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Abstract

The Kirazli mineral district is located at the center of the Biga peninsula metallogenic province, in a geological setting
characterized by an extensional tectonic environment. The district hosts a high-sulfidation (HS) ore body with a total
reserve of 33.86 Mt @ 0.69 g/t Au and 9.42 g/t Ag within a large-scale hydrothermal alteration. Although the ideal
magmatic-hydrothermal models present the spatial and temporal association of HS-epithermal and porphyry Cu deposits,
the porphyry Cu potential at the Kirazli has not been evaluated, yet. Therefore, the mineral-based alteration mapping with
the help of SWIR reflectance spectroscopy was carried out. Our study demonstrates that nine different mineral zone have
been distinguished and mapped: (1) Silicification, (2) Alunite, (3) Kaolinite, (4) Dickite, (5) Illite, (6) Pyrophyllite, (7)
Chlorite, (8) Sericite, and (9) Montmorillonite zones. Collectively, these alterations exhibit a zoned pattern, from central
massive silicification to residual silica, NW-SE oriented alunite, and marginal montmorillonite-illite zones within
widespread kaolinite - dickite dominated alteration in Kirazli main zone. The occurrence of pyrophyllite and sericite
dominates at the SE of the Kirazli district, which refers to relative temperature increase. Subsequent drilling confirms the
potential for deep prospecting of porphyry Cu mineralization in the region.
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Biga Yarimadasi’'ndaki Kirazli bolgesinde potansiyel porfiri bakir
mineralizasyonunun belirlenmesi: Kisa dalga kizilotesi (SWIR)
spektrometrisi ¢calismasi

Ozet

Kirazli maden bélgesi, Biga yarimadasinin metalojenik kusaginin merkezinde, genislemeli tektonik ortamda olusmustur.
Bdlge, biiytik élcekli bir hidrotermal alterasyon icinde yer alan toplam rezervi 33,86 Mt @ 0,69 g/t Au ve 9,42 g/t Ag olan
yiiksek stilfidasyonlu (HS) epitermal bir cevher kiitlesine ev sahipligi yapmaktadir. Ideal magmatik-hidrotermal modeller,
HS-epitermal ve porfiri bakir yataklarinin mekansal ve zamansal iliskisini sunsa da, Kirazli'daki porfiri bakir cevherlesmesi
potansiyeli heniiz degerlendirilmemistir. Bu nedenle, SWIR spektroskopisi yardimiyla mineral bazli alterasyon
haritalamast gergeklestirilmistir. Calismamiz dokuz farkli mineral zonunun ayirt edildigini ve haritalandigini
gostermektedir: (1) Silislesme, (2) Alunit, (3) Kaolinit, (4) Dikit, (5) Illit, (6) Pirofilit, (7) Klorit, (8) Serisit ve (9)
Montmorillonite zonlari. Toplu olarak, bu alterasyonlar, Kirazli ana zonundaki yaygin kaolinit-dikit baskin alterasyon
icinde, merkezi masif silislesmeden, KB-GD yénlii aliinit ve marjinal montmorillonit-illit zonlarina kadar bir zonlanma
modeli sergilemektedir. Kirazli bélgesinin giineydogu’sunda ise pirofilit ve serisit minerallerinin hakim olmasi sicaklik
artisini ifade ederek potansiyel bir porfiri bakir cevherlesmesini isaret eder. Takibinde yapilan sondaj ¢alismalari,
bélgedeki porfiri bakir mineralizasyonunun potansiyelini dogrulamaktadir.

Anahtar Kelimeler: Alterasyon, SWIR, Porfiri Cu, Yiiksek Siilfidasyon, Kirazli, Biga Yarimadasi
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1. Introduction

