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Abstract: We investigate the multiphase deformation, fluid flow, and mineralization processes in epithermal systems by presenting a
detailed study of vein textures and breccias of the Kestanelik epithermal Au-Ag deposit, NW Turkey. The mineralization in the deposit
is associated with several quartz veins. Fault-hosted veins and mode I veins share many textural and breccia characteristics owing to
(i) overprinting of tectonic breccias formed during coseismic rupturing by subsequent coseismic hydrothermal brecciation and (ii)
reworking of earlier vein breccia phases by repeated rupturing and hydraulic fracturing events. The spatial distribution of breccias
at fault-hosted veins proposes that power of coseismic hydrothermal brecciation is controlled by the distance to the level of boiling
within a vein. The brecciation affects the entire vein proximal to the level of boiling; however, it is limited to the footwall contact of
the vein more distally at the upper levels of a vein. Varying number of mineralization events for the veins suggests that any individual
earthquake event reopened only one or more sealed vein, but not all at once. Fewer mineralization events in fault-hosted veins compared
to the mode I veins is either linked to (i) focusing of high fluid flux into the conduits of mode I veins that accommodate more dilation
or (ii) reopening of mode I veins owing to the driven of extensional failure under low differential stress. Although fault-hosted veins
record fewer mineralization events, they have higher average Au grade (4.106 g/t) compared to that of mode I veins (2.736 g/t). On
the other hand, fewer mineralization events in wall rock structures compared to the adjacent faults is attributed to (i) absence or poor
development of the damage zone structures in earlier seismic events or (ii) deactivation of them after clogging due to the rotation of the
optimum stress field or (iii) their formation as hydraulic extension fractures. This study emphasizes the importance of detailed studies of
vein infill for understanding the internal structural evolution of the veins in epithermal deposits that is interest to the geologists within
both industry and academic fields.
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1. Introduction rupturing causes coseismic dilation in the fault zone that

Epithermal deposits are shallow deposits (up to 1-2
km depth) formed at low to moderate temperatures
(150-300 °C) which are genetically linked to magmatic
activities (Hedenquist and Lowenstern, 1994; Sillitoe
and Hedenquist, 2003). Faults and fracture systems play
a fundamental role in controlling the migration and
circulation of hydrothermal fluids in epithermal systems
(Hulin, 1929; Buchanan, 1981; Cox et al., 2001; Sibson,
2001; Micklethwaite and Cox, 2004; 2006; Micklethwaite,
2009). In such upper crustal brittle settings, episodic
earthquake (seismogenic) rupturing plays a key role in
dynamics of stress-states, fluid pressures, and evolution
of permeability (Cox et al., 2001; Cox, 2005). Earthquake
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results in a localized fluid pressure drop (Sibson, 1987) that
drives intense boiling (flashing) of hydrothermal fluids
(Coxetal., 1995; Rhys et al., 2020). These collectively cause
rapid deposition of ore and gangue minerals (Buchanan,
1981; Henley, 1985; Brown, 1986; Hedenquist et al., 2000;
Henley and Berger, 2000). As a result, open space filling
alternates with hydrothermal breccia fill after boiling,
and banded veins with crustiform and colloform textures
are formed until the hydrothermal system is clogged and
complete sealing of structural-vein network takes place.
Hydrothermal sealing of structural-vein network causes
subsequent fluid pressure build up in the upstream part
of the rupture zone (Sibson, 1987; 1992; Cox, 2005)
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until the next rupturing event that causes dilation and
triggers the next boiling process (Hedenquist et al., 2000;
Micklethwaite, 2009; Sanchez-Alfero et al., 2016). Repeated
cycle at each rupture event results in brecciation of earlier
vein phases and supplies a new mineralized cement/
filling for the vein system. This results in texturally and
compositionally complex nature of the epithermal vein
systems (Spurr, 1925; Hulin 1929; Buchanan, 1981; White
and Hedenquist, 1995; Hedenquist et al., 2000; Giilyiiz et
al., 2018; Rhys et al., 2020).

In this regard, understanding the spatio-temporal
evolution of epithermal veins in 4-D (x,y;z,t) is significant
to document the overall kinematic development and
interpretation of epithermal deposits. It is also important
in revealing continuity and distribution of different
mineralizing phases among individual veins. Since usually
only certain generations of vein fill or vein sets can
introduce Au-Ag mineralization in epithermal deposits
(Rhys et al., 2020), the spatio-temporal evolution of the
vein textures and breccias may help to identify the depths
and/or zones with higher Au-Ag grade distribution in an
individual vein. Moreover, spatio-temporal association of
vein textures and breccias with respect to deformation in
faults or shear zones is critical for understanding the 3-D
architecture of the paleo-hydrothermal plumbing system
that is a part of the exploration process (Cox, 2020).

Understanding and use of the complicated 4D evolution
of coupled flow and fracture systems like epithermal
systems requires identification of the structures and vein
textures preserved in the rock record (e.g., Hulin, 1929;
Tarasewicz et al.,2005; Woodcock et al., 2007; Caine et al.,
2010; Frenzel and Woodcock, 2014; Giilyiiz et al., 2018;
Masoch et al., 2019; McKay et al., 2019).

The epithermal ore-vein and quartz textures have been
the subject of numerous studies aiming to understand
physico-chemical evolution of hydrothermal fluids (e.g.,
Dowling and Morrison, 1989; Saunders, 1994; Dong
et al.,, 1995; Simmons et al., 2005). However, only a few
studies (Moncada et al., 2012; Shimizu, 2014) focus on the
association of various epithermal quartz textures with their
fluid inclusion characteristics in order to reveal the genetic
association between these textures and the precious metal
precipitation processes, and physiochemical conditions
during their formation. There are also some limited studies
(Strujkov et al., 1996; Chauvet et al., 2006; Chauvet, 2019)
interpreting the changes in quartz textures in relation to
structural control on vein formation.

In this contribution, we focused on the Kestanelik
deposit, an operating well exposed low sulphidation
epithermal Au-Ag vein system in the Biga peninsula
(Canakkale, NW Turkey). Despite that epithermal deposits
are characterized commonly by laminated textural features
and there also exists other processes of formation than
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explosion or brecciation, banding, and laminated textures
are lacking or very rare in the Kestanelik veins. These
veins are frequently characterized by multiphase breccia
infill. The present work presents field and petrographic
vein infill data from the Kestanelik deposit with the
topics of understanding the spatio-temporal association
between texturally different quartz generations that seal
the structures, earthquake rupturing, and hydrothermal
eruption events which restore permeability. In this sense,
this study conducts detailed dissection of the textural
variations in space (xyz) and time (t) in multiple
epithermal vein system.

