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Abstract

In the work presented here, core and cutting samples from a single well were studied with the aim of understanding the
diagenesis and reservoir properties of the Komiirlii and Penek Formation sandstones in the Agkale sub-basin in East Anatolia.
Based on petrological and hydrocarbon saturation analyses [attenuated total reflectance-Fourier-transform infrared spec-
troscopy] of the samples, we discuss the relationships between diagenetic alterations and reservoir quality. The diagenetic
alterations include quartz, feldspar overgrowth, calcite, smectite, chlorite, mixed-layer illite—smectite, mixed-layer chlorite—
smectite, illite, kaolinite, and pyrite. After the diagenetic mineral phases formed, secondary porosity formed via dissolution of
late carbonate cement in these sandstones. Diagenesis in the Komiirlii and Penek Formation sandstones commonly destroyed
much of the original intergranular porosity, dissolved grains, and produced clay-filled pores. The pore throats typically
range in size from 1 to 5 pm and represent only a small portion of the total porosity. This study is the first attempt to make
petrophysical data available from the well logs of the reservoir sandstones (Komiirlii and Penek Formations) in the Agkale
sub-basin of the East Anatolia Basin. The results of this study will clarify the characterization of the reservoir sandstones.

Keywords Reservoir - Diagenesis - Hydrocarbon - Well logs - ATR-FTIR

Introduction

Several previous studies have addressed the petroleum
potential of the Askale sub-basin (Kurtman and Akkus 1971;
Sahintiirk 1992; Sahintiirk et al. 1997; Biiytikutku 2002;
Tekin 2002; Biiyiikutku and Sahintiirk 2005, 2006). In the
study area to date, no significant deposits of hydrocarbons
have been discovered in the Komiirlii and Penek Formation
sandstones, despite speculation that hydrocarbons may be
present (Biiyiikutku and Sahintiirk 2006). We report that
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these Komiirlii and Penek Formation sandstones have poor
reservoir properties.

The rock properties of shale sourced from the Komiirlii
and Penek Formations were studied by Tekin (2002), and the
kerogene types were found to be I-I1.

In the work presented here, core and cutting samples
from a single well (Fig. 1) were studied with the aim of
understanding the diagenesis and reservoir properties of the
Komiirlii and Penek Formations.

The scope of our study was to (1) determine the min-
eralogy, morphology, and elemental composition of the
Komiirlii and Penek Formation sandstones; (2) investigate
the presence of hydrocarbon in these sandstones; (3) define
the petrophysical properties (water saturation, porosity, and
permeability) of these sandstone reservoirs; (4) determine
the pore throat range in diameter; (5) discuss the diagenetic
alteration, dissolution, porosity, and effect on reservoir qual-
ity; and (6) reveal the effect of clay minerals on the Komiirlii
and Penek Formation sandstones.
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Fig. 1 Location map of Askale sub-basin, East Anatolia, Turkey (modified from Sahintiirk et al. 1997)

Geological history and setting of the Askale
sub-basin and local stratigraphy

The East Anatolia sedimentary basins (approximately
6000 m in thickness) were shaped during the upper Mio-
cene and are related by faults and ophiolitic melange (Sengor
1980). The basins extend in the E-W direction as a result
of N-S directional compressions (McKenzie 1976; Tc
Tchalenko 1977) and are subdivided into seven sub-basins
(Sahintiirk et al. 1998; Biiyiikutku and Sahintiirk 2006).

The study area was located west of Erzurum city (East-
ern Turkey). The pre-Tertiary sedimentary, magmatic, and
metamorphic rocks in this area were treated as the basement
(Fig. 1) and are thrusted (Tarhan et al. 1992; Sahintiirk et al.
1997). In the study area, the Tertiary layer reaches approxi-
mately 2450 m in thickness (Biiyiikutku and Sahintiirk
2006).

