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Abstract

It has long been known that faults and fracture provide a critical role in
multiphase epithermal mineralization, however the mechanisms of permeability
enhancement after a conduit becomes sealed up over time has been less well
studied. The research in this thesis investigates the vein-scale permeability
enhancement mechanisms in epithermal gold deposits through a detailed study of
geology, dimensions, geometry, textures and breccias of the well-exposed
Kestanelik gold deposit (NW Turkey). New mapping of the deposit and its host rocks
show that the Late Eocene mineralization is associated with regional Cenozoic calc-
alkaline magmatism. Vein textures and breccia components indicate repeated
sealing and subsequent brecciation of wall rock and pre-existing vein infill.
Kinematic analyses together with macroscopic and petrographic analyses of vein
textures characterize E-W trending veins as left lateral faults, whilst NE-SW trending
veins are extensional (Mode 1) fractures. Although two phases of mineralization
were picked up from E-W trending veins, at least three were determined from NE-
SW trending veins. Cataclasite and tectonic breccia of wall rocks and early quartz,
hydrothermal crackle breccias, and cement supported chaotic breccias of pre-
existing vein infill, all of which are cemented by late-stage quartz, indicate that
coseismic rupturing and hydraulic fracturing are two major permeability
enhancement mechanisms. Faults were reactivated along the vein footwall-wall
rock contact, while extensional veins were opened along their either margin.
Transient local stress variation also has the potential to enhance permeability on
mis-oriented surfaces and at locations where the dip changes. Constructed 3D vein
geometries show subsurface vein bends are more favorable structural locations for
gold to precipitate than smooth, planar segments, and the host rock schist host the
majority of gold. This study emphasizes the importance of detailed structural and

textural studies for gold exploration and 3D orebody modelling.
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Chapter 1: Introduction

Epithermal deposits originate in the upper, brittle crust of regions with
active magmatic and geothermal activity. Mineralisation in these deposits is
dominantly hosted by veins or stockworks, confirming that brittle fault and fracture
systems play major role in the circulation of hydrothermal fluids (Buchanan, 1981;
Hedenquist and Lowenstern, 1994; Curewitz and Karson, 1997). The ore and gangue
minerals in the veins are result of multiphase precipitation (Spurr, 1925; Hulin,
1929; Buchanan, 1981; Sibson, 1987; Hedenquist et al., 2000), and associated with
repeated and episodic fluid flow rather than a steady-state process (Sibson, 1987;
Micklethwaite and Cox, 2004; Woodcock et al., 2007). The mineralogical and
geochemical aspects of low sulphidation (LS) epithermal systems are well known
(e.g. Buchanan, 1981; White and Hedenquist, 1990; Hedenquist and Lowenstern,
1994; White and Hedenquist, 1995; Hedenquist et al., 2000; Sillitoe and Hedenquist,
2003; Simmons et al., 2005). However, limited studies exist on the fluid flow and

permeability enhancement mechanisms in LS epithermal veins.

Radiometric dating of some hydrothermal deposits indicates that the
permeability creation and hydrothermal fluid circulation could take place over
thousands to tens of thousands of years (Fournier, 1989; Lalou et al., 1993) and as
long as millions of years in major porphyry systems (Sillitoe, 2010). To understand
the longevity of such systems it is crucial to understand how subsequent
permeability enhancement can be achieved after the deposition of minerals in

fractures and faults chokes permeable pathways and restricts fluid flow.

Several precipitation mechanisms are invoked for circulating hydrothermal
solutions in both high and low sulphidation epithermal systems such as boiling,
oxidation, fluid mixing, adiabatic boiling, pH change etc. The most favourable
precipitation mechanism in low sulphidation epithermal systems is boiling (e.g.
Hedenquist et al., 2000). In this model, epithermal fluids rise from depth along
structural pathways at high temperatures under suitable pressure to prevent

boiling. When the pressure drops suddenly (e.g. through faulting or fracturing-



related dilation), boiling occurs (e.g. Buchanan, 1981). Even small magnitude
earthquakes (Mw<2) can trigger a boiling event (Sanchez-Alfaro et al., 2016).
Changes in the fluid chemistry caused by boiling result in precipitation of base
metals at deeper levels, and precious ore and gangue minerals at relatively
shallower depths. This occurs until the open spaces are sealed, and fracture
permeability is occluded or lost (e.g. Buchanan, 1981; Henley, 1985; Hedenquist et
al., 2000).

Existing studies generally focus on the role and significance of geometric and
mechanical aspects of the fault-fracture systems on the epithermal deposits.
Terminations of individual faults and locations of multiple fault interaction are areas
of high fluid flow (Curewitz and Karson, 1997; Cox et al. 2001; Cox, 2005; Davatzes
et al., 2005). Epithermal mineralisation is often located in dilational jogs within fault
systems (Sibson, 1987). Major faults can be important barriers or conduits to fluid
flow (Caine et al., 1996; Rowland and Sibson, 2004), while the permeability may be
nonuniform along the fault depending on the relationship between the variable
strike of the fault and the orientation of the local stress direction (Micklethwaite et
al,. 2010). Permeability can also be developed or maintained along individual fault
segments because interconnected fractures and subsidiary faults form in the wall
rocks where damage zone occurs adjacent to a fault core (Caine et al,. 1996;
Davatzes et al,. 2005). The permeable damage zone structures may also change
position over geological time (Woodcock et al.,, 2007; Burnside et al., 2013).
Micklethwaite and Cox (2004, 2006) argued that although the permeability of the
fault where the mainshock occurs may rapidly be lost due to the precipitation of
hydrothermal minerals (Byerlee, 1993; Davatzes and Hickman, 2005; Cox, 2005),
enhanced fluid flow may occur along the structures where aftershock ruptures
focus and the location of these structures are predictable based on stress transfer
modelling. Sheldon and Micklethwaite (2007) showed that aftershock zones closely

correspond to the location of known mineralization.

The main aim of this thesis is to understand the vein-scale permeability

enhancement mechanisms in epithermal gold deposits by examining the geology,



dimensions, geometry, textures and breccias of a well-exposed epithermal vein
system at the Kestanelik gold deposit (Lapseki, Biga Peninsula, NW Turkey). Both
field and drill core data were used to understand the deformation mechanics and
kinematics of the vein system linked to observations of vein textures and gold
grade. The results have implications for gold exploration and 3D orebody modelling

in epithermal gold deposits.

This study presents significant new microstructural evidence for reactivation
along the vein-wall rock contact and associated permeability development and fluid
flow after the veins were clogged. These findings support the few earlier studies
into the permeability enhancement mechanisms and fluid flow in epithermal
systems (e.g. Sibson, 1987; Cox et al.,, 2001; Micklethwaite and Cox, 2004;
Micklethwaite, 2009) but are also the first time that detailed studies have been

made of the permeability enhancement mechanisms.

Chapter 2 presents a literature review on the general characteristics of
epithermal gold deposits, and structural control, permeability enhancement and
fluid flow in epithermal systems. Chapter 3 briefly outlines the geology of Turkey
and the Biga Peninsula. New observations of the geology of the deposit area are
presented with the main structures and paleo-stress analyses, in order to constrain
the conditions of emplacement of the veins. This new geological data for the first
time places the deposit into the geological context and improves understanding of
tectonic, magmatic and metallogenic evolution of the Biga Peninsula. Chapter 4
presents the structural characteristics (e.g. dimensions, geometry, attitude) of the
mineralized quartz veins, 3D modelling of sub-surface geometries of the major
mineralized quartz veins, and links these to measured gold grades. Chapter 5
describes the textures and breccias of the individual veins based on field and drill
core data and petrographical analyses. Chapter 6 discusses the results presented in
the thesis and examines the new findings of the study in the light of the previous
studies and implications for propect evaluation and 3D orebody modelling. Chapter

7 summarizes the findings of this study and discusses possible further work.



Chapter 2: Overview of Low Sulphidation Epithermal Gold

Deposits

In this chapter, general characteristics of epithermal gold deposits are
described in section 1. Section 2 focuses on reviewing the general characteristics of
low sulphidation (LS) epithermal deposits. Section 3 reviews structural controls,
deformation, permeability enhancement and fluid flow in epithermal gold deposits.
While mineralogical and geochemical aspects of LS epithermal systems are well
known; limited studies exist on the fluid flow and permeability enhancement
mechanisms in LS epithermal veins. Moreover these limited studies commonly
focus on the geometric and mechanical aspects of the fault-fracture systems on the

epithermal deposits rather than on permeability enhancement mechanisms.

2.1. General characteristics of epithermal gold deposits

“Epithermal” means “shallow heat”, and was first defined by Lindgren
(1922). The epithermal environment typically hosts deposits of Au, Ag and base
metals according to geologic reconstructions, ore mineralogy and related textures
(Lindgren, 1933). They generally form at temperatures between 160 ‘Cand 270 C
based on the mineral characteristics (thermal stability) of these environments, and
the recording of fluid inclusions. Boiling is common in epithermal environments
(Buchanan, 1981). The maximum temperature at a given depth under hydrostatic
pressure depends on the vapor pressure of boiling water, so the temperature
interval of 160 to 270 Cis equivalent to a depth range below the paleowater table
of about 50 m and 700 m respectively, although there are a few epithermal gold

deposits which have formed below 1000 m depth (Hedenquist et al., 2000).

Epithermal gold deposits form at the upper parts of intrusion-related
hydrothermal systems, in cells of convecting water driven by intrusions that act as a
heat source. Water of largely meteoric origin circulates deeply into a
volcanic/sedimentary pile, becomes heated, and dissolves metals, alkalies, chlorides

and sulphur species (Buchanan, 1981). The chemistry of the fluid is based on the



interaction of the meteoric water with the host rocks, magmatic fluids and gases
(White and Hedenquist, 1990). The heated fluid, which is weakly saline (<1 to ~5-15
wt% NaCl eqv.) at slightly higher temperatures (200-300 C) and at pressures less
than a few hundred bars (Pirajno, 2009), moves up from depth along structural
pathways. Finally, the pressure drops suddenly (through any faulting, fracture) and
triggers boiling. As a result of the boiling, CO, and H,S are lost to the vapour and this
leads to the saturation of the ore-bearing fluid and causes the deposition of ore and

gangue minerals into any available open space (Hedenquist et al., 2000).

These deposits are generally observed in vein, stockwork and disseminated
forms (White and Hedenquist, 1990). However, there are other orebody forms
controlled by the host rock lithology, by structure and by hydrothermal processes

(Hedenquist et al., 2000) (Figure 2.1).

Although the most principal mineral deposition process in the epithermal
environment is boiling based on the fluid inclusion characteristics (coexisting fluid
and vapour phases) (e.g. Roedder, 1984), there are other mineral precipitation
mechanisms occurring such as fluid mixing (dilution) and oxidation (White and
Hedenquist, 1990). Mixing of ascending fluid with meteoric water results in
temperature decrease and promotes mineral precipitation. In addition, oxidation is
effective in mineral deposition by decreasing the pH of the rising solution and the

solubilities of the metal sulphide complexes (Robb, 2005).

Because the fluids of epithermal deposits precipitate their mineral load into
any open space as vein fillings, open space filling textures such as comb, crustiform,
colloform banding and cockade are common in epithermal quartz veins (Figure 2.2).
In addition, since the most dominant and common mineral deposition mechanism is
boiling in epithermal environment, hydrothermal breccias (results of hydraulic
fracturing related to vigorous boiling event) are common and diagnostic features of
epithermal gold deposits (Buchanan, 1981; White and Hedenquist, 1995;
Hedenquist et al., 2000).
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Hydrothermal alteration occurs as a result of the interaction of hot ore
forming fluids with the rocks through which they circulate under evolving physico-
chemical conditions (Pirajno, 2009). Understanding hydrothermal alteration is
crucial in prospecting for areas of paleofluid flow and hence the zones of ore
deposition (Hedenquist et al., 2000). Although the alteration products depend on
the chemistry of the ore-forming fluid, temperature and volume of fluid flow, type,
permeability and reactivity of the host rock (White and Hedenquist, 1990), the
common alteration minerals observed in the epithermal environment are given in

Figure 2.3.
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Figure 2.3. Thermal stability of various hydrothermal minerals observed in the epithermal
environment (from Hedenquist et al., 2000).



There are two principal styles of epithermal gold deposits based on fluids of
contrasting chemistry (Figure 2.4). These are low sulphidation (LS) or adularia-
sericite type and high sulphidation (HS) or acid-sulphate type. In addition, there is a
transition type intermediate sulphidation (IS) which is defined as a subtype of the

low sulphidation systems (Hedenquist et al., 2000; Hedenquist and Sillitoe, 2003).

In low-sulphidation systems, the mineralizing fluids are those typically
sourced from active geothermal systems distal from the magmatic heat source
(parent intrusion) in the magmatic-hydrothermal environment (Henley and Ellis,
1983). The fluids are reduced and have near-neutral pH forming low sulphidation
state sulphide minerals (Barton and Skinner, 1979). In contrast, high-sulphidation
systems and associated high-sulphidation state minerals result from acidic and
oxidized fluids formed above young volcanoes in the magmatic-hydrothermal
environment (Ransome, 1907; Hedenquist et al., 1994). Generalized sketches of

high and low sulphidation epithermal systems are given in Figure 2.4.
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Figure 2.4. Schematic cross-section showing shallow, sub-volcanic intrusions, an associated
stratavolcano, and the environments deduced for the formation of porphyry Cu, and high-
and low-sulphidation epithermal ore deposits. Active volcanic-hydrothermal systems
extend from the degassing magma to fumaroles and acidic springs, and incorporate the
porphyry and/or high-sulphidation ore environments, whereas low sulphidation ore
deposits form from geothermal systems characterized by neutral-pH waters that may
discharge as hot springs and geysers (from Hedenquist and Lowenstern, 1994).



Most of the epithermal gold deposits occur in convergent tectonic settings
(White and Hedenquist, 1990; Hedenquist and Lowenstern, 1994; White and
Hedenquist, 1995), and are generally associated with post-subductional extensional
regimes (Sillitoe and Hedenquist, 2003). In addition, they are abundant in
intermediate to acid volcanic settings, although they may occur in bimodal volcanic
settings (White and Hedenquist, 1990; Sillitoe and Hedenquist, 2003). The host
rocks are generally calc-alkaline to alkaline rocks (Hedenquist et al., 2000; Sillitoe
and Hedenquist, 2003), and any underlying basement rocks (White and Hedenquist,
1990).

Most of the well-known epithermal gold deposits are generally of Cenozoic
age, however there are a few deposits older than Tertiary (Buchanan, 1981,

Simmons et al., 2005).

2.2. Low sulphidation epithermal gold deposits

There is a variety of classifications of LS deposits in the literature. Firstly, a
division exists based on the metal assemblage which consists of Au-rich LS deposits
and Ag-rich LS deposits (Hedenquist and Henley, 1985). The Au-rich deposits are
formed from low salinity and gas rich fluids (<1-2 wt % NaCl but up to 4 wt% gases,
mainly CO, with H,S) (Hedenquist and Henley, 1985), while the Ag-rich ones are
associated with more saline fluids (10-15 wt% NaCl) and have economic quantities
of Zn and Pb. The fluids of Au-rich LS deposits are very similar to the fluids of most

active geothermal systems.

Corbett (2002) also divided LS deposits according to mineralogy related to
the depth and environment of formation into two groups: ones whose mineralogies
dominantly have magmatic source rocks (arc low sulphidation), and ones having
mineralogies dominantly derived from circulating meteoric fluid sources (rift low
sulphidation). Adularia-sericite type low-sulphidation deposits cover the rift style LS
deposits. Although a variety of LS deposit types exist in the literature, general
characteristics of the most common Au-rich adularia-sericite type (generally known

as LS epithermal gold deposits in the literature) will be given here.



These deposits generally form distant from their magmatic heat source from
the surface to as deep as 1 to 2 km, and at temperatures of 200-300°C (Heald et al.,
1987). Intrusions located at as much as 5 to 6 km deep (Hedenquist et al., 2000) act
as a heat source to drive cells of convecting water causing the mineralization
(Buchanan, 1981). Maximum temperature at a given depth is constrained by boiling,
the most dominant process that occur in geothermal systems, and the pressures are

controlled by hydrostatic conditions (Hedenquist and Henley, 1985).

Geothermal systems have deeply sourced, near-neutral pH and reduced
fluids due to the fact that they have equilibrated with their host rocks during their
slow ascent in a rock dominated environment. The fluids typically are of low salinity
(<1 to 2 wt% NaCl equiv.), gas rich (dominantly CO, with minor H,S and N,)
(Giggenbach, 1992) and have low total sulphide content (usually less than 1wt. %)
(White and Hedenquist, 1990). Oxygen and hydrogen stable isotope data of LS fluids
indicate the dominance of meteoric water with some magmatic water and vapor
components (Taylor, 1979). The meteoric-water dominance is more obvious when
the magmatism has higher volumes since the larger magmatic heat source creates
larger and longer lived cells of convecting meteoric water that will mask most of the
evidence for magmatic water-vapor components. Any reactive, acidic and high
salinity magmatic water-volatile components in the geothermal system are
neutralized and reduced due to the extensive amount of interaction between
thermal waters and crustal rocks occurring in this environment (Hedenquist and
Lowenstern, 1994). As a result of these reactions, NaCl, CO, and most dominantly

H,S occur the principal species in the ascending fluid (White and Hedenquist, 1995).

The sources of gold and other metals in the fluids of LS deposits come from
low density magmatic vapour absorbed at the base of the LS environment. Any
acidic gases are added into the meteoric water system by magmatic vapour and are
neutralized by reaction with the host rock. This neutralization causes exchange of
H* for cations, including metals, thus adds H" to the metals contributed by the

vapour. Metals in the magmatic vapour may enter magmas through a variety of
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pathways such as mantle melting, mass transfer from subducting slab and melting

of the crust (Hedenquist and Lowenstern, 1994).

Boiling and mixing are the two principal processes in LS systems. In systems
where the gold is likely to be transported as a bisulphide (HS) complex (Henley et
al., 1984), boiling is accepted as a critical process since boiling and its associated gas
loss are the major causes of gold precipitation from bisulphide complexes
(Giggenbach and Stewart, 1982). Boiling (Figure 2.5) occurs when pressure drops
suddenly (e.g. through faulting or any fracturing) and the vapor pressure becomes
equal to hydrostatic pressure, and the CO, and H,S are released to the vapor phase.
Firstly, loss of CO, from the solution results in an increase in pH and increases the
solubility of gold, but then the subsequent H,S loss decreases the solubility of gold
and leads its precipitation (eqn.1; Buchanan, 1981; Henley et al.,, 1984; Henley,
1985; Brown, 1986; Cooke and Simmons, 2000).

Au(HS), + 0.5 H, > Au+H,S+HS  (eqn.1)

Boiling is very diagnostic in these systems and evidence that boiling occurred

includes;

Alteration blankets of steam heated origin: H,S and CO, rich vapor generated during

boiling event rises to the surface and condenses in the vadose zone, when H,S is
oxidized to sulphate in the presence of atmospheric O,; it forms steam-heated acid-
sulphate water (eqn.2). The formation of steam-heated acid sulphate water results
in the formation of alteration blankets at the surface of the LS system (Schoen et al.,

1974; Buchanan, 1981).
H,S + 20, = H,S0, (egn.2)

Adularia and bladed calcite in LS veins: In LS systems and their active equivalent

geothermal systems, the major controls on fluid pH are the salinity and the
concentration of CO, in the solution (Henley et al., 1984). Thus, boiling and
associated CO, loss to the vapor results in a pH increase (eqn.3). This pH increase
both causes a shift from illite to adularia stability (eqn.4) and leads to the deposition

of calcite (eqn.5) (Simmons and Christenson, 1994; Hedenquist et al., 2000).
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HCO3z+ H =H,C0; -CO,+ H,0 (eqn3)
KAISi3010(OH), + 65i0, + 2K* > 3KAISi305 + 2H"  (eqn.4)
2HCO;- Ca** = CaCO0; + CO, + H,0  (eqgn.5)

Fluid inclusion relations: During the boiling event vapor is generated; therefore, the

co-existence of vapor and liquid-rich inclusions within an individual growth zone in a
mineral indicates boiling at the time of trapping (Roedder and Bodnar, 1980;

Roedder, 1984).

Hydrothermal breccias: Vigorous boiling event causes explosive pressure release

which triggers hydraulic fracturing (Philips, 1972) and the formation of
hydrothermal (crackle) breccias (Hedenquist and Henley, 1985b; Jebrak, 1997).
These breccias are composed of angular clasts having no significant rotation, and

show jigsaw puzzle texture (Jebrak, 1997).

While steam-heated blankets and hydrothermal breccias are also common in
HS deposits, formation of adularia and bladed calcite as gangue minerals are very

diagnostic (characteristics of) in LS deposits.
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Figure 2.5. A sketch displaying the boiling process in the low sulphidation systems (from
Cooke and Simmons, 2000).

Apart from boiling, mixing (dilution) of ascending fluids with marginal and
shallow waters is the other principal process occurring in the geothermal

environment. Dilution of ascending thermal waters as a result of mixing process
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causes a decrease in temperature and triggers ore and gangue mineral precipitation

(Giggenbach and Stewart, 1982).

The ingredients for ore and gangue minerals dissolved in the epithermal fluid
rise through upflow channels. Change in fluid chemistry due to boiling first causes
the base metals, then the ore and gangue minerals and finally silica sinters to
deposit in a well-recognized temporal and vertical sequence (Buchanan, 1981;
Hedenquist et al., 2000) (Figure 2.6). The average vertical interval of LS ore
mineralization zones is typically about 300 m. The boundary between the upper
precious metals and lower base metals is accepted as the level of boiling (Buchanan,

1981).

Within the precious metal ore interval, the mineralogy generally consists of
argentite, adularia, quartz, pyrite, electrum, calcite and ruby silvers (Buchanan,
1981). Gold ore is commonly associated with the major gangue minerals; quartz (as
the most dominant), calcite and adularia (both indicating near-neutral pH
conditions) and hydrothermal sericite. In the precious metal ore horizon, the quartz
gangue is typically very fine grained and commonly has banded and crustified

textures (Buchanan, 1981; White and Hedenquist 1995; Hedenquist et al., 2000).

Deposition of the dominant gangue phase quartz is controlled by decreases
in fluid temperature, pressure and salinity. These changes in fluid affect the
morphology, crystal structure and chemical composition of silica and cause the
formation of various quartz textures (Hayba et al., 1985; Corbett and Leach, 1997).
The different textures of gangue quartz forming in LS epithermal deposits and their

relation to possible hydrothermal conditions will be explained in detail in Chapter 5.

Below the base of the precious metal ore interval, precious metal values
gradually diminish and the content of galena, sphalerite and chalcopyrite increases.
In addition, the volume of the calcite is decreased greatly while sericite and adularia
are slightly to greatly diminished. Apart from these changes, quartz persists

downwards from the base of the precious metal ore zone (Buchanan, 1981).

13



TASLE

-
& 2
=
8+%
g-
b, =
~ g
5
84 3
gt =
e =a
5 | &
2] Q
g o & -
4 E=
@ = w
-
a2
§ 84 wk
@, -
: sg
-]
3 g “
zg) 2
g " -1
w
o
-
Q] 3 UNDER HYDROSTATIC CONDITIONS,
T 2 BOILING LEVEL SHOWN IS FOR
TEMP. = 240°, NaCl * 2.84 WEIGHT
%- FOR COCLER SYSTEMS,
2 BOILING LEVEL IS HIGHER AND
- DIAGRAM IS CONDENSED. FOR
3 EXAMPLE, AT |75° Au+-Ag MAY
~ DEPOSIT WITHIN THE ALUNITE
§- ZONE. TO CALCULATE APPROX.
DEPTH AT ANY GIVEN TEMP. 8
SALINITY, USE: 5
s ;
PTH .
%.‘ OEFTH (m.) = i orN.291(0.029%)
WHERE 8 = PRESS, (BARS) TO PREVENT BOILING
d s DENSITY OF SOLUTION (g/ec)
BOTH B 8 d ARE FOUND IN MAAS {i1976)
DEPTH ASSUMES 100% HYDROSTATIC CONDITIONS

_ORE MINERALOGY
EMPTY (CLAYS) )
ZEOLITES, CALLITE, maRE ':""‘:7
CLAYS, (AGATE) ystLLyr 1
PYRITE
CALCITE, ZEOLITES, J
AGATE, (STIBNITE,
REALGAR)
f6OLD IN PYRITE,
Ag-SULFOSALTS)
QUARTZ, GALCITE,
PYRITE, (BARITE,
FLUORITE) PYRARGYRITE,
PROUSTITE,
ARGENTITE,
ELECTRUM
QUARTZ, ADULARIA,
PRECIOUS METAL ) SERICITE, PYRITE,
IZON (CALCITE, CHLORITE,
HOR: FLUORITE)
ARGENTITE,
ELECTRUM
BOILING LEVEL
J
J QUARTZ, FLUORITE,
PYRITE, (CHLORITE) GALENA,
BASE METAL SPHALERITE,
} CMALCOPYRITE,
HORIZON erranorite, PYRITE, | rapcenrire)
ARSENOPYRITE H
1
SILICEOUS RESIDUE: OPAL, CRISTOBALITE, ILLITE, CELADONITE IN MIGHER LEVELS,
ANATASE, HgS, RARE PYRITE E MAY PASS WITH DEPTH TO SERICITE,
ADULARIA

P
ALUNITE, KAQLIN, PYRITE ; OFTEN EX-
TENDS DOWNWARD ALONG VEIN AS

SILICIFICATION USUALLY WITH ADULARIA
AND/OR MINOR ALBITE

KADLIN HALO AROUND & ABOVE ORE
7] PROPYLITIZATION: CHLORITE, ILLITE, ADULARIZATION, WITH NO TO MINOR AL-
CARBONATE, PYRITE, MONTMORILLONITE; F‘ BITE ABOVE BOILING LEVEL, MINOR TO
EPIDOTE INCREASES WITH DEPTH MAJOR ALBITE BELOW

NOTE: ALTERATION BOUNDARIES MORE DIFFUSE THAN SHOWN
DIAGRAM DOES NOT APPLY TO TELESCOPED DEPOSITS OR TO THOSE
WITH MULTIPLE ORE STAGES
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Above the precious metal ore horizon, precious metal values drop rapidly.
The quartz vein filling extends above the top of the precious metal ore zone, but the
width of the quartz fill in the veins gradually decreases and the quartz is deposited
as agate or chalcedony above the ore shoot. Toward the vein tops, the volume of
quartz and agate (or chalcedony) diminishes and calcite becomes more common

(Buchanan, 1981).

At the surface of the system where the neutral pH thermal water discharges,
rapid cooling of the fluid results in super-saturation and formation of silica sinters,
the most distinctive paleosurface feature of LS deposits. They form finely laminated
terraces of amorphous silica and may have some plant fragments (White et al.,
1989; White and Hedenquist, 1995; Corbett and Leach, 1997; Hedenquist et al.,
2000). The presence of silica sinter proves that the system is low sulphidation. In
addition, silica sinter defines the position of the paleosurface and, most
importantly, it points out the location of the principal upflow channel of boiling fluid
(Hedenquist et al., 2000). Silica sinters may not form in areas of high relief, because
the water may flow laterally a great distance before reaching the surface, mixing
with ground water and thus may not be capable of precipitating silica sinter (White

and Hedenquist, 1995).

Ore-associated alteration forms due to the generation of CO,-rich steam-
heated water on the margin of the system and extends from the base of the
precious metal ore horizon to the paleosurface (Buchanan, 1981; Hedenquist et al.,
2000). Width of alteration halos around the conduit of fluid flow depends on the
primary permeability of the host rocks; structurally focused ore has narrow
alteration halos while wide alteration areas form in permeable rocks (Hedenquist et
al., 2000). Temperature decreases both with decreasing depth and with increasing
distance from the conduit of fluid flow results in a clear upward and outward
zonation of temperature-dependent minerals (White and Hedenquist, 1995).
Argillic assemblage (dominantly kaolinite, smectite, illite) forming on the margin of
the system gives way outward to propylitic assemblage (as dominantly chlorite,

calcite, epidote) as the mildly acidic (pH 4-5) water is progressively neutralized by
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reaction with the host rock away from the conduit (Reyes, 1990; Hedenquist, 1990;
White and Hedenquist, 1995). It should be noted that interstratified illite-smectite,
smectite clays and kaolinite may be found within the ore zone as supergene

alteration products of hydrothermal sericite (Hedenquist et al., 2000).

Steam heated acid sulphate water forming in the vadose zone results in the
formation of advanced argillic (AA) alteration blankets (kaolinite, cristobalite,
smectite and locally alunite and native sulphur) which typically overlie the ore
system in the hanging wall. This alteration assemblage may overprint the ore zone
in case of the collapse of groundwater table (Simmons and Browne, 1990;
Hedenquist et al., 2000). In addition, when these acid sulphate waters descend
along fractures, they may cause the formation of narrow zones of higher
temperature minerals such as pyrophyllite and diaspore (Reyes, 1990; Hedenquist
et al, 2000). Care must be given to distinguishing this steam heated acid water
related AA alteration from the other types of advanced argillic alteration which are
hypogene AA alteration (typical of lithocaps that host HS deposits) and supergene
AA alteration (Bethke, 1984; Hedenquist et al., 2000). Schematic illustration

showing the formation of three types of AA alteration is given in Figure 2.7.

When steam-heated water collects at the water table, aquifer controlled
stratiform blankets of dense silicification (typically chalcedony) may be created up
to several kilometers distant from the steam heated water generation zone (Schoen
et al.,, 1974). The horizon of silicification is generally a few meters thick but the
falling or rising of the water table may increase the thickness of it. Since these
waters are also Fe-rich, they may create pyrite and marcasite near the base of the

horizon (Hedenquist et al., 2000).

During exploration, distribution of alteration minerals enable approximate
determination of paleo-isotherms which help to locate conduits of paleofluid flow
and so ore mineralization, and also to determine the level of erosion (White and

Hedenquist, 1995; Hedenquist et al., 2000).
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Figure 2.7.Schematic illustration showing the formation of three types of acid waters and
advanced argillic alteration, hypogene, steam heated and supergene. In a, acidity caused by
ascending and cooling HCl and SO,, when the latter condenses into water, it forms sulphuric
acid. In b, acidity comes from oxidation of H,S gas which condenses in the vadose zone. In c,

acidity is formed when the pyrite is subjected to post hydrothermal oxidation within the

vadose zone (From Sillitoe, 1993).

A schematic section showing the hypogene alteration patterns, blanket of
steam-heated advanced argillic alteration and horizon of dense water table

silicification in LS deposits is given in Figure 2.8.

Most low sulphidation epithermal gold deposits are associated with bimodal
volcanic suites occurring in extensional tectonic settings such as continental and

island-arc rifts which may form in near-, intra-, and back arc settings during the
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subduction of oceanic crust, post-arc settings following the subduction termination,

as well as post collisional settings (Figure 2.9).

| Kaofinite + alunite = native 5 — opaline silica (steam-heated a.‘reraﬁon)]

Palep,
MSUrfacE /Hor springs

Sinter Terrace

 m— —

Permeable %
lithology

*} Chiorite-calcite + epidote|

Smé;;:r:'m/mixed-fayer
ciay + chiorite

T

meters

50-100

|Cmst.¢‘ﬁed quarizichalcadony-carbonales + adularia + barits/ﬂuorfre]

Figure 2.8.Schematic section that shows the generalized patterns of variable forms of
hypogene alteration, steam heated advanced argillic alteration and horizon of water table
silicification in a LS deposit. Note that the geologic variations may cause deviations from
this generalization (from Hedenquist et al., 2000).

Bimodal volcanism related to rifting includes basalt or basaltic andesite plus
rhyolite or rhyodacite of calc-alkaline and/or tholeiitic relationships with a
significant lack of andesitic and dacitic rock compositions. However, there are a few
deposits formed in andesitic-dacitic volcanic arcs, where regional extension is

widespread (Sillitoe and Hedenquist, 2003).