The study sheds light on the multiple pulses of
hydrothermal fluid flow and associated quartz generations
and mineralization processes coupled to repeated cycles of
seismic rupturing and boiling events in epithermal systems
as a case study at the Kestanelik deposit. It also emphasizes
the importance of identifying different generations of
quartz in delineating the formation, continuity, and
distribution of mineralization stages within vein system(s)
in hydrothermal ore deposits.

2. Kestanelik epithermal Au-Ag deposit

The Kestanelik Au-Ag deposit is located in the Biga
Peninsula, NW Turkey approximately 45 km northeast of
Canakkale (Figures la, 1b). Paleozoic metamorphic and
ophiolitic rocks form the basement in the Biga peninsula,
and are cut by various Eocene to Miocene plutons covered
by Cenozoic volcanic and sedimentary rock units (Okay
et al,, 1996) (Figure 1b). Starting from the Middle Eocene,
extensive magmatism that shifted from calc-alkaline to
alkaline in character in middle Miocene from north to
south, prevailed in NW Turkey (Altunkaynak and Geng,
2008; Kuscu et al., 2019).

The Kestanelik is a low sulphidation epithermal deposit
hosted by hydrothermally altered mica schist and quartz-
feldspar-hornblende (QFH) porphyry (Gilyiz et al,
2018). Based on the presence of bladed quartz after calcite,
complex infilling, low base metal, and total sulphide (2%-
4%) contents, Giilyiiz et al. (2020) defined the deposit as
low sulphidation epithermal system. Adularia, one of the
most significant mineral in low sulphidation epithermal
systems, has not been identified in the Kestanelik that
is attributed to the absence of potassium in the calc-
alkaline host rock QFH porphyry (Giilyiiz et al., 2020).
Hydrothermal alteration is especially conspicuous around
the veins in the hosted porphyry, and is commonly
represented by intermediate argillic alteration (Giilyiiz et
al.,2020). A middle Lutetian-early Priabonian time interval
(44-37 Ma) is proposed for the age of the mineralization
based on the youngest sedimentary cover unconformably
overlying the veins and Eocene QFH porphyry that cross
cuts the metamorphic rocks (Giilyiiz et al., 2020).
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Figure 1. (a) Major tectonic terranes of Turkey (simplified from Okay and Tiiystiz 1999). (b) Simplified
geological map of the Biga Peninsula (IAESZ: {zmir-Ankara-Erzincan Suture Zone) with the location of the
study area (modified from Tiirkecan and Yurtsever, 2002). (c) Geological map of the study area, Kestanelik vein
system (from Giilyiiz et al. 2018).
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Veins of the deposit are characterized by several quartz
textures including pseudo-bladed quartz, colloform to
crustiform quartz, and comb to cockade vein textures and
hydrothermal breccias. The absence of silica sinter, the
diagnostic paleosurface indicator of LS epithermal systems
(Hedenquist et al., 2000), indicates that the veins have
been subjected to erosion and only subsurface parts of
them are exposed (Giilyiiz et al., 2020). A general change
of dominant quartz textures from colloform chalcedony
in the north through to crystalline quartz textures in the
south suggests a level of erosion and paleodepth in the
vein system increase from the north to the south (Gtilytiz,
2017).

The veins contain quartz, chalcedony, and calcite as
the common gangue minerals. Breccias are cemented
by contemporaneous hypogene hematite and crypto-
to micro-crystalline quartz. Apart from the hypogene
hematite, supergene iron oxides (hematite and goethite)
are also observed as filling of fractures and vugs between
breccia-related clasts and fragments (Giilyiiz et al., 2020).
Native gold is the prime commodity along with silver
and disseminated pyrite at the deposit. Most of the gold
is microscopic and is observed as dendritic pale-coloured
native gold flakes within (i) the hematite cemented breccia
and (ii) cavities infilled by goethite. Yet, very limited native
gold flakes are visible at the intersections with bonanza
grades above ~60 g/t Au where goethite prevails due to
supergene oxidation prevails (Giilyiiz et al., 2020). Silver is
generally low with Ag/Auratio close to 1, and elevated silver
values up to 85g/t are associated with gold (Gtilytiz et al.,
2018; 2020). No work on the mineralogy and Ag-bearing
mineral assemblages has been conducted for the moment.
Yet, the changes in the Ag/Au ratios are variable and are
ascribed to physico-chemical conditions of ore-forming
fluids (Giilyiiz et al., 2020). In that sense, the Kestanelik is
considered to be an example of low Ag-bearing epithermal
Au-Ag deposits such as those in Japan (Ag/Au ratios lower
than 10; Shikazano and Shimizu, 1987).