Short wavelength (range of 1,300 to 2,500 nanometers)
infrared (SWIR) reflectance spectroscopy is a highly
efficient and low-cost tool for mineral identification in
the both field and laboratory with high sampling density.
This spectral range includes vibrations of essential
absorption characteristics linked to the molecular bonds
of OH, H:0, COs, NHs4, AIOH, FeOH, and MgOH [1].
Therefore, it is widely in use for the determination of
different mineral groups, including phyllosilicates,
hydroxylated silicates and sulfates, carbonates, and
ammonium-bearing minerals [2] to create mineral-based
alteration maps and models [3-8]. Earlier efforts on ore
deposits have concentrated on the alteration of minerals
as exploration vectors of mineralization since large-scale
hydrothermal alteration is typically associated with
mineralization [4, 9, 10]. The ideal magmatic-
hydrothermal models present the spatial and temporal
association of epithermal and porphyry Cu deposits
(PCD). In these models, the high sulfidation (HS)
epithermal systems and the PCDs are
co-genetic and HS epithermal systems are formed within
the advanced argillic alteration zone of porphyry Cu
deposits [11]. The coexistence of the epithermal systems
with PCD is called the telescoping process, and it
describes the juxtaposing or overprinting of early-deep
PCD by late-shallow epithermal style mineralization. In
the telescoped systems, the HS epithermal systems are
presumed to share a common hydrothermal origin with
the PCD and are formed by syn-hydrothermal
degradation of volcanic paleosurface [11]. Kuscu [12]
documented that some PCDs within western Anatolia are
juxtaposed to or spatially associated with the HS
epithermal systems of similar age groups (Fig. 1). Yet, no
clear constraints on their coexistence have been made by
Kuscu [12]. However, Yigit [14] reported that some of the
high sulfidation epithermal systems are transitional both
in the vertical and horizontal extent to porphyry systems
in the Biga Peninsula (Fig. 1).

The detailed work on the geology and temporal
association of overprinting mineralization styles in
individual deposits in the last decade [12, 14-18]
revealed that the coexistence of the PCD to HS epithermal
systems in the Biga peninsula could be misleading, and
telescoped PCDs in the Biga peninsula may be a matter of
debate at the present. The main reasons are poorly
understood overprinting multiphase ore-forming
processes and lack of detailed information on volcanic
stratigraphy and correlation due to regional
hydrothermal alteration blurring the original nature of
host rock units.

Kirazli is a standalone mining district consisting of five
target zones at the center of the Biga Peninsula (Fig. 1)
The most promising target zones are Kirazli main, which
hosts a high sulfidation epithermal Au-Ag ore body with
a reserve of 33.86 Mt @ 0.69 g/t Au, 9.42 g/t Ag, and a
resource of 3.056 Mt @ 0.43 g/t Au, 2.71 g/t Ag [18, 19],
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Catalkaya and Kale (Fig. 2). The exploration program by
Alamos Gold in 2013 enabled the intersection of the
porphyry Cu style veins and veinlets in a deeper drill,
neither the detailed characterization nor the temporal
and spatial association of the porphyry Cu with high
sulfidation Au-Ag mineralization would become of
interest to any further exploration program or research.

In the current study, alteration mapping with the help of
short wavelength infrared (SWIR) reflectance
spectroscopy was conducted in the Kirazli district, to
identify the types and spatial distribution of
hydrothermal alteration. The findings will help to
understand the alteration-mineralization processes and
provide useful tools for further exploration of a potential
porphyry Cu mineralization in the mining district and
adjacent regions with a comparable geological-
hydrothermal setting.