The evolution of the Oligo-Miocene sediments in the
Askale sub-basin is summarized as follows: the Penek For-
mation was deposited under very shallow marine-transi-
tional conditions during the upper Oligocene (Biiytikutku
and Sahintiirk 2005). The Komiirlii Formation (1450 m
thick) was deposited under shallow marine lagoonal-tran-
sitional conditions in the Agkale sub-basin (Biiyiikutku and
Sahintiirk 2005).
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A generalized stratigraphic section of the Agkale sub-
basin and core log of the studied well is presented in Fig. 2a,
b. The properties of clastic units present in the sandstone res-
ervoir are as follows. The Penek Formation is approximately
1200 m thick and unconformably overlies the pre-Tertiary
sediments (Sungurlu 1971; Sahintiirk et al. 1980; Tekin
et al. 2000). The Penek Formation consists of medium- to
coarse-grained sandstones broadly arranged into white, red
and green areas intercalated with shales and conglomerates.
In the studied well, this unit is approximately 600 m thick
and is gradational to the overlying Komiirlii Formation.

The Komiirlii Formation, first described by Sungurlu
(1971), mainly contains fine- to medium-grained sandstones
poorly sorted into white, red, and green areas intercalated
with shale layers. The Komiirlii Formation is approximately
700 m thick in the studied well and unconformably overlies
the Penek Formation. This unit is mainly composed of clas-
tic lithologies such as conglomerates, sandstones, shales,
marls, carbonates, basalts, and tuff. The Zirnak Formation
(flker 1966) is approximately 2500—-3000 m thick and rep-
resents lacustrine and transitional depositional conditions
(Sahintiirk and Kasar 1980). The Aras Formation (Sungurlu
1971) unconformably overlies the Zirnak Formation. The
Aras Formation was formed under terrestrial depositional
conditions and is mainly composed of marls and tuffs. This
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Fig.2 a Stratigraphic columns for the sedimentaries of Askale sub-basin, East Anatolia, Turkey [modified after Aksu (1988) and Sahintiirk

(1992)]. b Core log of the study well in the Askale sub-basin

study focused on the upper Oligocene sandstones of the
Komiirlii and Penek Formations.

Materials and methods

Eight cores, 70 sandstone cutting samples, and wire-line logs
from a single well in the Agkale sub-basin of East Anatolia
were studied.

The mineral composition of the studied samples was
determined by X-ray powder diffraction (XRD) (PW-1730,
Philips, Eindoven, The Netherlands) at the TPAO (Turkish
Petroleum Corporation, Turkey). All samples were ground
gently for 5 min in a porcelain ball mill prior to measure-
ment. Mineralogical analyses of the samples were performed
on randomly oriented samples (total fraction) and on the
clay (<2 pm) fraction. The clay fraction was obtained by
gravitational sedimentation of the samples. XRD analyses
were performed on eight oriented samples of clay particles
that were air-dried, ethylene glycol saturated, and heated

to 550 °C. The microstructural properties of these samples
were determined in detail by scanning electron microscopy
(SEM) (JSM-840A, Jeol Europe BV, Nieuw-Vennep, The
Netherlands) equipped with an energy-dispersive spectros-
copy (EDS) analyser (TN-5502, Trocor, The Netherlands).
SEM-EDS analyses were performed on seven core samples
in the TPAO laboratories.

In other research areas, previous reports have mentioned
that organic matter is present in shales and that FTIR spec-
troscopy can be used to determine the presence of hydro-
carbons and the types of minerals in the sample (Shoval and
Nathan 2011; Alstadt et al. 2012). Additionally, the char-
acterization of clay minerals by FTIR spectroscopy (Awaja
and Bhargava 2006; Breen et al. 2008; Herron et al. 2014)
is important for petroleum reservoir studies due to the nega-
tive effect of clay minerals on hydrocarbon production in
sandstone reservoirs. In this study, the ATR-FTIR method,
which is more economical than Rock Eval analysis, was used
for the first time on samples from the Agkale sub-basin. The
ATR technique was selected to combat significant problems
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of infrared analyses, such as sample preparation and spectral
reproducibility (Adamu 2010; Udvardi et al. 2014).