LS epithermal gold deposits are generally hosted by a wide range of rock
types from alkalic to calc-alkalic igneous rocks (Buchanan, 1981; Sillitoe, 1993),
underlying basement rocks of any type (White and Hedenquist, 1990), and

pyroclastic and sedimentary rocks (Hedenquist et al., 2000).
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Figure 2.9. Schematic continental margin scale sections showing the selected
volcanotectonic settings for HS, IS and LS deposits: (a) Neutral stress to mildly extensional
arc. (b) Compressive back arc during arc volcanism. (c) Compressive arc with subdued
volcanism. (d) Extensional arc. (e) Extensional back arc during arc volcanism. (f) Extensional
back arc during transition from subduction- to rift related bimodal magmatism. (g)
Extensional continental margin following cessation of subduction (an advent of transform
faulting). (h) Compressive tectonism linked to transform fault boundary. (i) restricted
postcollisional magmatism during collision-induced slab breakoff and compressive
tectonism. (j) Extension due to tectonic collapse following continental collision (from
Sillitoe and Hedenquist, 2003).
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2.3. Structural control, deformation, permeability enhancement and

fluid flow in epithermal gold deposits

Epithermal deposits originate in the upper, brittle crust of regions with
active magmatic and geothermal activity. Mineralization in these deposits is
dominantly hosted by veins or stockworks indicating dominant and strong structural
control, although the form of these deposits may be disseminated ore that replace
the host rock where lithologic control is dominant (White and Hedenquist, 1990;
White and Hedenquist, 1995; Hedenquist et al., 2000, Cox, 2005). Brittle fault and
fracture systems not only act as pathways of hydrothermal fluid circulation but also
as depositional sites of epithermal ore and gangue minerals. Structures localizing
these deposits are commonly pre-existing fractures, faults and fault related
structures, joints, caldera structures, caldera margins and shear zones. Close to the
paleosurface where structures are more complex, stockworks are more likely,
passing down to veins at depth. In addition, minor structural features such as
bedding and foliation planes may also host mineralization (e.g. Buchanan, 1981;
Henley, 1985; White and Hedenquist, 1990; White and Hedenquist, 1995;
Hedenquist et al., 2000; Cox et al. 2001; Cox, 2005). Major faults have a regional
control on the localization of these deposits; however mineralization is commonly
not situated on the major regional structure, but is located on a subsidiary faults
and/or fracture zones (White and Hedenquist, 1990; Cox et al., 2001; Micklethwaite
and Cox, 2004; Cox, 2005).

The most favourable mineral deposition mechanism in epithermal systems is
boiling. Epithermal fluids rise from depth along structural conduits at high
temperatures under suitable pressure to prevent boiling. Boiling occurs, when the
pressure drops suddenly (e.g. through faulting or fracturing-related dilation) (e.g.
Buchanan, 1981). Even small magnitude earthquakes (Mw<2) can trigger a boiling
event (Sanchez-Alfaro et al.,, 2016). Precipitation of ore and gangue minerals seals
open spaces until structural permeability is occluded or lost (Buchanan, 1981;

Henley, 1985; Hedenquist and Henley, 1985; Hedenquist et al., 2000). Common
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diagnostic textures in epithermal veins indicate multiple episodes of mineralization,
brecciation and recementation associated with repeated and intermittent fluid flow
rather than a continuous and steady-state process (Bateman, 1950; Buchanan,
1981; Sibson, 1987). Additionally, radiometric dating of some hydrothermal
deposits shows that the permeability creation and hydrothermal fluid circulation
could take place over thousands to tens of thousands of years (Fournier, 1989;
Lalou et al., 1993). This could be as long as millions of years in major porphyry
systems (Sillitoe, 2010). How can permeability enhancement be achieved after the
deposition of minerals in fractures and faults has choked permeable pathways and

restrict fluid flow?

Boiling of the hydrothermal solution stops when the pressure increases as
precipitation of minerals forms a sealed cap to the fracture system (White et al.,
1975). The sealing cap can be basically broken by tectonism or hydrofracturing
(Buchanan, 1981) causing the creation of permeability and associated boiling and
mineralization which later seals the system again. Rather than focusing on the
development of fluid overpressures in the upper parts of the epithermal vein
system, Hedenquist and Henley (1985b) proposes an alternative mechanism for the
permeability creation in the sealed system. According to this mechanism, after the
system is sealed, pressure of the fluid increases and the fluids are diverted to other
channels. However, steam separated from the flowing hot water accumulates
below the sealed cap and transmits the fluid pressure to the seal. Because gases
continue to separate from the hot water, depth of the gas cap below the seal
increases. When the seal pressure passes the lithostatic pressure, hydraulic
fracturing (Philips, 1972) happens and hydrothermal eruption occurs (Figure 2.10)
suggested by the presence of jigsaw puzzle textures in the vein system.
Alternatively, seismicity could also cause the crushing of the seal, triggering a
hydrothermal eruption without needing seal pressure higher than lithostatic

(Hedenquist and Henley, 1985b).
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Figure 2.10. (a) Schematic cross section showing how local silica sealing can result in the
formation of a gas cap over a boiling fluid flowing laterally, leading to hydraulic fracturing
and hydrothermal eruption. (b) Pressure versus depth curves (1: hydrostatic; 2:
hydrodynamic, 3: lithostatic) showing the extent of a gas cap necessary for pressures at a
100m deep sealed fracture to equal (profile a) or exceed (profile b) the lithostatic pressure.
The pressure at the local seal is transmitted from the fluid reservoir by the compressed gas.
Following sealing the gas pressure increases (aa toward bb) with time until the eruption is
initiated by hydraulic fracturing or seismicity (from Hedenquist and Henley, 1985b).

Precipitation of minerals along faults causes the hydrothermal fluid to
penetrate into the pore spaces of the adjacent wall rock. As the low density fluid
tends to go up, the penetration zone is more widespread in the hangingwall (Philips,
1972). Increased pressure of fluid in the pore spaces of the rock above the fault
plane decreases the effective principal stress of the rock and thus could trigger fault

slip which in term increases permeability (Philips, 1972; Axen, 1992).

Davatzes and Hickman (2005) discuss the relationship between the
deformation mechanisms controlling permeability and fluid flow, and the
deformation environments controlled by the precipitated hydrothermal material in
the fault/fracture system. In the shallowest zone of the geothermal system, lower
pH leads to breakdown of rock forming minerals which increase the permeability of

the fault zone (Davatzes and Hickman, 2005). Although exposed to the same stress
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field and deformation conditions, permeability of a sealed fault can be regenerated
by continued slip and associated brittle dilation (Davatzes and Hickman, 2005).
Permeability may be nonuniform along the fault depending on the relationship
between the variable strike of the fault and the orientation of the local stress
direction (Micklethwaite et al., 2010) or due to within-fault plane variability (Lunn et
al., 2008). Permeability can be maintained in structures dominated by calcite-
and/or silica related minerals through brittle dilation associated with episodic
reactivation and slip. Conversely, formation of chlorite and smectite phases due to
the alteration by continued slip and fluid flow supports ductility and minimize
dilatancy and permeability by inhibiting the ability of slip during shear (Davatzes
and Hickman, 2005).

Permeability can be supported by the formation of new fault networks when
the tectonic stress that is unfavourable for the reactivation of the sealed fault
network change suddenly. However, these networks may form and propagate along
unaltered rock that is more favourable with brittle failure, as the altered clay-rich
rock requires large rotations in the stress field to form new fault networks (Davatzes
and Hickman, 2005; Moir et al, 2013) because of the low frictional strength of most

clays (Lockner and Beeler, 2002).

Major faults can be important barriers to or conduits to fluid flow (Caine et
al., 1996; Rowland and Sibson, 2004). Cataclasis causes a reduction in the grain size
of the fault core that increases the deposition of minerals by increasing the area of
fresh mineral surfaces and thus chemical reactions. Therefore, the core of the faults
is sealed rapidly and become transient fault barriers or low permeability zones
(Byerlee, 1993; Davatzes and Hickman, 2005). Despite clogging of the major faults
due to mineral precipitation, permeability can be developed or maintained at the
terminations of individual faults and interaction areas of multiple faults where the
fracture density and connectivity is high (Curewitz and Karson, 1997; Cox et al.,
2001; Cox, 2005) because of the elevated stress concentration arising at these sites
(Curewitz and Karson, 1997). Also, Davatzes et al. (2005) state that more tensile

mean stress can be created by the mechanical interaction of multiple fault
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segments at intersections which lead to the dilatant failure and fluid flow at these
interaction areas. In addition, according to the Sibson (1987); because epithermal
mineralization is often located in dilational jogs between en echelon fault segments
within fault systems, arrest of earthquake ruptures at the fault tips which causes
extensional fracturing and associated fluid pressure drop is responsible for
triggering episodic boiling and rapid mineral deposition within dilational jogs.
Moreover, following the major rupture on the main fault, precipitation in dilational

jogs continues through the aftershock period (Sibson, 1987).

Permeability can also be enhanced or maintained along individual fault
segments because interconnected fractures and subsidiary faults form in the
adjacent wall rocks where damage zone occurs adjacent to a fault core (Caine et al.,
1996; Davatzes et al., 2005). High permeabilities are generated in fault damage
zones accompanying coseismic slip, although permeability is reduced in these zones
because of the pore collapse and crack closure taking place during interseismic
periods (Cox, 2005). Damage zones probably have higher bulk permeabilities than
the individual fault segments owing to the more planar and structurally less
complex characteristics of the individual fault segments (Cox, 2005). The damage
zone structures that are permeable may also change position over geological time
(Woodcock et al., 2007; Burnside et al., 2013). Multiple episodes of slip and the
overprinting of successive brittle failure events may be observed in wide damage

zones (Caine et al., 1996).

Micklethwaite and Cox (2004, 2006) argue that if the event responsible for
opening permeable pathways is an earthquake, although the permeability of the
fault where the mainshock occurs may rapidly be lost due to the precipitation of
hydrothermal minerals following the rupture events, enhanced fluid flow may occur
along structures where aftershock ruptures focus. They argue that the locations of
these aftershock structures are predictable based on stress transfer modelling.
Using a damage mechanics formulation, Sheldon and Micklethwaite (2007) showed
that aftershock zones detected by stress-transfer modelling closely correspond to

the location of known mineralization. Moreover, they emphasize that the main fault
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is rapidly healed after the main slip; while aftershock zone structures are exposed to
the more protracted permeability and fluid flow relative to the main fault indicating

enhanced mineralization potential of these zones.
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Chapter 3: Geological Setting

Kestanelik epithermal gold deposit was chosen as study area because it
contains well-exposed mineralized quartz veins to study the structural controls on
the veins which will shed light on the permeability enhancement processes during
epithermal gold mineralization. Section 1 briefly presents the geology of Turkey.
Then, section 2 outlines the geology of the Biga Peninsula according to the compiled

literature data.

In section 3, the local geology of the area is defined with a geological map
and a tectonostratigraphic section based on field studies conducted by the author.
The main structures and paleo-stress analyses are also presented. The purpose of
this section was to determine the possible age of the heat source and
mineralization by linking the local geological history to the regional tectonic setting.
The timing of the mineralization is a key constraint on the structural evolution of

the epithermal vein-structure network.

In section 4, general characteristics of mineralization in the area are briefly
described based on observations gathered during field studies and the examination
of drill cores and geochemical analysis data of core samples obtained from Chesser

Resources Ltd (license holder company of the Kestanelik province).

Section 5 discusses the results given in the chapter and summarizes the key

highlights of the chapter.

3.1. Introduction to the geology of Turkey

The geological evolution of the Turkey has mainly been controlled by the
relative movement of the Laurasia, Gondwana and Arabian plates during the
consumption of the Paleo- and Neo-Tethys oceans. The boundaries of these plates
in Turkey are represented by two main suture zones which can be considered as
parts of the Alpine-Himalayan orogenic belt. The sutures are the Izmir-Ankara-
Erzincan suture zone (IAESZ) (between the Pontides belonging to Laurasia and the

Tauride-Anatolide block belonging to Gondwana) in the north, and the Bitlis-Zagros
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suture zone (BZSZ) (between Tauride-Anatolide block and Arabian plate) in the
south (Ketin, 1966) (Figure 3.1). Today’s mosaic geometry of Turkey is explained by
the amalgamation and/or juxtaposition of multi-rooted continental and oceanic

fragments during orogenic processes.

3.2. Regional geology (Geology of Biga Peninsula)

Study area is located in the Biga Peninsula in NW Turkey which is
characterized by juxtaposition of three tectonic terrains: Tauride-Anatolide Block
(TAB) in the south, Sakarya zone of Pontides in the center and Rhodope-Strandja

zone of Pontides in the north (Figure 3.1).

Cenozoic magmatic rocks together with marine and continental sedimentary
rocks dominate the geology of the Biga Peninsula. Pre-Cenozoic metamorphic and

ophiolitic rocks form the basement rocks of the region (Figure 3.2).
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Figure 3.1. Paleotectonic map of Turkey (taken from Okay and Tlysiiz, 1999).
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3.2.1. Pre-Cenozoic rocks (Basement rocks)

Pre-Cenozoic basement rocks are observed as three different metamorphic

complexes and slivers of NE-SW trending ophiolites or ophiolitic mélanges.

The oldest metamorphic complex is Paleozoic in age (308+/- 16 Ma, single-
zircon Pb-Evaporation, Okay et al., 1996) and is named as Kazdag Massif (Bingol et
al., 1973) or Kazdag metamorphic complex (Okay and Satir, 2000). It is mainly
composed of mica schist, olivine schist, amphibolite, pyroxenite, marble,
metaophiolite, quartz-feldspathic gneiss, amphibolic gneiss, orthogneiss and
paragneiss (Schuiling, 1959; Gimis, 1964, Aslaner, 1965). In spite of their pre-
Tertiary origin, their youngest peak metamorphism conditions were dated as Late
Oligocene — Early Miocene (24-18 Ma, Okay and Satir, 2000) by Rb/Sr muscovite and
biotite dating methods. An apatite fission track study of Cavazza et al. (2009)
suggests Early to Middle Miocene (20-10 Ma) exhumation ages for the Kazdag
metamorphic complex and Cavazza et al. (2009) proposed that roll-back of the
Hellenic trench may be the reason for the exhumation (or Miocene extension in the
region). This Paleozoic basement is tectonically overlain by Permo-Triassic Karakaya
complex comprising Carboniferous-Permian limestone olistoliths, blocks of
Carboniferous high grade metamorphic rocks and early Permian to late Triassic low
grade metamorphic rocks and pre-Jurassic intrusions (Bingol et al., 1974; Aydin et
al.,, 1995; Okay et al., 1996, 2002; Delaloye and Bingdl, 2000). These rocks are
associated with the closure of the Paleo-Tethys Ocean (Sengér and Yilmaz, 1981;
Okay et al., 1996, 1998) and are observed as thrust sheets or randomly distributed
outcrops within the IAESZ. Although there is lack of information about their late
stage metamorphism and/or exhumation in the literature, it is considered that they
were already at the surface during the closure of the Neo-Tethys Ocean. In this
respect, Tertiary evolution of these rocks can be associated with the development
of an accretionary prism. The units of the Karakaya complex together with the
Kazdag Massif are exposed at the south of the Biga Peninsula while the last
metamorphic bodies of the region, which are entitled as Camlica metamorphics,

crop out as SW-NE trending bodies in association with ophiolites along the northern
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margin of the peninsula. The most common lithology of the Camlica metamorphics
is grey, brown, greenish brown, well foliated, partly carbonitized quartz-mica schist
(Okay et al., 1990). There is no unequivocal opinion on the tectonic setting of the
Camlica metamorphics. Kalafatcioglu (1963) and Bilgin (1999) proposed that they
are overlying units of the Kazdag massif. However, they have also been attributed
to the closure of the one of the branches of the Neo-Tethys between Sakarya
continent and Rhodope-Strandja zone (Intra-Pontide Suture Zone (IPSZ)) (Okay et
al., 1991: 1996: Okay and Tuysiz, 1999: Beccaletto and Jenny, 2004). Additionally,
Aygll et al. (2012) also proposed that (i) the Camlica metamorphics constitute the
northernmost continental margin of the former Sakarya continent (ii) they were
subducted under the Rhodope-Strandja zone during the Late Cretaceous (iii) the
converGence lasted until Early Eocene and (iv) and that during Middle to Late
Eocene they started to be exhumed and reached high crustal levels. Though the
primary age of the Camlica metamorphics is not known, they are thought to be
Paleozoic. Camlica metamorphics have probably undergone a HP—-LT metamorphism
based on relics of eclogites and three muscovite samples from quartz mica schists
give 69 to 65 Ma Rb/Sr age intervals (Okay and Satir, 2000b). These ages indicate

Maastrichtian aged regional metamorphism.

Unmetamorphosed ophiolitic bodies of the region are entitled the Cetmi
ophiolitic melange and the Denizgoren ophiolite (Okay et al., 1990). The Cetmi
ophiolitic melange covers large areas to the west of Kazdag metamorphic complex
and consists of spilitised basic volcanic and pyroclastic rocks, limestone blocks,
shale, and greywacke with minor serpentinite, radiolarian chert and eclogites (Okay
et al., 1990). The Cetmi ophiolitic melange thrusts over the Camlica metamorphics
while it has a normal faulted contact with the Kazdag metamorphic complex. The
melange is covered by Cenozoic sedimentary and volcano-sedimentary sequences
(YGzer and Tunay, 2012). The biostratigraphic ages determined from the radiolarites
and limestone blocks of the melange vary between Early Triassic-Late Cretaceous
time interval (Okay et al., 1990; Beccaletto et al., 2005) which indicate that the

melange formation was completed by the Late Cretaceous.
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The Denizgoren ophiolite forms a NE-trending outcrop to the north of the
town of Ezine and is largely made up of serpentinized harzburgite with minor basalt
and gabbro (Okay et al., 1991). The Denizgéren ophiolite thrusts over Permo-
Triassic aged sedimentary rocks and Camlica metamorphics in the west and in the
east respectively (Okay et al., 1991). Ar/Ar radiometric ages of amphibolites taken
from the base of the ophiolite were determined as 117+1.5 and 118.3+3 Ma (Okay
et al., 1996), and 12512 Ma (Beccaletto and Jenny, 2004) which constrains the

probable initiation of obduction.

3.2.2. Cenozoic rocks

Plutonic, volcanic and volcano-sedimentary rocks which are products of
Cenozoic magmatism together with marine and continental sedimentary rocks
overlying the pre-Cenozoic basement rocks constitute the Cenozoic rocks of Biga

Peninsula (Figure 3.2).

3.2.2.1. Cenozoic magmatic rocks

Extensive magmatism was prevailing in NW Turkey between the Middle
Eocene and Late Miocene. Generally, Cenozoic magmatism shows calc-alkaline
character between Middle Eocene and Early Miocene and alkaline character starting
from the Middle Miocene (Altunkaynak and Geng, 2008). While the plutonic
products of alkaline magmatism are not exposed at the surface (Akay and Erdogan,
2004), plutonic products of calc-alkaline magmatism are widely exposed in the
region. These plutons can be grouped into two with respect to the location of the
Izmir Ankara Suture Zone (IASZ) separating the Sakarya zone of Pontides and the
Anatolide-Tauride Block. The plutons located along and at the south of IASZ can be
named as the southern group and consist of the Orhaneli, Topuk, Glirgenyayla,
Goynukbelen plutons, while the ones located at the north of IASZ and at the south
of Marmara Sea can be named as the northern group and include Fistikli, Kapidag,
Karabiga, Kestanbol, Evciler, Eybek, llica-Samli, Kuscayir and Cataldag plutons

(Figure 3.2).
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Figure 3.2. Simplified geological map of the Biga Peninsula (ATB: Anatolide-Tauride Block, IASZ: Izmir-Ankara Suture Zone, IPSZ: Intra-Pontide Suture
Zone, RSZ: Rhodope-Strandje Zone, SZ: Sakarya Zone, 1: Kestanbol pluton, 2: Kuscayir pluton, 3: Evciler pluton, 4: Karabiga pluton, 5: Eybek pluton, 6:
Kapidag pluton, 7: llica-Samli pluton, 8: Cataldag pluton, 9: Fistikh pluton, 10: Orhaneli pluton, 11: Topuk pluton, 12: Géyniikbelen pluton, 13:
Gurgenyayla pluton) (modified from Tlrkecan and Yurtsever, 2002).
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The Southern group plutons intrude into basement rocks of the Tauride-
Anatolide Block which are overlain by ophiolitic rocks of the IAESZ (Harris et al.,
1994). They consist mainly of diorite, quartz diorite, granodiorite and syenite (Harris
et al., 1994; Altunkaynak, 2004; Dilek and Altunkaynak, 2007, Okay and Satir, 2006).
Their isotopic ages range from ~53 to ~45 Ma based on Ar/Ar, Rb/Sr and U/Pb
radiometric dating methods (Okay and Satir, 2006 and references therein). Their

volcanic equivalents are not present in the region (Dilek and Altunkaynak, 2007).

The Northern group plutons intrude into basement rocks of the Sakarya zone
and can be subdivided into two groups based on their ages and can be divided into
the northern-Eocene and northern-Oligo-Miocene groups. The northern-Eocene
group includes Fistikh, Kapidag and Karabiga plutons, whereas Kestanbol, Evciler,

Eybek, Ilica-Samli, Kusgayir and Cataldag plutons belong to the latter group.

The northern-Eocene group of plutons is mainly characterized by
monzogranite, granodiorite and granites. Volcanic units associated with these
plutons are pyroclastic rocks and basaltic to andesitic lavas which are intercalated
with Eocene marine units (Siyako et al., 1989; Geng¢ and Yilmaz, 1997; Dilek and
Altunkaynak, 2006). Their isotopic ages vary between ~48 and ~34 Ma based on
Ar/Ar, K/Ar and Rb/Sr dating techniques (Delaloye and Bing6l, 2000; Okay and Satir,
2000; Kopribasi and Aldanmaz, 2004).

The northern-Oligo-Miocene group of plutons is composed of granodiorite,
granite, quartz diorite and quartz monzonite (Geng, 1998; Yiicel-Oztiirk et al., 2005),
while their volcanic counterparts consist of andesite, dacite, rhyodacite and
rhyolite, together with pyroclastic rocks which are intercalated with Oligo-Miocene
lacustrine sedimentary units (Bingol et al., 1994; Geng, 1998; Erkil et al., 2005,
Yiicel-Oztiirk et al., 2005). Radiometric ages of these magmatic rocks and
biostratigraphic ages of intercalated sedimentary units vary between ~31 and ~15

Ma (Ercan et al., 1985, 1995; Geng, 1998, Erkiil et al., 2005).

By Middle Miocene, the geochemical character of the Cenozoic magmatism

shifted from calc-alkaline to mildly-alkaline. The volcanic products of this
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transitional Middle Miocene magmatism, have a short age span (around 15.2 Ma)
(Ercan et al., 1995; Aldanmaz et al., 2000), and are mainly basaltic andesite to
andesite, trachy andesite and pyroclastic rocks intercalated with mildly alkaline
basaltic lavas (Akay and Erdogan, 2004; Altunkaynak and Dilek, 2006; Altunkaynak
and Geng, 2008). These rocks are generally associated with NNE- trending trans-

tensional fault systems (Yilmaz et al., 2000; Erkiil et al., 2005).

Although magmatism waned for a short time between ~15-11 Ma, it was
renewed in the Late Miocene. During the Late Miocene, Cenozoic magmatism in
NW Turkey produced short-lived (~11 - ~8.32 Ma) OIB-type mafic alkaline lavas
which classify as basalt, basanite and trachybasalt of which potassic and sodic
compositions progressively increase towards the south over time (Savascin and
Oyman, 1998; Aldanmaz et al., 2000; Dilek and Altunkaynak, 2007; Altunkaynak and
Geng, 2008). These Late Miocene mafic alkaline lavas are generally controlled by
the structures associated with the North Anatolian Fault Zone (Kaymakci et al.,

2007).

Although the Late Miocene volcanic rocks form the latest magmatic rocks of
the Biga Peninsula, Cenozoic magmatic activity continued until the Quaternary in
southwestern Turkey. Strongly alkaline Late Miocene to Quaternary magmatism
resulted in formation of volcanic rocks which are composed of basalts, basanites
and phonotephrites with potassic to ultrapotassic compositions (Richardson-
Bunbury, 1996; Seyitoglu et al., 1997, Savascin and Oyman, 1998; Aldanmaz et al.,
2000; Alici et al., 2002; Innocenti et al., 2005; Altunkaynak and Geng, 2008). These
rocks, for which ages vary between ~8.4 and ~0.13 Ma, are mainly associated with
E-W-oriented major extensional fault systems (Richardson-Bunbury, 1996; Seyitoglu
et al., 1997, Savascin and Oyman, 1998; Aldanmaz et al., 2000; Alici et al., 2002;
Dilek and Altunkaynak, 2007).

Although there are a variety of recent studies about the nature of Cenozoic
magmatism in western Turkey, the tectonomagmatic model behind it is
controversial due to the existence of the Neo-Tethyan suture lzmir-Ankara suture

zone (IASZ) in NW Turkey and still-active subduction zone along the Hellenic trench
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in the south of Western Turkey (Figure 3.1). Timing of late stage subduction and
collision along IASZ while still not certain, is proposed as Late Cretaceous-Early
Eocene (Sengér and Yilmaz, 1981; Harris et al., 1994; Okay and Tuystz, 1999,
Sherlock et al., 1999; Onen and Hall, 2000, Kaymakci et al., 2009, Hinsbergen et al.,
2010). Commencement of north-dipping subduction along the Hellenic trench is
suggested as Middle Miocene (McKenzie, 1978; LePichon and Angelier, 1979;
Meulenkamp et al., 1988). Therefore, tectonomagmatic models concerning the IASZ
are related to post-collisional magmatism, while the one concerning the Hellenic

trench are related to arc magmatism.

Delaloye and Bingol (2000) interprets Eocene - Miocene aged intrusions as
arc related intrusions due to the subduction along the Hellenic trench, while others
propose a post collisional environment for the formation of the plutons exposed in
northwestern Turkey through (1) slab-breakoff (Altunkaynak and Dilek, 2006;
Altunkaynak, 2007; Altunkaynak and Geng, 2008) and (2) delamination of either the
subducting lithosphere or the lowermost part of the lithosphere (e.g., thermal
boundary layer at the base of the lithosphere) (Kopriibasi and Aldanmaz., 2004;
Dilek et al., 2010). In addition to these studies, a study by Okay and Satir (2006)
suggests that the Eocene plutons were developed in a magmatic arc formed as a
result of subduction along the WNW-ESE trending Vardar suture, although the study

does not give an age for the initiation of subduction along the Vardar suture.

3.2.2.2. Cenozoic sedimentary rocks

Cenozoic sedimentary rocks of the Biga Peninsula consist of four different
sequences separated by three major erosional unconformities: Maastrichtian-Early
Eocene, Middle Eocene-Oligocene, Miocene and finally Pliocene-Quaternary

sequences.

Rocks of Maastrichtian-Early Eocene age are exposed in a limited area at the
east of Lapseki. Although there is no observable contact between them and the
basement rocks, their northern equivalents lie on ophiolitic mélange in the Gelibolu

Peninsula. In spite of having laterally and vertically transitional deeper marine to

34



continental sequences in the north, only continental to shallow marine deposits
crop out in the south of the Biga Peninsula (Figitepe formation; Sfondrini, 1961 and

Siyako et al., 1989).

By Middle Eocene, Maastrichtian-Early Eocene sequences are
unconformably overlain by fossilliferous limestone and sandy limestone of Sogucak
Formation. It is suggested that the Sogucak formation was deposited as a result of
widespread transgression affecting the whole of north western Anatolia. Towards
the north, it passes up to a thick Late Eocene aged turbiditic sequence composed of
sandstone, shale and marl (Siyako et al., 1989; Simengen and Terlemez, 1991;
Ozcan et al., 2010). In NW Turkey, rocks of Oligocene age indicating a marine
regression are represented by coarsening upward terrigenous clastics in shale and
marl; however the Biga Peninsula does not have any outcrops of this Oligocene

sequence because of the lasting uplift in the region.

In the Early-Middle Miocene, fluvial conglomerate, sandstone, shale,
siltstone, tuff and lignite were deposited in small, isolated, fault-bounded intra-
continental basins in the southern Biga Peninsula. Commencement of this intra-
continental deposition is related to the exhumation of the Kazdag massif and they
are thought to be products of a supra-detachment basin (Kiglukkuyu formation;
Cavazza et al., 2009). In the northern Biga Peninsula, however, Miocene rocks are
represented by Late Miocene aged laminated and cross bedded coastal sandstone
which is in transition with a shallow marine sequence composed of limestone,
conglomerate, sandstone, shale and marl towards the north and west around the

Bosphorus of Canakkale and the Aegean Sea.
The Plio-Quaternary period in Biga Peninsula is represented by fluvial
conglomerate, sandstone and shale together with lacustrine carbonates.

3.2.3. Tectonic setting of the Biga Peninsula

Tectonic evolution of the Biga Peninsula comprises two main periods: paleo-
tectonic period (Pre-Neogene) and neotectonic period. Closure of Paleo- and Neo-

Tethys Oceans and subsequent collision due to the progressive convergence

35



between these plates resulted in the amalgamation and/or juxtaposition of
continental and oceanic fragments such as the Kazdag massif, Karakaya complex,
GCamlica metamorphics, Cetmi ophiolitic melange and Denizgéren ophiolite (see
section 3.2.1). Although evolution of the Paleo-Tethys Ocean is controversial, it has
been suggested that the closure of this ocean was completed in Late Triassic

(Sengdr and Yilmaz, 1981; Okay et al., 1996; 1998).

Timing of late stage subduction (resulted in the closure of the northern
branch of Neo-Tethys Ocean) and collision along IASZ is proposed as Late
Cretaceous-Early Eocene (Sengér and Yilmaz, 1981; Harris et al., 1994; Okay and
Tuysiiz, 1999; Sherlock et al., 1999; Onen and Hall, 2000; Kaymakci, 2009;
Hinsbergen et al., 2010). Middle-Late Eocene shallow marine Sogucak formation, a
result of widespread transgression affecting NW Anatolia due to probable regional
uplift, marks the continental collision along IASZ. Youngest peak metamorphism age
of 24-18 Ma (late Oligocene-Early Miocene) obtained from the Kazdag Massif (Okay
and Satir, 2000) has been interpreted as a result of further convergence after the

collision along IASZ.

Biga Peninsula neotectonics are due to: (1) dextral strike slip faulting along
the North Anatolian Fault Zone (NAFZ) resulting from the westward escape of the
Anatolian Block due to collision between the Arabian and Anatolian plates
(McKenzie, 1972; Sengor et al, 1985), (2) N-S directed extension due to subduction
along the Hellenic trench S of Western Turkey (McKenzie, 1972, 1978; LePichon and
Angelier, 1979; Meulenkamp et al., 1988) (Figure 3.3). The age of the NAFZ is
proposed as Late Miocene (Kaymakci et al., 2007) and the initiation of north-dipping
subduction along the Hellenic trench as Middle Miocene (McKenzie, 1978; LePichon
and Angelier, 1979; Meulenkamp et al., 1988). The movement along the E-W
directed NAFZ with the N-S directed extension in the Biga Peninsula results in a
trans-tensional regime, represented by NE-SW directed splays of NAFZ having

dextral strike slip motion with normal components (Kaymakci et al., 2007).
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Figure 3.3. Map showing the major tectonic elements and plate reconstruction of Turkey.
DFZ: Dead Sea Fault, EAFZ: East Anatolian Fault Zone, NAFZ: North Anatolian Fault Zone
(taken from Kaymakci et al., 2007).

3.3. Local geology (Kestanelik deposit area geology)

Geology of the deposit area was first mapped by Tiprag (the first license
holder company of the Kestanelik area) and then developed by a consultant, Simon
Meldrum, on behalf of Chesser Resources Ltd. (second license holder company of
the province) (Meldrum, 2009). These maps were combined by MclLean (2011) in
the 43-101 technical report of the Kestanelik project (Figure 3.4). In the report,
there is no information on how the maps were produced, but the relationships
between the intrusions, volcanic rocks and sediments are poorly understood due to
paucity of critical outcrops. After two visits to the study area, it became clear that
this combined map is not accurate enough for this PhD study, so | decided to re-

map the geology of the area.