2. Regional Geology

Biga Peninsula forms the north-western tip of the
Anatolian plate, tectonically divided into two flanks. It is
situated on a section of the Sakarya zone in the east and
the Rhodope-Strandja Massif in the west (Fig. 1).
Crystalline basement rocks are composed of NE-trending
pre-Permian Kazdag and Permo-Triassic Camlica
metamorphic rocks in the Sakarya and Rhodope zones,
respectively. These rocks are tectonically overlain by the
Permo-Triassic Karakaya complex, which consists of
partially metamorphosed volcanic and clastic rocks in
the east, and the Cretaceous Cetmi ophiolitic mélange in
the north-northwest (Fig. 1) [23, 24]. The Cenozoic
geological development of the Biga Peninsula was
controlled by four major tectonic events: (1) closure of
the Neo-Tethys Ocean during northward subduction, (2)
collision of the Anatolide-Tauride Block and the Sakarya
zone along the Izmir-Ankara-Erzincan Suture during the
late Cretaceous and early Eocene, (3) Post-collisional
tectonics from the Eocene to the Middle Miocene, and (4)
subduction of the African plate beneath the Eurasian
plate, and tectonic escape, which led to a progressive
extension in the middle Eocene to recent [13, 25-33]. The
extensional deformation helped exhume the basement
rocks alongside shallow-dipping detachment faults and
to the emplacement of large plutons at shallow depths
[12, 23, 34]. Although the timing is not certain and could
be either Oligocene [23, 24] or early-middle Miocene, the
Biga Peninsula is covered with Cenozoic plutonic and
volcanic rocks. The ages of these rocks vary from 52 to 18
Ma, with younger ages toward the southwest [12, 14],
with the exception of the pre-Cenozoic plutons near the
southern Marmara Sea.
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Figure 1. Figure 1. (A) Simplified map showing the tectonic units of western Turkey (modified from [13]; Heavy lines
with filled triangles show sutures, and soft lines with open triangles indicate thrust belts; AZ: Afyon Zone, ATB:
Anatolide-Tauride Block, AP: Arabian Platform, MM: Menderes Massif, CACC: Central Anatolian Crystaline Complex,
[AESZ: [zmir-Ankara-Erzincan Sture Zone, IZ: Istanbul Zone, TB: Thrace Basin, RSM: Rhodope-Strandja Massif, BP:
Biga Peninsula, (B) Geological map showing volcanic, plutonic, basement rocks, main structural units and the major
ore deposits and occurrences of the Biga Peninsula (simplified from 1/25 K Geological map of Turkey (MTA) and the
coordinates for Fig. 1A in decimal degrees and for Fig. 1B in WGS 1984 Zone 35N)
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3. Geological Setting of the Kirazl District
The Permian Camlica metamorphics form the basement
of the Kirazl district and are composed of marble blocks
and dark grey to grey quartz-mica schist (Fig. 1, 2; [14,
19, 20]). They are mostly observed near the eastern
margin of the Kirazli district, where they are covered by
conglomerate  and low-grade  metamorphosed
sandstone-mudstone of the Permo-Triassic Karakaya
complex (Fig. 3A). All basement rocks are intruded by the
middle Eocene undifferentiated intrusive rocks, which
are exposed as isolated bodies to the south of the Kirazh
district. They are called “undifferentiated intrusive
rocks” since their severe deformation and alteration,
which prevent their compositional and textural
properties and make it difficult to identify initial
properties (Fig. 3D). The Eocene plagioclase-phyric

andesite (PAnd) and Oligocene basaltic andesite (BAnd)
constitute the main volcanic rocks in the Kirazl district
and exposed in the western and central parts,
respectively (Fig. 2, 3F-G). The PAnd is non-pervasively
altered, light to dark green in color, and partially
silicified. The BAnd is mainly gray to green and white in
color due to pervasive clay alteration (Fig. 3F-G). They
are partially oxidized, silicified, and chloridized, and are
equigranular in texture. It is locally intercalated with
lithic and subordinate crystal tuff, which are dominantly
yellowish-white in color but also occur as red to dark
brown colored rocks (with the abundant symmetric
layering of different tones of red and brown-like
liesegang bands, Fig. 3B-C). The BAnd and pyroclastic
rocks are locally brecciated and crop out as small ledges
at the topmost levels of the Kirazl district (Fig. 3B-C).
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Figure 2. Geological map of the Kirazl district showing lithological and structural elements
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4. Mineralization at the Kirazl District
The Kirazli district contains an HS epithermal Au-Ag
deposit and porphyry Cu mineralization. The HS
epithermal system is hosted by Oligocene partially
brecciated, silicified, and oxidized basaltic andesite
(BAnd) and crystal tuff. The NNW-SSE trending
epithermal ore body lies beneath Kirazli main zone
(Fig. 2). Cunningham-Dunlop and Lee [35] proposed at
least four silicification phases in the HS ore body and two
main types of gold mineralization concerning the average
gold grade [16]. Regional-scale low-grade gold

4 sandstone FEEies
g

So

mineralization associated with low-temperature silica is
interpreted to be early and enveloping the high-grade
gold mineralization observed at the margins of breccia
bodies within an argillic zone. The gold is subsequently
enriched by supergene oxidation processes. The
porphyry Cu type millimeter-scale dark quartz
stockworks overprinted by argillic alteration in the
surface of the Kale zone (Fig. 3D-E) reveal the
mineralization potential on pervasively altered Eocene
undifferentiated intrusive rock and plagioclase-phyric
andesitic lava flow (PAnd).

fault contact 4
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. R RN
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Figure 3. Field relationships of the Kirazli district. (A) contact relationship between basement metamorphic rocks and
sandstone-mudstone of the Karakaya complex, (B-C) partially brecciated and silicified ledges of the BAnd and lithic tuff
at the top of Kirazli main zone, inset photo, representing alunite-bearing zone in silicified ledges, (D-E) undifferentiated
intrusive unit hosting quartz stockworks at the Kale zone, inset photo, close view of the quartz stockworks, (F-G) Field
exposure of the BAnd and PAnd contact at the shallower elevations of the Catalkaya Zone, inset photo, close view of the

contact.
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5. Methodology
5.1.SWIR Spectral Analysis