An FTIR spectrometer (Nicolet Magna 750, Nicolet
Instrument Corporation, Markham, Ontario, Canada) was
used to determine the chemical origin of the organic sam-
ples, organic structure, and authigenic clay type for shales
rich in organic matter. FTIR analyses were performed on
eight core samples at the University of Castilla—La Man-
cha laboratories in Spain. For each sample, 128 scans were
recorded with a resolution of 4/cm. ATR spectra were
obtained using a MIRacleTM and a single-reflection hori-
zontal ATR accessory (PIKE technologies) equipped with
a ZnSe crystal. The powdered samples were pressed with a
compression clamp.

Log interpretation was carried out on a single well
located in the Agkale sub-basin of the East Anatolia Basin
to determine the reservoir properties of the Komiirlii and
Penek Formations. Well log data from the deep parts of the
well were used to determine some petrophysical characteris-
tics, namely porosity, permeability, and water saturation, of
the reservoir sandstones. Well log data were obtained from
gamma ray (GR), sonic (DT), resistivity (LLS, LLD), den-
sity (RHOB), and neutron logs (NPHI). This study is the
first attempt to make petrophysical data available from well
logs of the reservoir sandstones (Komiirlii and Penek Forma-
tions) in the Agskale sub-basin of the East Anatolia Basin.
The results of this study will also improve the characteriza-
tion of the reservoir sandstones.

Additionally, the porosity values of the Komiirlii and
Penek Formation sandstones were determined with thin-sec-
tion data, and DT, NPHI and RHOB (total porosity) log data
from the studied well according to Schlumberger (1986).
Clay percentages were determined by GR log. Porosity and
permeability analyses of seven core samples in the Komiirlii
Formation sandstones were conducted to interpret reservoir
quality. Porosity was measured using a helium gas expansion
porosimeter, and permeability was measured using a Temco
RCH series model permeameter at TPAO.

Results
Framework petrology

Thin sections were prepared from 35 sandstone core
and clastic samples taken from depths of approximately
2360-3570 m from a single well in the Asgkale sub-basin.
Petrographic analyses of the Penek and Komiirlii Forma-
tion sandstones were carried out from thin sections using
optical microscopy (Table 1; Figs. 3, 4). The Komiirlii
and Penek Formation sandstones are classified as litharen-
ites (McBride 1963). Litharenitic sandstones include
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metamorphic, sedimentary, and magmatic rock fragments
in the sub-basin.

Diagenetic phases

The most important diagenetic phases of the Komiirlii and
Penek Formation sandstones are quartz, feldspar overgrowth,
calcite, smectite, chlorite, mixed-layer illite—smectite,
mixed-layer chlorite—smectite, illite, kaolinite, and pyrite.
Pyrite occurs very rarely. These diagenetic phases are given
in order of their paragenetic sequence as determined by pet-
rographic analysis (Fig. 5).

The diagenetic minerals include (1) feldspar overgrowths;
(2) quartz; (3) kaolinite; (4) smectite; (5) chlorite; (6) cal-
cite; (7) mixed-layer illite—smectite; (8) mixed-layer chlo-
rite—smectite; and (9) illite.

1. Feldspar overgrowth
The feldspar grains are composed of plagioclase and
orthoclase in the thin sections of the Komiirlii and Penek
Formation sandstones (Table 1). Feldspar overgrowths
block the pores of the Komiirlii Formation sandstones
(Fig. 6a, b) and negatively affect porosity and perme-
ability. K-feldspar is common according to the EDS

spectrum (Fig. 6a, b).

