propagation is magma-chamber roof rupture leading to the initiation of a
dyke (e.g. Clements and Mawer, 1992; Gerbault, 2012). One of the most common reasons for
the generation of excess pressure within a shallow magma chamber is likely recharge from
parental magma at depth that has accumulated in a deeper reservoir or chamber (e.g. Chestler
and Grosfils, 2013). It is only when a sufficient volume of magma accumulates within a
shallow chamber that it can reach the conditions of likely rupture (Eq. 4; Browning et al.,
2015). Dyke propagation at great depths requires suitable stress interactions between the
shallower and the deeper magma chambers or reservoirs (Fig. 4a). Our numerical results
show that layering affects local stresses and many aspects of fault-dyke path interactions

(Figs. 4c, d). For all loadings considered (compression, extension, and shear), tensile and
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shear stresses concentrate around, and particularly at the margins of the deep magma

chambers (Fig. 4).

While the 4 km wide EAF is one of the most remarkable structural elements along the
E-W profile (Fig. 4c), the conditions for dyke propagation through and along a fault are only
observed at the much smaller VFZ primarily due to the faults orientation and position.
However, we note some minor stress accumulation in the EAF (Figs. 4c, d). Tensile stress
along the VFZ likely creates favourable conditions for dyke propagation along the previously
dissected fault at the northern margin of the deeper reservoir. This result suggests that deep
and shallow magma chamber stress interactions may play an important role in dyke
propagation which is strongly influenced by faults and other crustal heterogeneities and

layering (Fig. 4).

6.2 Magma transport under regional tectonic stresses

Magmatic systems evolve partly as a result of tectonic deformation, generally and in
the context of processes associated with the KTJ. Recently, this area has experienced N-S
directed compression and E-W directed extension (e.g. Aktug et al. 2013). In the E-W profile,
shallow dyke injection, some reaching the surface to erupt, appears possible during both
extensional and compressional tectonic loading in and around the Varto caldera (Figs. 5e, g).
Deep and shallow magma chamber interactions may result in magmatism that becomes partly
channelised through the EAF, thereby encouraging volcanic eruptions in the Varto region.
Our results demonstrate that fault zones may facilitate magma transport during different
tectonic loadings. The effects of these faults on potential magma paths is more prominent for

compressional (Figs. 5g, h) than extensional loading (Figs. 5e, f).

While tensile and shear stresses concentrate mostly at the margins of the shallow

magma chambers, shear stresses concentrate also above the central parts of the deeper
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chambers/reservoirs (Fig. 5h), as well as at caldera ring-faults (e.g. Annen and Sparks, 2002;
Marti et al., 1994). Our models indicate how magma transport and regional tectonics may
interact in an intensely fragmented and mechanically layered crust (e.g. Spence et al. 1987,
Tibaldi et al., 2008), in particular through the cross faults of the VFZ (Figs. 5b, d). The
vertical stress patterns between the two magma chambers observed in the N-S profile support
the view that fault zones can act as magmatic paths (Fig. 5d). Even during a N-S
compressional phase the results suggest that dykes may be injected, resulting in possible dyke
injection from the deeper source to the shallow magma chamber (Fig. 5d). In the case of N-S
extension (Fig. 6), the youngest fault, which is a normal fault as shown in Fig. 2a, plays a
crucial role for shear stress concentration (Figs. 5a-d and Fig. 6). We show that the
interaction between these fault systems, of various ages, encourages dyke injection from the
central part of a deeper magma reservoir, and therefore acts as a potential vertical dyke path

(Fig. 5b).

6.3. Numerical models in the Karliova geological context

In the 2-D models, Varto caldera is represented by steeply dipping inward zones of
soft material, as is commonly observed in eroded ring-faults of calderas (e.g. Marti et al.
2008; Browning and Gudmundsson, 2015). The Varto caldera is 8 km in diameter and with a
semi-circular shape. The Varto fault is the most seismically active segment of the VFZ, a
N70°W-striking fault that offsets the southern part of the Varto caldera (Fig. 1). Several
distinct dyke locations have previously been reported, the dykes being primarily composed of
trachy-basalt, both inside and around the Varto caldera. Those dykes mostly display NW-SE,
and rarely NE-SW, orientations. Strike orientation values range from 205° to 300° with some
indicating the presence of cross-cutting (polyphase) dykes. Our numerical results indicate the

potential for multi-stage dyke injections during transtensional to compressional tectonic
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phases (e.g. inversion tectonic regime) resulting principal stress rotation (Fig. 5). Although
radiometric data of Varto caldera yields ages from 3.1 to 2.6 Ma (Hubert-Ferrari et al., 2009),
which might represent the duration of the volcanism, magma propagation in the crust has
probably continued up to the latest eruptions, based on our numerical results (Fig. 5). Recent
block rotations around the KTJ based on GPS data (Fig. 1) indicate an intense crustal
deformation via successive extensional and shear loading (e.g., Le Corvec et al., 2013; 2015).

Long-lived volcanic activity is possible at Varto caldera and in the KTJ in general.