The deposit area is marked by two hills Kovanlik hill and Karatepe hill in the
north and sits within the SE-NW valley of the Kestanelik River. Valley sides are steep
and generally covered by pine trees and thorn bushes. Due to the steep geography
of the area and the thick soil cover, natural outcrops are mainly on the valley floor.
Multiple artificial outcrops where drill pads were sited (Figure 3.5) had not
previously been incorporated into any version of the geological map and provided

key constraints on the position of certain boundaries. Two weeks were spent in the
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field for the purpose of geological mapping covering approximately 6 km? All
accessible areas of the study area were walked and notes recorded about the rock
units and the lithological boundaries. Photos were taken from key locations (well
exposed part of the lithological units, lithological boundaries etc.). Strike and dip of
foliations and bedding planes were measured using a Brunton geological compass.
Point data (x,y,z) were collected from locations of lithological units, boundaries,
strike and dip data using a Garmin GPS. These collected point data (438 points) and
the top lithology of all drill holes (both diamond cut and reverse circulation (RC)
holes) (397 points) (Figure 3.5) were then used to prepare the revised geological
map (Figure 3.6) using GIS software Global Mapper, Google Earth and drawing
software Freehand MX. A generalized tectonostratigraphic section for the area is

given in Figure 3.7.
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Figure 3.4. Detailed geology of the Kestanelik property. The license boundaries are shown
as red lines. Interpreted structures are shown as black lines. (from Neil McLean, 2011).
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Figure 3.7. Generalized tectonostratigraphic section of the study area.

3.3.1. Rock units

In total, eight rock units were defined in this study and these are, from

bottom to top, mica schist, serpentine, quartz-feldspar-hornblende (QFH) porphyry,

limy sandstone, pyroclastics, andesite, basalt and colluvium. Major characteristics of

these units are described below.

41




3.3.1.1. Mica schist

This unit covers one-fourth of the study area and is mostly exposed in the
central part. The unit belongs to Paleozoic Camlica metamorphics (see section 3.2.1)
and forms the basement rocks of the area. The schist is biotite-dominated plus
quartz and a minor amount of chlorite, so it can be defined as biotite + quartz
schist. For simplicity it will be termed as mica schist (Figure 3.8). In a very small
region in the eastern part of the study area, calc-mica schist is also found (Figure

3.9). Quartzite lenses oriented are widely seen parallel to foliation (Figure 3.10).

Quartzite lenses and calc-mica schist and are not mapped as separate units.

1 481076m E
4462556m N

Figure 3.8. (a) An outcrop of biotitexquartz schist. (b) Close-up view of biotitetquartz
schist.

Figure 3.9. (a) An outcrop of calc-mica schist exposed in the eastern part of the study area.

(b) Close-up view of calc-mica schist.
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Figure 3.10. A quartzite lens parallel to the foliation of the schist.

The unit is in contact with serpentinite (Figure 3.11) in the central part of the

area but the boundary relationship is not understood. The unit is cut by QFH

porphyry N of Kestanelik River (Figure 3.12) and its contact with QFH porphyry is

seen in a variety of locations where the foliation of schist changes and porphyry is

brecciated along the margin close to the intrusion. The unit is also unconformably

overlain by pyroclastics (Figure 3.13) along most of the Kestanelik River and by

Quaternary colluvium (Figure 3.11) in the central part of the area.
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Figure 3.12. Contact of mica schist with QFH porphyry.
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Figure 3.13. Contact of mica schist with pyroclastics.

3.3.1.2. Serpentinite

Whitish green serpentinite (Figure 3.14), represented by a small outcrop in
the central part of the study area (Figure 3.6), belongs to the Cetmi ophiolitic
mélange (see section 3.2.1). It is unconformably overlain by Quaternary colluvium

(Figure 3.11).

Figure 3.14. (a) An outcrop of serpentinite. (b) Close-up view of serpentinite.
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3.3.1.3. Quartz-feldspar-hornblende porphyry

This unit is represented by two N-S elongated bodies exposed in the central
and northeastern part of the study area. Since it has coarse grained quartz, feldspar
and hornblende with minor biotite, it is best described as quartz-feldspar-
hornblende (QFH) porphyry (Figure 3.15a-b). Where the unit cuts mica-schist it has
a chilled margin (Figure 3.12). The unit is also cut by some mafic dykes which are

only seen in drill core (Figure 3.15c).

In the central part of the area, it is highly altered by argillic alteration (in the
form of illite) (Figure 3.16) and silicification (Figure 3.17a). The northeastern
outcrop is only slightly altered and has some well-developed propylitic alteration
zones (in form of chlorite with minor pyrite) (Figure 3.17b). The central outcrop is
proximal to the mineralization in the area, while the eastern one is distal to it

(Figure 3.6).

The unit is thought to have a genetic link with the Northern Eocene group of
plutons which vary between ~48 and ~34 Ma (see section 3.2.2.1.) due to its
proximity and similarity to them. Field macroscopic features, mineralogical and
textural characteristics of the unit are very similar to the porphyry outcropping in
the Madendag gold deposit, which is ~35 km away from the study area (Personal
communication, ilkay Kuscu, 2016). The *°Ar/*Ar analyses of K-feldspar from the
least altered part of the porphyry in the Madendag deposit gave an age of
43.34+0.85 Ma (Unal-imer et al., 2013) which can be accepted as the probable age

of QFH porphyry outcropping in the study area.

3.3.1.4. Limy sandstone

The limy sandstone mostly crops out along the Kestanelik River in the
southern part of the study area. It also has two small outcrops in the central and SE
part of the area. It is characterized by white to pale yellow, medium grained, thin to
medium bedded, fossilliferous limy sandstone (Figure 3.18a). The unit is likely to be

part of the Sogucak formation (section 3.2.2.2).
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Figure 3.15. (a) An outcrop of QFH porphyry in the study area. (b) Close-up view of QFH
porphyry. (c) A drillcore (KED-6 65.5—65.7 m) photo showing a mafic dyke (upper right) and
adjacent breccia with fragments of dyke and quartz vein cemented by quartz (upper left) on

the margin of altered QFH porphyry intruded by the dyke (bottom).
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Figure 3.16. (a) Argillic alteration in the form of illite (replacing feldspar) in QFH porphyry.
(b) An argilically altered outcrop of QFH porphyry.

© 484307mE
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Figure 3.17. (a) Silicification of QFH porphyry after brecciation. (b) Propylitic alteration in
the form of chlorite and pyrite (replacing biotite) in QFH porphyry.

Nummulite fossils (Figure 3.18b) indicate a shallow marine depositional
environment, and indicate an Eocene-Oligocene age for the unit. According to a
detailed study on the fossil assemblage collected from the unit, the age of the unit
is suggested Priabonian (Late Eocene) (Personal communication, Ercan Ozcan,

2014).

The unit is seen to be in transition with pyroclastics at a location in the
Kestanelik River (Figure 3.19 and 3.20) in the southern part of the area and a

measured section for the boundary is given in Figure 3.21.
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Figure 3.18. (a) General view of fossilliferous limy sandstone in the study area. (b)
Nummulite fossils observed in limy sandstone.
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Figure 3.19. A section showing the transition of fossilliferous limy sandstone with
pyroclastics.
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Figure 3.20. A grab rock sample showing the evidence of transition between limy sandstone

and pyroclastics (sample taken from the section shown in Figure 3.19).
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Figure 3.21. Measured section showing the transition of limy sandstone and pyroclastics.



3.3.1.5. Pyroclastics, andesite and basalt

Andesitic to basaltic pyroclastics, basalt and andesite are all associated and
mostly crop out south of Kestanelik River in the southern part of the study area.
These three units belong to Sahinli Formation (Dénmez et al., 2005) for which the

type locality (Sahinli Village) is 2 km from the study area.

The pyroclastics are generally grey, poorly sorted and include andesitic to
basaltic clasts (Figure 3.22). In some parts of the area, they alternate with
mudstones (Figure 3.23). These pyroclastics are intruded by both andesite and
basalt dykes (Figure 3.6). Andesite in two small outcrops in the area is highly altered
by argillisation (Figure 3.24). Basalt is exposed in the SW part of the area and is
chloritized (Figure 3.25).

Considering the transitional relationship of these units with the limy
sandstone, their age should be around Priabonian. This is consistent with the
radiometric age (~37 Ma) obtained from the calc-alkaline volcanic rocks around

Sahinli Village (Ercan et al., 1998; Delaloye and Bingdl, 2000).

480879m E
4461492m

Figure 3.22. Outcrop of andesitic to basaltic pyroclastics.
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Figure 3.25. (a) An outcrop of altered basalt. (b) Chloritization in basalt.
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3.3.1.6. Colluvium

Quaternary colluvium is exposed in a limited part in the Kestanelik River and
the eastern part of the study area. It is red, unconsolidated, matrix supported,
poorly sorted (clast size ranges between 0.5 cm and 20 cm) and includes angular to
rounded clasts (Figure 3.26). Clast types observed in the colluvium are mica schist,
quartzite, QFH porphyry and limy sandstone (Figure 3.27). Where it has contact
with serpentinite (Figure 3.11), no serpentinite clast was observed in it. Based on
field observations, its maximum observable thickness is 60 m. It is the youngest unit

and unconformably overlies all of the rock units in the study area.

482374m E
4462308m N

Figure 3.27. Clasts in the colluvium: (a) Mica schist. (b) QFH porphyry. (c) Quartzite. (d)
Limy sandstone.
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3.3.2. Structures

During geological mapping, attitude (strike and dip) measurements were
taken from foliation planes of schist and bedding planes of limy sandstone and
pyroclastics. These data are shown on the geological map (Figure 3.6). Attitude

measurements were also collected from fault planes together with rake data.

3.3.2.1. Foliation

The mean strike direction of foliation planes in schist is 155° (Figure 3.28).
The mean dip of the foliation planes was calculated as 43° on the software

Stereonet 9.5 (Allmendinger et al., 2013; Cardozo and Allmendinger, 2013).

Figure 3.28. (a) Foliation planes of the schist plotted on an equal-area stereonet. (b) Rose
diagram showing the strikes of foliation planes and their mean orientation.

3.3.2.2. Bedding

Due to limited access to the outcrops of the bedded limy sandstone and
pyroclastics, only 9 attitude data were recorded (3 from pyroclastics, 6 from limy
sandstone). The bedding is different in limy sandstone and the younger pyroclastics
(Figure 3.29). The mean orientation of the bedding planes of the limy sandstone
was calculated as 110°/29° on the Stereonet 9.5 (Allmendinger et al., 2013; Cardozo
and Allmendinger, 2013).
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Figure 3.29. Bedding planes of the limy sandstone and pyroclastics, and the mean plane of
the limy sandstone plotted on an equal-area stereonet.

3.3.2.3. Faults and paleostress analyses of fault-slip data

Attitude data, rake of slickenlines, and sense of slip (using surface geometry
and/or offsets) were recorded from small-scale fault planes. In total 69 fault-slip
data were collected from 7 locations (Figure 3.6) and used for paleostress analyses

in order to unravel the local deformation phase(s) in the area.

The aim of paleostress analysis is to determine the stress tensor which best
fits the direction of slip on the observed faults (Zalohar and Vrabec, 2007). A variety
of methods have been proposed for this inverse solution (e.g. Angelier, 1979; 1984;
1989; 1994; Armijo et al., 1982; Etchecopar et al., 1981; Hardcastle, 1989; Orife and
Lisle, 2003). All of the methods assume: (1) direction of maximum shear stress is
parallel to the direction of movement on the fault plane, (2) the movement along

the fault plane is independent from the movement on the other faults, (3) there is
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no rotation on the block bounded by the fault planes, and (4) the stress field
responsible for the movements on the fault planes is independent of the faults and
homogenous. All these assumptions follow the basic hypothesis that a single stress
tensor can explain the direction of slip on a set of differently oriented faults.
Paleostress inverse solution was easily formulated for homogeneous fault systems
(e.g. Angelier, 1979, 1989, 1994; Nemcok et al., 1999). However, fault systems are
generally not homogeneous and form under the effect of several different stress
regimes. In this case they are called heterogeneous fault systems, and are assumed
to be composed of homogenous subsystems (Angelier, 1989). Methods suggested
for the analysis of heterogeneous fault slip data are mainly based on: (1) stress
inversion approach that includes the best-fit tensor concept, (2) cluster analysis,
and (3) Fry’s (1999) sigma space concept. Zalohar and Vrabec (2007) described the
Gauss method for separation of heterogeneous fault systems into the homogenous
fault subsystems. This method uses the fault-slip data inversion which includes the
best-fit tensor concept and defines a compatibility function as a Gaussian function.
The compatibility function is dependent on the compatibility measure which takes
into account both the angular misfit between the estimated and real direction of
movement on the fault plane, and the ratio between the normal and shear stress on
that fault plane. The compatibility function and the compatibility measure are a
measure of correspondence between a trial stress tensor and fault-slip datum. The
optimal stress tensor for each homogeneous fault subsystem is estimated by
maximizing the summation of compatibility functions defined as object function for
all fault-slip data. Topography of the object function and its global and highest local
maxima represents the different stress regimes responsible from movement and

activation along the fault planes.

T-TECTO 3.0 software, based on the Gauss method (Zalohar and Vrabec,
2007), was used for the paleostress analyses of the fault-slip data collected from the
Kestanelik study area due to its effectiveness on separating deformation phases in

heterogeneous fault systems and advantage in assigning values to separation
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parameters before calculation of respective stress tensor for each stress phase. The

parameters used in the calculation are defined below;

Parameter (s): Dispersion parameter of the distribution of angular misfits
between the actual and resolved direction of slip along the fault. The limiting angle
for the reliable separation of stress tensors was found as 25° during the tests of
Gauss method (Zalohar and Vrabec, 2007); therefore, parameter (s) was taken as

20° for this study in order to discard possible irrelevant data.

Parameter (d): Represents a threshold value for compatibility measure
calculated by considering the misfit angle between actual and predicted direction of
movement on the fault, and also the position fault slip datum on Mohr diagram (the
ratio of normal and shear stress on fault plane). The range for that parameter is
suggested as >60° for highly heterogeneous stress field and >30° for less
inhomogeneous stress fields by Zalohar and Vrabec (2007). In this study, this
parameter was chosen as 30° due to the high possibility of having moderately
heterogeneous stress field because the area is under the effects of both escape
tectonics caused by the collision of Arabian and Anatolian plates in the
southeastern Turkey and to the extensional tectonics caused by the subduction

along the Hellenic trench in the Aegean Sea S of Western Turkey (section 3.2.3).

Parameter q1 and q2: (q1) roughly represents the internal friction angle of
an intact rock which will be fractured whereas (q2) defines the maximum residual
frictional angle for activating pre-existing fractures. In this study, (q1) and (g2) were
taken as 60° and 20°. This allows the consideration of the possible re-activated
fractures or intact rocks having different internal friction angles because there are

different rock types hosting the faults in the study area.

The main outputs of a paleostress analysis are orientation of o; (maximum),
o, (intermediate), and o3 (minimum) principal stress axes, and the shape ratio of the
principal stress differences (0= (0,-03)/ (01-03)). These outputs are then used for
determining the basic stress regime, which is extensional where o; is close to

vertical, strike-slip where o, is close to vertical or compressional where o3 is close to
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vertical. In addition to these basic (pure) regimes, trans-tensional, trans-pressive,
radial extensional or radial-compressional regimes also exist. In order to define
these regimes, Delvaux et al. (1997) suggested a numeric index (®’) calculated from

(D), where @’ ranges from 0 to 3, as;

Q'=0 where o7 is close to vertical
'=2-0 where o, is close to vertical
Q’'=2+0 where o3 is close to vertical

The different stress regimes with their assigned @’ values are; radial
extension (0<®’<0.25), pure extension (0.25<®’<0.75, trans-tension (0.75<®’<1.25),
pure strike-slip (1.25<®’<1.75), trans-pression (1.75<®’<2.25), pure compression
(2.25<®’<2.75) and radial compression (2.75<®’<3).

For each location, a minimum of 4 slip data are required to be processed in a
paleostress analysis. Although more is always better, in total 69 fault-slip data from
7 locations (Figure 3.6) were processed in T-TECTO 3.0 by considering the
restrictions (parameters) mentioned above. The results of paleostress analyses

conducted from the 7 locations are summarized in Table 3.1 and Figure 3.30.

According to the paleostress inversion solutions together with field
observations and (®') values, three different deformation regimes were
determined. The first regime is represented by 2 sites (KES2 and KES4) (Figure 3.6)
and show NE-SW oriented compression with almost vertical os;. The second regime
is represented by 4 sites (KES1, KES5, KES6 and KES7) (Figure 3.6) and indicates
almost NW-SE oriented extensional with o, very close to vertical. The final regime is
represented by KES3 site and is determined as a pure-strike slip regime developed

under ESE-WNW oriented compression and NNE-SSW oriented extension.

Although relative dating is not possible for the sites of each regime, the first
two deformation regimes may belong to one deformation phase, because a NE-SW
oriented compressional regime (first regime) may also cause NW-SE oriented

extension (second regime).
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Table 3.1. Results of paleostress analyses (see Figure 3.6 for localities).

Location No of slip
o1 o, o3 o o'

ID data
KES1 226/76 | 040/14 | 130/1 0.1 0.1 11
KES2 211/02 | 121/12 | 310/78 | 0.8 2.8 9
KES3 289/34 | 120/56 | 023/05| 0.3 1.7 11
KES4 236/02 | 145/24 | 330/66 | 0.7 2.7 9
KES5 262/65 | 088/25 | 357/03| 0.3 0.3 10
KES6 219/65 | 045/25 | 314/03 | 0.4 0.4 9
KES7 219/65 | 058/24 | 325/08 | 0.6 0.6 10

In this case, the pure-strike slip regime represented by KES3 site constitutes

the second deformation phase in the study area. The first deformation phase

indicates a NE-SW oriented compressional tectonic setting while the second

deformation phase indicates pure-strike slip regime developed under an ESE-WNW

oriented compressional, NNE-SSW oriented extensional tectonic setting.
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Figure 3.30. Cyclographic traces, slickensides and constructed paleostress configurations of
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Apart from the small-scale faults used for paleostress analyses, two more
faults were recognized in the central part of the area (Figure 3.6). The eastern fault
was determined from the modelling of the QFH porphyry-mica schist contact by a
consultant geologist Matt Houston in Micromine Software using the geological log
data of available drill holes (both diamond cut and RC) (Houston, 2013). This fault is
oriented NNW-SSE, dips to the NE at about 80° and offsets the contact up to the NE,
so is interpreted as a reverse fault (Figure 3.31). The western fault is also NNW-SSE
directed and interpreted from the apparent dextral movement on some of the main
veins (Figure 3.6). Since there is not enough drilling around this fault, it is only
seemed to be probable and still open to discussion. Due to the apparent offset of
the veins and lack of mineralization in these two faults, both are regarded as post-

mineralization.
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Figure 3.31. A cross section showing the displacement of the QFH porphyry—mica schist
contact across the eastern fault (from Houston, 2013).
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3.4. Mineralization

Mineralization in the area is associated with several quartz veins, which crop
out over an area of nearly 2 km?. The veins have a variable thickness and locally
irregular strikes and dips (Detailed information for the thickness, strike and dip
amount of each vein is given in Chapter 4). The host rocks to these veins are mica

schist and QFH porphyry (Figure 3.6).

Mineralization has been considered to be low-sulphidation (LS) epithermal
type as evidenced by the presence of bladed quartz replacing bladed calcite, and
hydrothermal breccias (Figure 3.32). Ore minerals are native gold and accessory
silver. The quartz veins generally have moderate to high gold grades (Au range in 1-
20 g/t) and the Au:Ag ratio is generally in the range 2:1 to 1:1. Gangue minerals are
principally quartz and chalcedony with pyrite and traces of chalcopyrite, sphalerite
and galena which are generally disseminated in the vein quartz. Amethystine quartz

is also present in some parts of the vein system hosted by QFH porphyry.

Vein quartz textures generally show open space filling and replacement
characteristics. The most striking feature of the veins is brecciation. Quartz vein
breccias are generally composed of monomictic to polymictic clasts of host rocks
and/or previous phase(s) cemented by iron-oxide quartz which indicate that at least
two phases of mineralization occurred in the area. (Detailed descriptions of the vein

textures, breccias and multiphase mineralization are given in Chapter 5).

Figure 3.32. Evidence of boiling and LS epithermal mineralization: (a) Bladed quartz

replacing bladed calcite. (b) Hydrothermal breccia with clasts of previous mineralization
phases cemented by quartz-iron oxide.
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The presence of hydrothermal breccias and bladed quartz replacing bladed
calcite indicate that the most dominant mineral precipitation mechanism from
hydrothermal solution is boiling. In addition, iron-oxide quartz cement to the
hydrothermal breccias suggests that oxidation (due to mixing with surface waters)

was also an effective precipitation mechanism.

Hydrothermal alteration forms an envelope around the veins and is
dominantly represented by argillic alteration in the form of illite and smectite;
however propylitic alteration in the form of chlorite and pyrite also exists distal to

the veins (Figure 3.16 and 3.17b).

3.5. Discussion and summary

The study area is located within the Biga Peninsula, NW Turkey where the
Paleozoic metamorphic and ophiolitic basement rocks are cut by Eocene-Miocene
aged plutons and covered by Cenozoic volcanic and sedimentary units. Starting
from the Middle Eocene, extensive magmatism started to prevail in NW Turkey,
which shifted from calc-alkaline to alkaline in the Middle Miocene. The eight rock
units defined in the study area are, from oldest to youngest, mica schist,
serpentinite, QFH porphyry, limy sandstone, pyroclastics, andesite, basalt and
colluvium. Basement rock mica schist belonging to the Camlica metamorphics is cut
by QFH porphyry, obducted by serpentinites of the Cetmi Ophiolitic melange and
covered by the volcanic and sedimentary units of the area. Limy sandstone of the
Sogucak formation is in transition with volcaniclastics of the Sahinli formation in the
area, although Yiizer and Tunay (2012) states that Sogucak formation is overlain by

Sahinli formation.

The gold mineralization in the area is associated with quartz veins hosted by
Paleozoic mica schist and Lutetian (43.34+0.85 Ma) QFH porphyry. The oldest unit
covering the mineralized veins is Priabonian aged limy sandstone, and the youngest
host rock to the veins is QFH porphyry of with an assumed age of 43.34+0.85 Ma.
The age of the mineralization must therefore be Late Lutetian-Early Priabonian. The

host rock QFH porphyry cannot be the heat source for the epithermal system
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because the coarse grain size of the porphyry shows that it was emplaced at a
greater depth and then uplifted and eroded before mineralization. There must have
been a younger intrusion below the mineralized quartz vein system to provide the
heat source. As the age of the mineralization is Late Lutetian-Early Priabonian, the
heat source most likely has a genetic link with the Cenozoic calc-alkaline

magmatism continuing around the study area.

The gold mineralization in the area is LS epithermal type as evidenced by
some diagnostic features of LS epithermal deposits: bladed quartz and
hydrothermal breccia. Boiling is very likely to be the dominant mineral precipitation
mechanism which is evident from the common occurrence of bladed quartz
replacing bladed calcite in the veins. Absence of silica sinter, the diagnostic
paleosurface indicator of LS epithermal systems, implies that the epithermal system
must have been subjected to erosion, and that only the subsurface parts of the vein

system are presently exposed at Kestanelik.

Two main local deformation phases were determined from the paleostress
analyses: a NE-SW oriented compressional regime and pure-strike slip regime
developed under ESE-WNW oriented compression and NNE-SSW oriented
extension. The first deformation phase may be associated with collision and further
convergence after the closure of the northern branch of the Neo-Tethys Ocean
along the IASZ in NW Turkey in the Late Cretaceous-Early Eocene (Sengér and
Yilmaz, 1981; Harris et al., 1994; Okay and Tiiysiiz, 1999, Sherlock et al., 1999; Onen
and Hall, 2000, Kaymakci et al., 2009, Hinsbergen et al., 2010). The second phase is
represented by the KES3 fault which cuts basalt that is the youngest unit of the area
apart from colluvium. This second phase may be related to the present-day trans-
tensional neotectonic regime characterized by the splays of North Anatolian Fault

Zone in NW Turkey (see section 3.2.3).
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Chapter 4: Structural Geology of the Veins

Investigating the geometries, kinematics and failure mechanisms of the
guartz veins in the Kestanelik study area, and the paleostress of the area during
gold mineralization are keys to understand the permeability enhancement
processes during epithermal gold mineralization. In this respect, section 1 gives
information about the general characteristics of site-scale major mineralized quartz
veins with a map showing their distribution, zoomed map of each vein and some
key photos. Section 2 presents general characteristics of the sheeted mineralized
quartz veins in the valley and their kinematics. In section 3, general characteristics
of vein-associated structures (wall rock veins) are described together with two

detailed maps.

Section 4 includes the results of 3D modeling of the sub-surface geometries
of the major mineralized quartz veins together with key figures, cross sections, rose
diagrams and histograms in order to be able to (1) constrain the geometry of the
structures hosting the veins better and (2) investigate gold grade distribution with

respect to vein geometry.

Boiling (phase separation), the most dominant gold precipitation mechanism
in LS epithermal systems, occurs when pressure drops suddenly resulting in
precipitation of gold (e.g. Henley, 1985; Hedenquist et al., 2000). While fluid in the
conduit ascends, a thickness increase sudden in time during rupture would lead to a
drop in the fluid pressure causing boiling and associated gold precipitation.
Therefore, it was examined whether the gold grade varies with true thickness of the
vein by performing regression analyses between true thickness values and gold
grades. Possible correlation was also examined between the host rock type and gold

grade.

The final section discusses the results presented in the chapter and

summarizes the key highlights.
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4.1. General structural characteristics of major mineralized quartz

veins

During field studies, mineralization and quartz veins were mapped using a
very sensitive GPS (+0.1 cm) and attitude measurements were recorded from the
places where strike and dip of the actual boundary could be measured in order to
understand their structural characteristics, geometries and kinematics. Host rock
contact relationships were examined for each vein in the field and in diamond cut

drill cores.

Nine major mineralized quartz veins form a northwest trending corridor in
the study area, from north to south: Karatepe, Karakovan 4 (KK4), Karakovan 3
(KK3), Karakovan 2 (KK2), Karakovan 1 (KK1), K1, K2, K3 and Topyurt veins (Figure
4.1). The host rocks are mica schist and quartz-feldspar-hornblende porphyry (QFH
porphyry). There are two mineralized vein sets in the study area based on
orientation of their strikes; first set strikes NE-SW and hosts the majority of gold
mineralization while the second set trends E-W. All of the veins are continuous (not
segmented) except the segmented K3 vein and Topyurt veins, however some veins
have discontinuous outcrop traces due to erosion. Veins have variable thickness and

locally irregular strikes and dips.

Karatepe vein located at the northern part of the area is hosted entirely
within the QFH porphyry. It strikes E-W, has a strike length of 350 m (Figure 4.1) and
an average dip of 70° south. There is 40 m elevation difference between the tips of
the vein outcrop. Width of the vein changes between 0.8 m and 8 m on the surface.
Outcrop orientation data reveal that the vein has a very corrugated strike on a
meter scale. Host rock QFH porphyry around the vein is highly fractured and heavily
altered (Figure 4.2). Hydrothermal quartz veinlets show a large range of

orientations close the vein contacts (Figure 4.3).

65



I:‘.'ﬂ-n—

il
f1

L T T
Legend

[ colluvium Bedding
[ Basalt Foliation
Andesite Kestanelik River
[ _JPyroclastics [ @ | Paleostress location
E==— Limy sandstone | ~4_ | R fault
I Epithermal quartz veins dipping to the south
I Epithermal quartz veins dipping to the north
- Quartz-feldspar-homblende porphyry
[ serpentinite [ = = -|Probable fault
[ Mica schist [wawrd Zone of sheeted

veins

d = T ®

DmumEDSﬂ -
b . Zone 35N, “400m.
 ee—

Figure 4.1. Geological map showing the major mineralized quartz veins and the zone
sheeted quartz veins in the study area. Note that the boundary of the region where sheeted
guartz veins outcrop was not mapped out so the shaded zone showing them is just
indicative.

Figure 4.2. Heavily altered and fractured host rock QFH porphyry around the steeply
dipping margin of the Karatepe vein.
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Figure 4.3. A core sample from KED-18 133.8-134 m showing large range of vein
orientations close to the Karatepe vein-host rock contact at the footwall (FW) of the vein.

KK3 vein and KK4 vein are hosted by mica schist and strike almost NE-SW
(Figure 4.1). KK3 vein has 52 m strike length and its width varies between 2 m and
8.7 m. The vein dips to SE with an average dip of 70 degrees. KK4 vein has a strike
length of 47 m and dips to SE with an average dip of 68 degrees. It attains thickness
between 1 m and 5.8 m on the surface. The elevation differences between the tips

of the KK3 and KK4 vein outcrops are 25 m and 20 m respectively.

KK1 vein and KK2 vein are also hosted by mica schist and trend
approximately NE-SW (Figure 4.1). KK1 vein trend extends 150 m along strike and
the vein dips to SE with an average dip of 77 degrees. Vein outcrop width varies
between 1.2 m and 9 m. KK2 vein has an intermittent outcrop, extends for 185 m,
dips to SE with an average dip of 76 degrees and its outcrop width varies between 1
m and 8.5 m. The difference in elevation between the tips of the KK1 and KK2 vein
outcrops are 45 m and 24 m respectively. These veins have sharp contacts with
their host rock mica schist, foliation of the schist does not change adjacent to the

veins and there is not any wall rock veins around them (Figure 4.4).
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NE-SW trending K1 vein extends intermittently over a strike length of
around 240 m and dips to the SE (Figure 4.1) with an average dip of 75 degrees.
There is 35 m elevation difference between the tips of the vein outcrop. The vein
pinches and swells and attains thickness between 0.9 m and 13.6 m on the surface.

Around the vein, attitude of foliation planes does not change (Figure 4.5).

HOS” ROCK
5CHIST

Figure 4.4. Photos showing the contacts of KK1 vein with its host rock mica schist: (a) Sharp
contact between FW of KK1 vein and schist. (b) Sharp contact between hangingwall (HW) of
KK1 vein and schist. Note that the foliation of the schist does not change adjacent to the
vein.

K2 vein has an E-W trending intermittent strike length of 86 m and dips
shallowly to north (Figure 4.1) with an average dip of 44 degrees. The vein is hosted
by mica schist and attains widths between 0.6 m and 12.9 m on the surface. Schist
adjacent to the vein is highly deformed and contains up to 6-7 cm wide

hydrothermal quartz veins discordant to the foliation planes (Figure 4.6).
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Figure 4.5. Photo of KED-105 74.5-82 m interval core boxes showing that the foliation of
the schist does not change around the K1 vein. Note that the white veins around the K1
vein interval generally observed parallel to the foliation planes include meta-quartz (Yellow

dashed lines envelopes the vein interval.).

K3 vein system is composed of two segments and its strike extends over 510
m (Figure 4.1). The western segment of the vein system (K3W vein) hosted by mica
schist trends NE-SW with a strike length of 230 m (Figure 4.1). It dips to NW with an
average angle of 62 degrees. There is 80 m elevation difference between the tips of
the vein outcrop. Its outcrop width varies between 2 m and 12.5 m. Host rock schist

is highly deformed around the K3W vein (Figure 4.7).

The eastern segment of the vein system (K3E vein), hosted by QFH porphyry,
extends intermittently over an E-W oriented corrugated strike with a length of 280
m and dips to north (Figure 4.1) with an average angle of 71 degrees. 15 m

elevation difference exists between the tips of the vein outcrop.
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Figure 4.6. (a) Photo showing that the schist adjacent to the K2 vein is highly deformed and
hosts hydrothermal quartz veins discordant to the foliation planes. (b) Closer view of
discordant hydrothermal quartz veins. (Waved black lines represent the orientation of
foliation surfaces; white dashed lines represent the boundaries of discordant veins.) Note
that the foliation surfaces are not continuous and change their attitude.

The vein attains width between 0.6 and 7.8 m on the surface. The western
segment of K3 vein is more persistent and thicker than its eastern part. Host rock

porphyry is intensely deformed around the K3E vein (Figure 4.8).

Topyurt vein system, hosted by QFH porphyry, is located at the southern
part of the study area and cuts approximately perpendicular to the Kestanelik River
valley. It has 3 sub-parallel NE-SW trending veins in an N-S trending zone (Figure
4.1) with a total exposed strike length of 154 m and an average dip of 65° NW.
Outcrop vein width is between 2 and 10 m. Host rock porphyry around the vein
system is generally covered by trees and soil although the wall rock veins are visible

(Figure 4.9).