2. Calcite

Calcite was present in the pores as rhombohedral crys-
tals (Fig. 6b). Early calcite cement was found in only
one of the examined Komiirlii Formation sandstone
samples at a depth of 2360 m (Table 1). Calcite cement
was observed to primarily fill pores (Figs. 3a, 6b) and
accounted for approximately 10% of the Komiirli
and Penek Formation sandstones. Calcite cement was
observed to play a role in reducing the porosity and
permeability of the Komiirlii Formation sandstones
(Figs. 3a, 6b, 7a). In these sandstones, porosity is pri-
marily related to the deposition time of the (Fig. 3a) cal-
cite cement, while secondary porosity caused by dissolu-
tion of late calcite cement is present in both sandstones.
The latter was particularly observed in deep zones of
the Penek Formation sandstones at depths ranging from
3388 to 3570 m (Table 1; Fig. 4a, b). Macroporosity
occurs when interconnected pores are mostly 2 um or
more (up to 5 um) in diameter (Hartmann 1989) and,
in this area, resulted from leaching of the late calcite
cement.

Calcite is usually dissolved in the thin sections and was
found using SEM analysis (Figs. 3b, 4a, b, 7b). The dissolu-
tion porosity of calcite ranges between 7 and 10%, with an
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Table 1 Petrographic data of the Kémiirlii and Penek Formation sandstones for a single well, Askale sub-basin
Depth (m) Forma-  Framework grains Particle Rock clas- Sorting Roundness Authigenic phases ~ Cement Pore type and
tion size sification thin-section
porosity
2360 Komiirlii  Matrix (14%), ortho-  Fine— Lithic Poorly ~ Sub-angu-  Recrystallization, Early Intergrain
Sample 1 Fm. clase and plagio- medium  arenite lar—sub- calcite and clay calcite  primary 5%
clase (10%), quartz rounded formation
(8%), sedimentary,
and magmatic rock
(68%)
2370 Komiirlii  Matrix (6%), quartz Fine— Lithic Poorly  Sub-angu- Clay and organic Late Intragrain
Sample 5 Fm. (6%), chert (4%), medium  arenite lar—sub- matter plaster calcite  (cracking
pyrite (2%), rounded and dissolu-
orthoclase and tion) 7%,
plagioclase (25%), secondary
and magmatic rock
(57%)
2388 Komiirlii  Matrix (13%), quartz ~ Fine— Lithic Poorly  Sub- Quartz overgrowth, Late Dissolution
Sample 6 Fm. (5%), orthoclase medium  arenite angular— feldspar alteration,  calcite  of carbonate
(10%), sedimentary rounded and dissolution of cement, 8%,
and magmatic rock carbonate cement secondary
(70%)
3388 Penek Matrix (10%), quartz ~ Medium— Lithic Moder- Sub- Quartz overgrowth, Late Dissolution
Sample 9 Fm. (5%), orthoclase and  coarse arenite ately rounded and dissolution of  calcite  of carbonate
plagioclase (10%), carbonate cement cement 10%,
volcanic rock (74%) secondary
3532 Penek Matrix (8%), quartz Medium— Lithic Moder-  Sub- Pore-filling chlorite Late Dissolution
Sample 10 Fm. (10%), orthoclase coarse arenite ately rounded calcite  of carbonate
and plagioclase cement 9%,
(13%), sedimentary secondary
and volcanic rock
(69%)
3570 Penek Matrix (8%), chert Medium  Lithic Moder- Sub- Quartz overgrowth, Late Dissolution
Sample 11 Fm. (2%), quartz (7%), arenite ately rounded and dissolution of  calcite  of carbonate
orthoclase and carbonate cement cement 10%,
plagioclase (13%), secondary

volcanic rock (78%)