NE-SW oriented compression due to the collision
and further convergence after the closure of the northern
branch of the Neo-Tethys Ocean in NW Turkey in the Late
Cretaceous-Early Eocene is responsible for the formation
of structures hosting mineralized veins at Kestanelik
(Giilytiz et al., 2020). The major mineralized veins at the
Kestanelik deposit, from north to south are, the Karatepe,
KK4, KK3, KK2, KK1, K1, K2, K3, and Topyurt veins
(Figure 1c). The veins generally have along-strike lengths
of several tens to several hundreds of m and their widths
vary between 0.8 and 13.6 m on the surface (Figure 2a).
Based on their attitudes, the mineralized veins are grouped
into two sets: E-W trending ones (Karatepe, K2 and K3
veins), and NE-SW to NNE-SSW ones (KK1, KK2, KK3,
KK4, K1, and Topyurt veins). According to the paleostress
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analysis of Giilyiiz et al. (2018), E-W trending veins are
hosted by left-lateral strike slip faults and are classified as
fault-hosted veins, whereas NE-SW to NNE-SSW veins,
except the Topyurt vein, are formed by mode I fractures
and are termed as mode I veins.In addition, the Topyurt
vein is hosted by right-lateral en-echelon brittle shear zone
(Gilytiz et al., 2018; Figure 3a). As obtained from the 3D
modelling study, the average Au grades of the major veins
vary between 0.461 g/t (Karatepe vein) and 6.943 g/t (K3
vein western section) (Glilytiz et al., 2018). In addition, the
average gold content of the fault-hosted veins is 4.106 g/t,
while those of mode I veins are 2.736 g/t. The margins of
the Karatepe and Topyurt veins are surrounded by wall
rock quartz veins on the surface (Figure 2b). These veins
are subvertical, oriented almost NE-SW, and generally
curve towards the major Karatepe and Topyurt veins.
Their width varies between 4 and 26 cm, and 3 and 20 cm
on the surface around the Karatepe and Topyurt veins,
respectively (Giilytiz et al., 2018). These wall rock veins are
considered as extensional damage zone veins developed
around the fault-hosted Karatepe vein and in Topyurt en-
echelon brittle shear zone. The extensional damage zone
veins are also observed around the fault-hosted K3 and K2
veins in drill cores. In addition to the major fault-hosted,
mode I veins, and extensional damage zone veins; almost
NE-SW trending 3-15 cm thick subvertical and subparallel
extensional sheeted quartz veins (Figure 2c) are observed
at the deeply incised valley floor of the Kestanelik River
and are classified as extensional sheeted veins (Giilyiiz et
al., 2018). The extensional sheeted veins have very high Au
grades and a sample collected from these veins returned
419 g/t Au, the highest Au grade of the deposit to date
(Gilyiiz et al., 2020).

Multiple phases of mineralization at the Kestanelik
deposit are stated by Giilyiiz et al. (2018). The multiphase
mineralization is related to repeated permeability
development and fluid flow induced primarily by
coseismic (earthquake) rupturing and subsequent intense
boiling (flashing) events, while hydraulic fracturing and
transient local stress variation are given as the secondary
permeability enhancement mechanisms (Gilytliz et al.,
2018). During any coseismic rupturing event, reopening
of the sealed E-W trending fault-hosted veins occurs
at the contact between the vein footwall (FW) and wall
rock. Although the coseismic boiling-induced brecciation
obliterated much of the evidence of shearing within the
veins, it is rarely preserved and observed at the FW margins
as microscale tectonic breccias (K3 vein) and cataclasite
(Karatepe vein) (Giilytiiz et al., 2018). On the other hand,
reopening of the sealed NE-SW trending mode I veins and
Topyurt en echelon veins occurs along either margin (FW
or HW) of the veins (Giilytiz et al., 2018; Figure 3b).
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Figure 2. (a) Field exposure of major quartz veins; KK1 vein. (b) Field exposure of wall rock quartz veins within the damage zone of the
Karatepe vein. (c) Sheeted quartz veins at the valley floor of the Kestanelik River.

The deposit is one of the important ore deposits
discovered in late 1992 with prolonged exploration-
drilling history by Eurogold and Chesser Resources
between 2009-2016. It has been operated as an active open
pit mine by Tiimad Madencilik since November 2017. It
has a resource of 7.15 million t of ore @ 1.85 Au and 1.86
g/t Ag, with Au/Ag ratio of 0.99 (Tiimad Madencilik ve
Sanayi A.S., n.d.).

3. Materials and methods
Quartz textures and breccia types of nine major veins
(fault-hosted and mode I veins) together with extensional
sheeted quartz veins and extensional damage zone (wall
rock) veins were examined macroscopically at the field
from outcrops as possible as intense weathering and
vegetation allowed. Also, drill cores from 254 diamond
cuts, and chips from 139 reverse circulation holes were
used in macroscopic works.

Petrographical analyses were performed on 58 thin
sections on core and chip samples selected from the
Karatepe, KK1, and K3 veins since these veins contain

multiple quartz generations with different textures, and
are associated to the gold mineralization occurrences in
different sectors of the study area characterizing different
depths and gold assays. The sampling strategy involves the
collection of samples (i) with textures having cross-cutting
relationships, (ii) from hanging wall (HW) and footwall
(FW) margins of the veins, and (iii) from different depths of
the same vein. This enables to (i) determine mineralization
phases, (ii) recognize structural-textural relationships, and
(iii) correlate possible textural changes with depth.

The characterization of quartz textures along with their
cross-cutting relationships, and of breccia types based on
clast types, matrix types, cement types, roundness, and
sorting of clasts is also regarded during our study.

4. Results

4.1. Textural and breccia characteristics of the Kestanelik
mineralized veins

Textural and breccia characteristics of the Kestanelik
mineralized veins are summarized to reveal quartz
generations and associated mineralization(s) if multiple,
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Figure 3. (a) A hypothetical model showing the opening of the structures hosting the Kestanelik major mineralized quartz veins based
on the determined principal stress directions at Giilyiiz et al. (2018) (b) A conceptual model for the repeated reactivation and opening of
clogged veins and associated fluid flow and mineralization. It should be noted that the K3 vein represents the fault-hosted veins (except
the Karatepe vein), whereas the K1 vein represents the mode I veins of the Kestanelik (modified from Giilyiiz et al., 2018).

and constrain the relative timing of mineralization and
brecciation. They have been divided in four groups: (1)
E-W trending fault-hosted veins, (2) NE-SW to NNE-
SSW' trending mode I veins, (3) NNE-SSW trending
Topyurt vein, and (4) extensional damage zone veins and
extensional sheeted veins.

4.1.1. E-W trending fault-hosted veins

Karatepe, K2, and K3 veins are characterized by two main
quartz textures: chalcedony and crystalline quartz. The
chalcedonic quartz is identified at relatively shallower
depths close to the surface. The Karatepe vein with
chalcedonic quartz displays two textures: (1) cockade and
(2) crustiform textures (Figure 4a). Very thin crusts of
chalcedony rimming the clasts of hydrothermally altered
QFH porphyry forms the cockade textured chalcedony
(Figure 4b), and represents the phase 1 (pl) quartz
generation and associated gold mineralization of the vein.
On the other hand, the thinly-laminated to thinly-banded
chalcedony deposited within the veinlets along the micro
fractures form the crustiform textured chalcedony at the
footwall margin of the Karatepe vein (Figures 4a and 4c).
It cut across the cockade chalcedony (pl1), and forms the
phase 2 (p2) quartz generation and mineralization in the
vein. Although these textures are examined from 14 drill
cores representing different levels of the Karatepe vein
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(394 m above sea level (asl)-238.2 m asl), no change is
observed with depth.