Zones of tensile stress concentration indicate potential magma propagation paths from
the shallow magma chambers to the surface of Turnadag volcano (Fig. 5e). Magma transfer
under E-W-oriented compression is unlikely (Figs. 5g, h). Dyke-fed eruptions at Turnadag
volcano are most likely when the magma chamber feeding the volcano is subject to an E-W-
directed extension (Fig. 5e). On account of the westward extrusion of the Anatolian plate
since 12 Ma, an E-W-directed tectonic regime seems most favourable for eruptions in the

Turnadag volcano (Figs. 1, 5e).

In the Ozeng volcanic area our numerical models suggest that volcanic activity is
more likely under E-W-directed extension than N-S-directed extension, and may occur under
E-W-directed compression as well. We indicate that some, perhaps most, of the feeder dykes
may have originated from the deeper magma chamber (Figs. 5c, d). In particular, 3-D
modelling results suggest that the deeper magma chamber largely controls the local stress

field and, thereby, dyke propagation and resultant eruptions (Figs. 7, 8, 9).

Our 3-D models show the potential for subtle changes in magma propagation paths
and eventual eruption resulting from the differences in the boundary loads. While all-round
extension has the likely effect of shifting volcanism to the south-east (Appendix 3), strike-slip

type loading can either concentrate volcanism directly above a deep magma system or extend
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the zone of volcanism substantially to the east, depending on the loading direction (Figs. 7, 8,
9). All results show that the most likely paths for dyke propagation to the surface are from the
eastern margin of either the deeper chamber or, possibly, the eastern margin of the shallow

(\Varto) chamber.

6.4. Relationships between local stress fields in Karliova and volcanic eruptions

Studies indicate that most volcanic unrest periods do not culminate in an eruption
(Dzurisin, 1991). Only during comparatively rare periods do dykes propagate all the way to
the surface and erupt. For eruptions to occur, the local stresses between the source and the
surface along the potential dyke path must be uniform, that is, homogenised (Gudmundsson

and Philipp, 2006).

Crustal heterogeneity and anisotropy as well as fault attitude and mechanical
properties are the main parameters which influence the local stresses and thereby the magma
paths (e.g. Gudmundsson and Philipp, 2006; Browning and Gudmundsson, 2015). Our
models suggest that, for many loadings, regional tectonic stresses encourage dyke

propagation to the surface.

Since the development of the NAFZ and EAFZ, at around 6 Ma, a strike-slip tectonic
regime has dominated the province. Westward extrusion of the Anatolian plate led to a stress
field suitable for magmatism at the extremity of the KTJ. The wedge extrusion
accommodated by high strain encouraged magmatic paths as feeders for the volcanism. The
period represented the initiation of the minor volcanic activity caused by major extension at a
local scale. The first volcanic activity commenced with regional stress induced by KTJ
tectonics at around 3 Ma. The swarm of parallel dykes in the southern part of KTJ,
particularly Ozeng volcanic area (Fig. 2), show a stress field with ¢; in a N-S direction and o3

in the E-W direction (Karaoglu et al., in press). The strain direction associated with this dyke
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emplacement confirms that volcanism was controlled by a NEE-SWW-trending zone of

weakness, particularly in the Ozeng volcanic area and at the Turnadag volcano.

7. Conclusions

We document numerical results on the mechanism of magma propagation paths under
a variety of tectonic loads in the crust. We particularly explore the relationship between
tectonics and magma propagation in the tectonic settings at the Karliova Triple Junction
(KTJ) of Eastern Turkey. The interpretation of our numerical models suggests that Turnadag
volcanism at the western part of the KTJ has been fed by a shallow magma chamber located
at about 8 km depth during E-W extension. Also, that the Varto caldera is fed by a shallow
magma chamber at a similar depth. More specifically, the numerical results show that if the
region was subject to an E-W-oriented compressional stress (o1), then magma propagation
and associated volcanic eruptions would most likely come to an end. Magma transfer
between the magma chambers of Varto volcano and Ozeng volcanic area exhibits complex
stress interactions (Figs. 4, 5). The pattern of local stress changes from the eastern part of the
triple junction to the western part. Even though the Ozeng volcanic area has experienced N-S-
directed compression, inversion tectonics encourage magma propagation through the crust.
Hence, loading during inversion tectonics dramatically changes the orientation of o; and
affects magma propagation more than the individual extension or compression regimes. Local
stresses are dominated by a deep reservoir located at 15-18 km depth. It is this reservoir that
largely controls the potential of injected dykes reaching the surface and, additionally, the
locations of the eventual eruptions. Our three-dimensional models, simulating the complex
loading conditions at the KTJ triple junction, can be used (with suitable modifications) to

advance our understanding of triple junctions worldwide.
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Figure 1. a) Major elements of crustal deformation in the eastern Mediterranean and Anatolia

(Armijo et al., 1999). NAF: North Anatolian Fault, EAF: East Anatolian Fault, BZCZ: Bitlis-

Zagros Collision Zone, CF: Caldiran Fault, VFZ: Varto Fault Zone, YS: Yedisu Fault, KTJ:

Karliova Triple Junction; b) map showing GPS velocities with respect to Eurasia for 95%

confidence ellipses (green vectors are Reilinger et al., 2006; red vectors are Ozener et al.,

2010; and the focal mechanism solutions from Tan et al., 2008 for the study area). Numbers

represent strike-slip component of the fault in mm/year, numbers within parentheses

represent normal component of the fault, red lines are block boundaries (Aktug et al., 2013).