Host rock, strike length, mean strike, mean dip angle, and minimum and

maximum width of each vein are summarized in Table 4.1.
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Figure 4.7. Photo of KED-20 24.9-33.4 m interval core boxes showing that the host rock
schist is highly fractured and brecciated around the K3W vein. Note that the deformation is
higher around the HW of the vein and schist includes the fragments of hydrothermal quartz

veinlets around the HW of the vein (Yellow dashed lines envelopes the vein interval).

Figure 4.8. Photo of KED-76 78.5-86.2 m interval core boxes showing that the host rock
porphyry is fractured, brecciated and veined around the K3E vein. Note that porphyry
includes the fragments of hydrothermal quartz veinlets around the HW of the vein (Yellow
dashed lines envelopes the vein interval).
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Figure 4.9. Photo showing one of the wall rock veins around the Topyurt vein system. Note
that the host rock porphyry is covered by soil and trees.

Table 4.1.General characteristics of major mineralized quartz veins.

No | Mean | Mean | Strike | Min. | Max.
Host Host rock
Vein of | strike | dip | length | width | width
rock deformation
data | (°) () (m) | (m) | (m)

Karatepe | porphyry | 23 084 70 350 0,8 8 F,V
KK1 schist 11 047 77 150 1,2 9 ND
KK2 schist 13 045 76 185 1 8,5 ND
KK3 schist 5 047 70 52 2 8,7 ND
KK4 schist 4 042 68 47 1 5,8 ND
K1 schist 15 040 75 240 0,9 13,6 ND
K2 schist 8 268 44 86 0,6 12,9 FC,V
K3E porphyry | 18 275 71 280 0,6 7,8 F,B,V
K3W schist 16 237 62 230 2 12,5 F,B,V

Topyurt | porphyry | 10 225 65 154 2 10 \Y

B: Brecciated, F: Fractured, FC: Foliation Changes, ND: Not Deformed, V: Veined

72



4.2. Sheeted quartz veins in the valley and their kinematics

In addition to major mineralized quartz veins, sheeted mineralized quartz
veins are present along Kestanelik River in the southern part of the study area
(Figure 4.1). They are oriented almost perpendicular to the river bed and sub-
parallel to each other (Figure 4.10a-b). Their thicknesses vary between 0.5 cm and

15 cm; therefore they cannot be shown individually on the map, and the region

where they outcrop has been indicated by shading (Figure 4.1).

Figure 4.10. (a) Photo showing the sub-vertical and sub-parallel sheeted quartz veins along
the Kestanelik River valley. (b) Photo showing some of the sheeted quartz veins. (c) Closer
view of one of the sheeted extensional veins having comb textured well developed
hydrothermal quartz crystals oriented perpendicular to the vein walls.

These veins contain well developed quartz crystals almost perpendicular to
the vein walls (Figure 4.10c), and there is no evidence of shearing along the vein
walls; therefore they are very likely to be extension veins. Attitude data were also

recorded from them in order to make inferences on their kinematics (since

73



extension veins form normal to o3). A rose diagram of their strike values is given in

Figure 4.11.

Figure 4.11. Planes of the sheeted extension veins plotted on an equal-area stereonet and
the rose plot of their strike values.

4.3. Wall rock veins and their kinematics

In order to better understand the kinematics of the structures hosting the
veins, detailed structural data (thickness, infill type, length, attitude, and typology)
were collected from the wall rock structures surrounding the two of the major
mineralized quartz veins: Karatepe vein and Topyurt vein. Dense vegetation and
thick soil cover around other vein-associated structures prevented the collection of

structural data.

The area surrounding the Karatepe vein is dominated by extension veins
(Figure 4.12a-b-c). These veins have comb textured hydrothermal quartz crystals
oriented perpendicular to the vein walls (Figure 4.12c). Their surface width changes
between 4 and 26 cm. Extension veins in the HW of the vein only arise around the
eastern tip (Figure 4.12a). The density of extension veins calculated parallel to the

strike of the main vein is higher in the footwall (0.072 per meter) compared to the

74



hangingwall (0.05 per meter) (Figure 4.12a). Extension veins around the Karatepe

vein have large range of orientations and rose plot of their strike values is given in

Figure 4.12d.
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Figure 4.12. (a) Detailed map of the Karatepe vein and its wall rock veins. (b) Photo
showing one of the extension veins around the Karatepe vein. (c) Closer view of the
extension vein having comb textured hydrothermal quartz. (d) Planes of the extension veins
around the Karatepe vein plotted on an equal-area stereonet and the rose plot of their
strike values.

The area surrounding the Topyurt vein system is also dominated by
extension veins (Figure 4.13a-b). These veins are only observed in the FW of the
vein system (Figure 4.13a) and their width changes between 3 cm and 20 cm on the
surface. The density of extension veins between the mid- and southernmost
segments of the vein system (0.25 per meter) is highest (Figure 4.13a). A rose plot
of their strike data is presented in Figure 4.13c. Topyurt vein geometry and
associated structures seem to define right lateral en-echelon brittle shear zone

(Figure 4.13a).
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Figure 4.13. (a) Detailed map of the Topyurt vein and its wall rock veins. (b) Photo showing
one of the extension veins having comb textured hydrothermal quartz around the Topyurt
vein. (c) Planes of the extension veins around the Topyurt vein plotted on an equal-area
stereonet and the rose plot of their strike values.

Hydrothermal macro-crystalline quartz was observed also in the extensional
veins along the river valley similar to the ones around the Topyurt and Karatepe
veins. The consistent textures and orientations of the main veins and sheeted veins
suggest that all these veins are related to same hydrothermal mineralization event.
Strikes of all these veins were plotted on a rose diagram (Figure 4.14) in order infer
the kinematics of the hydrothermal structure-vein system. According to the rose

plot (Figure 4.14), direction of horizontal component of the minimum principal

stress (o3) is N35°W.

76



Figure 4.14. Planes of the all extension in the study area plotted on an equal-area stereonet
and the rose plot of their strike values with an inferred horizontal component of minimum
principal stress direction N35°W.

4.4. 3D modeling of vein geometries

Hangingwall and footwall surfaces of the major mineralized quartz veins
(HW refers to the wall above a seam of ore and the FW refers to the wall below the
seam) were modeled in 3D using the log data and geochemistry data from diamond
cut and reverse circulation (RC) drill holes supplied by the Kestanelik gold deposit
license holder company (Chesser Resources Ltd.) and the detailed mapped
geometries of vein outcrops. Geochemistry data were obtained from the half core
samples collected from drill core intervals with sample lengths in the range of 1 m
to 1.5 m and samples collected from the RC drill holes over 1 m intervals. The
surfaces were modeled using structural modeling and analysis software MOVE
granted by Midland Valley’s Academic Software Initiative, GIS application software
Global Mapper distributed by BLUE MARBLE Geographics and GIS mapping software
ArcGIS produced by ESRI.
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Firstly, collar (x,y,z), survey and assay (lithological log) data of drill holes and
vector data (sensitive GPS data) of the veins were imported to MOVE. Multiple
quartz vein (QV) intersections were generally the case for a drill hole. In order to
understand which QV intersection should be included to model the vein surfaces,
firstly dip amount and dip direction of the vein measured from its outcrop were
taken into account to see which intersection is likely to belong to the main vein, by
assuming that the attitude of the vein does not change in the subsurface. Then, the
guartz textures of the QV intervals were examined using the photos of drill cores to
understand which QV interval has the general textural characteristics of the main
vein, by assuming that the textural characteristics do not change as much with
depth as they do laterally between main veins and wall rock veins. Finally, the
geochemistry data from the drill holes were examined to look for relatively high
gold and silver grades of the QV intervals by assuming that the main vein will have a
higher gold grade as its textural characteristics generally indicate boiling (see
chapter 2). At the end of these steps, one to seven QV intervals (varying between
each drillhole) were discarded and the most appropriate QV interval was selected.
After deciding the QV interval to be included), point data were created at the top
and bottom of the intersection to model the HW and FW surfaces of the vein
respectively. Point data where drill holes cut the vein surfaces were created using
the procedure above in MOVE. In order to connect these subsurface points to the
surface, surface points were created along the vein outcrop boundaries by applying
elevations to these points from the digital elevation model (DEM) of the study area
in Global Mapper. Surface point data created in Global Mapper and the subsurface
point data created in MOVE were exported separately and imported to ArcGIS and
merged there as input data to create continuous HW and FW surfaces of the vein
using the natural neighbor interpolation method (Sibson, 1981) since this
interpolation method works well with randomly distributed data (Watson, 1992).
Natural neighbor interpolation method uses the data points to interpolate the
surface values for each vertex (single point which has a 3D position) by identifying

and weighting these data points using a Delanuey triangulation. Number of vertex is
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determined statistically by ArcGIS prior to surface generation and depends on the
number of input points and distances between the input points. Created surface
passes through the input points and is smooth everywhere except at locations of
the input data (Sibson, 1981).

The surfaces created in ArcGIS were then imported to MOVE in order to
analyze the surface geometries in terms of strike, dip and thickness. Strike and dip
data were calculated for the surfaces of each vein by creating vertex attributes.
Rose plots were formed in MOVE using the vertex strike data to express the
orientation data of each vein surfaces statistically. Exported vertex dip data were
used to create histogram of dip amount for each vein surfaces. Thickness values
were calculated by constructing lines perpendicular to the local vein dip between
the vertices at the HW and FW surfaces in MOVE (Figure 4.15). Histogram of

thickness data was also created for each vein.

Academic License: Not

Figure 4.15. A MOVE image showing the constructed lines between the two surfaces of a
vein used which then used for calculating the true thickness values. Note that just 2% of the
lines are shown.

Univariate statistical analyses of the data obtained from 3D modeling were
performed using Microsoft Office Excel 2010 Professional. Descriptive statistical

parameters (given in Table 4.2) were calculated to provide the basic features of the
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strike, dip and thickness data. Most of the strike and dip data have skewed
distributions so median values of orientation (strike/dip) data are presented for
each vein in the section. The median is much better than mean values to describe

the central tendency of the data for skewed distributions.

| hypothesized that while fluid entering the conduit is moving up, a thickness
increase sudden in time during rupture in the conduit would lead to a drop in the
fluid pressure causing boiling (the most dominant gold precipitation mechanism)
and associated gold precipitation (see chapter 2). In this respect, true thickness
values vs. mean gold grades of each vein intersection were plotted on a scatter
graph and regression analysis was performed to estimate the degree of relationship
among these two variables for each vein in order to investigate if the gold grade
varies with the true thickness of the vein. Moreover, p-values (a=0.01) were
calculated in regression analyses of Excel in order to decide whether there is a
statistically significant relationship between the true vein thickness and gold grade.
Additionally, a possible correlation was examined between the host rock type and

gold grade.

To better understand the geometries of the structures hosting the veins,
vertical cross sections were created in MOVE. Sections run perpendicular to the vein
strikes and were constructed using the modeled vein surfaces and the DEM of the
study area. 4 vertical cross sections were created in total for each vein (except K3W-
12 vertical cross sections created) with equal spacing between the sections which is

determined based on the strike length of each vein.

7 major veins were modeled in total: the Karatepe, KK1, KK2, KK3, KK4, K1
and K3 (K3E and K3W) veins (Figure 4.16). K2 vein could not be modeled due to the
small number and low quality of the drill holes around the vein. Topyurt vein system
was also not modeled since drilling activity was not permitted around the vein due
to the existence of a protection area which supplies water to the nearby Sahinli

Village.
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Figure 4.16. 3D view of modeled top and bottom surfaces of all veins with DEM.
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4.4.1. Results of 3D Modeling

Karatepe vein geometry was modeled from 6 diamond cut and 3 RC drillhole
data (Figure 4.17). Vein orientation undulates slightly along strike which is also
evident from the strike measurements of the vein outcrop which vary between 032°
and 112°. The lateral tips of the vein are plunging inwards. The median orientation
of this moderately dipping structure is 085.8°/56.3° (strike/dip) at its FW surface
and 085.8/57.3 at its HW surface. When this median orientation data is compared
to the mean surface orientation of the vein (084°/70°), surface strike data seems
representative. The mean surface dip data is higher than the subsurface dip
although the center of the vein bends along dip and becomes steeper below a

depth of 140 m (Figure 4.18).

A cluster of shallow dips (<50°) (Figure 4.19b-d) are due to the artificial
surfaces created by the interpolation of outcrop data points (Figure 4.18). The
deepest drill intersection is around 160 m below surface. From the geochemistry
data of modeled drillhole intervals the gold grades are generally low and the mean
Au grade of the vein is 0.458 ppm (g/t) with the highest and lowest grade results
being 1.021 g/t and 0.133 g/t respectively.

Vertical cross sections created as close to perpendicular to vein strike as
possible (Figure 4.20) show that the thickness of the vein increases gradually
towards to the surface. The vein has almost constant dip until the depths of 140 m
below surface (at the level 260 m above sea level (asl) where the center of the HW
surface of the vein bends and become steeper (Figure 4.18). Steeper dips (>75°) on

the histograms of dip amount data (Figure 4.19b-d) are related to this steep section.
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Legend for DH data
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Figure 4.17. 3D view of modeled surfaces of Karatepe vein with used drill holes.
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Figure 4.18. Colored dip amount map of Karatepe HW surface.

The average thickness of the modeled vein is 5.1 m (Figure 4.21a). The
correlation coefficient of a scatter graph of thickness vs. gold grade is estimated as

0.003 (Figure 4.21b). In addition, the p-value was calculated as 0.89 (p>0.01).

KK1 vein geometry was modeled using 5 diamond cut and 6 RC drillhole data
(Figure 4.22). Orientation of the vein is almost constant along strike and down dip,

i.e. a tabular geometry. Median values of the orientation of HW and FW surfaces of
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the vein are 054.9°/61.8° and 054.8°/59.1° respectively. Mean of orientation data
collected from the outcrop of the vein is 047°/77°; therefore the surface data does
not seem so representative although there are just three outcrop orientation

measurements since surface access to the vein is limited in extent.
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Figure 4.19. (a) Rose plot of strike data of modeled Karatepe vein FW surface. (b)
Histogram of dip amount data of modeled Karatepe vein FW surface. (c) Rose plot of strike
data of modeled Karatepe vein HW surface. (d) Histogram of dip amount data of modeled

Karatepe vein HW surface.

Strike values of the vein surfaces are not scattered both at HW and FW
(Figure 4.23a-c) which is also clearly visible on the 3D view of the vein (Figure 4.22).
Small cluster of shallow dips shown on the histograms (Figure 4.23b-d) correspond
to the flat-lying section in the mid of the vein (Figure 4.24) which is also shown on
Section 1 and 2 (Figure 4.25b). The deepest drill intersection is around 125 m below

surface.
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Figure 4.20. (a) Modeled Karatepe vein with cross-section lines. (b) Vertical cross sections
of Karatepe vein.
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Figure 4.21. (a) Histogram of thickness data of Karatepe vein. (b) Scatter graph of thickness
vs. gold grades of Karatepe vein with linear regression line and correlation coefficient value.
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Figure 4.22. 3D view of modeled surfaces of KK1 vein with used drill holes.

Vertical cross sections (Figure 4.25) indicate that the thickness of the vein is
almost constant till a depth of 40 m below surface (the level 265 m asl). Above 40m
the thickness starts to increase gradually towards to the surface at the
southwestern end of the vein. At the northern end the thickness decreases
consistently with depth. Away from the tips of the vein, the vein bends at 60 m
below surface (at the level 255 m asl) and gets thicker and gentler there. Below this
level, the vein gets steeper and thinner (Figure 4.24 and 4.25). Average thickness of

the vein is 2.4 m (Figure 4.26).
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Figure 4.23. (a) Rose plot of strike data of modeled KK1 vein FW surface. (b) Histogram of
dip amount data of modeled KK1 vein FW surface. (c) Rose plot of strike data of modeled
KK1 vein HW surface. (d) Histogram of dip amount data of modeled KK1 vein HW surface.
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Figure 4.24. Colored dip amount map of KK1 HW surface.
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According to the geochemical data from the modeled drillhole intervals, the
mean Au grade of the vein is 3.356 g/t with the highest and lowest grade results
being 8.68 g/t and 0.043 g/t respectively. Two drill holes cut the vein where it
bends along dip and the average Au grades of these vein intervals are 7.28 g/t and

8.68 g/t which are the two highest gold grades in this vein.

The correlation coefficient value calculated for the scatter graph of thickness
vs. gold grade is 0.0694 (Figure 4.27a). Also, p-value was calculated as 0.67 (p>0.01).
Thickness vs. gold grade was plotted again to see the degree of relationship among
these two variables when bend-related gold grades are taken out (Figure 4.27b)
however correlation coefficient value was not calculated as there are only three

points.

KK2 vein geometry was modeled from 4 diamond cut and 4 RC drillholes
(Figure 4.28). According to the modeled geometry; the vein has almost planar
geometry. Southwestern tip of the HW surface of the vein is plunging inwards
(Figure 4.29). This change in geometry may be related to the artificial surface
outcrop points which may have resulted from the erosion of the vein outcrop or
vegetation. Median values of the direction of HW and FW surfaces of the vein are
065.8°/55.8° and 066.4°/52.1° respectively. Mean of orientation data collected from
the outcrop of the vein is 045°/76°; therefore the surface data does not represent
the subsurface orientation of the vein. Cluster of dips <40° shown on the histogram
of HW dip (Figure 4.30d) results from the plunging of the SW tip of the HW surface
of the vein (Figure 4.29). The deepest drill intersection is around 100 m below

surface.
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Figure 4.25. (a) Modeled KK1 vein with cross-section lines. (b) Vertical cross sections of KK1
vein.
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Figure 4.26. Histogram of thickness data of KK1 vein.
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Figure 4.27. (a) Scatter graph of thickness vs. gold grade of KK1 vein with linear regression
line and correlation coefficient value. Note that the points indicated by red color
correspond to bend-related gold grades. (b) Scatter graph of thickness vs. gold grade of KK1
vein when bend-related gold grades are taken out.
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Figure 4.28. 3D view of modeled surfaces of KK2 vein with used drill holes.
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Figure 4.29. Colored dip amount map of KK2 HW surface.
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Figure 4.30. (a) Rose plot of strike data of modeled KK2 vein FW surface. (b) Histogram of
dip amount data of modeled KK2 vein FW surface. (c) Rose plot of strike data of modeled
KK2 vein HW surface. (d) Histogram of dip amount data of modeled KK2 vein HW surface.

91




Vertical cross sections constructed perpendicular to the vein strike (Figure
4.31) shows that vein gets thinner as elevation increases at its southwestern end
where it plunges inwards. At its northeastern end, FW surface of the vein bends at
20 m below surface (at the level 330 m asl) (Figure 4.31b). Small cluster of strike
values around 030° belonging to modeled FW surface of the vein (Figure 4.30a) is
related to change in strike around the bending location of the FW surface (Figure

4.31b). Mean thickness of the vein is 5.4 m (Figure 4.32).

The mean Au grade of the vein is 2.081 g/t with the highest and lowest grade
results being 3.556 g/t and 0.365 g/t respectively. Au grade values coming from the
bending location intervals are 2.488 g/t and 2.86 g/t which are higher than the
mean Au grade of the vein. Correlation coefficient value and p-value were
estimated as 0.0503 (Figure 4.33a) and 0.59 (p>0.01) respectively. When bend-
related gold grades are ignored, a negative correlation coefficient value of 0.03 is

found (Figure 4.33b).

KK3 vein geometry was modeled from 6 diamond cut and 2 RC drillhole data
(Figure 4.34). The modeled geometry shows that the vein is continuous at depth
towards southwest. Median values of the orientation of HW and FW surfaces of the
vein are 055.7°/66.2° and 065.3°/61.6° respectively. Mean orientation of the vein
calculated from the measurements collected from the vein outcrop is 047°/70°
which indicates that the dip amount of the vein does not change so much with

depth while the strike of the vein is changing both at FW and HW with depth.
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Figure 4.31. (a) Modeled KK2 vein with cross-section lines. (b) Vertical cross sections of KK2
vein.
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Figure 4.32. Histogram of thickness data of KK2 vein.
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Figure 4.33. (a) Scatter graph of thickness vs. gold grades of KK2 vein. Note that the points
indicated by red color correspond to bend-related gold grades. (b) Scatter graph of
thickness vs. gold grades of KK2 vein when bend-related gold grades are taken out.
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Figure 4.34. 3D view of modeled surfaces of KK3 vein with used drill holes.
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Steeper dip amounts (>70°) at the HW surface of the vein (Figure 4.35d) are
related to the steep section at the southwestern tip of the vein which does not
outcrop on the surface (Figure 4.36). The deepest drill intersection is around 120 m

below surface.

According to the vertical cross sections (Figure 4.37), the geometry of the
vein is similar to a plane that flares upwards and its thickness increases substantially

at shallower depths. The average thickness of the vein is 4.4 m (Figure 4.38a).
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Figure 4.35. (a) Rose plot of strike data of modeled KK3 vein FW surface. (b) Histogram of
dip amount data of modeled KK3 vein FW surface. (c) Rose plot of strike data of modeled
KK3 vein HW surface. (d) Histogram of dip amount data of modeled KK3 vein HW surface.
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Figure 4.36. Colored dip amount map of KK3 HW surface.

The mean Au grade of the vein is 3.484 g/t which is very close to the mean
Au grade of KK1 vein 3.356 g/t. The highest and the lowest Au grades are 6.407 g/t
and 0.082 g/t respectively. Scatter graph of thickness vs. gold grade has a
correlation coefficient value of 0.007 (Figure 4.38b) which was calculated by
removing the outlier point (10, 6.407) and p-value was found as 0.12 (p>0.01). The
highest gold grade 6.407 g/t comes from the thickest part of the vein which is 10 m.

KK4 vein was modeled using 1 diamond cut and 2 RC drillhole data (Figure
4.39). The modeled geometry indicates that the vein continues at depth towards
southwest. Modeled vein geometry shows no change in dip amount of the vein with
depth. Median values of the HW and FW surfaces of the vein are 058.4°/60.5° and
056.8°/58.4° respectively. Mean outcrop orientation of the vein 042/68 shows that
the outcrop orientation data is not representative of the orientation of subsurface
geometry of the vein (Figure 4.40). Strike of the FW surface of the vein is rotating
counterclockwise towards the southwestern tip of the vein which also results in a
decrease in thickness of the vein towards this tip (Figure 4.41). The limited drilling
around the vein focus on deeper parts of the vein and the deepest vein intersection

is around 100 m below surface.
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Figure 4.37. (a) Modeled KK3 vein with cross-section lines. (b) Vertical cross sections of KK3
vein.
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Figure 4.39. 3D view of modeled surfaces of KK4 vein with used drill holes.

Vertical cross sections created perpendicular to the constant vein strike

(Figure 4.41) clearly indicate that the vein thickness gradually decreases as depth

increases except at the northeastern tip of the vein where thickness is almost

constant with depth because of the constant orientation of the vein surfaces at the

subsurface. Mean thickness of the vein is 3.6 m (Figure 4.42a).

The mean Au grade of the vein is 0.866 ppm (g/t) with the highest and

lowest grade results being 2.29 g/t and 0.175 g/t respectively. Scatter graph of
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thickness vs. gold grade together has a correlation coefficient of 0.0042 (Figure

4.42b) and p-value was estimated as 0.96 (p>0.01).
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Figure 4.40. (a) Rose plot of strike data of modeled KK4 vein FW surface. (b) Histogram of
dip amount data of modeled KK4 vein FW surface. (c) Rose plot of strike data of modeled
KK4 vein HW surface. (d) Histogram of dip amount data of modeled KK4 vein HW surface.

K1 vein geometry was modeled using 5 diamond cut and 6 RC drillhole data
(Figure 4.43). Due to insufficient drillhole data at the southwestern part of the vein
only 140 m of the vein starting from its northeastern end could be modeled. There
are some variations in the orientation of the vein along strike. The vein widens
towards its northeastern end. Median values of the orientation of HW and FW
surfaces of the vein are 049°/68.7° and 050.3°/64.7° respectively; quite different
than the mean orientation of the vein outcrop (040°/75°). Rose diagrams of the
strike values and histograms of the dip data of the vein surfaces are given in Figure

4.44. The deepest drill intersection is around 90 m below surface.
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Figure 4.41. (a) Modeled KK4 vein with cross-section lines. (b) Vertical cross sections of KK4
vein.
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Figure 4.42. (a) Histogram of thickness data of KK4 vein. (b) Scatter graph of thickness vs.
gold grades of KK4 vein.

Legend for DH data

[ porphyry
|:| schist
- quartz vein

Academic License: NotTorcommercral use

-

Figure 4.43. 3D view of modeled surfaces of K1 vein with used drill holes.

Vertical cross sections (Figure 4.45) indicate that there is a steady
downwards decrease in the thickness of the vein. The vein bends along dip at
around 264 m asl close to its southwestern tip and steepens there. Except the tips,
the vein has so planar and smooth geometry that the dip of the vein is almost
constant at each level. The vein bends again along dip close to its northeastern tip
at around the level 230 m asl and flattens there. The mean thickness of the vein is

3.4 m (Figure 4.46).

The mean Au grade of the vein is calculated as 2.921 g/t. The highest and

lowest grade results are as 27.075 g/t and 0.328 g/t respectively. The highest gold
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grade value (27.075 g/t) comes from the location (around the level 228 m asl) just
after the vein bends and gets thinner to 0.85 m (Figure 4.45b). Scatter graph of
thickness vs. gold grade has a correlation coefficient of 0.1169 (Figure 4.47a) and p-
value is 0.30 (p>0.01). When gold grades corresponding to bends are taken out,
correlation coefficient is 0.2135 (Figure 4.47b)
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Figure 4.44. (a) Rose plot of strike data of modeled K1 vein FW surface. (b) Histogram of dip
amount data of modeled K1 vein FW surface. (c) Rose plot of strike data of modeled K1 vein
HW surface. (d) Histogram of dip amount data of modeled K1 vein HW surface.

K3E vein, the eastern part of the K3 vein hosted by porphyry, was modeled
using 13 diamond cut drill holes (Figure 4.48). Vein surfaces have planar to
curviplanar geometry and some undulations along strike and dip. Median values of
the direction of HW and FW surfaces of the vein are 266.1°/72.4° and 264.9°/70.2°
respectively. Mean orientation of the vein outcrop is 275°/71° and indicates that
the outcrop is representative of dip amount of subsurface geometry of the vein

although the strike of the vein varies in the subsurface (Figure 4.49).
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Figure 4.45. (a) Modeled K1 vein with cross-section lines. (b) Vertical cross sections of K1
vein.
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Figure 4.46. Histogram of thickness data of K1 vein.
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Figure 4.47. (a) Scatter graph of thickness vs. gold grades of K1 vein. Note that the points
indicated by red color correspond to bend-related gold grades. (b) Scatter graph of
thickness vs. gold grades of K1 vein when bend-related gold grades are taken out.
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Figure 4.48. 3D view of modeled surfaces of K3E vein with used drillholes.
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Cluster of dip amounts <40° at the FW and HW surface of the vein is artificial
and related to interpolation between the outcrop point data in the shallower parts
of the vein (Figure 4.50). The deepest drill intersection is around 215 m below

surface (at the level 140 m asl).

According to the vertical cross sections (Figure 4.51), thickness of the vein
steadily decreases with depth. At its eastern tip, the vein is smoothly planar and
maintains a steep dip with depth (Figure 4.50). Except from its eastern tip, the vein
has 3 bending locations. At its western tip, it bends at 325 m asl above where it
shows a flared geometry. The highest gold grade result is obtained from this
bending location. The vein has 2 more bending locations at the levels 255 m asl and
285 m asl, below where it gets thinner and steeper. The mean thickness of the vein

is 2.5 m (Figure 4.52).
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Figure 4.49. (a) Rose plot of strike data of modeled K3E vein FW surface. (b) Histogram of
dip amount data of modeled K3E vein FW surface. (c) Rose plot of strike data of modeled
K3E vein HW surface. (d) Histogram of dip amount data of modeled K3E vein HW surface.
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The mean Au grade of the vein is 1.326 g/t, and the highest and lowest gold
grade values are 7.13 g/t and 0.186 g/t respectively. Scatter graph of thickness vs.
gold grade shows a correlation coefficient of 0.0126 (Figure 4.53a) and p-value was
found as 0.72 (p>0.01). When bend related gold grades are taken out, correlation

coefficient value rises to 0.1325 (Figure 4.53b).
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Figure 4.50. (a) Colored dip amount map of K3E FW surface. (b) Colored dip amount map of
K3E HW surface.

K3W vein, the western part of the K3 vein hosted by schist, was modeled
using 25 diamond cut and 8 RC drill holes (Figure 4.54). According to the modeled

surfaces, the vein extends at depth along its strike towards northeast.
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Figure 4.51. (a) Modeled K3E vein with cross-section lines. (b) Vertical cross sections of K3E
vein.
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Figure 4.53. (a) Scatter graph of thickness vs. gold grades of K3E vein. Note that the points
indicated by red color correspond to bend-related gold grades. (b) Scatter graph of
thickness vs. gold grades of K3E vein when bend-related gold grades are taken out.

The modeled surfaces are rough and show curviplanar characteristics.

Orientation of the vein undulates along strike and down dip. Median values of the

orientation of HW and FW surfaces of the vein were calculated as 234.1°/66.4° and

232.3°/64.4° respectively. The mean orientation of the vein outcrop 237°/62° seems

representative of the orientation of the subsurface geometry of the vein (Figure

4.55). Scattered strike values on the rose plots (Figure 4.55a-c) reflect the

undulations on the vein surfaces. The cluster of dip values >80° and <50° shown on

the histograms (Figure 4.55b-d) are the results of steep and gentle sections around

the surface bends (Figure 4.56). The deepest drill intersection is around 140 m

below surface (at the level 160 m asl).
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Figure 4.54. 3D view of modeled surfaces of K3W vein with used drill holes

12 vertical cross sections were created perpendicular to the K3W strike
because the subsurface geometry of the vein is curviplanar and has many
undulations. Vertical cross sections (Figure 4.57) indicate that the vein bends along

dip at many locations. The mean thickness of the vein is 2.5 m (Figure 4.58).
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Figure 4.55. (a) Rose plot of strike data of modeled K3W vein FW surface. (b) Histogram of
dip amount data of modeled K3W vein FW surface. (c) Rose plot of strike data of modeled
K3W vein HW surface. (d) Histogram of dip amount data of modeled K3W vein HW surface.
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Figure 4.56. (a) Colored dip amount map of K3W FW surface. (b) Colored dip amount map
of K3W HW surface.

The mean Au grade of the vein is 6.943 g/t, and the highest and lowest gold
grade values are 79.85 g/t and 0.103 g/t respectively. Gold grades of K3W vein are

higher compared to its eastern part K3E.

Scatter graph of thickness vs. gold grade has a correlation coefficient of
0.0032 (Figure 4.59a). In addition, p-value was calculated as 0.76 (p>0.01). When
the bend associated gold grades are taken out, higher degree of correlation (R2 of

0.0057) is found between thickness and gold grade (Figure 4.59b).
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Figure 4.57. (a) Modeled K3W vein with cross-section lines. (b) Vertical cross sections of
K3W vein.
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Figure 4.58. Histogram of thickness data of K3W vein.
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Figure 4.59. (a) Scatter graph of thickness vs. gold grades of K3W vein. Note that the points
indicated by red color correspond to bend-related gold grades. (b) Scatter graph of
thickness vs. gold grades of K3W vein when bend-related gold grades are taken out.

Number of drillholes used in modeling each vein and some descriptive
statistical parameters (mean, median, no of data, standard deviation, and
skewness) of the HW and FW surfaces of each vein are given in Table 4.2. Some
descriptive statistical parameters (mean, median, no of data, standard deviation,
and skewness) of thickness data together with mean, minimum and maximum gold
grades for each vein are summarized in Table 4.3. Correlation coefficient values
showing the degree of relationship between the thickness and gold grades, and p-
values indicating whether this relationship is statistically significant or not

calculated for each vein are also given in Table 4.3.

Descriptive statistical analysis was performed for 90 gold grades’ in total
coming from the modeled mineralized quartz veins. Median value was found 1.525
g/t and the values above the median was considered as high gold grades. Thickness
data from each vein and the gold grades were pooled and correlation coefficient
value was also calculated for these whole data. R* was estimated as 0.005 (Figure

4.60), and the p-value was found as 0.51 (p>0.01).