Fig.3 Micrographs of the Komiirlii Formation sandstones. a Carbon-
ate cement (Ca) is seen. Q quartz, K quartzite, F' fossil, V volcanic
rock, depth: 2365 m, sample 3. b Secondary porosity (SP) is observed
via dissolution of the carbonate cement (Ca). Lithic arenite [closely

packed framework grains of sedimentary (S) and volcanic (V) rock
fragment] and Q quartz are observed in the photo, depth: 2368 m,

sample 4
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Fig.4 Micrographs of the
Penek Formation sandstones.

a Idiomorphic quartz mineral
(Q) is present in the photo.
Macroporosity is the result

of leaching of the late calcite
cement (Ca). Q quartz, SP
secondary porosity, S sedi-
mentary rock, depth: 3388 m,
sample 9. b Again, dissolution
of the carbonate cement (Ca) is
seen. Q quartz, SP secondary
porosity is observed. Depth:
3532 m, sample 10. ¢ Medium,
sub-rounded grains belong to
Penek Formation appeared in
the photo. Q quartz, F Feldspar,
depth: 3570 m, sample 11

Fig.5 Diagenetic sequence of
the Komiirlii and Penek Forma-
tions of the Agkale sub-basin

Jielase cllall aly .
ﬁﬁrﬁmuq m‘fﬁ @ Springer

Diagenetic Summary

l

Early Calcite

l

Feldspar

'

Smectite

' '

Mixed layer smectite-illite Mixed layer smectite-chlorite
(Potassium rich pore liquid) (Magnesium rich pore liquid)

' '

Illite Chlorite

Quartz

l

Dissolution of late calcite cementation
and formation of secondary porosity

Early Diagenesis

v

Late Diagenesis



Journal of Petroleum Exploration and Production Technology (2019) 9:1677-1693 1683

KeV

Fig.6 Representative SEM micrographs and EDS traces for fine to
medium sandstones of Komiirlii Formation. a Feldspar overgrowth
(F) blocked the pore. b Feldspar overgrowth (F) and calcite (Ca) min-

average of 8%, and is most abundant in the Penek Formation
at depths between 3388 and 3570 m (Table 1).

3. Smectite

XRD studies indicated that smectites are present in
the Komiirlii and Penek Formation sandstones at depths
ranging from 2362 to 3570 m (Supplementary Infor-
mation; minerals were abbreviated from Whitney and
Evans 2010). Diagenetic smectite shows a minor flaky
morphology in SEM images of the Komiirlii Formation
sandstones (Fig. 8a) and occurs mostly as grain coat-
ings and pore fillings in the Penek Formation sandstones
(Fig. 8b). The diagenetic smectite showed EDS peaks for
Na, Mg, and Fe (Fig. 8a, b). Smectite minerals in these
sandstones commonly destroyed much of the original
intergranular porosity. The pore throats typically range
in size from 2 to 5 um.

4. Mixed-layer 1llite—smectite
XRD studies indicated that mixed-layer illite—smec-
tite is present in the Komiirlii Formation sandstones at
depths between 2362 and 2380 m (Supplementary Infor-
mation).

I —
T

10
KeV

eral are present as a pore filling in the SEM micrographs. K-feldspar
is common in the EDS spectrum (a single well, depth: 2362 m, sam-
ple 2)

The petrographic relationship suggests that diagenetic
illite followed the formation of illite—smectite (Fig. 5). In
this study, the illite exhibited a neoformation origin, which
requires K-rich alkaline pore fluids. EDS of the diagenetic
illite showed high levels of K present in the Komiirlii Forma-
tion sandstones (Fig. 9a).

Diagenetic illite mostly occurred as grain coatings with a
flaky morphology in the SEM micrographs of the Komiirlii
Formation sandstones (Fig. 9a).