5.1.1. Background

The SWIR spectrum (1100-2500 nm) is an
electromagnetic wave that occurs between the near-
infrared (800-1100 nm) and mid-infrared (MWIR, 3000-
5000nm) spectrums as a result of molecular stretching
and bending vibration or electron orbital transition of
the electron layer [3]. Various functional groups or
chemical bonds can only absorb light energy at a certain
wavelength, resulting in distinctive infrared absorption
peaks. The mineral may preferentially absorb the
spectrum energy at this frequency when a light beam
with the same frequency as the functional group causes a
resonance occurrence. Therefore, the infrared spectrum
curve can record the composition and structure of the
mineral(s), which form the rock [37]. The spectrum
matching and fitting in the established standard mineral
spectral library can reveal the mineral composition and
relative content in the rock can be determined
qualitatively according to the position of the
characteristic absorption peak, and the depth of the
absorption peak, respectively [37]. Many functional
groups, including OH (Al-OH, Fe-OH, Mg-OH), H20, NHa,
COs3, and SOs4 can produce characteristic absorption
wavelengths (Fig. 4).
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Figure 4. Characteristic SWIR absorption features in
spectra of kaolinite, dickite, pyrophyllite, muscovite,
illite, montmorillonite and alunite (modified after [37]).
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Therefore, SWIR spectral analysis can identify mineral
groups such as hydroxyl silicate minerals (white mica,
biotite, chlorite, pyrophyllite, etc), sulfate minerals
(alunite, anhydrite, etc.), and carbonate minerals [3]
since they have characteristic spectrums (Fig. 4). For
instance, the white mica has three main absorption
features at ~2200 nm (usually used as the diagnostic
absorption feature due to the sharp, deep, single Al-OH
absorption feature), ~1900 nm (H20), and ~1400 nm
(H20 + OH) (Fig. 4, [3 and reference therein]). The
primary absorption features can be affected by other
minerals, which have the same absorption feature at the
same wavelength. For instance, the chlorite has
absorption features at ~1400 nm (OH), ~2000 nm, 2195
nm (Al-OH), and diagnostic ~2250 nm (Fe-OH, ) and
~2340 nm (Mg-OH) (Fig. Y, [38,39]). The absorption
feature of the Mg-OH at ~2340 nm can easily be affected
by epidote, calcite, and white mica, which all exhibit the
same absorption feature. Thus, the secondary absorption
feature at ~2250 nm is usually used in the determination.
[39 and reference therein].

5.1.2. Field Studies and Sampling

The field study was performed in and around the Kirazh
district in two different sessions. Fourteen different
traverses (35 km in total) were created to cover the
entire Kirazl district. The systematic sampling was
conducted every 50m unless the alteration shifted
rapidly or the lithology changed. In total 530 samples
were collected. Additionally, Alamos Gold INC. shared
earlier SWIR studies, which had been conducted on 695
soil samples.

5.1.3. Data Processing

Spectral analyses were conducted indoors with the help
of ASD TerraSpec 4 Hi-Res mineral analyzer. The
effective wavelength range was 350-2500 nm, and the
ASD-calibrated white panel was used as the reflectivity
reference standard. The integral time of the spectral
measuring point was 100 milliseconds with a resolution
of 3nm at 700nm and 6nm at 1400/2100nm. The device
measures with three detectors as VNIR (350-1000nm),
SWIR 1 (1001-1800nm), and SWIR 2 (1801-2500nm),
with a wavelength accuracy of 0.5nm [21]. After cleaning
and drying (45° in 24 hours), the samples were analyzed
three times with their surfaces (X, Y, Z) to crosscheck
mineral content.

Based on the physical mechanism of the mineral spectral
reaction, the Spectral Geologist software (TSG 8.0
version) created by the Commonwealth Scientific and
Industrial Research Organization of Australia (CSIRO)
was utilized to determine mineral information directly
from spectral curves [22] after noise reduction and
background removal. The extracting results were further
examined and filtered manually to reduce the
interference  between different minerals with
overlapping absorption bands (Fig. 5). The complete list
of SWIR data together with sample locations is given in
Appendix A.
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6. Results and Discussion