The crystalline quartz is identified at deeper levels
than the chalcedonic quartz, and is hosted by K2 and K3
veins. The crystalline quartz at K2 and K3 veins displays
(i) saccharoidal (Figure 4d), (ii) pseudobladed commonly
in the lattice bladed (Figure 4e), (iii) colloform (Figure 4f),
and (iv) massive (Figure 4h) crypto- to micro-crystalline
quartz. Saccharoidal, pseudobladed and massive quartz
textures are commonly synchronous (Figures 4g and 4h)
and represent the phase 1 (pl) quartz generation and
mineralization in these veins. The massive crypto- to
micro-crystalline quartz is also seen as accompanied by
hypogene hematite forming quartzthematite cement
within matrix-supported polymictic breccias (Figure 5a).
The massive crypto- to micro-crystalline textured quartz
and hypogene hematite were formed by mixing ascending
hydrothermal fluids with oxidized meteoric groundwater
(Gulyuz et al., 2020), and represent the phase 2 (p2)
quartz generation and mineralization (Figure 5a). These
quartzthematite occurrences exhibit colloform banding
where they become crypto-crystalline in the K3 vein
(Figure 4f). Examination of the textures from the drill
cores of different levels of the K3 vein (from 363 m asl to
183.4 m asl) shows no change of textures with depth.
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T
1000 pm e V"

Figure 4. (a) Cockade chalcedony (coc ch) and crustiform chalcedony (crs ch) on outcrop of the Karatepe vein. (b) Crustiform chalcedony rimming a
clast of altered wall rock (wr) and forming the cockade chalcedony (crossed polars image from a drill core sample at KED-16 124 m cutting the Karatepe
vein). (c) A veinlet of crustiform chalcedony cutting the cockade chalcedony (crossed polars image from a drill core sample at KED-16 124 m cutting
the Karatepe vein). (d) Saccharoidal quartz (sac qz) on outcrop of the K2 vein. (e) Lattice bladed quartz (Itb qz) in a drill core cutting the K2 vein (KED
161-15.3 m). (f) Colloform quartz (col qz) lining euhedral saccharoidal quartz crystals (plane polarized light image from an outcrop sample of the K3
vein at 280 m). (g) Synchronous saccharoidal and lattice bladed quartz on the K2 vein outcrop. (h) Synchronous saccharoidal, lattice bladed and massive
quartz (mqz) (crossed polars image from an outcrop sample of the K3 vein at 280 m asl).
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The brecciation is remarkable in the K2 vein and K3
veins whereas no breccia is observed at the Karatepe
vein except cockade-textured breccias (Figure 4a). Three
different types of breccia are identified; (1) Matrix-
supported polymictic breccias, 2) crackle to mosaic
breccias cemented by quartzthematite, and (3) chaotic
polymictic breccias cemented by quartzthematite. The
matrix-supported polymictic breccias contain poorly-
sorted, angular to subangular clasts of schist and QFH
porphyry cemented by (synchronous) saccharoidal-lattice
bladed-massive crypto- to micro-crystalline quartz with a
matrix ratio over 70% (Figures 5b and 5c¢). These breccias
are found either close to the hanging-wall (HW) margin of
the veins or in the vein cores, and commonly predominate
close to the upper levels of the veins. The crackle-to-
mosaic breccias cemented by quartz+ hematite are also
matrix-supported breccias that consist of poorly- to
well-sorted, angular to subrounded clasts derived mostly
from the earlier vein (Figure 5d) and less commonly from
schist and QFH porphyry (Figure 5e). The clasts derived
from the veins contain saccharoidal, lattice bladed, and
massive crypto- to micro-crystalline quartz (Figure 5d).
The clasts show little or no rotation (Figures 5d and 5e).
The matrix is always massive crypto- to micro-crystalline
quartzthematite with a variable degree of matrix ratio
"20%-80% (Figures 5d and 5e). These breccias are either
observed close to the footwall margins of the veins or
constitute the entire vein infill. The chaotic polymictic
breccias cemented by quartzt+hematite are clast- to matrix-
supported breccias composed of poorly-sorted, angular
to subrounded polymictic clasts derived from veins with
different quartz textures. Clasts display massive crypto- to
micro-crystalline (Figure 5f), lattice bladed (Figure 5g),
and saccharoidal (Figure 5h) quartz textures. The matrix is
massive micro-crystalline quartz-hematite with a ratio of
<20% (Figures 5f, 5g, 5h). These breccias are only found at
the upper levels of the K3 vein (from the top -363 m asl- to
the level 280 m asl).

4.1.2. NE-SW to NNE-SSW trending mode I veins
Textures identified at the KK1, KK2, KK3, KK4, and K1
mode I veins include (i) saccharoidal (Figure 6a), (ii)
pseudobladed in the lattice bladed form (Figures 6b and
6d), and (iii) massive crypto- to micro-crystalline quartz
(Figure 6¢). Saccharoidal and lattice bladed quartz are
synchronous (Figure 6d) in these veins. Massive crypto- to
micro-crystalline quartz is associated with hematite where
it cements the clasts of earlier quartz generations (Figure
6e). Macroscopic and petrographic observations of drill
cores intersecting different depths of the KK1 vein (from
340 m asl to 250.8 m asl), KK2 vein (from 273.6 m asl to
229.4 m asl), and K1 vein (from 290 m asl to 229.4 m asl)
showing the same texture and thus indicating that quartz
textures of the veins do not vary with depth.
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Four different quartz generations and associated
mineralization with distinctive textures are identified at the
KK1 and KK3 vein; based on cross-cutting relationships of
the textures. These are: (1) massive micro-crystalline quartz
(Figure 6f) that refers to phase 1 (p1) quartz generation, (2)
saccharoidal quartz (Figure 6g and 6h) referring to phase
2 (p2), (3) synchronous saccharoidal and pseudobladed
quartz (Figures 6f, 6g, 6h) referring to phase 3 (p3) and
(4) massive micro-crystalline quartz-hematite (Figure 6h)
referring to phase 4 (p4). On the other hand, 3 different
quartz generations and associated mineralization phases
(pl to p3) are differentiated from the KK2, KK4, and K1
veins; (1) massive crypto-crystalline quartz (Figure 7a)
that refers to phase 1 (pl), (2) synchronous lattice bladed
and saccharoidal quartz (Figure 7b) referring to phase
2 (p2), (3) massive micro-crystalline quartz-hematite
(Figure 7c) referring to phase 3 (p3).