5. Quartz
Quartz was seen with thin-section petrography.
The quartz cements are a minor phase after the authi-
genic mixed-layer illite—smectite (Fig. 5). There may
be two important sources of Si that make up quartz in
the Komiirlii and Penek Formation sandstones. These
sources are as follows:

I. Pressure solutions and
II. Smectite—illite transformations (Boles and Franks
1979).

An increase in the shale/sandstone ratio and an increase in
smectite—illite conversion rates were observed at the bottom
of the Komiirlii Formation (Biiyiikutku and Sahintiirk 2006).
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Fig.7 Representative SEM micrographs and EDS traces for fine to
medium sandstones of the Komiirlii Formation. a Early calcite min-
eral (Ca) is present as a pore filling in the SEM micrographs. Dom-
inant calcite (Ca) peak is seen in the EDS spectrum (a single well,

6. Kaolinite
Kaolinite was seen in the XRD analysis but not in the
SEM results. Strong reflections of kaolinite appeared at
2.52 A° (Supplementary Information). The formation of
kaolinite requires acidic solutions and the maturation of
organic matter in shale.

7. Chlorite

The chlorite minerals show a flaky morphology and
occur as grain coatings in the medium- to coarse-grained
Penek Formation sandstones. Grain coatings of chlorite
were seen on the quartz minerals in some samples. EDS
analyses showed that the diagenetic chlorite is Mg rich
in the Penek Formation sandstones (Figs. 5, 9b). The
grain-coating chlorite had a thickness range of 1-2 um
in the SEM analysis.

8. Mixed-layer chlorite—smectite
XRD studies indicated that mixed-layer chlorite—
smectite is present in the study well at depths from
3388 to 3570 m (Supplementary Information). The for-
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depth: 2368 m, sample 4). b Dissolution (D) of the late diagenetic
calcium cement (Ca) produces the secondary porosity. Dominant
calcium cement (Ca) peak is Ca in the EDS spectrum (a single well,
Penek Formation, depth: 3100 m, sample 8)

mation of mixed-layer chlorite—smectite requires Mg-
rich alkaline pore fluids (Fig. 5); however, mixed-layer
chlorite—smectite was not observed in the SEM results.
The clay fractions in the Penek Formation sandstone
were composed mainly of mixed-layer chlorite—smec-
tite, which was identified by (001) basal reflections at
14.82 A® in the XRD patterns of oriented clay fractions
(Supplementary Information). The characteristic peak of
mixed-layer chlorite—smectite for the air-dried fraction
with a size <2 pm expanded to approximately 14.91 A°
in the ethylene glycol-saturated samples and contracted
to 14.67A° when heated to 550 °C (Supplementary
Information).

FTIR-ATR analysis

We analyzed shale samples by FTIR spectroscopy using
the ATR technique (Figs. 10, 11). The FTIR evaluation was
conducted according to Van der Marel and Beutelspacher
(1976). The FTIR spectra of both samples showed peaks
near 3600-3700/cm, consistent with the OH stretching
vibrations of structural hydroxyls.
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Fig.8 Representative SEM micrographs and EDS traces for the
Komiirlii and Penek Formation sandstones. a Smectite (S) mineral is
shown as a flake morphology. Dominant smectite (S) peaks are Mg,
Fe, Al, Si, and O elements in the EDS spectrum (a single well, The

As shown in Fig. 10, hydroxyl peaks occurred at 3705,
3667, 3624, and 3603/cm. The characteristic hydroxyl peaks
at 3624/cm, 3667/cm, and 3705/cm show the presence of
kaolinite, similar to a previous work (Hassouta et al. 1999).
The CO; peak at 1430/cm points to the presence of dolo-
mite. The CO; peak at 710/cm shows the presence of calcite,
in accordance with the SEM and EDS results. The peak at
1024/cm corresponds to C—O and C-N bonds. An Si—O bond
at 1019/cm was observed, similar to previous studies (Has-
souta et al. 1999; Madejova and Komadel 2001). The peak
at 916/cm corresponds to Al,OH, as previously seen (Has-
souta et al. 1999). In addition, CH; (1447, 1373, 1220, and
1217/cm) peaks are evident in Fig. 10. The CH; peaks show
the presence of saturated hydrocarbons, which supports the
results of an earlier work (Biiyiikutku and Sahintiirk 2005).