6.1. Hydrothermal Alteration as a Proxy of Blind
Mineralization at the Kirazh District

The hydrothermal alteration in the Kirazl district is
strongly pervasive and widespread. The relationships
between alteration assemblages are too complex to
identify individually due to the superimposition of
different alterations. Therefore, the shortwave infrared
reflectance (SWIR) spectral analyzer was used to create
a mineral-based alteration map of the district (Fig. 6-7).
Based on the spatial distribution and predominance of
minerals, nine different mineral zone have been
distinguished and mapped: (1) Silicification, (2) Alunite,
(3) Kaolinite, (4) Dickite, (5) Illite, (6) Pyrophyllite, (7)
Chlorite, (8) Sericite, and (9) Montmorillonite zones.
Collectively, these alterations exhibit a zoned pattern,
from central massive silicification to residual silica
(vuggy quartz), NW-SE oriented alunite, and marginal
montmorillonite-illite zones within widespread kaolinite
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- dickite dominated alteration in Kirazli main zone.
Whereas, pyrophyllite and sericite (mainly muscovite
and illite) dominated alteration are pronounced in
Catalkaya and Kale zones (Fig. 7).
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Silicification is the most common alteration type in the
Kirazl district and outcrops as brecciated and massive
bodies along the ridges of Kirazli main and Catalkaya
zones. This alteration is represented by pale to dark grey,
occasionally reddish in color, massive to residual silica
(vuggy quartz), and subordinate sugary in texture. The
silicification can be followed up to the first 100 m below
the surface on top of argillic alteration at Kirazli main
zone and locally related to ENE-WSW trending structural
controls in the Catalkaya zone. The alunite-dominated
alteration occurs within the NW-SE corridor at Kirazh
main zone and patchily surrounds the silicification as
fine-grained disseminations and small pinkish veins in
the northern part of the Kirazli main zone. Kaolinite is the
most widespread alteration mineral that covers
extensive areas in the Kirazli district. Whereas dickite is
more abundant in Kirazli main and Catalkaya zones. Illite
and montmorillonite as well as chlorite form marginal
alterations in the Kirazh district.

The occurrence of pyrophyllite refers to a relative
temperature increase and represents a transition from
an epithermal to a porphyry environment. The
pyrophyllite and sericite (mainly muscovite with less
abundant illite) are dominant from the Catalkaya zone to
the south of the Kirazli district, respectively, and the
prominent, sericitic alteration observed in drill holes
located at the Kale zone (Fig. 7). In parallel, sericite
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intersected deeper levels of the drill holes in the south of
Kirazli main zone. Lacking deep drill holes in the
Catalkaya zone beclouds the alteration correlation
between Kirazli main and Kale zones, more clearly
epithermal and porphyry environment. The sericitic
alteration exposed in shallow levels is pervasively
overprinted by widespread kaolinite and dickite
dominated argillic alteration.

On the other hand, 8 follow-up drilling conducted at the
Kale zone to test sericite pyrophyllite-dominated
alteration zone at the surface. Sericitic alteration is

dominantly observed in drill holes and pervasively
overprint potassic alteration in shallow levels (Fig. 8A).
Despite the well-developed quartz-sulfide veins
(Fig. 8B) during potassic alteration, very limited
intersections exhibit minerals forming potassic
alteration such as secondary-biotite and potassium
feldspar. The distribution and zonation of predominant
alteration minerals from Kirazli main zone towards the
Kale zone represent a typical transition of high
sulfidation epithermal to porphyry environments.
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60



Ali Alug, lkay Kuscu, Robert Moritz
Identifying potential porphyry Cu mineralization at the Kirazli district in Biga Peninsula (NW Turkey): Insights from the mapping
hydrothermal alteration by using shortwave infrared (SWIR) spectrometry

well-developed qtz
stockworks within

sericite-chlorite alteration

o i)
3

qtz vein with cpy
centerline (A vein),
* overprinted by sericitic
alteration
AR ¢ L

[ : oyl e, SR
Figure 8. Drill core samples from the Kale zone, (A) well-
developed quartz stockworks within sericite-chlorite
alteration, (B) well-developed wormy quartz vein with
chalcopyrite centerline (A vein) overprinted by sericitic

alteration.

7. Conclusion

The Kirazlh district developed a magmatic-hydrothermal
mineralization system with the potential for blind
porphyry Cu deposits in the south. Mineral mapping
using SWIR reflectance spectroscopy was conducted and
the zonation of the hydrothermal alteration shows a shift
from low to moderate temperature from north to south.
The domination of pyrophyllite and sericite in Catalkaya
and Kale, respectively, suggest a typical transition of high
sulfidation epithermal to porphyry environments. In
conclusion, the presence of porphyry-type alteration and
HS-type mineralization suggests the potential for further
prospecting in the Kirazl district.
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