" Gold grade: the concentration of gold (g/t) in the core/RC samples of the vein.
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Table 4.2. Some descriptive statistical parameters of modeled surfaces of each vein.

R Mean Standart deviation Median Skewness
Vein [No of DH|Surface n - - - . - - - .

strike [ dip | strike dip strike| dip |strike| dip

Karatepe 9 FW 110847 | 91.9 |55.9| 26.3 8.5 85.8 | 56.3 | 53 | -3.9

HW 26048 | 92.7 |55.8| 25.1 10.9 85.8 | 573 | 42 | -3.1

KK1 11 FW 7019 | 56.5 |60.4| 13.5 6.5 548 | 59.1 | 83 | -2.6

HW 6202 55 [62.6 6.4 5.1 549 | 61.8 | 46 | -3.5

KK2 3 FW 444923 | 65.7 | 51.8 11.8 4.6 66.3 | 52.1 0.6 -0.9

HW 341583 | 67.5 | 53.2 16.4 8.6 65.8 | 55.8 7.6 -2.4

KK3 8 FW 45065 | 65.1 |61.1 16.5 3.9 653 | 616 | 52 | -2.1

HW 52235 | 55.7 | 66.2 9 4.1 55.7 | 66.2 | 44 | -4.1

KKA 3 FW 231999 | 56.6 | 57.5 7.9 3.8 56.8 | 58.3 | 55 | -5.9

HW | 209578 | 58.3 [ 59.9 5.2 3 584 | 605| 76 | -7.4

K1 11 FW 502776 | 52.9 | 63.6 22.8 6.8 50.3 | 64.7 5.8 -3.5

HW | 384859 | 52.9 [67.5| 19.8 7.6 49 | 68.7 | 6.8 | -2.9

K3E 13 FW 11048569 261.9 | 66.4 29 17 264.9( 70.2 | -4.4 | -1.9

HW |1042016| 261 | 69 29.6 16.6 266.1( 724 | -4.6 | -2.5

K3W 33 FW 439652 | 225.9|63.3| 31.9 8 232.3( 644 | -2.8 | -1.7
HW 317971 | 227.8| 64.5 31.3 8.9 234.1| 66.4 | -2.7 -2

Table 4.3. Some descriptive statistical parameters of thickness data and, minimum,

maximum and mean gold values of each vein and correlation coefficient values and p-

values for the relationship between thicknesses vs. gold grades for each vein.

. Thickness Gold grade R?

Vein n Mean | Std. Dev. | Median [Skewness| Min. Max. | Mean | T.vs. Au |T.vs. Au?
Karatepe| 100821 | 5.11 1.36 5.04 0 0.133 1.021 | 0.458 0.003 0.003

KK1 6039 2.42 1.31 2.17 0.45 0.043 8.68 3.356 | 0.0694

KK2 343352 | 5.39 1.81 5.72 -0.44 0.365 | 3.556 | 2.081 | 0.0503 0.03

KK3 38853 | 4.36 2.56 4.14 0.57 0.082 | 6.407 | 3.484 | 0.007 0.007

KK4 210373 | 3.63 1.53 3.56 0.15 0.175 2.29 0.866 | 0.0042 | 0.0042

K1 440659 4 2.3 2.57 1.17 0.328 | 27.075 | 2.921 | 0.1169 | 0.2135

K3E 953014 | 2.54 1.45 2.43 0.61 0.186 7.13 1.326 | 0.0126 | 0.1325

K3W | 302223 | 2.48 1.57 2.18 1.49 0.103 | 79.85 | 6.943 | 0.0032 | 0.0057

" indicates R? values calculated when bend related gold grades are taken out.

Does boiling and associated gold precipitation occur at the bends where the

thickness suddenly changes and the pressure drops rapidly? Accordingly, the sum of

gold grades at the bends was compared to the sum of all gold grades. It was found

that the 74.4% of all gold grades coming from the modelled veins is located at the

bends. When only the high gold grades were taken into account, it was found that

77.7% of all high gold grades are located at the bends.
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Figure 4.60. Scatter graph of thickness vs. gold grade data pooled from all of the modeled veins. Triangles represent the values coming from the schist
hosted veins while circles represent those coming from the porphyry hosted veins. Red colored ones indicate bend-related values.
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Descriptive statistical analysis was also performed for 28 bend-related gold
grades. Median was calculated as 3.99 g/t which is much higher compared to that
of all gold grades. 78.6% (22 out of 28) of the bends host high gold grades (>1.525
g/t). The two lowest bend-related gold grades (0.433 and 0.505 g/t) are hosted by
porphyry while four of them correspond to the schist-hosted veins (Figure 4.61). In
addition, 97.8% of the sum of bend related gold grades are located at the bends of

schist hosted veins.
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Figure 4.61. Scatter graph of bend-related thickness vs. gold grade data. Diamonds
represent the values coming from the schist hosted veins while circles represent those
coming from the porphyry hosted veins. Green colored ones indicate low gold grades

(<1.525 g/t).

Percentage of the bends having high gold grade was also calculated for each
vein. 100% of the bends in KK1 and KK2 veins have high gold grades, while 88.24%
of the bends in K3W vein host high gold grades. This percentage is relatively lower

in K1 and K3E veins as the percentage of the bends having high gold grades is 33.33.

A possible correlation between the host rock type and the gold grades were
also examined. When the sum of all gold grades coming from the schist hosted
veins (except the K2 vein which could not be modeled) was compared to the one
coming from porphyry-hosted veins (except the Topyurt vein which could not be

modeled), it was found that 94.4% of the gold is located in the veins hosted by
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schist. When just high gold grades are considered, it was found that 95.6% of high

gold grades are located in the veins hosted by schist.

62.5% of samples in the schist hosted veins (35 out of 56) contain high gold
grade, while 30% of samples in the porphyry hosted veins (6 out of 20) correspond
to high gold grade. 85.4% of the samples containing high gold grades (35 out of 41)

come from the schist hosted veins.

4.4.2. Uncertainties in the models of vein subsurface geometries

Model uncertainties may have been resulted from the accuracy of the
available drillhole data and the assumptions that have been made during modelling.
As explained before, the top (HW) and bottom (FW) surfaces of the major
mineralized quartz veins were modeled in 3D by interpolating the outcrop data

points and drillhole data points.

The number and locations of drill holes around each vein was determined by
the license holder company (Chesser Resources) based on the assay results of grab
rock samples taken from the vein outcrops. Veins having higher gold grades were
focused on by drilling more holes. For this reason, some veins have more sub-
surface data points such as the K3W vein. Since these veins were modeled based on
more data points, the curviplanar geometry of the vein surfaces may be due to
more data points because the interpolation method used for modeling the surfaces
is natural neighbor method which gives smooth surfaces except around the given
data points. Logging errors (due to recording different depths for the loss of cores in
diamond cut drill holes and difficulties in discriminating depths in reverse circulation
holes) may have also caused the distortions from the real vein geometries.
Sensitively (+0.1 cm) mapped outcrop outlines may not reflect the original outcrop
geometries as some of the vein walls must have been lost to erosion. This also may
have caused the distortions from the real geometries, although the

curviplanar/rough vein geometries may not be model artifact.

During the selection of QV intersections to be matched to the vein outcrop,

it was assumed that the attitude of the vein does not change in the subsurface.
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Although this decision was justfied by the examination of textural and geochemical
characteristics of the potential QV intervals, it would be wrong if the veins are

breached more in dip at depth.

Model uncertainties due to the reasons listed above may have also affected
the gold grade correlations i.e. all the high gold grades may be associated with
bends, but few of the bends may not have been defined due to the insufficient

drillholes.

4.5. Discussion and summary

Gold mineralization in the study area is associated with nine quartz veins:
Karatepe, KK1, KK2, KK3, KK4, K1, K2, K3 (K3E and K3W) and Topyurt veins. The
veins generally have a length of several tens to several hundreds of meters. Their
outcrop widths vary between 0.8 and 13.6 m on the surface. The veins can be
grouped into two general directions: E-W trending veins and NE-SW veins. E-W
trending veins include Karatepe, K2 and K3E veins, while the others are NE-SW
trending veins. The K3 vein is composed of two segments of different orientations
hosted by two different host rocks perhaps due to the competency difference

between the host rocks. Dip of the veins varies between 43.5° and 76.7°.

While Karatepe, K3E and Topyurt veins are hosted by porphyry, the others
are hosted by schist. Host rock schist around the NE-SW trending KK1, KK2, KK3, KK4
and K1 veins does not change foliation adjacent to the veins and these veins have
very sharp contacts with their host rock schist. In contrary, the schist changes its
foliation orientation and is highly fractured and veined around E-W trending K2 vein
and NE-SW trending K3W vein. The E-W trending Karatepe vein is associated with
array of extensional veins in the wall rock that defines left-lateral kinematics. The
NE-SW trending Topyurt vein components and its wall rock structures are consistent

with a right-lateral en-echelon brittle shear zone.

In addition to major quartz veins, sheeted extension veins filled by well-
developed macro crystalline mineralized quartz are located along the valley floor.

Strike values of these extension veins together with the extension veins around
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Karatepe and Topyurt veins were used to infer the kinematics of the vein-structure
system during gold mineralization since all of them have the same hydrothermal
infill. Extension veins around the Karatepe and Topyurt veins and the sheeted veins
have similar kinematics consistent with horizontal component of the minimum

principal stress direction determined as N35°W.

Vein surfaces modelled in 3D indicate that the thickness of the veins
decreases with depth and that the veins generally have a flaring upwards geometry.
The attitude of modeled vein surfaces is generally different from the attitude of
vein outcrops since the veins change geometry with depth. Histograms of the
subsurface dip data of modeled veins show that the predominant subsurface dip
amount of each vein is close to their surface dip data. In addition, rose plots of the
subsurface strike data indicate that the predominant subsurface strike of each vein
is close to their surface strike data, although due to erosion along vein walls there
are not many direct measurements of strike and dip from the surface. The mapped
variable geometry along strike is mirrored at depth and most of the veins have
multiple locations at depth where the dip changes (i.e. the veins have vertically
segmented sections with differing dips). When compared, E-W trending veins have
more geometric irregularities than NE-SW trending ones both along strike and dip.
Lowest parts of the modelled veins do not have any evidence for the sheeted veins
observed at the lowest level of the Kestanelik gold deposit. This shows that the
sheeted mineralized extension veins are just confined to the valley section where
they crop out or the boreholes do not go enough anywhere else to cut the sheeted

veins.

Based on the mean gold grades calculated using the geochemistry data of
modelled vein intersections, Karatepe vein has the lowest mean gold grade of 0.458
g/t, while K3W vein has the highest mean gold grade of 6.943 g/t. Indeed, all of the
veins are Au rich except the Karatepe vein. According to the vertical cross sections,
77.7% of high gold grades are located at where the veins bend along dip. This
indicates that geometric irregularities in structures such as down-dip bends are

more favorable locations for gold to precipitate than more planar sections of the
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structures. In layered rocks, such dip segmentation has been observed as a result of
the competency difference within different host rock (e.g. Schopfer et al., 2006,
2007). However at this site the dip segmentation is independent of the host rock
type. Segmentation in the dip direction may be caused by the growth and
coalescence of small planar segments of the structures (whether faults of fractures)

(Cox, 2005).

It was hypothesized that during upwards movement of fluid in the conduit, a
thickness increase sudden in time in the conduit would lead to a drop in the fluid
pressure which may cause boiling (the most dominant gold precipitation
mechanism) and associated gold precipitation. The association between the true
thickness of the vein and gold grade was therefore investigated. R? values of
thickness vs. gold grade (varying between 0.0032 and 0.1169) for all of the veins are
so low that there is essentially no relationship between the thickness of the vein
and gold grade. Moreover, p-values calculated for each vein vary between 0.12 and
0.96 all of which is higher than the a-value (decided as 0.01) indicating there is not
statistically significant relationship between the thickness and the gold grade. When
the thickness data and the gold grades coming from the all of the modeled veins
were taken into the account, the correlation coefficient value and the p-value was
estimated 0.05 and 0.51 (p>0.01) respectively demonstrating the lack of the
relationship. When bend-related gold grades are taken out, calculated R? values
increase (except KK2 vein) but are still low and still indicate no relationship between
the thickness and gold grades. Lack of relationship between the thickness and gold

grade is questionable for now.

Bend-related gold grades were also evaluated statistically, and it was
calculated that 78.6% (22 out of 28) of the bends correspond to high gold grades
(>1.525 g/t).

When the gold grades in different host rocks were calculated, it was found
that the schist-hosted veins (except the K2 vein) host the majority of gold
mineralization (94.4%) and 95.6% of high gold grades. In addition, 85.4% of the
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samples containing high gold grades (35 out of 41) come from the schist hosted

veins. 97.8% of bend-related gold is also hosted by schist.
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Chapter 5: Vein Textures and Breccias

Studying the textures and breccias of low sulphidation veins is crucial as the
vein infill records the repeated cycles of mineralization, sealing, brecciation and
fluid flow. In this chapter, section 1 reviews quartz textures in epithermal veins.
Section 2 reports the textures and breccias observed in Kestanelik outcrop and drill
cores including petrographical analyses for three of the veins: Karatepe, KK1 and K3.
Section 3 discusses the results and key findings under three sub-headings: (1)
multiphase brecciation, fluid flow and associated mineralization, (2) rough
paleodepth estimations and (3) relationship between the vein textures and the gold

grades.

5.1. Quartz textures in epithermal veins: a background

Quartz is the most dominant gangue mineral precipitated throughout the life
of all hydrothermal systems. Its characteristics, morphology, crystal structure
therefore may help understand changing hydrothermal conditions during vein
formation, consisting of those which favor gold precipitation (Dong et al., 1995).
The first study describing the vein quartz was conducted by Adams (1920), and then
it became the base for subsequent studies on textures of vein quartz (Spurr, 1926;
Shaub, 1934; Stillwell, 1950; Lovering, 1972; Boyle, 1979; Sander and Black, 1988;
Saunders, 1990; Dowling and Morrison, 1990). Dong et al. (1995) carried out the
most comprehensive study on textures of vein quartz and developed a classification
of quartz textures by reviewing the literature and observing approximately 400
specimens and 150 thin sections from more than 20 adularia-sericite type (low-
sulphidation) type Paleozoic epithermal gold deposits in north Queensland,
Australia. They differentiated thirteen quartz textures which are massive,
crustiform, colloform, moss, comb, zonal, mosaic, feathery, flamboyant, ghost
sphere, pseudobladed, pseudoacicular, and saccharoidal. Apart from these textures,

quartz can be subdivided into three based on the size of individual grains:
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(macro)crystalline, microcrystalline and cryptocrystalline (Bates and Jackson, 1987).
In addition, chalcedony is defined as cryptocrystalline quartz either with fibrous or

granular habit (Phillips and Griffen, 1981).

Massive texture refers to quartz having more or less homogenous
appearance which lacks banding, fractures and similar features (Dong et al., 1995)
(Figure 5.1). Other quartz textures can be described under three main classes based
on their possible origins (Dong et al., 1995): (1) primary growth textures are formed
during crystal growth or the precipitation of amorphous silica; (2) recrystallization
textures are produced by the recrystallization of chalcedony, or crystallization and
subsequent recrystallization of amorphous silica to quartz; and (3) replacement
textures are formed by the partial or complete pseudomorphs of other minerals by

silica minerals.

Primary growth textures are crustiform, cockade (a subtype of crustiform

texture), colloform, moss, comb and zonal textures (Figure 5.1).

Crustiform texture has successive narrow (up to a few centimeters), and
subparallel bands of different color, mineral proportions and/or texture. Banding is
generally developed symmetrically from both walls of a fissure. Crustiform bands
form due to any change in fluid conditions which include cooling, mixing of two

fluids, boiling and fluid-wall rock interaction (Buchanan, 1981).

Cockade is a subtype of crustiform texture surrounding isolated fragments of
wall rocks or early vein materials in breccias. Dong et al. (1995) observed sharp
contacts between fragments and banded materials and proposed hydrothermal
brecciation as the mechanism for the formation of a cockade texture since it causes
the deposition of silica minerals and other minerals around newly formed

fragments.

A more recent study (Frenzel and Woodcock, 2014) reviews and discusses
the six possible mechanisms for the formation of cockade breccia (cockade texture).
They propose the rotation-accretion hypothesis as the most likely mechanism

considering the evidence available from the literature (See the paper for the other
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possible mechanisms). In the rotation-accretion mechanism; cockades occur as a
result of repeated fracturing of a partially cemented breccia, commonly along the
boundaries between each clast, and subsequent formation of partial layer of new
cement. Repeated fracturing can occur due to the mechanical effects of moving
fault walls and not the moving fluid alone, while the cementation forms mostly in

interseismic periods (Frenzel and Woodcock, 2014).

Colloform texture describes chalcedonic grains in fine rhythmic bands, that
have spherical, botryoidal, reniform and mammillary external surfaces. Under the
microscope, colloform banded chalcedony has a microfibrous habit with sharp re-

entrant angles between touching spheroids (Rogers, 1917; Dong et al., 1995).

Moss: In hand specimen, silica aggregates show heterogeneous turbid
appearance. Under the microscope, spheres are diagnosed by the distribution of
impurities within aggregates of silica minerals. Some spheres may also have internal

concentric or radiating pattern (Adams, 1920; Dong et al., 1995).

Two processes were suggested for the formation colloform and moss
textures. The first process, proposed by Rogers (1917) and Adams (1920), is based
on the precipitation of silica gel in free space. The major factor controlling the
process is surface tension in fluids, produced by near-surface intermolecular forces
tending to reshape all nonspherical surfaces into spherical surfaces based on the
minimum free energy configuration (Adamson, 1976). The second process is the
segregation of impurities by crystallization from silica gel (Adams, 1920; Oehler,
1976) due to the slow rate of impurity diffusion compared with rate of crystal
growth. Different appearances of colloform and moss textures may be due to
difference in the formation of initial core: core on wall rock or early vein material

result in colloform texture; while core suspended in silica gel cause moss texture.

Comb texture displays groups of parallel or subparallel quartz crystals
oriented perpendicular to vein wall. Crystals generally show a uniform grain size and
have euhedral terminations at their free ends (Adam, 1920; Boyle, 1979). The

texture is produced by geometrical selection in which adjacent crystals compete for
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space resulting in preferential growth where the orientation of maximum growth
rate is perpendicular to the growth surface. This occurs when relatively slow

changing conditions are provided in an open space (Dong et al., 1995).

Zonal texture has alternating clear and milky zones within individual quartz
crystals. Milky zones are rich in fluid or solid inclusions which are always parallel to
crystal growth faces (Dong et al.,, 1995). This texture is produced from the
hydrothermal fluid which is slightly saturated with respect to quartz proposing slow

to very mildly changing conditions during crystal growth (Fournier, 1985).

Massive

Moss Comb Zonal

Figure 5.1. Primary growth textures of epithermal vein quartz (from Dong et al., 1995).

Recrystallization textures consist of feathery, flamboyant, ghost-sphere and

mosaic textures (Figure 5.2).

Feathery: In this texture, individual quartz crystals show feathery
appearance under crossed polars with slight differences in extinction angles. The
texture is generally formed on the margins of clear euhedral quartz crystals or as
patches throughout quartz crystals (Adams, 1920; Dong et al., 1995). Formation
mechanism is similar to the epitaxial growth of quartz (Rimstidt and Cole, 1983):
small crystals nucleate on the surface of an existing quartz crystal. Recrystallization
of small crystals then occurs in approximate crystallographic continuity with the

host quartz crystal.

Flamboyant texture displays radial or flamboyant extinction of individual

quartz crystals with rounded crystal outlines (Adams, 1920; Sander and Black,
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1988). Like feathery texture, it may form around the margins of the core of clear
euhedral quartz crystals or throughout the crystal. The original components of the
texture are fibrous chalcedony with rounded external surfaces, deposited from
silica gel, either as the rims of early formed quartz crystals or wall rock, or as groups
of spheres. Later, recrystallized materials follow the crystallographic direction of
initial nuclei of each chalcedonic spheroid or that of large host crystal, crystalline or

microcrystalline quartz crystals producing radiating extinction (Dong et al., 1995).

Ghost-sphere texture generally forms within microcrystalline quartz as
spheres defined by the distribution of impurities (Dong et al., 1995). The texture is
produced when by the recrystallization of amorphous silica or chalcedony with a
moss texture provided that the original spherically distributed impurities are

preserved in quartz crystals because of their low solubility (Dong et al., 1995).

Mosaic texture has microcrystalline or crystalline quartz crystals with tightly
packed highly irregular and interpenetrating grain boundaries. It is produced by the
recrystallization of massive chalcedony or amorphous silica grains following the
shape of the original small grains resulting in the formation of highly irregular and

interpenetrating boundaries of the crystals (Lovering, 1972; Dong et al., 1995).

Flamboyant Ghost-sphere

Figure 5.2. Recrystallization textures of epithermal vein quartz (from Dong et al., 1995).
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Replacement textures include pseudobladed, pseudoacicular and

saccharoidal textures (Figure 5.3).

Pseudobladed texture has bladed or platy quartz or chalcedony aggregates.
Quartz generally replaces calcite (the most common soluble phase in epithermal
veins). When replaced by quartz, microscopic inclusions in the original carbonate
remain due to low solubility, defining original crystal outlines. Replacement
generally proceeds along the lamellar partings of carbonate crystals rather than
rhombic cleavage planes. The resulting parallel structures within pseudomorphs are
diagnosed by different grain sizes, or degree of impurities. Three sub-types are

based on blade aggregate morphology.

Lattice bladed: network of intersecting silica blades with polyhedral cavities
is filled with comb quartz crystals partially. Under the microscope, each blade is
composed of a series of parallel seams separated by quartz crystals symmetrically
grown and perpendicular to the seams (Schrader, 1912; Morgan, 1925). The original
bladed material is carbonate, and after total replacement, quartz crystals in every

two adjacent layers merge into a seam with increasing grain size outward.

Ghost bladed texture has randomly distributed blades within quartz
aggregates and no cavities between them. In thin section, the blades and matrix
have different grain size and shape. The original material is quartz intergrown with
bladed carbonate, therefore after total replacement the bladed form is preserved

by concentration of impurities (Dong et al., 1995).

Parallel bladed texture has groups of parallel silica blades with different
orientations (Adams, 1920; Dong et al., 1995). Each group has an overall granular,
rectangular outline and is the product of replacement of massive granular calcite

(Adams, 1920; Dong et al., 1995).

Pseudoacicular texture has aggregates of silica minerals with adularia or its
weathering products (sericite or kaolinite) and a radial acicular appearance. This
forms as a result of calcite replacement by quartz and adularia along radial acicular

structures of calcite crystals (Adams, 1920; Schrader, 1923; Dong et al., 1995).

127



Saccharoidal texture consists of loosely packed vitreous to milky fine
grained quartz aggregates with a sugary appearance in hand specimen. In thin
section, elongated subhedral crystals are found with a matrix of smaller anhedral
grains. This texture is produced when quartz replaces massive granular carbonate
along crystallographic defects rather than along lamellar partings (which forms

parallel-bladed texture) (Lingdren, 1901; Adams, 1920; Lovering, 1972).

Pseudobladed

Pseudoacicular Saccharoidal

Figure 5.3. Replacement textures of epithermal vein quartz (from Dong et al., 1995).

5.2. Quartz textures and breccias in the Kestanelik veins

Epithermal gold mineralization in the study area associated with all nine
major quartz veins plus sheeted quartz veins (Figure 5.4) were studied from outcrop
and drill cores. KK3 and KK4 veins share same textural and breccia characteristics
with the KK1 and KK2 veins respectively, so their textural and breccia characteristics
are not given in the chapter. Quartz textures, their cross-cutting relationships and
breccia types were recorded with characteristics such as clast type, cement type,

roundness and sorting of clasts, and in situ estimation of clast/cement ratio.

Petrographical analyses were performed from samples of Karatepe, KK1 and
K3 veins, which represent the gold mineralization in different parts of the study
area. Samples were selected from: (1) locations where different quartz textures

cross cut each other, potentially representing multiple episodes of mineralization to
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determine the different episodes, (2) hanging wall and footwall margins of the veins
to explore (micro)structural relationships between the textures that represent the
earlier and latest phases of mineralization, (3) where the infill is complex and gold
grade is high (for drill cores) to understand the possible textural controls on the
gold precipitation (however sampling was only permitted by the license holder

company at limited intervals), (4) different levels of the vein to examine any textural

change in the vein infill type with depth.
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Figure 5.4. Geological map of the study area with the major epithermal quartz veins and
sheeted quartz veins in the valley

5.2.1. Karatepe vein

Two different textures were differentiated: cockade chalcedony and
crustiform chalcedony (Figure 5.5). Six thin sections were studied; three from a

hand specimen taken from the vein outcrop and three from a drill core sample

(Figure 5.6).
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Figure 5.5. Quartz textures of Karatepe vein (a) in outcrop, and (b) in a drillcore of KED-16
at 124.2-124.4 m (coc ch: cockade chalcedony, crs ch: crustiform chalcedony, wr: wall rock).

Figure 5.6. Thin section locations of (a) a hand specimen taken from the vein outcrop (398
m asl), (b) a drillcore sample taken from KED-16 at 124.1-124.3 m (237.7 m asl).
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Crustiform chalcedony rims clasts of altered quartz-feldspar-hornblende
(QFH) porphyry forming cockade texture (Figure 5.7). Crustiform chalcedony formed
at the footwall margin of the vein cuts the phase 1 cockade chalcedony and fills
microfractures in phase 1 cockade chalcedony (Figure 5.8). Crustiform chalcedony is
therefore younger than the cockade chalcedony and the vein hosts two different

phases of mineralization.

Figure 5.7. Crustiform chalcedony (crs ch) rimming a clast of altered wall rock QFH porphyry
(wr) and forming the cockade texture (crossed polars image from KTH1-B).
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Figure 5.8. A veinlet of crustiform chalcedony (crs ch) cutting the phase 1 cockade
chalcedony (coc txt: cockade texture) (crossed polars image from KTH1-A).
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Cataclasite of feldspar (from the wall rock QFH porphyry) and phase 1
chalcedony (Figure 5.9) cemented by a later phase of chalcedony (phase 2) was
observed by petrography of the thin section KTD1-A from the drill core sample

taken from the footwall of the Karatepe vein-wall rock contact.

Figure 5.9. Cataclasite with fragments of feldspar (fld) (from the wall rock QFH porphyry
(wr)) and phase 1 chalcedony (ch) (crossed polars image from KTD1-A).

Microcrystalline chalcedony (Figure 5.10) observed along the footwall of the
vein-wall rock margin which was most likely formed due to rapid cooling as a result

of the interaction between the hydrothermal fluid and wall rock.

In thin section KTD1-A, a comb quartz veinlet and thinner quartz veinlets
traverse the clay-altered QFH porphyry (Figure 5.11a). Infill of the comb quartz
veinlet has a granular texture and inequant fabric rather than a fibrous texture
which shows that the opening of the fracture was more rapid than the growth of

the quartz crystals (Figure 5.11b).

In thin section KTD1-B, chalcedony is filling a fracture created in phase 2
crustiform chalcedony and they are cutting each other (Figure 5.12) which indicate

synchronous deposition.
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Figure 5.10. Microcrystalline chalcedony (mch) formed along the vein margin due to rapid
cooling (wr: wall rock) (crossed polars image from KTD1-A).
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Figure 5.11. (a) A comb quartz (cmb qgtz) veinlet and thinner quartz veinlets traversing the
clay altered wall rock QFH porphyry (wr) (crossed polars image from KTD1-A). (b)
Contrasting carbonate fabrics at varying fluid saturation levels when opening rate of the
fracture > precipitation rate of the cement (taken from Woodcock et al., 2007).

Figure 5.12. Synchronous deposition of chalcedony (ch) and crustiform chalcedony (crs ch)
(crossed polars image from KTD1-B). Yellow arrows indicate some of the locations where
the crustiform chalcedony overprints the chalcedony.

Wall rock clasts within the cockade breccia are sub-rounded to rounded and
poorly sorted. Clasts show neither normal nor reverse grading in drill core samples
from any depth (Figure 5.13). From drill cores cutting different levels of the vein
core, it is evident that the cockade texture of the vein does not change with depth
(Figure 5.14). However gold grades are variable with depth and vary between 0.082
and 1.37 g/t (Table 5.1).
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Elevation decreases

=

KED-43 149 m KED-18 128.1 m KED-16 123.6 m
(387.5 m asl) (264.4 m asl) (238.2 m asl)

Figure 5.13. Cockade breccias at different levels of the Karatepe vein. Size of individual
cockade breccias neither decreases nor increases as elevation decreases (Note that the
scale is same for each photo).
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251.1m

Figure 5.14. Cockade textured chalcedony of the Karatepe vein at different levels.
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Table 5.1. Gold grades coming from the cockade textured chalcedony of the Karatepe vein
at different vein levels.

Drillhole ID | From (m) Elevation (masl) | Au(g/t)
KED-16 123.6 238.2 0.269
KED-99 130.9 250.1 0.258
KED-99 129.9 251.1 0.221
KED-18 130.8 262 0.082
KED-18 128.6 264 0.086
KED-18 128.1 264.4 0.135
KED-18 127.4 265 0.227
KED-218 48.4 313.2 1.37
KED-218 47.4 314.4 0.93
KED-218 46.7 315.3 0.763
KED-43 14.5 386.1 0.746
KED-43 14.9 387.5 0.576
KED-43 10.1 391.5 1.165
KED-43 8.1 394 0.465

5.2.2. KK1 Vein

Outcrop textural observations of the 150m-long KK1 vein were made where
intense weathering and vegetation allowed. Saccharoidal and pseudobladed quartz
textures are commonly observed throughout the surface outcrop (Figure 5.15).
Crackle (jigsaw-fit) breccias cemented by quartz-iron oxide in a network of veinlets
were observed at some parts of the vein. Good- to well-sorted clasts are generally
angular to sub-angular. In these cement-supported breccias, the cement is always

less than 50% of the rock volume (Figure 5.15c).

Close to the KK1 vein margins, cement-supported breccias comprising host

rock schist clasts, cemented by saccharoidal quartz were found (Figure 5.15d).
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Poorly- to well-sorted clasts are angular to sub-angular, and the cement is over 50%
of the rock volume. These breccias generally form semi-continuous domains on the

exposed vein outcrops.

qtz-Fe-ox

Figure 5.15.(a) Saccharoidal quartz (sac qtz) observed on the vein outcrop (318 m asl). (b)
Pseudobladed quartz texture (psbld qtz) on an outcrop hand specimen. (c) Crackle breccia
with clasts of saccharoidal quartz (sac qtz) separated by quartz-iron oxide (qtz-Fe-ox)
cement (320 m asl). (d) Breccia with the clasts of wall rock schist (wr) plus a cement of
saccharoidal quartz (sac gqtz) at the HW margin of the KK1 vein (316 m asl).

Texture and breccia types do not vary throughout the KK1 vein apart from at
the upper levels (330-340 m asl) where crackle to chaotic breccias frequently exist.
These have sub-angular to angular, poorly sorted, mm to cm scale clasts of pre-
existing vein infill saccharoidal quartz and pseudobladed quartz, cemented by
quartz-iron oxide. The breccias are cement supported and have over 50% cement

(Figure 5.16).

Texture and breccia characteristics of the KK1 vein were also examined in
drillcores (Figure 5.17), although most of the drill holes cutting this vein are reverse

circulation (RC) holes.
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Figure 5.16. Crackle to chaotic breccias with the clasts of saccharoidal quartz (sac qtz) and
pseudobladed quartz (psbld qtz) with a cement of quartz- iron oxide (Fe-ox) (334 m asl).

Saccharoidal vuggy quartz was the most common texture observed in drill
cores (Figure 5.17a-b), while microcrystalline (Figure 5.17c) and pseudobladed
quartz (Figure 5.17d) were also present. Breccia with clasts of wall rock plus a
cement of microcrystalline quartz-iron oxide (Figure 5.17c), and crackle breccia with
clasts of saccharoidal and pseudobladed quartz of earlier phase cemented by a later

phase quartz-iron oxide (Figure 5.17d) were also observed.