In Fig. 11, hydroxyl peaks occurred at 3700, 3668, 3626,
and 3604/cm. The characteristic hydroxyl peak at 3668/cm
shows the presence of kaolinite, which is in accordance with
the XRD results (Supplementary Information). An Si-O
bond at 1018/cm was observed. The peak at 916/cm cor-
responds to Al,OH, similar to that shown in Fig. 10. CH;
(1445, 1373, 1240, 1217, and 1190/cm) and CH, (1470/cm)

Fe

10
KeV

Komiirlii Formation, depth: 2368 m, sample 4). b Smectite (S) min-
eral is present as a grain coat. Dominant smectite (S) peaks are Na,
Mg, and Fe elements in the EDS spectrum (a single well, the Penek
Formation, depth: 3050 m, sample 7)

peaks are also visible in Fig. 11 and show the presence of
saturated hydrocarbons, similar to that shown in Fig. 10.

Log interpretation

Sandstone porosity was obtained from the sonic, density, and
neutron logs of the studied well. Sonic logs ignore secondary
porosity (dissolution and fractures) and respond primarily to
intergranular porosity; density and neutron logs respond to
the total porosity. The density—neutron crossplots yield the
total porosity (Schlumberger 1986) and were used for the
Komiirlii and Penek sandstone samples in this study.

The log values for a typical sandstone reservoir are as
follows:

GR: 30-50 API, spontaneous potential (SP): very nega-
tive, variable values mV, DT: 55 ps/ft, resistivity (LLD) >
10 Qm, NPHI: 0.30-0.35 m*/m>, and RHOB: 2.4-2.88 g/
cm? (Schlumberger 1984).

Log measurement was performed in a single well for the
Komiirli and Penek Formation sandstones in the Agkale
sub-basin (Fig. 12).
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4 pum

Fig.9 Representative SEM micrographs and EDS traces for the
Komiirlii and Penek Formations sandstones. a Illite (I) minerals are
present as a grain coating and flake morphology in the SEM micro-
graphs. Dominant illite (I) peak is K element in the EDS spectrum
(a single well, The Komiirlii Formation, depth: 2368 m, sample 4).
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15 Mgl
0l

1.0
0.5
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b Chlorite (C) minerals are seen as a flake morphology in the SEM
micrographs. Dominant chlorite (C) peaks are Mg elements in the
EDS spectrum (a single well, the Penek Formation, depth: 3050 m,
sample 7)

Fig. 10 The FTIR spectrum of

sandstone—shale (the Komiirlii
Formation) well sample. A
single well; depth: 2360 m,
sample 1
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Fig. 11 The FTIR spectrum of
sandstone—shale (the Penek For-
mation) well sample. A single
well; depth: 3532 m, sample 10
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Fig. 12 Well logs of the Komiirlii and Penek Formations
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Generally, the mean values of the Komiirlii Formation
sandstones are GR =75 API, DT =55-70 ps/ft, resistivity
(LLD) =250 Qm, NPHI=0.30 m*/m?, and RHOB =2.30 g/
cm®,

The mean values of the Penek Formation sand-
stone are GR =48 API, DT =60 ps/ft, LLD =350 Qm,
NPHI =0.35 m*/m?, and RHOB =2.38 g/cm®.

Comparing the density log with the neutron log, we can
see that the neutron log curve has lower values (down to
a depth of 2362 m) in the Komiirlii Formation sandstones
and higher values elsewhere, especially at the depths of
3100-3200 m in the Penek Formation sandstones (Fig. 12;
Table 2).

There is a separation in the density—neutron log that indi-
cates an increase in the permeability of a sandstone reser-
voir (Ozkanli 1990). These logs show small density—neutron
crossovers, with a separation at the Penek Formation (from
3050 to 3150 m depth). A large density—neutron crossover
is an indication of hydrocarbons (i.e., gas) (Schlumberger
1986). Therefore, the Komiirlii and Penek Formation sand-
stones have poor reservoir rock properties on the basis of the
density—neutron log responses.