Three different breccia types are identified from the
mode I veins; (1) matrix-supported monomictic breccias,
(2) crackle to mosaic breccias cemented by quartz-hematite,
and (3) chaotic polymictic breccias cemented by quartz-
hematite. The matrix-supported monomictic breccias
contain poorly- to well-sorted angular to subangular clasts
of wall rock schist supported by saccharoidal and lattice
bladed quartz with a matrix ratio over 50% (Figures 6a,
7d, and 7e). They are found close to the either HW or FW
margin of the veins as fragments within later generations
of breccias. The crackle to mosaic breccias cemented by
quartz-hematite have jigsaw-fit and poorly- to well-sorted
angular to subrounded clasts always cemented by massive
micro-crystalline quartz-hematite with a variable degree
of matrix ratio "20%-70%. The clasts consist mainly
of saccharoidal quartz (Figure 7f), earlier vein infill(s)
and wall rock schist (Figures 7g and 7h). The chaotic
polymictic breccias cemented by quartz-hematite are also
termed as matrix-supported breccias, and are composed
of polymictic, angular to subrounded and poorly-sorted
(Figure 8a) clasts of earlier vein infills with different quartz
textures. They are cemented by massive micro-crystalline
quartz-hematite. These breccias have cement ratios always
less than 50%, and are generally more predominant at the
upper levels of the veins.

4.1.3. Topyurt vein system

Topyurt vein system consists of three subparallel NNE-
SSW trending veins, and three phases of quartz generation
and associated mineralization phases (pl to p3) are
identified in this vein system; (1) massive micro-crystalline
quartz rimming the subangular to rounded clasts of wall
rock QFH porphyry (Figures 8b and 8c) forming the
cockade texture generated during phase 1 (p1), (2) orange
colored iron oxide-bearing (?) massive micro-crystalline
quartz (Figure 8c), generated during phase 2 (p2) and
(3) massive micro-crystalline quartz accompanied by
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Figure 5. (a) Breccia with clasts and grains of saccharoidal (sac qz) and massive quartz (mqz) cemented by massive quartz-hematite (mqz-hem) (plane
polarized light image from a drill core sample at KED-20 30.1 m cutting the K3 vein). (b) Breccia of wall rock (wr) schist cemented by synchronous
saccharoidal, lattice bladed (Itbld qz) and massive quartz as fragment in a later generation of breccia in a drill core cutting the K2 vein (KED-46 2.3 m).
(c) Breccia of wall rock (wr) QFH porphyry cemented by synchronous lattice bladed and massive quartz in a drill core cutting the K2 vein (KED-34 47
m). (d) Crackle breccia of synchronous saccharoidal-lattice bladed and massive quartz cemented by massive quartz-hematite in a drill core cutting the
K3 vein (KED-14 70.5 m). (e) Mosaic breccia of wall rock schist cemented by massive quartz-hematite in a drill core cutting the K3 vein (KED-72 79.7
m). (f) Chaotic breccia of massive quartz cemented by massive quartz-hematite on outcrop of the K3 vein. (g) Crackle to chaotic breccia of lattice bladed
quartz cemented by massive quartz-hematite on outcrop of the K3 vein. (h) Chaotic breccia of saccharoidal quartz cemented by massive quartz-hematite
on outcrop of the K3 vein.

83



GULYUZ et al. / Turkish ] Earth Sci

Figure 6. (a) Saccharoidal quartz (sac qz) cementing the clasts of wall rock schist on the KK1 vein outcrop. (b) Lattice bladed quartz (Itbld qz) on the
KK2 vein outcrop. (c) Massive quartz (mqz) on the KK1 vein outcrop. (d) Synchronous saccharoidal and lattice bladed quartz from the KK1 vein outcrop.
(e) Crackle breccia of saccharoidal quartz cemented by massive quartz-hematite on the KK1 vein outcrop. (f) Massive quartz cut by saccharoidal quartz
(crossed polars image from an outcrop sample of the KK1 vein at 324 m). (g) Synchronous saccharoidal and lattice bladed quartz cutting saccharoidal
quartz (crossed polars image from an outcrop sample of the KK1 vein at 312 m). (h) Massive quartz-hematite cementing earlier phases of saccharoidal
quartz (crossed polars image from an outcrop of the KK1 vein sample at 324 m).
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Figure 7. (a) Crackle to mosaic breccia of saccharoidal (sac qz) and massive quartz (mqz) plus a matrix of quartz-hematite (mqz-hem) in a drill core
cutting the K1 vein (KED-5 35.5 m). (b) Synchronous saccharoidal and lattice bladed quartz (Itbld qz) in a drill core cutting the KK2 vein (KED-9 7.8 m).
(c) Crackle breccia with massive quartz-hematite cementing the clasts of earlier breccia of saccharoidal quartz cementing white massive quartz in a drill
core cutting the KK2 vein (KED-1 11.6 m). (d) Synchronous saccharoidal and lattice bladed quartz cementing the clasts and fragments of wall rock (wr)
schist in a drill core cutting the K1 vein (KED-5 36.5 m). (e) Synchronous saccharoidal and lattice bladed quartz replacing and cementing the angular
clasts of wall rock schist (crossed polars image from an outcrop sample of the KK1 vein at 324 m). (f) Crackle to mosaic breccia with clasts of saccharoidal
quartz cemented by massive quartz-hematite (plane polarized light image from a drill core sample at KED-7 13.1 m cutting the KK1 vein). (g) Mosaic
breccia with clasts of earlier vein infill containing wall rock schist clasts surrounded by lattice bladed quartz cemented by massive quartz-hematite on the
outcrop of the KK2 vein. (h) Mosaic breccia of wall rock schist and massive quartz cemented by massive quartz hematite in a drill core cutting the KK1
vein (KED-105 77.3 m).
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Figure 8. (a) Chaotic breccia of saccharoidal (sac qz), lattice bladed (Itbld qz) and massive quartz (mqz) cemented by massive quartz-hematite on the
outcrop of the KK2 vein. (b) Massive (mqz) to cockade (coc qz) quartz enclosing the clasts of wall rock (wr) QFH porphyry from the outcrop of the
Topyurt vein. (c) Orange colored iron oxide bearing (?) massive quartz (mqz-Fe-ox(?)) cementing the clasts of mostly cockade massive quartz on the
outcrop of the Topyurt vein. (d) Breccia with clasts of orange colored iron oxide bearing (?) massive quartz and earlier vein infill cemented by massive
quartz-hematite on the outcrop of the Topyurt vein. (e) Mosaic to chaotic breccia of massive quartz and orange colored iron oxide bearing (?) massive
quartz cemented by massive quartz-hematite on the outcrop of the Topyurt vein. (f) Comb quartz (com qz) in the wall rock vein around the Topyurt
vein. (g) Sheeted veins having comb quartz. (h) Wall rock vein having comb quartz in a drill core intersecting the K3 vein (KED-59 56.4 m).
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hematite cementing the clasts within breccias of earlier
quartz generations (Figure 8d), generated during phase 3
(p3).