Seismic data are from KOERI (http://udim.koeri.boun.edu.tr/zeqdb/).



http://www.sciencedirect.com/science/article/pii/S004019511400287X#bb1000
http://udim.koeri.boun.edu.tr/zeqdb/

806

807

808

809

/\ Radiometric ages
Qal | Alluvium

- Alluvial fan

vaemne
Lava @)
Lava 1)
Lacusmne deposﬂs

4368000

oratomla

Ignimbrite

Lava (2)

Lava (1)
Volcano-sedimantary
Lava (3)
Lava )

Lava (1)

Pliocene|Pleistocen:

IE EEIIZ ke

Varto gmup

Bingél group

Cong-sand-mudstone

Mio| Early Pliocsn.e

Cong-sand-mudstone

< IIIII Basement rocks

4323000

Figure 2. a) Geological map showing the main faults and seismicity around the Karliova and
Varto region. Radiometric ages are given in Ma. Active faults are modified from Herece and

Akay (2003) and Sancar et al. (2015). b) Magma chambers on the block model using a



810

811

812

813

814

815

geological cross-section through the region and the physical parameters of the stratigraphy
(Ra, Rb and Rc); c) Shaded relief basis map showing the main faults and seismicity around
the Karliova and Varto regions. Active faults are modified from Herece and Akay (2003) and
Sangar et al. (2015). Seismicity data from KOERI. NAF: North Anatolian Fault, EAF: East
Anatolian Fault, KTJ: Karliova Triple Junction, VFZ: Varto Fault Zone, VF: Varto Fault; GF:

Giizeldere Fault.
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Figure 3. (a) 2-D and (b) 3-D numerical model setups. The 2-D example shown represents
the geology of a N-S striking profile through Varto caldera to the East of the KTJ. All 2-D
models are layered E;-16) with each unit assigned a different value of Young’s modulus. The
dips of individual layers are based on field measurements. Faults (Efur), shown as black

polygons, are represented by zones of low stiffness and assigned Young’s modulus of 0.1
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GPa. Magma chambers, represented as cavities, are given an excess pressure of 5 to 15 MPa.
Finally, boundary conditions such as extension or compression are assigned to the model
edges. All 3-D models assume a homogeneous crustal segment with a Young’s modulus of

40 GPa.
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Figure 4. Modelled stresses induced by excess magmatic pressure based on the geologic
setting along the Northern Anatolian fault region. Left: Magnitudes of the minimum principal
compressive (maximum tensile) stress (o3). Right: Magnitude of von Mises shear stresses (t)
The excess magmatic pressure in each chamber is 5 MPa and is the only loading (no regional

tectonic loading is applied here).
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Figure 5. Modelled stresses resulting from regional tectonic extension (a-b and e-f) and
compression (c-d and g-h). Applied tensile and compressive boundary loads are 5 MPa and

excess magmatic pressure is 5 MPa in each chamber in all the models.



836

837

838

839

840

841

Figure 6. 3-D model showing the stresses resulting from tectonic extension from north to
south. Applied tensile and compressive boundary loads are 5 MPa and excess magma
pressure is 5 MPa in each chamber in all the models. a-b) Magnitudes of the minimum
principal compressive (maximum tensile) stress (o3). c-d) Magnitudes of von Mises shear

stress (7).
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Figure 7. 3-D model showing the stresses resulting from an opposing boundary load
directions in a N-S direction. The eastern half of the model is subject to a 5 MPa load to the
north, and the western half of the model subject to the same load to the south. Excess
magmatic pressure is 5 MPa in each chamber in all models. a-b) Magnitudes of the minimum
principal compressive (maximum tensile) stress (o3). c-d) Magnitudes of von Mises shear

stress (1).
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Figure 8. 3-D modelled stresses resulting from N—S-directed left-lateral tectonic shear
loading. Applied tensile and compressive boundary loads are 5 and excess magma pressure is
5 MPa in each chamber in all the models. a-b) Magnitudes of the minimum principal

compressive (maximum tensile) stress (o3). c-d) Magnitudes of von Mises shear stress (7).
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Figure 9. 3-D modelled stresses resulting from N—S-directed right-lateral tectonic shear
loading. Applied tensile and compressive boundary loads are 5 and excess magmatic pressure
is 5 MPa in each chamber in all models. a-b) Magnitudes of the minimum principal

compressive (maximum tensile) stress (o3). c-d) Magnitudes of von Mises shear stress (7).
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Figure 10. 3-D modelled stresses resulting from tectonic compression from north to south.
Applied tensile and compressive boundary loads are 5 and excess magmatic pressure is 5
MPa in each chamber in all the models. a-b) Magnitudes of the minimum principal

compressive (maximum tensile) stress (o3). c-d) Magnitudes of von Mises shear stress, 61-03.