+ 250.8m b

Figure 5.17. Textures and breccias of KK1 vein at different levels (see Table 5.2).
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Relationship between KK1 vein textures and gold grades could be examined

where gold assay data was available. Table 5.2 below gives the locations and

textural descriptions of drill cores shown on Figure 5.17, and their gold grades.

Table 5.2. Locations, textural descriptions and gold grades of KK1 vein drill cores.

Location

on Drillhole Vein From | Elevation N Au
. at Description
Figure ID (m) (m) | (masl) (g/t)
5.17
44- Saccharoidal vuggy quartz and
a KED-96 46.4 46 250.8 iron oxide(s) filling the vugs 9.92
' partially
Synchronous (?) saccharoidal
44- and pseudobladed vuggy quartz
b KED-96 46.4 44.4 1 2524 and iron oxide(s) filling the vugs 744
partially
crackle breccia with wall rock
¢ |kep-130/*2>7| 49 | 260 _ schistdastsand 0.351
50 microcrystalline-quartz-iron
oxide cement
crackle breccia with synchronous
d kep-7 |13 121 | 2974 (?) pseudobladed and 1.645
18 saccharoidal quartz clasts and

guartz-iron oxide cement

Petrographical analyses were conducted to examine the change in textures

and breccias of KK1 vein with depth and along the surface from the margins to the

core, and to differentiate different mineralization phases represented by different

textures. Twenty thin sections in total were examined; 18 from hand specimens

taken from different elevations of the vein outcrop (KK1H1-14) and 2 from two drill

core samples (KK1D1 and KK1D2 from KED-7 12.5-12.7m and KED-7 13.1-13.2m

respectively) (Figure 5.18 and Table 5.3).
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Table 5.3. Locations of the thin section samples on the vein and their elevations and gold
grades (nm: not measured)

Sample ID | Location on the vein | Elevation (m asl) Au (g/t)
KK1H1 FW 335 nm
KK1H2 Core 329 nm
KK1H3 HW 327 nm
KK1H4 HW 307 nm
KK1H5 Core 309 nm
KK1H6 FW 315 nm
KK1H7 FW 320 nm
KK1H8 FW 338 nm
KK1H9 Core 312 nm
KK1H10 FW 325 nm
KK1H11 FW 322 nm
KK1H12 FW 311 nm
KK1H13 FW 331 nm
KK1H14 FW 324 nm
KK1D1 Core 299 0.628
KK1D2 Core 298 0.628

4 different mineralization phases were revealed from the petrographic

analyses. From oldest to the youngest, these phases are: (1) altered microcrystalline
quartz (Figure 5.19), (2) altered saccharoidal quartz (Figure 5.20-23), (3)
synchronous saccharoidal and bladed quartz (Figure 5.19-25) and (4) quartz

goethite cementing all phases (Figure 5.23-25).
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Figure 5.18. Thin section locations from the outcrop and drill core samples. The black rectangle on each picture has a width of 2.5 cm.
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Figure 5.19. Altered microcrystalline quartz (mqz) (phase 1) cut by saccharoidal quartz (sac
gtz) of phase 3 (crossed polars image from KK1H14-B).

Figure 5.20. Saccharoidal quartz (sac gtz) of phase 3 forming a comb texture and cutting an
earlier phase of altered saccharoidal quartz (cmb sac qtz: comb saccharoidal quartz)
(crossed polars image from KK1H14-D).
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Figure 5.21. Saccharoidal quartz (sac gtz) replaced by bladed quartz (psbld qz) both of
which are synchronous and phase 3 (crossed polars image from KK1H14-A).

~sypsac an%l '
» = psbld gz

Figure 5.22. Synchronous saccharoidal (sac qtz) and pseudobladed quartz (psbld qz) (phase
3) cutting phase 2 saccharoidal quartz (crossed polars image from KK1H9).

144



Figure 5.23. Quartz goethite (qz goet) (phase 4) cementing earlier phases phase 2 and 3
quartz (Crossed polars image from KK1H14-D).

Figure 5.24. Quartz goethite (qz goet) (phase 4) cementing earlier phases phase 2 and 3
quartz (Plane polarized light image from KK1H14-D).
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From both field and microscope observations the textures of KK1 vein do not
vary with depth (from 340m asl to 250.8 m asl) (Figure 5.17-18). There is no specific
level defined by the different mineralization phases, and all phases together can be
seen at any levels of the vein (Figure 5.17-18). However, the youngest
mineralization phase (phase 4) quartz goethite is more dominant at the margins of
the vein and at the upper levels (330 m asl) of the vein (Figure 5.16, 5.18 and Table
5.3).

Figure 5.25. Hydrothermal mosaic breccia with angular to sub-rounded phase 3
saccharoidal quartz (sac gz) clasts cemented by phase 4 quartz goethite (gz goet) (Plane
polarized light image from KK1D2).

In thin section KK1D2 from a drillcore sample close to the vein- hangingwall
rock contact, hydrothermal breccia with jigsaw puzzle fit clasts was observed. This
cement supported breccia has angular to sub-rounded poorly sorted clasts of phase

3 saccharoidal quartz cemented by phase 4 quartz goethite (Figure 5.25).

In thin section KK1H14-C made from a hand specimen taken from the vein
outcrop, synchronous phase 3 saccharoidal and pseudobladed quartz crystals are

invading through the wall rock mica schist clasts and silicifying them (Figure 5.26).

In thin section KK1H17, a comb saccharoidal quartz veinlet formed during

phase 3 mineralization event is cutting a foliation-parallel silicified schist clast
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(Figure 5.27) indicating that the foliation parallel hydrothermal silicification is older

than the phase 3 silicification event.

~.Syn sac anek
@ psbld gz

‘%"*ss \.\‘

Figure 5.26. Synchronous saccharoidal and pseudobladed quartz (psbld gz, phase 3)
replacing mica schist (sch) (Crossed polars image from KK1H14-C).

Figure 5.27. Comb form of phase 3 saccharoidal quartz (cmb sac qtz) cutting foliation-
parallel silicified schist (sil sch) (Crossed polars image from KK1H7).
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5.2.3. KK2 Vein

KK2 vein has an intermittent outcrop which extends for 185 m, and 24 m
elevation difference exists between the tips of the vein outcrop. The most
prominent textural feature of the vein outcrop is ubiquitous pseudobladed quartz
generally in the form of lattice bladed texture (Figure 5.28a). Although saccharoidal
quartz is also common throughout the vein surface (Figure 5.28b), lattice bladed

texture predominates over it.

Figure 5.28.(a) Pseudobladed quartz (psbld qtz) in the form of lattice bladed texture
observed on the vein outcrop (338 m asl). (b) Saccharoidal quartz (sac gtz) texture on the
vein outcrop (336 m asl).

Figure 5.29. Cement supported breccias with clasts of earlier brecciated vein infill
containing wall rock schist clasts (wr) surrounded by saccharoidal (sac gtz) and
pseudobladed quartz (psbld gz) cemented by quartz-iron oxide close to the HW margin of
the KK2 vein (338 m asl).
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Adjacent to the margins of the vein, poorly sorted, sub-angular to sub-
rounded wall rock schist clasts are surrounded by either pseudobladed or
saccharoidal quartz, and form the clasts of cement supported breccias cemented by
quartz-iron oxide (Figure 5.29). These breccias having the clasts of brecciated vein

infill have cement ratio which is less than 50% of the rock volume.

In the core of the vein, crackle (jigsaw-fit) breccias with clasts of either
saccharoidal or probably synchronous saccharoidal and pseudobladed quartz are

cemented by quartz-iron oxide. Poorly- to well-sorted clasts are angular to sub-

angular, and the cement is less than ~20 % of the rock volume (Figure 5.30).

Figure 5.30.(a) Crackle breccia with clasts of saccharoidal quartz (sac qtz) and quartz-iron
oxide (qtz-Fe-Ox) cement (334 m asl). (b) Crackle breccia with clasts of synchronous(?)
saccharoidal (sac gtz) and pseudobladed quartz (psbld qtz) cemented by quartz-iron oxide
(gtz Fe-Ox) (332 m asl).

Chaotic breccias, comprising previous poorly sorted clasts, angular to sub-
angular vein phase clasts of either saccharoidal (Figure 5.30a) or pseudobladed
quartz (Figure 5.30b), cemented by quartz-iron oxide were also observed both in
the centre and close to the margins of the vein. In these cement supported breccias,

cement ratio is always less than 50% (Figure 5.31).
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Figure 5.31. Chaotic breccias characterized by clasts of saccharoidal (sac gqtz) and
pseudobladed quartz (psbld qtz) plus a cement of quartz-iron oxide (qtz-Fe-Ox) (339 m asl).

Vein textures and breccias were also studied in the drill cores given in Figure
5.32 and Table 5.4. Observed quartz textures are saccharoidal and pseudobladed
matching the surface observations (Figure 5.32). Breccias are also similar to the
surface observations, and have clasts of previous vein phases cemented by
synchronous silicification and quartz-iron oxide deposition which also replaces the
crystals of earlier phase lattice bladed quartz partially and forming the ghost bladed

texture.

Macroscopic examination of textures and breccias of the KK2 vein (from
350m asl to 272.4 m asl) has defined 3 phases (at least) of brecciation and
subsequent mineralization. From oldest to the youngest, these phases are

associated with:

(1) Cryptocrystalline quartz,
(2) Probably synchronous pseudobladed (generally in lattice bladed form) and
saccharoidal quartz,

(3) Synchronous crystalline quartz-iron oxide.
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Figure 5.32. Textures and breccias of KK2 vein in drill cores at different levels (see Table 5.4 for their descriptions and details).
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Table 5.4. Locations and textural descriptions of drill cores of KK2 vein and their gold grades.

Location Vein
on Drillhole From | Elevation N Au
. at Description
Figure ID (m) (m) (m asl) (g/t)
5.32
Crackle breccia with ghost bladed quartz-iron oxide cementing clasts of
a KED-1 |10-14| 10.9 3334 earlier breccia of synchronous(?) saccharoidal and lattice bladed quartz 2.69
cementing white cryptocrystalline quartz
b KED-1 |10-14| 116 3328 Crac.kle breccia leth quartz-iron OXId.e ceme.ntlng the clasts <?f earlier 165
breccia of saccharoidal quartz cementing white cryptocrystalline quartz
c KED-1 |10-14| 12.7 3317 Synchronous saccharoidal and lattice bladed quartz with possible sulphide 312
clouds
~ - . 5 ;
q KED-1 |10-14| 136 3301 Ghost bladed quartz-iron oxide repla.cmg synchronous(?) lattice bladed 549
and saccharoidal quartz
o KED-9 5.5- 78 317.4 Synchronous saccharoidal and. pseudobla.ded qu.artz breccia cemented by 0.173
16.9 crystalline quartz-iron oxide
- = - - ; 5
; KED-9 5.5 9.8 314.8 Ghost bladed quartznlron oxide cementing ar.1d replacing synchronous(?) 1125
16.9 lattice bladed and saccharoidal quartz
.5- h haroidal I t kl i
g KED-9 5.5 10.7 313.6 Synchronous saccharoidal and pseudo§ aded guar z crackle breccia 159
16.9 cemented by quartz-iron oxide
5.5- Ghost bladed quartz-iron oxide cementing and replacing synchronous(?)
h KED-9 16.9 113 312.8 lattice bladed and saccharoidal quartz 1.59
i KED-9 feSé 13.7 309.6 Quartz-iron oxide cementing and replacing the saccharoidal quartz 0.865
j KED-9 5.5- 14.9 308 Mosaic breccia with clasts of s.accharoida?I quart.z and schist cemented by 0.713
16.9 crystalline quartz-iron oxide

152




Table 5.4 continued.

Crackle breccia of synchronous(?), biotite bearing(?) from the wall rock
46.2- ) . i . .
k KED-2 492 46.9 296.3 schist saccharoidal and pseudobladed quartz with quartz-iron oxide 6.36
' cement
| KED-2 46.2- 492 294 Crackle to mosaic brecqa with Flasts of.sacchar0|d.al guartz cemented by 593
49.2 gray sulphide bearing(?) microcrystalline quartz
m KED-110 785418- 78.3 276.5 Saccharoidal vuggy quartz with quartz-iron oxide partially filling the vugs | 0.091
n KED-110 785418- 80.3 274.8 Saccharoidal vuggy quartz partially filled by quartz-iron oxide in vugs 0.131
o KED-110 75.1- 811 574.1 Synchronous sacch_ar0|dfa| and lattice bI_aded v_uggy quartz wilth sulphide 0.039
84.8 clouds(?) partially filled by quartz-iron oxide especially in vugs
p KED-110 75.1 83.2 2774 Saccharoidal vuggy quart_z YVIth sulphide cIo_uds(.) and quartz-iron oxide 0.012
84.8 filling the vugs partially
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5.2.4. K1 Vein

NE-SW trending K1 vein extends intermittently over 240 m, with 35 m
elevation difference between the tips of the vein outcrop. Limited observations
were made from the steep vein outcrops since access to the vein is very dangerous

(Figure 5.33), and excess vegetation and weathering obscures the vein surface.

At the surface, saccharoidal quartz cements a cement supported breccia
with angular wall rock schist clasts close to the HW margin (Figure 5.34a). In
addition, probably synchronous saccharoidal and pseudobladed quartz (lattice

bladed?) are found throughout the vein outcrop (Figure 5.34b).

Figure 5.33. A view from the K1 vein outcrop located on a steep slope.

Texture and breccia characteristics of the vein were also examined in drill
cores (Figure 5.35 and Table 5.5). Saccharoidal and pseudobladed quartz textures
are common matching the vein outcrop. Breccias are characterized by the clasts of
synchronously brecciated earlier vein phases and wall rock schist cemented by later

silicification, sometimes with synchronous iron-oxide deposition (Figure 5.35).
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Figure 5.34. Textures and breccias observed on the surface of the K1 vein: (a) Cement
supported breccia of wall rock schist cemented by saccharoidal quartz. (b) Probably
synchronous saccharoidal and pseudobladed quartz (284 m asl).

Figure 5.35. Textures and breccias of K1 vein in drill cores at different levels (see Table 5.5

for their descriptions and details).

Textures and breccias of the K1 vein (from 290 m asl to 229.4 m asl) define 3
phases (at least) of brecciation and subsequent fluid flow and mineralization. From

oldest to the youngest, these phases are represented by:
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(1) White cryptocrystalline quartz,
(2) Probably synchronous pseudobladed (generally lattice bladed) and
saccharoidal (sometimes vuggy) quartz,

(3) Synchronous crystalline quartz-iron oxide.

5.2.5. K2 Vein

The E-W trending K2 vein has synchronous saccharoidal and less commonly

lattice bladed quartz textures but no breccia (Figure 5.36).

Figure 5. 36. (a) K2 vein outcrop. (b) and (c) Synchronous(?) saccharoidal vuggy and
pseudobladed (lattice bladed) quartz. (d) Saccharoidal vuggy quartz (299 m asl).

In drill core samples (Figure 5.37), microcrystalline quartz and banded quartz
are seen in addition to saccharoidal and lattice bladed quartz. Saccharoidal, lattice
bladed and microcrystalline quartz textures are synchronous and sometimes form
the bands of the banded texture. Table 5.6 gives the locations and textural

descriptions of drill cores of the vein together with the related gold grades.
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Table 5.5. Locations and textural descriptions of drill cores of K1 vein and their gold grades.

Location

. Vein .
Fi;:re DrIIIISOIG (rant) F(r:‘r)n El(?;’aat:;n Description Au (g/t)
5.37
3 KED-5 34.5- 35.4 273.6 Crackle t.o mosaic breccia of sulphide bearin.g (?) . 3.75
37.7 cryptocrystalline quartz plus a cement of quartz-iron oxide
b KED-5 34.5- 36.45 9727 Synchronous(?) lattice bladed and saccha.roidal guartz with 1975
37.7 fragments of wall rock schist
Crackle to mosaic breccia with clasts of sulphide bearing (?)
34.7- saccharoidal vuggy quartz cemented by quartz-iron oxide.
¢ KED-60 36 35 267.5 Some fractures are stained and filled by clay minerals after 0.782
brecciation
Mosaic to chaotic breccia with quartz-iron oxide cement
34.7- cementing the clasts of earlier vein phases; phase 1 white
d KED-60 36 36 266.5 cryptocrystalline quartz cementing the clasts of wall rock 1.02
schist, and phase 2 saccharoidal vuggy quartz cementing the
clasts of phase 1 and wall rock schist
76.9- Chaotic breccia with quartz-iron oxide cementing the clasts of
e KED-105 8.7 77.3 230.2 wall rock schist and earlier phase saccharoidal quartz 0.86
cementing schist clasts
Crackle to mosaic breccia with a cement of saccharoidal vuggy
. KED-105 76.9- 8.2 9994 quartz includin.g quartz-iron oxide_and clay mineral_(?) in some 0.504
78.7 vugs, cementing the clasts of white cryptocrystalline quartz

and wall rock schist
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Figure 5.37. Textures and breccias of K2 vein in drill cores at different levels (see Table 5.6 for their descriptions and details).
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Table 5.6. Locations and textural descriptions of drill cores of K2 vein and their gold grades. The table does not include elevation values,
because the present elevation information for the drill cores is not reliable.

Location Vein
on Drillhole at From Description Au
Figure ID (m) (m) (g/t)
5.37

3 KED-25 30.5- 30.8 Synchronous vuggy saccharoidal and lattice bladed quartz cementing the clasts and 0.867
33.9 fragments of wall rock schist. Some vugs are partially filled by iron oxide mineral(s)

b KED-25 30.5- 326 Crackle breccia with clasts of vuggy saccharoidal guartz cemented by quartz-iron 187
33.9 oxide

Brecciated synchronous vuggy saccharoidal,lattice bladed and microcrystalline
o KED-46 | 2-59 | 2.3 quartz cementing the clasts of wall rock schist. Brecciation post dates the 4.84
mineralization and fractures are partially filled by iron oxide mineral(s)
Crackle to mosaic breccia with clasts of synchronous saccharoidal and
d KED-46 | 2-59 | 4.8 microcrystalline quartz. There are some fractures and vugs postdating the 8.98
mineralization which are partially stained and filled by iron oxide minerals

55 Brecciated synchronous vuggy saccharoidal and microcrystalline quartz.

e KED-47 5' 5 3.2 Brecciation post dates the mineralization, and fractures and vugs are stained and 2.72

' partially filled by iron oxide mineral(s)

; KED-48 2.9- 39 Synchronous vuggy sa.ccharoidal and microc.rystallir?e quar.tz cementing a clast of 12.75
6.5 wall rock schist. Some vugs are stained by iron oxide mineral(s)
56 Brecciated synchronous vuggy saccharoidal,lattice bladed and microcrystalline

g KED-48 6. 5 4.6 | quartz. Brecciation post dates the mineralization and fractures and some vugs are | 5.13

' stained by iron oxide mineral(s)
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Table 5.6 continued.

Brecciated partly banded synchronous vuggy saccharoidal and microcrystalline
1.5- quartz cementing a clast of wall rock schist. Brecciation post dates the
h KED-63 2 . . . . . . . 41
2.7 mineralization, and fractures and vugs are stained and partially filled by iron oxide
mineral(s)
) 3.1- Partly banded synchronous vuggy saccharoidal and microcrystalline quartz. Vugs
i KED-63 3.9 . . . . . 9.1
5.2 are partially stained by iron oxide mineral(s)
) 3.1- Partly banded synchronous vuggy saccharoidal, lattice bladed and microcrystalline
j KED-63 4.6 . . . . . 314
5.2 guartz. Vugs are partially stained by iron oxide mineral(s)
K KED-65 5.5- 6.7 Synchronous vuggy saccha.r0|da.l and m|.crocrys.taII|n.e guartz. Vugs are stained and 39
8.5 partially filled by iron oxide mineral(s)
55 Fractured partly banded synchronous and saccharoidal and microcrystalline quartz
KED-65 8. 5 7.2 cementing a clast of wall rock schist. Fractures and some vugs are stained by iron | 11.75
' oxide mineral(s)
Synchronous vuggy saccharoidal, lattice bladed and microcrystalline quartz. Some
24.6- . . : .
m KED-101 25 8 24.7 parts of saccharoidal quartz seem to be leached and partly filled by iron-oxide 0.908
’ mineral(s)
N KED-154 5.8- 6.3 Partly banded synchronous vuggy sacchar0|.dal, Iatt!ce bIaQed ar?d microcrsystalline 11.95
7.1 guartz. Some vugs are partly stained by iron oxide mineral(s)
39 Partly banded synchronous vuggy saccharoidal and microcrystalline quartz
o KED-158 5' 4 5.1 cementing the fragments of wall rock schist. Some vugs are stained by iron oxide 5.92
' mineral(s)
p KED-161 11.6- 153 Synchronous lattice bladed and.vuggy sz.acchar?ldal quartz . Some vugs seem 539
16 leached and stained by iron oxide mineral(s)
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Most remarkable feature of the K2 vein is brecciation postdating the
mineralization which has allowed post-mineralization (supergene) oxidation process
and leaching of some parts of the vein, especially saccharoidal quartz. This oxidation
event not only caused the deposition of iron oxide mineral(s) along fractures and in
vugs, but also caused supergene gold enrichment, evidenced by petrographic
analysis of drill core sample (KED-4 21m). The sample contains cavities within the
saccharoidal quartz and gold flakes are observed within them infilled by goethite

(Figure 5.38).

Figure 5.38. Native gold flakes within cavities infilled by goethite (see yellow circles) using

reflected light microscopy (taken from Kuscu, 2013).

Two phases (at least) of brecciation and subsequent fluid flow and
mineralization were determined from textures and breccias of the K2 vein. From

oldest to the youngest, these phases are represented by:

(1) Probably synchronous vuggy saccharoidal, microcrystalline and lattice
bladed quartz,

(2) Microcrystalline quartz iron-oxide.
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5.2.6. K3 Vein

K3 vein outcrop has 2 segments extending over 510 m. Textural observations

were made wherever intense weathering and vegetation allowed.

The vein is completely brecciated from the top (363 m asl) to the level 280 m
asl by crackle to chaotic breccias with clasts showing different quartz textures from
the previous vein phase(s) cemented by quartz-iron oxide. Clasts have occasionally
banded crypto- to microcrystalline (Figure 5.39), lattice bladed (Figure 5.40a) and
vuggy saccharoidal (Figure 5.40b) quartz textures. The breccia is clast to cement
supported and has poorly sorted angular to subrounded clasts (Figure 5.39 and

5.40).

Figure 5.39.(a) Mosaic to chaotic breccia of crypto-to microcrystalline quartz with quartz-
iron oxide cement. (b) Crackle breccia with banded crypto-to microcrystalline quartz (bnd
cgz-mgqz) clasts cemented by quartz-iron oxide (328 m asl).

Figure 5.40. Crackle to chaotic breccias with clasts of (a) pseudobladed (psbld qtz) and (b)
saccharoidal quartz (sac gtz) plus a cement of quartz-iron oxide (316 m asl).
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Below 280m asl, these breccias may just exist at the footwall margin on the
outcrop as ~10 cm-1 m thick bodies. At these parts, except the brecciated section at
the FW margin, the vein is seen as a big body of intensely fractured and weathered
quartz (Figure 5.41). Quartz textures observed here include vuggy saccharoidal

(Figure 5.42a) and lattice bladed (Figure 5.42b).

Figure 5.42. Textures observed on the surface of the K3 vein: (a) Vuggy saccharoidal quartz.
(b) Probably synchronous saccharoidal and pseudobladed (lattice bladed) quartz.

Breccias were also observed in drillcores (Figure 5.43). Crackle to chaotic
breccias include clasts from earlier vein phase(s) with saccharoidal, pseudobladed

and occasionally banded crypto-to microcrystalline quartz textures (Figure 5.43).
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Breccias with iron-oxide bearing quartz cement are syn-mineralization, whereas
post-mineralization breccias lack cementation and contain fractures stained and/or

partially filled by iron-oxide mineral(s).

A drillcore sample from KED-159 228.4m (Figure 5.43k) has a cement of
black sulphide bearing (?) quartz instead of red iron oxide bearing quartz cement
seen in other cores (e.g. Figure 5.43b). This may indicate that this sample (183.4m
asl) comes from the unoxidized level where mixing related oxidation did not take

place and sulphide was not oxidized to form an iron-oxide mineral.

Thirty-one thin sections of the K3 vein were studied in total; 20 from
fourteen hand specimens taken from the different elevations of the vein outcrop

(K3H1-14) and 11 from five drill core samples (Figure 5.44 and Table 5.8).

2 mineralization phases were defined and from oldest to the youngest, these

are: (1) altered synchronous occasionally banded crypto-micro-crystalline
(predominant)-saccharoidal and lattice bladed quartz (Figure 5.45-52), (2)
occasionally banded crypto-microcrystalline quartz + hematite and/or goethite

(Figure 5.50-53).
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Figure 5.43. Textures and breccias of K3 vein in drill cores at different levels (see Table 5.7 for their descriptions and details).
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Table 5.7. Locations and textural descriptions of drill cores of K3 vein and their gold grades

Loca_tlon Drillhole Vein From | Elevation .
on Figure D at (m) (m asl) Description Au (g/t)
5.43 (m)
)83 Chaotic breccia with synchronous(?) crypto-microcrystalline and vuggy
a KED-20 315 28.4 295.1 saccharoidal quartz clasts cemented by quartz-iron oxide cement. Some 3.3
' vugs are partly stained by iron-oxide minerals.
Crackle breccia with clasts of synchronous(?) lattice bladed and vuggy
69.5- saccharoidal quartz cemented by quartz-iron oxide. Quartz-iron oxide
b KED-14 74.5 70-5 276.2 replaces lattice bladed quartz at some places and form ghost bladed 2.36
texture.
Brecciated synchronous(?) crypto-microcrystalline, vuggy saccharoidal
c KED-14 69.5- 70.8 276 a.nd lattice bIade_d guartz cementing anq part_iaIIY silicifying wall rock 193
74.5 schist clasts. Brecciation post dates the mineralization, and fractures and
vugs are stained and partially filled by iron oxide mineral(s)
71- Brecciated vuggy saccharoidal quartz. Brecciation post dates the
d KED-141 736 72.7 272.8 mineralization, and fractures and some vugs are stained and partially 28.7
' filled by iron oxide mineral(s)
Fractured synchronous(?) vuggy saccharoidal, crypto-microcrystalline
o KED-107 54- 585 265.5 and. lattice bladed quartz cementing th(.E clasts and fragr_nents of wall rgck )12
58.7 schist. Fractures and some vugs are stained and partly filled by iron oxide

mineral(s)
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Table 5.7 continued.

235 Brecciated synchronous(?) crypto-microcrystalline and vuggy
f KED-144 2'5 23.8 257.4 saccharoidal quartz. Brecciation post dates the mineralization, and 17.55
fractures and some vugs are partially filled by iron oxide mineral(s)
39 5. Crackle to mosaic breccia of synchronous(?) vuggy saccharoidal, lattice
g KED-235 4'5 44 250 bladed and partly banded crypto-microcrystalline quartz cemented by 2.97
qguartz-iron oxide
63.6- Crackle breccia of synchronous(?) crypto-microcrystalline and vuggy
h KED-97 67. 9 65.4 216.5 saccharoidal quartz plus a cement of quartz-iron oxide. Some fractures 1.35
' are stained by clay mineral(s)
) 79.5- Crackle to chaotic breccia of vuggy saccharoidal quartz with possible
I KED-83 87.8 853 193.7 sulphide clouds(?) cemented by quartz-iron oxide 0-885
97.3- Crackle to mosaic breccia of synchronous(?) vuggy saccharoidal and
j KED-72 1013 93.5 185.7 microcrystalline quartz cemented by quartz-iron oxide. Some vugs are 1.335
' partially stained by iron oxide and clay mineral(s)
97 Fractured crackle breccia of crypto-microcrystalline quartz clasts
k KED-159 2994 228.4 183.4 cemented by sulphide bearing quartz. Fractures and some parts of the 1.055
' surface are stained by iron-oxide mineral(s)
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Table 5.8. Locations, elevations and gold grades of K3 vein thin section samples (nm: not

measured).

Sample ID | Location on the vein | Elevation (m asl) | Au (g/t)
K3H1 HW 280 nm
K3H2 Core 280 nm
K3H3 Core 280 nm
K3H4 Core 280 nm
K3H5 Core 280 nm
K3H6 Core 280 nm
K3H7 Core 280 nm
K3H8 Core 280 nm
K3H9 Core 280 nm

K3H10 FW 280 nm
K3H11 Core 310 nm
K3H12 Core 300 nm
K3H13 Core 295 nm
K3H14 FW 290 nm
K3D1 HW-Core 276.1 2.36
K3D2 Core 275.6 1.23
K3D3 Core 274.9 0.334
K3D4 Core 237 4.47
K3D5 Core 291.1 0.654
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Figure 5.44. Thin section locations of samples taken from the K3 vein outcrop and drill cores. Note that the shorter side of rectangle seen in some
pictures has a length of 2.5 cm.
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Figure 5.45. Altered synchronous microcrystalline (mgz) (predominant), saccharoidal (sac
gtz) and lattice bladed quartz (psbld qtz.9 (phase 1) (crossed polars image from K3H5).

Figure 5.46. Altered synchronous interstitial saccharoidal (sac qtz) and lattice bladed quartz
(psbld gtz) (phase 1) (crossed polars image from K3H2-A).

Close to the HW margin of the vein, altered synchronous micro-crystalline

and parallel bladed quartz of phase 1 cement a clast of wall rock schist. In this

170



breccia, micro-crystalline quartz is also found in the foliation planes of schist

indicating synchronous silicification of cement and foliation planes (Figure 5.47).

Crypto-micro-crystalline quartz and saccharoidal quartz of phase 1
sometimes show banded texture (Figure 5.48) irrespective of the level where they

are found.

Crystals of saccharoidal quartz (phase 1) are zoned (Figure 5.49) at level
280m asl which points out deposition from relatively slow cooling hydrothermal

solution.

Figure 5.47. Altered synchronous micro-crystalline quartz (mqz) and parallel bladed quartz
of phase 1 cementing a clast of wall rock schist (sch) and silicifying its foliation planes (qtz:
crystalline quartz) (crossed polars image from K3D-2).

Phase 2 mineralization event is represented by somewhere banded crypto-
microcrystalline quartz + hematite and/or goethite (Figure 5.50) and seen as

cementing the clasts of phase 1 quartz.

Crystal form of phase 2 quartz varies from crypto- to crystalline quartz
(Figure 5.51) and where it is seen as cryptocrystalline form, it shows colloform

banding (Figure 5.52).
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Figure 5.48.(a) Alternating bands of cryptocrystalline (cqz) and microcrystalline quartz
(mgz) of phase 1 (crossed polars image from K3H8-A). (b) Banded saccharoidal (sac qtz),
microcrystalline and crystalline quartz (qtz) of phase 1 (crossed polars image from K3H13-
A).

At the lower levels of the vein (~¥230 m asl), microcrystalline quartz-
hematite-goethite of phase 2 cements a clast of colloform banded quartz (phase 17?)

(Figure 5.53).

Figure 5.49. Zoned saccharoidal quartz (sac qtz) crystals (phase 1) (mgz: microcrystalline
quartz) (crossed polars image from K3H2-B).
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Figure 5.50. Cement supported breccia with clasts and grains of phase 1 saccharoidal (sac
gz) and microcrystalline quartz (mqgz) cemented by phase 2 microcrystalline quartz-
hematite (mqz-hem) (Plane polarized light image from K3D5).

phs2 4

cqz-quf

Figure 5.51. Crypto- to crystalline quartz (cqz-mqz-qtz) (phase 2) cementing and replacing a

clast of zoned saccharoidal quartz (sac gtz) (phase 1) (crossed polars image from K3H3).
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phs 2 col cqz

Figure 5.52. Colloform banded (col) cryptocrystalline gtz (cqz) (phase 2) lining euhedral
saccharoidal quartz (sac gtz) crystals (phase 1) (Plane polarized light image from K3H3).

Figure 5.53. Microcrystalline quartz-hematite-goethite (mqgz-hem-goet) of phase 2
cementing a clast of colloform banded quartz (col qtz) (phase 1?) (Plane polarized light
image from K3D4).