Brecciation is very prominent in the Topyurt veins.
Mosaic to chaotic breccias are matrix-supported and
composed of poorly-sorted angular to subrounded clasts of
earlier vein infills. The matrix is massive micro-crystalline
quartz-hematite with a ratio of "40% (Figures 8d and 8e).

4.1.4. Extensional damage zone veins and sheeted veins
Damage zone veins peripheral to the fault-hosted
veins, and the sheeted veins at the valley floor are both
extensional (Giilytiz et al., 2018) and share the same
textural characteristics. These veins are composed of
syntaxially grown macro-crystalline comb-textured quartz
crystals (Figures 8f, 8g, and 8h). The wall rock veins have
equigranular infill, and are composed of light-colored
amethystine quartz (Figure 8f), whereas sheeted veins are
composed of milky white quartz crystals (Figure 8g).

5. Discussion

5.1. Internal evolution of the major veins by multiphase
deformation, fluid flow and mineralization

Integration of the vein kinematics and permeability
enhancement mechanisms presentedin Giilytizetal. (2018),
and the characteristics and distribution of breccias within
the veins presented in this study and also summarized in
Figure 9, gives way to suggest hypotheses for 4D (x,y,z,t)
internal evolution of the fault-hosted (K2 and K3) and
mode I veins during epithermal mineralization (Figure 10
and 11) which are explained below.

During an earthquake event, reopening of sealed fault-
hosted veins along the vein footwall-wall rock contact
(Giilyiiz et al., 2018) causes tectonic brecciation of both
(i) earlier vein infill and (ii) wall rock along the FW
margin of the vein (Figure 10a). Coseismic fluid pressure
drop triggers vigorous boiling (flashing) of hydrothermal
solutions, which is evident from the common occurrence
of pseudo-bladed quartz and hydrothermal crackle breccia
in the Kestanelik veins (Giilytiz et al., 2018). Crackle
to mosaic breccias with massive quartzthematite (p2)
cementing angular clasts of earlier vein phase (p1) (Figure
5d) and wall rocks (Figure 5e) indicate overprinting of
tectonic breccias by hydrothermal brecciation (Figures 10a
and 10c).

Flashing following the coseismic rupture does not
cause overall brecciation of entire vein infill (Figure 10).
At the upper levels of the veins, flashing causes brecciation
of wall rock adjacent to the footwall and partial brecciation
of previous vein infill close to the footwall of the vein
(Figures 10a and 11). In this case, postbrecciation flow
is limited to only FW margin of the vein as earlier vein
infill is preserved close to the hanging wall of the vein,
and it is evidenced by the breccias with wall rock clasts

cemented by earlier quartz generations (Figure 5¢) close
to the HW of the veins and in the vein cores (Figures 10a
and 11). At the lower levels of the veins, flashing causes
complete brecciation of the vein infill and derivation of
wall rock from the vein hanging wall and footwall (Figures
10a and 11). At these levels, the flow is through the entire
vein and it is evidenced by crackle to mosaic breccias of
earlier vein infill and/or wall rocks cemented by massive
micro-crystalline quartzthematite observed through the
entire infill of the vein (Figures 5d, 5, and 11). Little or no
rotation of the clasts within the crackle to mosaic breccias
(Figures 5d, 5e, and 11) is interpreted to the transient
dilation process with limited creation of open space
(Jebrak, 1997) within the fault-hosted veins.

This change in distribution of breccias at different levels
of the veins suggests that power of coseismic hydrothermal
brecciation fluctuated within different levels of a vein
during same mineralization event. It means that the
brecciation may have affected the entire vein fill proximal
to the most vigorous upflow zone close to the level of
boiling at lower levels of a vein, while it may have been
limited to the footwall contact of the vein more distally
at the upper levels of a vein. Alternatively, the change in
breccias distribution may be the result of different brittle
failure mechanisms caused by the change in mechanical
properties of variable vein infill deposited at different
levels of a single vein.

Internal evolution of the Karatepe vein is different
from the other fault-hosted veins as shown by its different
infill characteristics (Figures 4a and 4c). (i) The absence of
crackle to mosaic, and chaotic breccias within the vein, and
(ii) formation of laminated-crustiform chalcedony support
that the vein was developed distal to the boiling levels at
the shallower level of the Kestanelik epithermal system
without fluid-assisted brecciation. Matrix-supported
cockade-textured breccias (p1) (Figures 4a and 4b) suggest
formation by crustiform chalcedonic overgrowths around
the wall rock clasts while they are suspended within the
fluid conduit (fault) during transient rapid fluid flow
immediately after coseismic rupture. The absence of any
grading in the clasts of the cockade breccias (Giilytiz
et al, 2018) suggests that both shaking (brecciation
occurred due to coseismic rupturing) and fluidisation
(hydraulic fracturing at depth caused transportation of
the clasts to the shallower levels) may have played a role
in the formation of the cockade breccias (c.f. Frenzel and
Woodcock, 2014). The sharp macroscopic contact between
the two mineralization phases (Figure 4a), the absence of
fluid-assisted brecciation and microscopically observed
cataclasite of pl chalcedony cemented by p2 chalcedony
(Giilyiiz et al., 2018) suggest that the vein reopening is not
associated with highly dynamic rupturing and vigorous
hydrothermal eruption events as in other fault hosted
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Figure 9. Characteristics of breccia types observed in the Kestanelik epithermal veins. A representative photo is provided for each
breccia type. Tick marks indicate the locations of each breccia type within vein.
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Figure 10. (a) Hypothetical model for internal structural evolution of fault-hosted veins by repeated opening (faulting) and sealing
(mineralization) events. (b) Hypothetical structural model for internal evolution of mode I veins by repeated opening (mode I fracturing)
and sealing (mineralization) events (see the text for detailed explanation).

veins, and phase 2 crustiform chalcedony (Figure 4a)
developed as gradual open space fill after the vein was
reopened along its FW margin. The low average Au content
(0.461 g/t) of the vein is attributed to its development at
the shallower level of the epithermal system by fluids that
already released most of its metal load at deeper parts.
During a seismic event, reopening of a clogged mode
I vein along the either margin of the vein (Giilytiz et al.,
2018) causes fragmentation of previous vein infill and
wall rock due to high coseismic dilation (Figure 10b).
Commonplace of (i) matrix supported breccias with
angular to subangular clasts of wall rock schist cemented
by later phases of quartz generations (Figures 6a, and
7d, 7e) as clasts within younger breccias, and (ii) crackle
to mosaic breccias with clasts of wall rock schist and
previous vein infill(s) (Figure 7h) cemented by massive
micro-crystalline quartz-hematite close to vein margins
confirms the rupturing along either margins, the HW or
FW of the veins, and derivation of wall rock at each cycle
of reopening associated fragmentation phase (Figures 10b
and 11). Rapid high coseismic dilation initiates flashing
and associated hydrothermal brecciation within the veins.
Observation of crackle to mosaic breccias with a matrix of
massive micro-crystalline quartz-hematite cementing the
clasts of (i) quartz belonging to earlier vein phases (Figures

7f and 7h) and (ii) breccia of earlier vein infill (breccia in
breccia) (Figure 7g) indicate reworking of earlier vein
breccia phases by repeated coseismic dilatant fracturing
and subsequent fluid-assisted hydrothermal brecciation
(Figures 10b and 11).

Chaotic polymictic breccias cemented by the youngest
phase of quartz generation along with hematite (massive
quartzthematite) are observed at the uppermost levels
of most of the veins (both fault-hosted and mode I veins)
(Figure 11). The presence of angular to subrounded,
polymictic clasts displaying various textures representing
different phases of quartz generations in these breccias
(Figures 5f, 5g, 5h, and 8a) suggests transportation of the
clasts to the upper levels of the veins where more dilation
due to lower confining pressure exists. The reason behind
this transportation might be explained by a hydrodynamic
action resulted from the vigorous boiling of hydrothermal
fluids associated with abrupt fluid pressure-drop during
the seismic-slip. Alternatively, the common subrounded
nature of the clasts suggests fragment-on-fragment impact
brecciation, which together with the massive nature of
the quartzthematite matrix suggest occurrence by rapid
dilation as expansion-related implosion brecciation
(Jebrak, 1997; Rhys et al., 2020). These chaotic polymictic
breccias also resemble the breccias observed at the
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Figure 11. Hypothetical block diagram summarizing the trend, breccia characteristics and filling of fault-hosted and mode-I veins
together with wall rock veins peripheral to the fault hosted veins (see the text for detailed explanation).

uppermost parts of the breccia pipes found in some
hydrothermal deposits (e.g., Tamas and Milesi, 2003). The
chaotic breccias are correlated with high grade gold values.

5.2. Multiphase mineralization

Multiple phases of deformation caused by repeated cycles
of earthquake rupturing, hydrothermal brecciation, and
associated fluid flow result in multiphase mineralization at
Kestanelik. Temporal relations between vein textures and
breccias at the Kestanelik veins are summarized in Figure
12. This figure illustrates (i) two phases of mineralization
in the Karatepe, K2, K3 veins (Figures 4c and 5a), (ii) three
phases of mineralization in the KK2, KK4, K1 (Figures 7a,
7b, and 7¢) and Topyurt veins (Figures 8b, 8¢, and 8d), and
(iii) four phases of mineralization in the KK1 and KK3 veins
(Figures 6f, 6g, and 6h). On the other hand, only one phase
of mineralization is identified on the extensional damage
zone veins and sheeted veins (Figures 8f, 8g, and 8h). A
varying number of mineralization events for the veins
proposes that any individual earthquake event-a major
seismic event involving multiple fault-slip episodes-may
have affected only one or two veins (or more), but not all
at once. This means that, during any one earthquake event,
while some sealed veins reopened, some veins remained
sealed. As a result, the location of the main boiling
event shifted both laterally and vertically through time
according to which veins the earthquake-related dilation
and associated fluid pressure drop occurred. Paleoseismic
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studies also show that repeated earthquakes reoccupy a
narrow zone and that individual paleoseismic zones are
reused by different earthquakes (e.g., Gomez et al., 2003).
Similarly, observations of repeated spring (CO,-charged)
reactivation (Burnside et al., 2013) and mineralization
distribution (Hammond and Evans, 2003) show that only
a small part of an individual fault system is active at any
one time. Rupturing on different veins may also tap into
different reservoirs of hydrothermal fluids, and results in
different ratios of fluid-wall rock interaction, and/or mixing
of hydrothermal fluid and meteoric water in different ratios.
However, the full implications of the different number of
mineralization events are yet to be explored and are beyond
the scope of this study. Stable isotopes (O, H, and C) and
fluid inclusion analyses could be used to investigate the
varying fluid sources, mixing and fluid-wall rock ratios
(e.g., Urquhart, 2011) in (i) infills of different veins and (ii)
in different generations of fill in a single vein.