Apart from the hypogene hematite and goethite deposited synchronously
with the cement quartz (phase 2), supergene colloform hematite and goethite were

also observed as rimming the post-mineral fractures (Figure 5.54).
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At the vein footwall-wall rock contact, deformed clasts and grains of

saccharoidal quartz belonging to the phase 1 have a cement of micro- to crystalline

guartz-hematite of phase 2 (Figure 5.55).

&

Figure 5.54. Colloform supergene hematite and goethite (sup hem-goet) rimming the
fractures cutting the crystalline quartz (qtz) of phase 1 (Plane polarized light image from
K3D1-A).

1000 pm
sac.qtz
clast

phs 1
sac qtz
grain

-~
- T N
S

Figure 5.55. Deformed clasts and grains of phase 1 saccharoidal quartz (sac qtz) set in a
microcrystalline quartz (mqz)(phase 2) cement (Note that the microcrystalline quartz
replaces saccharoidal quartz fragments along the microfractures) (crossed polars image

from K3H-13).
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5.2.7. Topyurt vein system

Topyurt vein system has three sub-parallel NE-SW trending veins with a total
exposed strike length of 154 m. Textural observations were only made of three
veins where intense weathering and vegetation allowed. The veins could not be

drilled as they are located in a protection area.

The veins are brecciated and the breccias are composed of the polymictic
clasts of previous vein phases cemented by red iron-oxide bearing quartz. These
breccias are cement supported and have poorly sorted angular to sub-rounded

clasts (Figure 5.56a).

Three phases of mineralization were determined from the macroscopic
observation of the vein system: (1) mostly cockade textured white partly vuggy
microcrystalline quartz (Figure 5.56b-57b and 5.58a), (2) yellow to orange colored
Fe-Ox bearing (?) microcrystalline quartz (Figure 5.57b and 5.58b) and (3)

microcrystalline quartz- iron oxide cementing the previous phases (Figure 5.58).

Phase 1 partly vuggy microcrystalline quartz encloses the sub-angular to
rounded clasts of wall rock QFH porphyry and forms cockade texture (Figure 5.56b).
Some of the wall rock clasts especially the bigger ones are absent in the core of the

cockade textured microcrystalline quartz (Figure 5.57a) due to removal of the clasts.

Figure 5.56.(a) Cement supported poorly sorted polymictic breccia with clasts of previous

vein phases and a cement of quartz-iron oxide (281 m asl) (mqgz: microcrystalline quartz,

coc qtz: cockade quartz, Fe-Ox: iron oxide). (b) Cockade textured microcrystalline quartz
(coc mqz) (phase 1) rimming the clasts of wall rock QFH porphyry (wr) (275 m asl).
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Figure 5.57.(a) Cavities in the cockade textured microcrystalline quartz (coc mqz) formed
due to the removal of the clasts from the core (271 m asl). (b) Phase 2 yellow to orange
colored Fe-Ox bearing(?) microcrystalline quartz (mgz) cementing the clasts of phase 1

mostly cockade textured white partly vuggy microcrystalline quartz (coc mqz) (273 m asl).

Phase 2 yellow to orange colored Fe-Ox bearing(?) microcrystalline quartz
cements the clasts of phase 1 (Figure 5.57b) and found as clasts of cement

supported breccia cemented by microcrystalline quartz-iron oxide (Figure 5.58b).

Figure 5.58.(a) Cement supported breccia of phase 1 silicification cemented by phase 3
microcrystalline quartz-iron oxide (mgz-Fe-Ox) (270 m asl) (coc mqz: cockade
microcrystalline quartz). (b) Cement supported breccia of yellow to orange colored
microcrystalline quartz (mqz) (phase 2) cemented by phase 3 microcrystalline quartz-iron
oxide (268 m asl).
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Youngest mineralization phase of the vein system, phase 3 is composed of
microcrystalline quartz-iron oxide and cements the clasts of previous vein phases

(Figure 5.58).

5.2.8. Sheeted quartz veins

Sheeted quartz vein textures were studied macroscopically from their
outcrops. They are composed of well-developed crystalline quartz crystals which are
oriented almost perpendicular to the vein walls and form comb texture (Figure

5.59).

Although most of them have a single phase of mineralization represented by
comb textured crystalline quartz, some have a second phase composed of black

silica at the core of the comb crystalline quartz (Figure 5.59b).

Up to 419 g/t gold grade has been reported from the samples taken from

sheeted veins (personal communication, Cem Yliceer, 2013).

Figure 5.59.(a) A view from the sub-parallel sheeted quartz veins (264 m asl). (b) Closer
view from the sheeted veins showing their comb textured crystalline quartz infill with a
core of black silica.
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5.3. Discussion and summary

5.3.1. Multiphase brecciation, fluid flow and associated mineralization

Examination of textures and breccias of Kestanelik veins reveal multiple
episodes of brecciation and fluid flow and associated mineralization for the
evolution of the veins. Observed chronology of the breccias and textures suggests at
least two phases of mineralization in E-W trending veins such as Karatepe, K2 and
K3 veins, but at least three phases of mineralization for NE-SW trending veins like
KK1, KK2, KK3, KK4, K1, Topyurt veins. E-W trending veins have variable textural and

breccia characteristics, while NE-SW trending ones share similar breccia properties.

The E-W trending Karatepe vein (Figure 5.4) has two phases of
mineralization represented by older cockade chalcedony and younger crustiform
chalcedony (Figure 5.5 and Figure 5.8). Cockade textured chalcedony has sub-
rounded to rounded clasts of wall rock QFH porphyry which show neither normal
nor reverse grading. The absence of any grading in the clasts of the cockade
breccias of the Karatepe vein (Figure 5.13) may indicate that both shaking (where
brecciation occurs due to seismic faulting and clasts are cemented during
interseismic period) and fluidisation (where brecciation occurs due to hydraulic
fracturing and subsequent fluid flow cements the clasts) may have played a role in
the formation of the cockade breccias (c.f. Frenzel and Woodcock, 2014). These
represent the first phase of fluid flow and formation of the Karatepe vein. Sub-
rounded to rounded clasts (Figure 5.13 and 5.14) suggest that the crustiform
chalcedony was deposited as rims around wall rock derived clasts (e.g. Figure 5.7)
while they were being rotated in the hydrothermal solution. Just after the Karatepe
structure was completely sealed, a second permeability creation event could have
been caused by shearing along the vein footwall-wall rock contact. This is evident
from the cataclasite of phase 1 chalcedony and feldspar (from the wall rock QFH
porphyry) (Figure 5.9) observed during petrographic analyses. The newly created
permeability caused the deposition of crustiform chalcedony between the phase 1

chalcedony and the footwall margin of the vein.
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The E-W trending K2 vein (Figure 5.4) has at least 2 phases of mineralization
represented by probably synchronous vuggy saccharoidal, microcrystalline and
lattice bladed quartz (Figure 5.36b-c-d and 5.37), and microcrystalline quartz iron
oxide from oldest to the youngest (Figure 5.37). Cement-supported breccias with
the angular clasts of wall rock schist cemented by phase 1 quartz either close to the
vein HW margin (Figure 5.37a-c-f-h) or in the vein core (Figure 5.371) show that
brecciation of wall rock schist triggered a fluid flow and resulted in cementation of
the schist clasts with minor transport and milling during the phase 1 silicification.
Crackle to mosaic breccias with angular phase 1 quartz clasts cemented by phase 2
guartz iron oxide observed close to the FW margin of the vein (Figure 5.37b-d)
suggest that after the vein was clogged, brecciation of phase 1 quartz minerals
occurred close to the FW margin of the vein resulting in deposition of phase 2

quartz-iron oxide as the cement of a newly formed breccia.

Two phases of brecciation and mineralization were picked up from the E-W
trending K3 vein: (1) synchronous occasionally banded crypto-micro-crystalline
(predominant)-saccharoidal and lattice bladed quartz (e.g. Figure 5.45) and (2)
occasionally banded crypto-microcrystalline quartz + hematite and/or goethite (e.g.
Figure 5.50). Phase 1 mineralization cements the clasts of wall rock schist close to
the HW margin of the vein (e.g. Figure 5.43c), and is continuous and fractured in the
core of the vein (e.g. Figure 5.41 and 5.43f). Phase 1 clasts of crackle to chaotic
breccias are cemented by phase 2 quartz-iron oxide close to the footwall margin of
the vein (Figure 5.43i), in the vein core (Figure 5.43h) or close to the hangingwall
margin of the vein (Figure 5.43b) up to 280 m asl. These suggest that a phase 1
mineralization lode which had been deposited by the first phase of hydrothermal
fluid flow as a result of the brecciation of wall rocks was brecciated along the vein
footwall-wall rock contact and its clasts were cemented by phase 2 quartz-iron
oxide. Reactivation of the sealed K3 structure by the first phase of mineral
deposition occurred by shearing along the FW of the vein-wall rock contact as
evidenced by the deformed clasts and grains of saccharoidal quartz belonging to the

first mineralization phase cemented by phase 2 micro-crystalline quartz-hematite
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(Figure 5.55). In addition, silicification of foliation planes of the schist clast which is
synchronous with the cement silica (phase 2) indicates fragmentation of wall rock
during shearing as well (Figure 5.47). Observation of crackle to chaotic breccias of
phase 1 quartz cemented by phase 2 quartz either close to the footwall margin or as
complete infill of the K3 vein suggests the fluctuating power of hydrothermal
brecciation due to the boiling event triggered after the rapid pressure drop by

shearing.

At the upper levels of the vein (after the level 280m asl), crackle to chaotic
breccias consist of poorly sorted angular to sub-rounded clasts of pre-existing vein
infill showing different textural characteristics cemented by phase 2 mineralization
(e.g. Figure 5.39 and 5.40). These breccias suggest the transportation of clasts after
the brecciation of earlier vein infill to the upper levels of the vein where they are

fixed by phase 2 quartz-iron oxides.

NE-SW trending veins have three different breccia types: (1) Cement
supported breccias with the clasts of wall rock: These breccias have angular clasts of
wall rock supported by later phases (phase 2 or 3) of quartz (Figure 5.15d and 5.34).
They are found close to the either margin of the veins and some clasts have
silicification synchronous with the cement silica (Figure 5.27). These breccias
indicate rupturing along either the HW margin (e.g. Figure 5.15d) or FW margin (e.g.
Figure 5.26) of the veins and derivation of wall rock in each brecciation phase. (2)
Crackle to mosaic breccias cemented by quartz-iron oxide(s): These breccias have
jigsaw-fit angular clasts of previous vein phase and always cemented by the
youngest phase in the vein(s) (e.g. Figure 5.15c and 5.25). Clasts may be composed
of the quartz of previous vein phase (e.g. Figure 5.25 and 5.30a) and the breccia of
earlier vein phases or wall rock cemented by previous vein phase (Figure 5.35d).
These breccias suggest permeability enhancement by fluid-assisted hydrothermal
brecciation as a result of a boiling event after the vein was sealed by the latest
mineralization event. (3) Chaotic breccias with the lodes of crackle breccias: These
are composed of polymictic clasts of host rock and/or pre-existing vein infill with

different quartz textures. The cement is quartz-hematite or quartz-goethite, and the
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clasts are sub-angular to angular and poorly- to well-sorted (e.g. Figure 5.16 and
5.31). These breccias are generally more frequent at the upper levels of the vein
outcrops and indicate multiple brecciation of vein lode and transportation of the
derived clasts to the upper levels of the vein where they are fixed by quartz-iron

oxide(s).

Table 5.9. Table summarizing the textural association representing the different
mineralizing phases of each vein

Vein Phase 1 Phase 2 Phase 3 Phase 4
Karatepe coc ch crs ch
+psbl
KK1 cry qtz sac qtz >yn SZinSb d cry qtz-goet
+
KK2 cry gtz syn sac+psbld cry gtz-Fe-Ox
qtz
K1 cry qtz Syn SZi;prld cry qtz-Fe-Ox

K2 syn sac+psbld+cry gtz | cry qtz-Fe-Ox

syn bnd+sac+psbld+cry | cry bnd gtz-Fe-

k3 qtz Ox

Topyurt coc qtz cry qtz cry gtz-Fe-Ox

Coc ch: cockade chalcedony, crs ch: crustiform chalcedony, cry qtz: crystalline
quartz, sac gtz: saccharoidal quartz, syn sac+psbld gtz: synchronous saccharoidal
and pseudobladed quartz, cry gtz-goet: crystalline quartz-goethite, cry qtz-Fe-Ox:
crystalline quartz-iron oxide, syn sac+psbld+cry qtz: synchronous saccharoidal,
pseudobladed and crystalline quartz, cry bnd qtz-Fe-Ox: crystalline banded quartz-
iron oxide, coc gtz: cockade quartz.

Each brecciation event seems to have triggered rapid boiling of
hydrothermal fluids by sudden pressure release evident from the diagnostic boiling
indicators: lattice bladed quartz replacing calcite (e.g. Figure 5.15b and 5.45) being
the most dominant, as well as colloform (Figure 5.52 and 5.53) and crustiform
(Figure 5.5) textures. Common occurrence of pseudobladed quartz and saccharoidal
quartz observed in earlier stages of mineralization within the Kestanelik vein system
shows that the hydrothermal fluid had high CO, content which was lost to the vapor
phase and resulted in a pH increase and saturation of CO; leading to the deposition
of bladed calcite and massive granular calcite which were then dissolved (evident

from their porous appearance) by a decrease in temperature upon boiling and
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pseudomorphed by quartz. In contrast, the youngest phase of the mineralization is
associated with crystalline quartz indicating silica-saturated hydrothermal fluid.
Change of textures from pseudomorphs of calcite to crystalline quartz suggests that
the evolution of hydrothermal fluids from carbonate-saturated to silica-saturated.
Hypogene iron oxides like hematite and goethite observed in the youngest phase of
each vein (except Karatepe vein) which are synchronously deposited with the
crystalline quartz (e.g. Figure 5.24 and 5.50) are indicative of oxidizing conditions
suggesting the mixing of ascending hydrothermal fluids (depositing quartz) with

oxidized meteoric groundwater.

Apart from the hypogene hematite and goethite deposited synchronously
with the cement quartz, supergene hematite and goethite were also observed in
some veins as rimming the post-mineral fractures (e.g. Figure 5.54) and filling some
vugs which may have been deposited as a result of the infiltration of meteoric water
into the post-mineral fractures. (e.g. Figure 5.38). Since boiling related textures and
both hypogene and supergene hematite and goethite are associated with gold;
boiling, mixing (hypogene oxidation) and supergene enrichment (supergene
oxidation) can be suggested as gold precipitation mechanisms in the Kestanelik

veins.

5.3.2. Rough paleodepth estimations

In LS epithermal systems, the most dominant mineral precipitation
mechanism is boiling. Ore and gangue minerals dissolved in the hydrothermal fluid
ascend along structural conduits and rapid pressure drops causes boiling of the
fluid. Change in fluid chemistry due to the boiling cause first the base metals, then
the ore and gangue minerals and finally the silica sinter to deposit in a well-
recognized temporal and vertical sequence (Buchanan, 1981; Hedenquist et al.,
2000). The average vertical interval of LS ore mineralization zones is typically about
300 m, and the boundary between the upper precious metals and lower base

metals is accepted as the level of boiling (Buchanan, 1981).
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Within the precious metal ore interval, gold ore is commonly associated with

the major gangue minerals; quartz (as the most dominant), calcite and adularia
(both indicating near-neutral pH conditions) and hydrothermal sericite. In the
precious metal ore horizon, the quartz gangue is typically very fine grained and
commonly has banded and crustified textures (Buchanan, 1981; White and
Hedenquist 1995; Hedenquist et al., 2000). Factors controlling the deposition of the
dominant gangue phase quartz are decreases in fluid temperature, pressure and
salinity. These changes in fluid affect the morphology, crystal structure and
chemical composition of silica and result in the formation of different quartz
textures (Hayba et al.,, 1985; Corbett and Leach, 1997; Dong et al., 1995). The
different textures of gangue quartz forming in LS epithermal deposits and their
relation to possible hydrothermal conditions were explained in detail at the

beginning of the chapter.

Above the precious metal ore horizon, precious metal values drop rapidly.

The quartz vein filling extends above the top of the precious metal ore zone, but the
width of it gradually decreases and the quartz is deposited as agate or chalcedony
above the ore shoot because of the relatively cooler conditions. Toward the vein
tops, volume of quartz and agate (or chalcedony) diminishes and calcite becomes

more common (Buchanan, 1981).

At the surface of the system, rapid cooling of the fluid results in silica super-

saturation and formation of silica sinters, the most distinctive paleosurface feature
of LS deposits. They form finely laminated terraces of amorphous silica (White et al.,
1989; White and Hedenquist, 1995; Corbett and Leach, 1997; Hedenquist et al.,
2000). Silica sinter defines the position of the paleosurface and, most importantly, it
points out the location of the principal upflow channel of boiling fluid (Hedenquist

et al., 2000).

Figure 5.60 is a conceptual model showing the vertical zonation of vein
textures, metals and alteration zones with respect to a boiling level in a single

epithermal vein. According to the model, quartz textures can be used to calculate
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the paleodepth of the system and more importantly to point out the level of

precious metal zone.

Multiple stages of brecciation, fluid flow and mineralization in the Kestanelik
vein system show boiling of hydrothermal fluids at different elevations (due to the
different pressure build ups after each sealing event) for different mineralizing
episodes leading to the overprinting of quartz textures formed at each single
mineralization event. In this case, rough boiling level estimation for the veins should
be made separately for each phase, however this is not possible due to the
brecciated nature of the most of the Kestanelik veins (except Karatepe veins and
sheeted veins in the valley), which caused the movement of quartz texture(s)
indicative of a definite level by the effect of transporting fluid. For the other veins,
inference for paleodepth can be made based on the dominant quartz textures

observed.

Absence of amorphous silica (silica sinter) in the Kestanelik vein system

clearly shows that the system has been subjected to erosion (Figure 5.61).

In the northern portion of the system, Karatepe vein is completely filled by

chalcedony which places it in the base of chalcedonic superzone (Figure 5.61).

In the northwestern part of the area, Karakovan vein system (KK1 and KK2
veins), has pseudobladed, saccharoidal and microcrystalline quartz textures. Of
these, pseudobladed and saccharoidal quartz textures are the most dominant

indicating the top of chalcedonic superzone (Figure 5.61).
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Figure 5.60. Vertical zonation of vein textures, metals and alteration zones with respect to a boiling level in a single epithermal vein (Modified from
Buchanan, 1981; Morrison et al., 1990; Corbett and Leach, 1997).
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In the mid part of the deposit (K1, K2 and K3 veins), in addition to the
textures observed in the Karakovan vein system, banded quartz textures are
observed. Relatively common occurrence of crystalline quartz with respect to the
replacement textures (saccharoidal and pseudobladed) and the presence of banded
texture suggest these veins represent the mid to top of crustiform-colloform
superzone. In addition, observation of zoned crystals in saccharoidal quartz shows
deposition from hotter fluids and confirms relatively deeper level of formation
compared to the saccharoidal quartz observed in the Karakovan vein system (Figure

5.61).

In the southern part of the system, sheeted veins have well developed comb
textured quartz crystals (requiring deposition in relatively slow changing conditions

in an open space) which point out the top of crystalline superzone (Figure 5.61).

To sum up, level of erosion and the paleodepth in the Kestanelik vein system
increases from the north to the south by a shift of dominant quartz textures from

chalcedonic superzone to crystalline superzone.

5.3.3. Relationships between the vein textures and the gold grades

Kestanelik veins generally have complex multiple quartz textures due to the
multiple phases of brecciation and mineralization. In order to examine the
correlation between gold grades and quartz textures, and the effect of hypogene
and supergene oxidation on the gold grades; textures and iron oxides observed
both on the surface and in drill cores were grouped, and gold grades associated
with each group were evaluated. Table 5.10 below gives the quartz texture and iron
oxide content of each group and presents some descriptive statistical parameters of

group-related gold grades.
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Figure 5.61. A schematic figure illustrating the vertical zonation of quartz textures in the Kestanelik vein system and indicating the level of erosion
in different parts of the area.
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Table 5.10. Texture, iron oxide content and descriptive statistical parameters of gold grades
related to groups

Group Content No of : Gold grade (g/t) .
no data | Min | Max | Mean | Median
1 cocch 14 10.082|1.37| 0.52 | 0.367
2 sac+psbld 3 10.628|3.12| 1.67 | 1.275
3 sac+psbld+sec Fe-Ox 5 10.867|28.7|10.46| 7.44
4 sac+psbld+qtz-Fe-Ox 17 |0.012|6.36| 1.28 | 0.865
5 sac+psbld+gtz+qgtz-Fe-Ox 3 |1.335|2.69| 1.79 1.35
6 sac+psbld+gtz+sec Fe-Ox 15 |0.504| 39 | 7.38 3.3
7 sac+psbld+bnd+qtz+sec Fe-Ox | 6 297 | 41 | 17.5 | 11.85

Coc ch: cockade chalcedony, sac: saccharoidal quartz, psbld: pseudobladed
guartz, cbnd: banded quartz, qtz: crystalline quartz, gtz-Fe-Ox: synchronous
guartz-iron oxide (hypogene), sec Fe-Ox: secondary Fe-Ox (supergene).

e Cockade chalcedony (Group 1) has the lowest mean gold grade (0.52 g/t)
which may be related to the deposition of chalcedony at the shallow level of
the epithermal system far above the boiling zone where the gold is generally
poor.

e Replacement quartz textures pseudobladed and saccharoidal quartz (Group
2) are associated with a mean gold grade of 1.67 g/t. Although the zone of
crystalline and bladed carbonate is generally formed close to the surface and
is poor in gold, the quartz dissolving and replacing them may have caused
the increase in gold grade.

e Where secondary iron oxides are associated with replacement textures
(Group 3) the mean gold grade is 10.46 g/t which suggests that supergene
oxidation caused the enrichment of gold.

e Association of synchronous quartz and iron oxide with the replacement
textures (Group 4) has a mean gold grade of 1.28 g/t which may indicate the
lower efficiency of hypogene oxidation on the gold precipitation compared

to that of supergene oxidation.
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Group 5 is the same as group 4 but with the presence of crystalline quartz,
and has a mean gold grade of 1.79 g/t. This increase above group 4 may be
due to the deposition of crystalline quartz within the boiling zone.

Where replacement textures are found with crystalline quartz and
secondary iron oxides (Group 6) the mean of the gold grades is 7.38 g/t. This
is higher than group 5, confirming the effect of secondary oxidation in the
enrichment of gold deposition.

Mean gold grade from the Group 7 samples, where banded texture is the
most prominent texture, is the highest (17.5 g/t). It may be said that the
banded texture has the most profound effect on the gold grades, which may
be linked to its strong relationship with the boiling and associated

deposition of gold.

190



Chapter 6: Discussion

6.1. Evolution of the Kestanelik site

The study area Kestanelik gold deposit is located within the Biga Peninsula,
NW Turkey where the Paleozoic metamorphic and ophiolitic basement rocks are cut
by Eocene-Miocene aged plutons and covered by Cenozoic volcanic and
sedimentary units (Figure 3.2). The gold mineralization in the area is associated with
guartz veins hosted by Paleozoic mica schist and Lutetian (43.34+0.85 Ma) QFH
porphyry (Figure 3.6). From mapping during this thesis, the oldest unit covering the
veins is Priabonian limy sandstone, and the youngest host rock to the veins is
porphyry with an assumed age of 43.34+0.85 Ma (see chapter 3). The age of the
mineralization is therefore proposed as Late Lutetian-Early Priabonian (Late
Eocene); however a more precise age may be supplied by dating mineralized veins.
Although, the commonly dated mineral in LS epithermal veins is adularia (e.g.
Sanematsu et al., 2005), this has interestingly not been observed in the Kestanelik.
The absence or minor occurrence of adularia at Kestanelik can be attributed to the
calc-alkaline host rock because adularia rarely occurs when there is not enough
potassium in the wall rock (Corbett and Leach, 1997). However, age of the
mineralization could be determined by (U+Th)/He dating of hypogene hematite in
the veins (e.g. Wernicke and Lippolt, 1997). Although the host rock porphyry was
thought to be the heat source for the epithermal system by Chesser geologists, this
is not possible because the coarse grain size of the porphyry (Figure 3.15) shows
that it was emplaced at a greater depth and then uplifted and eroded before
mineralization. For this reason, there must have been a younger intrusion below the
mineralized quartz vein system to provide the heat source. Based on the timing of
the mineralization (Late Eocene), the heat source most likely has a genetic link with
the Cenozoic calc-alkaline magmatism prevailing in the Biga Peninsula (see chapter
3.2.2). This also suggests that Late Eocene metallogenesis in the Biga Peninsula is
related to the Tethyan Metallogenic Belt (Yigit, 2012). In addition, the areas close to

the Cenozoic plutons can be regarded as potential areas for discovering genetically
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related hydrothermal deposits like porphyry gold, high sulphidation (HS) and low
sulphidation (LS). Presence of genetically and spatially associated epithermal
deposits such as Kartaldag HS and Madendag LS deposits in the Biga Peninsula
(Unal-imer et al., 2013) suggests that the Kestanelik epithermal system may also be
genetically and spatially associated with any other potential hydrothermal

deposit(s).

Chesser geologists had classified the mineralization as LS epithermal. This
has been confirmed during this PhD study because bladed quartz and hydrothermal
breccia (Figure 3.32) were observed during the field and petrographical studies of
the vein textures and breccias, however these should be supplemented by fluid
inclusion data such as salinity and homogenization temperature to confirm low
salinity and low temperatures (see chapter 2). Examination of the textures and
breccias also aided in understanding (1) potential gold precipitation mechanisms in
the veins and (2) paleodepth and level of erosion in the vein system (see chapter
5.3). The common occurrence of bladed and saccharoidal quartz shows that boiling
is very likely to be the dominant mineral precipitation mechanism. In addition,
hypogene hematite and goethite synchronous with the crystalline quartz (e.g.
Figure 5.24 and 5.50) are indicative of oxidizing conditions suggesting the mixing of
ascending hydrothermal fluids with oxidized meteoric groundwater. Apart from the
hypogene hematite and goethite, supergene hematite and goethite were observed
in some veins as rimming the post-mineral fractures (e.g. Figure 5.54) and filling
some vugs which may have been deposited as a result of the infiltration of meteoric
water into the post-mineral fractures. (e.g. Figure 5.38). Since boiling related
textures and both hypogene and supergene hematite and goethite are associated
with gold (there is gold in the hematite-goethite and in saccharoidal, bladed and
banded quartz, see chapter 5.3.3); boiling, mixing (hypogene oxidation) and
supergene enrichment (supergene oxidation) can be suggested as gold precipitation

mechanisms in the Kestanelik veins.

Because silica sinter, the most diagnostic paleosurface indicator of LS

epithermal systems, is missing in the area, the epithermal vein system has been
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subjected to erosion. A general change of quartz textures from chalcedonic
superzone (Karatepe vein in the north) through to textures from crystalline
superzone (sheeted veins in the south) proposes that paleodepth and level of
erosion in the Kestanelik vein system increases from the north to the south (see
chapter 5.3.2) as lower levels of the system are exposed in the river valley. Because
the veins are older than the tilted late Eocene limy sandstone, they must have also
been tilted by at least as much as the bedding dip (29 degrees to the south).
Untilting the veins by the bedding dip has the result of bringing the deeper parts of
the vein system closer to the surface in the southern part of the system. As the
system has not completely been exposed to erosion, most of the gold potential

must have been still preserved at deeper parts.

Gold mineralization in the study area is associated with nine major quartz
veins: Karatepe, KK1, KK2, KK3, KK4, K1, K2, K3 (K3E and K3W) and Topyurt veins
(Figure 3.6). The veins generally have a length of several tens to several hundreds of
meters and their outcrop widths vary between 0.8 and 13.6 m on the surface. Wall
rock veins, and the sheeted veins located along the valley floor also localize
mineralization. The veins can be grouped into two general directions: E-W trending
veins and NE-SW veins. E-W trending veins include Karatepe, K2 and K3E veins,
while the others comprise NE-SW trending veins. While Karatepe, K3E and Topyurt
veins are hosted by porphyry, the others are hosted by schist. The K3 vein is
composed of two segments of different orientations hosted by two different host
rocks (see chapter 4). This may be related to the refraction of the fracture hosting
the vein during propagation due to the rheological contrast between the porphyry
and the schist (e.g. Schopfer et al., 2007). Alternatively, K3W segment may have
been offset by a probable dextral post-mineral fault. Constraining the presence of a
fault would require drilling through the area between the two different segments,

or clearing of the outcrop between the two veins (drilling would be less difficult).

Most of the veins are localized within the schist; therefore it is possible that
the schist is more favorable host rock for the veins. This could be because the schist

was more brittle at the time of veining compared to the porphyry. The high clay
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(argillic) alteration the porphyry could increase ductility and reduce the brittleness
potential (e.g. Davatzes and Hickman, 2005). The alteration of the porphyry seems
to be related to LS epithermal fluid circulation as illite and rarely smectite are
observed. This suggests that some veins may have been formed later than the
other ones after the porphyry was altered enough to have a ductility potential. It
would be interesting to use numerical simulations such as those in Moir et al.
(2010) to constrain the behavior of the vein structures in different host rock
lithologies. If a link can be shown between the host rock mechanics and the
geometry and density of veining this could aid in predictions on vein-scale

structures at similar deposits.

Host rock schist around the NE-SW trending KK1, KK2, KK3, KK4 and K1 veins
does not change the orientation of foliation adjacent to the veins and these veins
have very sharp contacts with the schist. In contrary, around E-W trending K2 vein
and NE-SW trending K3W vein the schist changes its foliation orientation and is
highly fractured and veined. Porphyry around the eastern segment of the K3 vein
(K3E) is highly fractured and brecciated (see chapter 4). The porphyry around the E-
W trending Karatepe vein and NE-SW trending Topyurt vein components is
deformed by wall rock veins which have well-developed macro-crystalline quartz

(Figure 4.12 and 4.13) and therefore can be defined as extensional veins.

The Karatepe vein and the array of extensional veins in the wall rock (Figure
4.12) define left-lateral kinematics while the Topyurt vein components and its wall
rock structures (Figure 4.13) are consistent with a right-lateral en-echelon brittle
shear zone. Sheeted extensional mineralized veins along the river valley have
hydrothermal macro-crystalline quartz (Figure 4.10) similar to the ones around the
Topyurt and Karatepe veins (Figure 4.12 and 4.13). The consistent textures and
orientations of the extensional wall rock veins and sheeted veins suggest that all
these veins are related to same hydrothermal mineralization event. Strikes of all
these veins (Figure 4.19 and 6.1c) suggest that the direction of the horizontal

component of the minimum principal stress (o3) was N35°W.

194



Combination of detailed structural and textural data from the field and in
drill cores has led to the understanding of the origin of the fractures hosting the
epithermal veins and the kinematics of the vein system. Cataclasite at the margin of
the Karatepe vein (Figure 5.9) contains asymmetric shear indicators, suggesting that
the structure hosting the vein is a fault. Hydrothermal quartz forming the Karatepe
vein (Figure 5.5) and filling the comb fractures around it (Figure 4.13) shows that
these structures are formed within the same deformation event. Furthermore,
comb textured extension fractures around the Karatepe vein are proximal to the
vein margin, and most of them curve towards the vein (Figure 4.12). These suggest
that they are extensional fractures adjacent to the zone of Karatepe fault that
formed after slip on the irregular Karatepe fault plane. It is assumed that that the
minor principal stress is perpendicular to the extensional veins and their
intersection with the Karatepe fault plane is parallel to intermediate principal stress.
Thus the principal stress orientations o1, 0, and o3 can be determined from the vein
geometries based on Anderson’s theory of faulting, by plotting the plane of the
Karatepe vein (fault) and the mean plane of the adjacent extensional veins. As a
result, the orientations of o1, 0, and o3 are obtained as 034°/02°, 124°/59° and
304°/31° respectively (Figure 6.1a-b). The orientation of the o3 here is consistent
with the direction of the horizontal component of the minimum principal stress (o3)

N35°W obtained by plotting the strikes of the all extension veins in the area.