It is also remarkable here that two phases of
mineralization are defined from the fault-hosted veins
while mode I veins host at least three mineralization
phases (Figure 12). Although faults typically control more
of the fluid flow in epithermal systems (e.g., Sibson et
al., 1975; Oliver, 2001), fault-hosted veins record fewer
mineralization events than the mode I veins at Kestanelik
(Figure 12). Two different alternative scenarios can be
proposed for this contradiction as explained below.
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Figure 12. Different mineralization phases and associated vein quartz textures detected from each vein based on cross cutting
relationships among vein textures and breccias. Dashed line indicates chalcedony while solid line indicates quartz. Red star represents
quartz phases associated with hematite.
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Firstly, although the fault-hosted veins were completely
sealed, the flow may have continued through the still-
open conduits of mode I veins. Because mode I fractures
accommodate more dilation compared to faults, which
causes high fluid flux to focus the conduits of mode I
veins. Secondly, after all of the Kestanelik veins were
completely sealed, overpressured fluid system might
have been developed due to low permeability nature of
the Kestanelik host rocks QFH porphyry and schist. In
this case, fluid pressurization occurs faster relative to the
tectonic loading rates (Cox, 2020). At low differential
stresses, like in epithermal systems developed at shallow
crustal settings, fluid pressurization can drive extensional
failure but not shear failure (Cox, 2020). This may explain
why fault-hosted veins remained sealed while mode I veins
were reopened and hosted more fluid flow and associated
mineralization events.

Although  fault-hosted ~ veins  record  fewer
mineralization events, the average Au content of the fault-
hosted veins (4.106 g/t) is higher than that of mode I veins
(2.736 g/t). However, economic gold mineralization is not
restricted to mode I veins and both vein types contain
economic gold mineralization.

Although the fault hosted veins in Kestanelik have
more than one phase of mineralization (Figures 4c and
5a), damage zone structures (extensional wall rock veins)
only host one phase of mineralization (Figures 8f, 8h, and
12). This result seems to contradict the suggestion that
damage zone structures have higher permeability than the
individual fault segments (Cox, 2005) and they may host
multiple episodes of successive brittle failure events (Caine
et al,, 1996). Two different explanations may be proposed
to explain the case at the Kestanelik deposit; (1) Fault zones
were a localized barrier (Caine et al., 1996) meaning that
the fault core itself was well-developed while the damage
zone structures were absent or poorly developed to be
permeable during earlier rupture events. But they latterly
developed and became permeable by repeated ruptures
and then hosted only one phase of mineralization in the
latest rupture event. (2) The damage zone structures were
sealed and deactivated during the following rupture events
and hosted only one phase of mineralization. The lack of
reopening of the damage zone structures may be due (i)
to the rotation of the optimum stress field for reopening
these structures by transient stress variation (Giilyiiz et
al., 2018), or (ii) to a strong mechanical contrast at the
boundary of these veins being a more effective location for
future slip (e.g., Cox, 2005). In either case, some damage
zone structures must have been sealed after the main fault
hosted veins were present because some of the damage
zone veins curve towards the main vein. This curvature
is most likely due to the competency difference between
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the vein quartz and adjacent altered host rock. To sum up,
damage zone structures adjacent to the main fault seem
to only host one phase of mineralization and seal after the
main fault is completely sealed. It has been suggested that
more protracted fluid flow occurs through damage zone
structures compared to the main fault which is sealed
rapidly (Micklethwaite and Cox, 2004; 2006; Sheldon and
Micklethwaite, 2007). However, there is no evidence from
the textures in the wall rock veins of that is the case.

Since these extensional veins form and seal after the
adjacent faults were completely sealed, an alternative
scenario to explain why these veins host only one phase
of mineralization can be suggested for their origin. These
veins may have been formed as hydraulic extension
fractures by fluid pressurization rather than tectonic
loading at low differential stress conditions (Cox, 2020)
after permeability was lost due to the complete sealing
of the major vein conduits at the waning stage of the
epithermal system.

Extensional sheeted veins at the deepest part of the
epithermal system also contain one mineralization phase,
although the major veins above them reflect multiphase
mineralization. Sheeted veins may have sealed and
deactivated during any time of the epithermal system due
to the shifting of the paleoactive plumbing conduits as
the epithermal system evolved. Their high gold content is
most likely related to their formation at the deepest part of
the epithermal system just above the boiling level where
hydrothermal fluid release most of its gold load.

6. Conclusions

The evolution of epithermal systems is complicated due to
the multiple pulses of fluid flow and mineralization events
associated with repeated deformation and permeability
enhancement processes in upper crustal brittle settings.
Studying the textures and structures preserved in the vein
record is a powerful tool for studying the complicated 4D
evolution of epithermal veins.

Detailed study of vein textures and breccias of the
Kestanelik epithermal Au-Ag deposit has reached the
following:

Fault-hosted veins and mode I veins share many
textural and breccia characteristics that are attributed
to the (i) overprinting of tectonic breccias formed
during coseismic rupturing by subsequent coseismic
hydrothermal brecciation and (ii) reworking of earlier
vein breccia phases by repeated rupture and associated
hydraulic fracturing events.

Hydrothermal brecciation triggered by coseismic
fluid pressure drop after the reactivation of the sealed
faults along the vein footwall-wall rock contact during an
earthquake event causes partial brecciation of previous
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vein infill close to the footwall margin of the vein, and
brecciation of the wall rock adjacent to the footwall of the
vein at upper levels of the veins, but complete brecciation
of the infill, and brecciation of the wall rock adjacent to the
vein margins. This proposes that the power of coseismic
hydrothermal brecciation is controlled by the distance to
the level of vigorous boiling within different levels of a
vein during the same mineralization event meaning that
the brecciation affects the entire vein proximal to the most
vigorous upflow zone close to the level of boiling at lower
levels of a vein, while it is limited to the footwall contact of
the vein more distally at the upper levels of a vein.

Chaotic polymictic breccias cemented by the
youngest mineralization phase quartz+hematite observed
at the uppermost parts of the most veins are interpreted
as the result of upward transportation of the clasts to the
shallower levels of the veins by the hydrodynamic action
of boiling fluids. These breccias contain high grade gold
values.

Different number of mineralization events (two,
three, or four) picked up from the veins imply that any
earthquake event does not affect (reopen) all of the veins at
once and location of the main boiling event shifted through
time which may have tapped into different reservoirs of
hydrothermal fluids.

Fault-hosted veins record two phases of
mineralization while mode I veins host at least three
mineralization events suggesting that high fluid flux focused
into conduits of mode I veins that accommodate more
dilation. In addition, mode-I veins may have been reopened
due to the driven of extensional failure rather than shear
failure under low differential stresses by fluid pressurization
after all Kestanelik veins were completely sealed.
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