The inferred directions of the principal stresses indicate almost NE-SW
oriented compression and that the E-W trending Karatepe, K3 and K2 veins can be
characterized as left lateral strike-slip faults, while NE-SW trending KK1, KK2, KK3,
KK4 and K1 veins are extensional (Mode I) fractures (Figure 6.1d-e). In addition, the
NE-SW trending Topyurt vein and associated N-S trending zone of wall rock veins
correspond to a right lateral en-echelon brittle shear zone (Figure 6.1d-e). Although
kinematic indicators could not be found for the fault-hosted veins, sheared
cataclasite, tectonic breccia and intensely deformed characteristics of the wall rocks

demonstrate that they are developed as a result of shearing. In addition, lack of any
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shear indicators and wall rock deformation in the KK1, KK2, KK3, KK4 and K1 veins

prove extensional fracturing (Mode | opening).

Horizontal ol and near vertical 02 (Figure 6.1a) indicate transcurrent
tectonics. This transcurrent tectonics is consistent with the NE-SW oriented
horizontal compressional regime determined by paleostress analyses of the faults in
the Kestanelik valley which cut the porphyry, limy sandstone and pyroclastics
(Figure 3.30). As the age of the mineralization is proposed as Late Eocene, the
kinematics of the site is most likely related to the collision and the further
convergence after the closure of the northern branch of the Neo-Tethys Ocean
(Late Cretaceous-Early Eocene: Sengor and Yilmaz 1981; Okay and Tuysiz, 1999;
Sherlock et al. 1999; Onen and Hall 2000; Kaymakci et al. 2007, 2009) (Figure 3.2).
However, linking the local stress field of the site directly to the regional tectonics
(i.e. the direction of the regional compression) require further kinematic studies.
The attitudes of the post-mineral limy sandstone and pyroclastics suggest
progressive tilting has affected the original attitude of the veins. “Un-tilting” the
inferred stress axes during vein emplacement by the mean dip of the limestone
bedding (110°/29°) results in orientations of 01, 0, and o3 of 038°/29°, 152°/40° and
289°/39° respectively. However, these results are not reliable because (1) bedding
attitude measurements are not consistent as there may be unmapped faults which
tilt different blocks in the post mineral units and (2) progressive tilting may have
affected the block of mineralized veins before the formation of the unconformity.
More detailed structural field studies may be conducted in the south of the
mineralized area to get more detailed info about the tilting. In addition, Late
Miocene aged vertical axis rotations (15°-20° cw) in the Biga Peninsula (Kaymakci et
al., 2007) must also be considered for reconstructing the paleo-stresses responsible
for the geothermal system, but the amount of rotations are not reliable because
there are large error ranges in the measurements due to the difficulties in
differentiating the true vertical axis rotations from the secular variation in the

magnetic field (Kaymakci et al., 2007; Nuretdin Kaymakci, personal communication,
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2017). Further detailed structural field and paleomagnetic studies are required to

get more precise information about the vertical axis rotations in the Biga Peninsula.

Vein surfaces modelled in 3D indicate that the thickness of the veins decreases with
depth and that the veins generally have a flaring upwards geometry (see chapter
4.4.1). This geometry may be caused by the decreasing confining pressures as the
veins come closer to the surface. The mean attitude of modeled vein surfaces is
generally different from the mean attitude of vein outcrops since the veins change
geometry with depth. However, histograms of the subsurface dip data of modeled
veins show that the modal subsurface dip amount of each vein is close to their
surface dip data. Rose plots of the subsurface strike data indicate that the modal
subsurface strike of each vein is close to their surface strike data (see chapter 4.4.1);
although due to erosion along vein walls there are not many direct measurements
of strike and dip from the surface. The mapped variable geometry along strike is
mirrored at depth and most of the veins have multiple locations at depth where the
dip changes (i.e. the veins have vertically segmented sections with differing dips). In
layered rocks such dip segmentation has been observed as a result of the
competency difference within different host rocks (e.g. Schopfer et al. 2006, 2007).
However in the Kestanelik, the dip segmentation is independent of the host rock
type. Segmentation in the dip direction may be formed by growth and coalescence
of isolated small planar segments of the structures (whether faults or fractures)
(Cox, 2005). Observation of the sheeted veins at the lowest level of the deposit
raises the question “Are the major veins fed by the sheeted veins?” However, the
lowest parts of the modelled veins do not show any evidence for the sheeted veins
— i.e. there is no evidence for multiple, thin veins in any of the lowest drillhole
intersections. Either the sheeted veins are just confined to the valley section where
they crop out, or the boreholes do not go deep enough anywhere else to cut the

sheeted veins.

There is no correlation between the true vein thickness and the gold grade
(R?=0.005 and p-value=0.51>a=0.01) suggesting that gradual thickness increases do

not cause boiling and associated gold precipitation. However, boiling may have
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occurred in relatively thicker areas, but the gold saturation may have been delayed
(Hedenquist et al., 2000). ~ 79% of the bends correspond to high gold grade
suggesting that these specific structural sites are favourable locations for gold
precipitation compared to the more smooth and planar sections of the structures.
In addition, sudden changes in thickness of the veins at the bends are more likely to
cause boiling and subsequent gold precipitation by causing rapid pressure drop
rather than the gradual thickness increases along the conduit. Presence of 85.4% of
samples containing high gold within the schist hosted veins which is higher than the
percentage of bends (¥79%) having high gold grade (see chapter 4.4.1) implies that
the host rock geology has a greater effect than bends on the localization of the gold
precipitation. This may be because the porphyry is cut by fewer veins; however the
different mechanics of deformation in different host rocks may not be the only
reason here and be co-founded by the chemistry of the solution, fluid-rock reaction
and different ratios of fluid mixing etc. (e.g. Zhu et al., 2011; Gammons and
Williams-Jones, 1997). For now, implication of this result is yet to be explored by
more work on the geochemical, stable isotope, fluid inclusion analyses of veins and

wall rocks.

6.2. Vein scale permeability enhancement mechanisms

Examination of textures and breccias of the Kestanelik veins reveal multiple
episodes of brecciation, fluid flow and associated mineralization implying that the
veins were reactivated and opened up, after they were completely sealed and
permeability was lost. As outlined in Chapter 1, the principal aim of this thesis was
to explore vein-scale permeability enhancement mechanisms. Examination of the
geology, dimensions, textures and breccias of the well-exposed Kestanelik
epithermal vein system suggests three permeability enhancement mechanisms that

could potentially have been active in the Kestanelik epithermal gold deposit:

1. coseismic rupturing
2. hydraulic fracturing

3. transient local stress variation
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The three mechanisms are outlined in this section and their implications are

discussed in section 6.3.1.
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Figure 6.1. (a) Determination of principal stress orientations based on Anderson’s theory of
faulting by plotting the plane representing the mean orientation of the Karatepe vein and
the mean plane of the adjacent extensional veins on an equal area stereonet based on

assumptions: (1) Minor principal stress (o3) is perpendicular to the extensional veins (2)

Their intersection with the fault plane is parallel to intermediate principal stress (g,). (b) A
hypothethic diagram showing the relationship between the principle stress directions and
opening of the veins and movement along the fault plane (M plane is the movement plane).

(c) Poles to the all extensional veins in the Kestanelik deposit plotted on an equal-area
stereonet with the arrows indicating the opening direction for the veins. (d) A sketch model
showing the kinematics of the major quartz veins at Kestanelik based on the determined
principal stress directions. (e) A hypothethical model showing the opening of the structures

hosting the Kestanelik major quartz veins.
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6.2.1. Coseismic rupturing

In the first mechanism, coseismic rupturing generates permeable pathways,
which are clogged progressively by interseismic hydrothermal sealing. Sibson (1987)
suggested that episodic fault rupture causes coseismic dilation at the rupture zones
and an associated fluid pressure drop. The coseismic fluid pressure drop drives
boiling, which is evidenced by the common occurrence of pseudo-bladed and
saccharoidal quartz in Kestanelik veins. Quartz-iron-oxide cement within the
breccias shows that ascending boiling fluid may have been mixed with descending
oxidized surface meteoric water at the shallower parts of the system (Figure 6.2).
Rapid closure of permeability by hydrothermal precipitation would clog pathways
and result in local pressure build-up. Salinity and homogenization temperature data
and type of inclusions by fluid inclusion analyses (e.g. Roedder and Bodnar, 1980)
along with the O- and H- stable isotope analyses of fluid inclusions (e.g. Hedenquist

and Lowenstern, 1994) could be used to further constrain boiling and mixing events.

Kestanelik was likely to have been an earthquake prone region because of
the tectonic activity caused by the further convergence at the time of mineralisation
(Late Eocene) after the closure of the northern branch of the Neo-Tethys Ocean
(Late Cretaceous-Early Eocene: Sengdr and Yilmaz, 1981; Okay and Tiysiz, 1999;
Sherlock et al. 1999; Onen and Hall, 2000; Kaymakci et al. 2007, 2009). In addition,
it is well known that geothermal regions are dynamic, and that pressure transfer
due to hydrothermal flow and mineralisation can induce seismicity (e.g. Hill, 1977;

Waite and Smith, 2002).

Shear indicators such as cataclasite (Figure 5.9) and tectonic breccia (Figure
5.55) cemented by a later phase of silicification are observed at the footwall of the
vein-wall rock contacts of the Kestanelik fault-hosted veins (Karatepe and K3W
veins). These and the presence of angular wall rock clasts at the margins of
extensional (Mode 1) fractures (e.g. Figure 5.15d and 5.29) suggest rupturing along
the fault planes and extensional fractures (Figure 6.2). Although none of the fault
rock textures that have been observed are definitely diagnostic of dynamic rupture,

it is not possible to exclude dynamic slip (Cowan, 1999; Rowe and Griffith, 2015).
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The inequigranular infill of a comb quartz veinlet at the wall rock of the
Karatepe vein (Figure 5.11) shows that the opening of the fracture was more rapid
than the growing of the quartz crystals. This texture is more consistent with the
brittle fracturing and dilation occurring during co-seismic or post-seismic aftershock
phases of an earthquake, than with progressive silicification to seal the fracture
during the passive interseismic phase (Woodcock et al. 2007). In addition, the
absence of any grading in the clasts of the cockade breccias of the Karatepe vein
(representing the first phase of fluid flow and formation of the Karatepe vein, Figure
5.13 and 5.14) may indicate that both shaking (where brecciation occurs due to
seismic faulting and clasts are cemented during interseismic period) and fluidisation
(where brecciation occurs due to hydraulic fracturing and subsequent fluid flow
cements the clasts) may have played a role in the formation of the cockade breccias

(c.f. Frenzel and Woodcock, 2014).
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Figure 6.2. A schematic model showing repeated reactivation and opening of clogged veins and associated fluid flow, mineralisation and resulting vein textures at Kestanelik in the environment of geothermal activity with a
shallow, sub-volcanic intrusion. When an earthquake occurs, E-W trending veins reactivate and open along their footwall-wall rock contacts while NE-SW trending veins reactivate and open along either margin and therefore
permeable pathways are generated. Coseismic rupture and dilation results in rapid fluid pressure drop and drives boiling of hydrothermal fluids. Boiling fluid rises along the newly created permeable pathways and may mix
with descending oxidized surface meteoric water at the shallower parts of the system. Shear indicators such as cataclasite and tectonic breccia of wall rock and pre-existing vein infill cemented by a later phase of silicification
observed at the footwall of the vein-wall rock contacts of the two of the fault hosted veins (Karatepe and K3 veins), and the presence of angular wall rock clasts at the margins of extensional (Mode 1) fractures form as a result
of rupturing along the fault planes and extensional fractures. Chaotic breccias with polymictic clasts of pre-existing vein infill and wall rock with lodes of crackle breccia of pre-existing vein infill cemented by quartz-hematite or
quartz-goethite form by multiple brecciation and sealing due to the repeated reactivation and opening. (Note that K3 vein represents the fault hosted veins (except Karatepe vein), while K1 vein represents the extensional

(Mode I) fracture hosted veins of the Kestanelik.
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6.2.2. Hydraulic fracturing

Rapid hydrothermal sealing of the pathways by mineral deposition could
cause an increase in hydrothermal fluid pressure. Increase in fluid pressure
promotes extensional-shear failure of the vein walls at depth, which are
subsequently propagated upwards into the shallowest part of the crust. Provided
that the pore fluid factor increases at rates higher than the increase in stress
difference (Cox, 2005), when the hydrothermal fluid pressure exceeds the
combined minimum principal stress (o3) and the tensile strength of the cap rock (T),
then hydraulic fracturing occurs (Phillips, 1972). This triggers boiling due to pressure
release and creates permeable structural conduits for the input of fluids, and results
in formation of jigsaw puzzle textured hydrothermal crackle breccias (Hedenquist
and Henley, 1985) without significant rotation of the fragments (Jebrak, 1997). The
cements have to be very rapidly deposited or the clasts would settle out causing
grading and/or rotation. Crackle breccias at Kestanelik form a network of veinlets
with fragments of the early quartz infill without significant rotation cemented by
later quartz or quartz iron-oxide (e.g. Figure 5.15c). These textures indicate dilatant
fracturing with a negligible shear component (Micklethwaite, 2009) and suggest

hydraulic fracturing occurred at the main vein conduits.

6.2.3. Transient local stress variation

Kestanelik site is associated with some mafic dykes only observed in drill
cores and not exposed on the surface. In the drill core, dyke has the clasts of
hydrothermally altered QFH porphyry, and the breccia of the dyke is cemented by
hydrothermal quartz. Based on these textural observations, dykes intruded coeval
with the epithermal quartz veins in the area (Figure 3.15c). Coeval dyke intrusion
has important effects on the transient disruption of local stress causing transient
kinematic variation and triggering earthquakes (e.g. Fukuyama et al. 2001; Toda et
al. 2002; Waite and Smith, 2002; Micklethwaite, 2009). Additionally, geophysical

studies indicate that geothermal systems are significantly dynamic owing to the
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interactions between magmatic activity and faulting (e.g. Hill et al., 1993; Dreger et

al., 2000) and therefore may explain the transient local stress variation.

Transient local stress variation might enhance permeability along the
corrugated strike of the Kestanelik structures by facilitating slip on misoriented
surfaces and influencing the kinematics of the structures. Secondly, locations where
the dip changes (vein bends) in the Kestanelik structures have potential to enhance
permeability since they lead to stress concentrations and localize intense
deformation compared to the smooth and planar segments (Cox, 2005) during the
earthquakes. It is important to note that permeability and fluid flow will be

intermittent in both cases.

6.3. Implications of the study

6.3.1. Structural control, deformation, permeability enhancement and fluid

flow in epithermal gold deposits — a contribution to the knowledge

Strike slip faults and extension (Mode 1) fractures hosting the mineralized
veins in the Kestanelik epithermal gold deposit indicate structurally controlled fluid
flow in the epithermal systems (e.g. Buchanan, 1981; Hedenquist et al., 2000; Cox et
al. 2001; Cox, 2005). Additionally, extension veins around the Karatepe fault and the
Topyurt en-echelon fractures host the epithermal mineralization showing that the
array of extension veins that developed in the damage zone adjacent to the faults
(e.g. Caine et al., 1996; Cox, 2005) and in the en-echelon brittle shear zone

surrounding the en-echelon veins may also localize the mineralization.

There are two models for the initiation of the vein sets and the first
mineralization event that clogged the structures: (1) Faults and fractures exist
before the development of a hydrothermal system and a reservoir. Heated fluid
rises along these pre-existing structures and adiabatic boiling (Wilkinson, 2001;
Simpson et al., 2015) occurs when the pressure of the rising fluid gets equal to the
lithostatic pressure. Boiling causes the precipitation of the minerals from the

hydrothermal solution. (2) Faults and fractures form after the development of the
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hydrothermal reservoir. Their formation may be initiated either by the decreased
effective stress within the rocks above the hydrothermal pressurised reservoir, or
by hydraulic fracturing due to the development of overpressured hydrothermal
fluids. Both mechanisms trigger boiling of the fluids by the drop in confining

pressure.

Multiple episodes of mineralization in the major Kestanelik veins indicate
repeated reactivation of the clogged pathways. Coseismic rupturing is suggested as
the primary permeability enhancement mechanism in the Kestanelik. It has been
suggested in the literature that multiphase mineralization is related to repeated
permeability development and fluid flow induced by seismicity (Sibson et al., 1975;
Buchanan, 1981; Hedenquist and Henley, 1985; Sibson, 1987, White and
Hedenquist, 1990, Hedenquist et al., 2000; Micklethwaite and Cox, 2004, 2006). All
of these studies have focused on mechanical and geometrical aspects of fault-
fracture systems hosting the epithermal deposits. However, this study investigates
the repeated rupturing events by focusing on the textures and breccias of the vein
infill (e.g. Tarasesewicz et al., 2005). According to the studies of vein textures and
breccias in the Kestanelik deposit, it is proposed that after the veins were
completely sealed, repeated reactivation occurs along the vein footwall-wall rock
contact in the fault-hosted veins, and along the either margin in the extensional
fractures. These observations point to a hypothesis for the structural and textural
evolution of the fault- and extension fracture hosted veins as a result of repeated
reactivation by earthquake rupturing during epithermal gold mineralization, which
has not previously been proposed in the literature. According to this hypothesis;
during an earthquake event reactivation of the sealed fault occurs along the vein
footwall-wall rock contact and causes brecciation of both previous vein infill and
wall rock (which may have silicification as veinlets or between bedding/foliation
planed etc. due to the infiltration of the hydrothermal solution during the previous
fluid flow and mineralization). Permeability generated by slip and associated
brecciation causes a decrease in pressure and triggers vigorous boiling of

hydrothermal solutions. Boiling initiates a hydrothermal eruption and most likely

205



masks the consequences of seismic slip (slickenlines, tectonic breccias etc.) by
hydrothermal brecciation. This subsequent hydrothermal brecciation may cause: (a)
partial brecciation of the vein lode (a part of previous vein lode is preserved along
the vein hangingwall-wall rock contact) and the wall rock adjacent to the footwall of
the vein-causing patchy flow, or (b) complete brecciation of the lode, and partial
brecciation of the wall rock adjacent to the vein hangingwall and footwall.
Subsequently, the ascending fluid causes the cementation of the wall rock and the
previous vein lode clasts (Figure 6.3). The same processes occur in the extension
fracture-hosted veins without any shearing event, after the reactivation occurs
along the either margin of the vein. Cement supported chaotic breccias found at the
upper levels of the most of the veins have clasts displaying various textures
representing different depths of formation. These clasts must have been
mechanically transported upward by the hydraulic action of the boiled
hydrothermal fluid due to pressure release by coseismic rupturing or hydraulic

fracturing.
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Figure 6.3. Hypothetical model for the structural and textural evolution of fault-hosted veins by repeated reactivation along the vein FW-wall rock
contact and associated boiling and hydrothermal brecciation. In (a), partial brecciation of the lode and the wall rock adjacent to the vein FW occurs,
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also significant opening implying remarkably large transient permeability increases.
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Observed chronology of the vein textures and breccias suggests two phases
of mineralization in E-W trending fault-hosted veins, but at least three phases of
mineralization for NE-SW trending extensional (Mode | opening) veins at Kestanelik.
It may not mean that all veins were affected-reactivated-opened at once when an
earthquake was generated. However, it is more likely that an earthquake may have
affected only one or two veins (or more), but not all at once, and that the location
of the main boiling shifted through time. Paleoseismic studies 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 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. Alternatively, transient kinematic variation which
may have been caused by coeval dyke intrusion at Kestanelik could have caused a
change in fluid flow pathways by promoting rupturing on different veins at each
earthquake event. Rupturing on different veins also causes the usage of different
reservoirs of hydrothermal fluids, different ratios of fluid-wall rock interaction,
and/or the mixing of hydrothermal fluid and meteoric water in different ratios. In
either case, the full implications of the different number of mineralization events
are yet to be explored. Stable isotopes (0, H and C) and fluid inclusion analyses can
be used to investigate the varying fluid sources, mixing of them and different ratios
of fluid-wall rock interaction (e.g. Urquhart, 2011) in infills of different veins and in

different generations of fill in a single vein.

Although the fault hosted veins in Kestanelik have more than one phase of
mineralization, damage zone structures only host one episode of mineralization.
Three different explanations may be proposed for this case: (1) Damage zone
structures developed only in the latest rupture event and thus hosted only one
phase of mineralization. (2) The structures developed in the first rupture event and
hosted the associated fluid flow and mineralization and the sealed damage zone
structures deactivated during the following rupture events (as in Figure 6.3). The

lack of reactivation of the damage zone structures may be due to the rotation of the
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stress field optimum for reactivating these structures by transient stress variation,
or to a strong, mechanical contrast at the boundary of these veins being a more
effective location for future slip. 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 the altered host rock and vein quartz.
(3) Damage zone structures could also have developed later as an effect of having

the mechanical discontinuity in the wall rock caused by the filled major vein.

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 occur 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 that is the case. Future work on the detailed
geochemical, petrographical and stable isotope analyses from the different
episodes of main veins and wall rock veins would be necessary to understand the

temporal relationship within and between the main veins and wall rock veins.

6.3.2. Implications for gold exploration (prospect evaluation) in epithermal

gold deposits
In the exploration for epithermal gold deposits, basically it is common practice to:

e Map the geology of the area, identify the areas of alteration by photo-
geological maps, PIMA (portable infrared mineral analyser) analyses and
consult remote sensing techniques such as thematic mapping, and
geophysical techniques such as magnetic surveys and electrical methods
in order to vector potential mineralized zones and to plan for drilling and

sampling,

e Then, collect samples from rock, soil and drainage sediments for
geochemical analyses to focus on the areas of geochemical anomalies for

further drilling and detailed sampling programs.
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In summary, in mineral exploration sector, much more focus is given to the
geochemical aspects of the prospect areas (e.g. Buchanan, 1981; Corbett and Leach,
1997; Hedenquist et al., 2000) than structural controls (Stenhouse and Cox, 2015).
However, the results of this thesis have some important implications related to the
structural and textural features of the prospect areas for the practice of gold

exploration which are not routinely done in this sector.

» Mapping and understanding the geology of a known hydrothermal (e.g.
porphyry, high sulphidation, low sulphidation) deposit, even without any
geochronological data from the mineralization, may lead to a better
understanding of the timing of mineralization, constrain a metallogenic
age of the region, and help to discover other related potential

hydrothermal deposits in the region.

» Mapping and study of the principal veins and wall rock veins alongside
collection of structural data are powerful tools to unravel the kinematics
of the vein system. Correlation of the kinematics of the mineralized or
high-grade vein system along with timing of the mineralization may help
to discover the areas or targets by defining the favourable orientation for

structures to the mineralization.

» As repeated boiling and associated hydrothermal brecciation mask the
effects of shearing and result in multiple overprinting of textures, key
features such as the shear textures may be missed if only macroscopic
observation is made from the outcrop or drill cores; therefore
petrographic investigation of vein material and delineating the ore-vein
textures addressing multiple boiling and silicification phases (especially

close to the vein margins) is strongly advised.

» The understanding of textures showing clogging and subsequent boiling
of the hydrothermal systems in correlation with structural ease or
enhancement of fluid flow along the conduits may contribute to the

target assessment in epithermal systems as the gold precipitation is
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strongly enhanced by boiling (e.g. Hedenquist et al., 2000) and oxidation

in low sulphidation epithermal gold deposits.

» Mapping and petrographical analysis of the ore-vein textures both on the
outcrops and in drillcores together with the geochemical analysis of gold
assay data not only helps to understand the likely gold deposition
mechanism(s) but also the potential gold distribution within the

deposits.

» Mapping specific structural positions such as bends (which may be
caused by vertical or horizontal connectivity of the isolated vein
segments) could permit the key locations of high gold grade to be

identified faster, and to focus further drilling and assays.

6.3.3. Implications for 3D orebody modelling

3D modelling of an orebody in the subsurface and subsequent evaluation of
the size and extent of the orebody should serve as the basis of (1) further mineral
exploration program and (2) resource estimation of the mineral deposit. In the
mineral exploration industry, 3D orebody models are generally created
automatically by geological modelling software upon selecting the geostatistical
interpolation method (Stenhouse et al., 2014). The modelling can be a difficult task
owing to the complex nature of the orebodies, and wrong interpretations may
cause large costs. For this reason, it is crucial to develop accurate models. In order
to minimize the model uncertainties (such as the ones given in chapter 4.4.2) and
make the interpretations better, recommendations on the basis of the experience

gained during this PhD research are as follows:

v' Mapping the geology of the deposit area together with post-mineral

faults,

v Accurate mapping of vein outcrop using a highly sensitive Trimble GPS

(x0.1cm),
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v Collecting detailed structural data (attitude, thickness, infill type) from

the major veins and vein associated structures,

v' Examination of textures of major veins and wall rock veins from the

surface,

v" Adjusting the drillhole locations based on not only the assay results of
vein rock samples, but also on the geometry of the vein surfaces i.e. the

more complex vein outcrop geometry, more frequent drillhole locations,

v' Adding structural data collection to the drill core logging (e.g. Stenhouse

etal., 2014),
v' Adding textural data collection to the drillcore logging,

v' Taking high resolution photos from the drillcores especially from QV

intersections,

v' Finally, selecting the most appropriate geostatistical interpolation
method for the creation of the model based on the distribution of the
data (i.e. grid data-kriging method, skewed data-natural neighbour

method).

In this study, drillhole data was supplied by Chesser Resources. A flow chart
illustrating the suggested model building methodology for future explorationists for

the modelling of vein type epithermal gold deposits is given in Figure 6.4.
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Figure 6.4. Flow chart illustrating the model building methodology, which could be applied at future exploration sites. Note that there is a feedback
loop between developing an initial model, using this to plan a second campaign of drilling and revisiting the model.
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Chapter 7: Conclusions and Further Work

7.1. Conclusions of the study

The research presented in this thesis has (1) constrained the evolution of the

Kestanelik vein-hosted LS epithermal gold deposit, (2) enhanced our understanding

of permeability enhancement mechanisms in epithermal system, and (3) presented

implications for gold exploration and a new workflow for 3D orebody modelling

epithermal gold deposits.

Detailed geological mapping of the study area from surface exposures, drill pad

exposures and drill core has revealed that:

Vi.

The mineralization in Kestanelik is associated with major quartz veins, as
well as sheeted quartz veins in the valley and, wall rock veins surrounding
the major quartz veins.

The veins are hosted by Lutetian quartz-feldspar-hornblende porphyry and
Paleozoic mica schist, and the majority of the veins are hosted in the schist.
The veins are enveloped by a hydrothermal argillic alteration halo
dominated by illite and rarely smectite resulted from the circulation of
epithermal fluids.

The age of the mineralization, bracketed by cross cutting relations, is Late
Lutetian-Early Priabonian.

The veins have a length of several tens to several hundreds of meters and
their outcrop widths vary between 0.8 and 13.6 m on the surface. They
trend either E-W or NE-SW, and have locally irregular strikes or dips.

Host rock schist around the NE-SW trending veins does not change foliation
adjacent to the veins and these veins have very sharp contacts with the
schist. In contrary, around E-W trending K2 vein and NE-SW trending K3W
vein the schist changes its foliation orientation and is highly fractured and
veined. Porphyry around the eastern segment of the K3 vein (K3E) is highly

fractured and brecciated. The porphyry around the E-W trending Karatepe
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vein and NE-SW trending Topyurt vein components is deformed by

extensional wall rock veins.

Kinematics and paleostress analysis have revealed that:

From their geometries and rare kinematic indicators, E-W trending veins are
characterized as left lateral faults, whilst NE-SW trending veins are
characterized as extensional (Mode I) fractures.

The kinematics of the vein system is consistent with formation in a single
local stress field. The inferred directions of the principal stresses indicate
almost NE-SW oriented sub-horizontal compression. Majority of the faults in
the area also seems to have a similar consistent stress field.

Horizontal o1 and near vertical 02 indicate transcurrent tectonics.

Detailed structural and textural studies of quartz veins have revealed that:

The mineralization is low sulphidation epithermal type evident from pseudo-
bladed quartz, colloform to crustiform quartz, comb to cockade vein
textures and hydrothermal breccias.

Boiling, mixing (hypogene oxidation) and supergene enrichment (supergene
oxidation) are the likely mechanisms of gold deposition, because gold in the
veins is associated with boiling related textures and both hypogene and
supergene iron-oxides.

Banded texture has the most profound effect on the high gold grades.

The epithermal vein system has been subjected to erosion because silica
sinter, indicative of the surface effusions of such hydrothermal deposits, is
missing in the area. A general change of quartz textures from chalcedonic
superzone in the north through to textures from crystalline superzone in the
south shows that paleodepth and level of erosion in the Kestanelik vein
system increases from the north to the south.

Most of the veins at their upper levels have cement supported chaotic
breccias with clasts displaying various textures representing different depths

of formation cemented by quartz-iron oxides. Multiple episodes of
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Vi.

Vii.

viii.

brecciation, fluid flow and associated mineralization are recorded in the
veins implying that the veins were reactivated and opened up multiple times
after they were completely sealed and permeability was lost.

Cataclasite and tectonic breccia of wall rocks and early quartz, hydrothermal
crackle breccias, and cement supported chaotic breccias of pre-existing vein
infill, all of which are cemented by late iron-oxide-bearing quartz indicate
that coseismic rupturing and hydraulic fracturing are two major permeability
enhancement mechanisms which would have caused repeated reactivation
of clogged permeable pathways.

Fault hosted veins are reactivated along their footwall contact with the host
rocks, and extensional veins are opened along either margin.

Transient local stress variation, caused by syn-mineral dyke intrusion, also
has the potential to enhance permeability on mis-oriented surfaces and at
locations where the dip changes on vein planes.

Two phases of mineralization were determined from the E-W trending fault-
hosted veins, while at least three were picked up from the NE-SW trending
extensional (Mode | opening) ones which implies that an earthquake event

does not affect all of the veins at once.

3D modelling of the vein geometries in the subsurface together with some basic

statistical analyses of vein geometries-related gold grades has revealed that:

Thickness of the veins decreases with depth and that the veins generally
have a flaring upwards geometry.

The veins have multiple locations at depth where the dip changes (i.e. the
veins have vertically segmented sections with differing dips).

78.6% of the bends host high gold grade showing these areas are more
favorable structural locations for gold precipitation compared to the more
smooth and planar sections of the veins.

Presence of 85.4% of samples containing high gold within the schist hosted

veins which is higher than the percentage of bends (~79%) having high gold
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grade indicating that the host rock geology has a greater effect than bends

on the localization of the gold precipitation.

To sum up, the research presented in this thesis:

1. has highlighted the permeability enhancement mechanisms in epithermal
systems by detailed structural and textural evidences which also have been
accepted by a peer-review journal (Gulyuz et al., 2017).

2. has developed a story for the geological and structural evolution of the
Kestanelik gold deposit for the first time and linked it to the regional
tectonics, magmatism and associated metallogeny.

3. has emphasized the importance of collecting detailed structural and textural
data for gold exploration and developed a proposed workflow methodology

for 3D orebody modelling for further exploration and resource estimation.

7.2. Further Work

The further work listed below need to be addressed to minimize the
uncertainties discussed in Chapter 6 and to explore the full implications of the

research.

» Hypogene hematite in the veins could be dated by (U+Th)/He dating to
obtain a quantitative and more precise age of the epithermal mineralization
at Kestanelik, as the age inferred is based on the cross-cutting relationship.

» Fluid inclusions of the vein quartz and/or calcite could be analysed to
validate (1) the low sulphidation type of the epithermal mineralization and
(2) boiling event both of which were determined from the diagnostic LS
epithermal and boiling textures.

» Stable isotope (C,H,0) analyses of fluid inclusions in the hypogene vein
minerals could be used to (1) further constrain the fluid mixing event, (2) to
investigate the possible varying fluid sources in the epithermal system, and

(3) to understand the different ratios of fluid-wall rock interaction.
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» Detailed geochemical and petrographic analyses of hypogene vein minerals
could be used together with the stable isotope analyses to understand the
temporal relationship within and between the main veins and wall rock
veins, because the different stages of mineralization determined from the
textural relationships in the veins cannot be correlated with each other.

» Numerical simulations could be used to constrain the behaviour of the vein
structures in different host rock lithologies at the surface and in the
subsurface in order to understand the different orientations of the veins in
different host rocks and the reason of along-dip bending in the subsurface.

» Detailed structural field and paleomagnetic studies could be conducted to
get more precise information about the tilting at Kestanelik and vertical axis
rotations in the Biga Peninsula in order to reconstruct the kinematics of the

vein system during the mineralization, and link it to the regional tectonics.
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