The average total porosity values of the Penek and
Komiirlii Formation sandstones from the well logs (neutron
and density logs) are 18-25% and 15-20%, respectively
(Fig. 13).

The shale volume V, in the Komiirlii and Penek Forma-
tion sandstones was estimated using the following equation
(Schlumberger 1996):

Vq

S|

h = GRIog - GRmin/ (GRmax - GRmin)’ (1)
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Table 2 Sonic, neutron log, and density log porosity values of the Komiirlii and Penek Formation sandstones, Askale sub-basin

Komiirlii Formation (2348-2380 m)

Penek Formation (3060-3100 m)

Depth (m) Sonic porosity Neutron log Density log Depth (m) Sonic porosity Neutron log Density log
2348 2 0.15 2.55 3060 12 0.41 2.15
2350 0.5 0.50 2.65 3062 13 0.30 2.05
2352 0.5 0.50 2.56 3064 0.2 0.35 2.33
2354 2 0.90 2.60 3066 2 0.36 225
2356 4 0.21 2.55 3068 5 0.27 2.37
2358 4 0.15 2.52 3070 5 0.29 245
2360 15 0.39 2.64 3072 4 0.18 2.50
2362 10 0.38 2.02 3074 11 0.29 225
2364 7 0.27 2.35 3076 11 0.90 2.70
2366 13 0.23 2.05 3078 5 0.17 2.42
2368 7 0.27 1.95 3080 8 0.21 2.25
2370 11 0.32 2.03 3082 8 0.24 2.32
2372 5 0.25 2.45 3084 4 0.23 2.45
2374 5 0.16 2.47 3086 2 0.18 2.40
2376 5 0.14 2.52 3088 7 0.21 2.45
2378 11 0.21 2.40 3090 5 0.26 2.30
2380 12 0.20 2.45 3092 6 0.45 2.75
3094 6 0.41 2.85
3096 8 0.40 2.8
3098 8 0.35 1.95
3100 7 0.33 1.95

where GR,,, = gamma ray log value for shaly sand; GR
= gamma ray minimum value for clean sand; and GR
gamma ray maximum value for the shale zone.

The most impermeable zones indicate shale intervals
with a high concentration of clay minerals, which decreases
the effective porosity and permeability. Thus, in both
the Komiirlii and Penek Formation sandstones, the clay
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Fig. 13 Density—neutron porosity cross-plot. This graphic gives total
porosity values. A single well; depth: the Komiirlii formation: 2348—
2380 m, the Penek Formation: 3060-3100 m
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percentage (Table 3) could be determined in detail by the
gamma ray log between 2348 and 3100 m depth. The aver-
age clay percentages of the Penek and Komiirlii Formation
sandstones were 59.4% and 58.4%, respectively, showing
that these sandstones have a high clay volume. Therefore,
the Komiirlii and Penek Formation sandstones have poor
reservoir rock properties on the basis of the gamma ray log
responses.

Petrophysical log interpretations used for the characteri-
zation of reservoir sandstones are very useful for the evalua-
tion of reservoir rocks in terms of their porosity, water satu-
ration and permeability to distinguish between gas-, oil- and
water-bearing strata by observing effective porosity and rela-
tive permeability values (Schlumberger 1996).

The lithology in the studied well was interpreted using a
computer programme (Elan), which can distinguish between
clean sand, shale, carbonate beds, and other lithologies
(Fig. 14). Water saturation (Sw) and effective porosity (®)
of the Komiirlii and Penek Formations were calculated from
Elan programme.

At irreducible water saturation, Timur’s equation (1968)
is applied to determine the permeability (K) of the Komiirlii
and Penek Formations as follows:

K(mD) = 0.136-¢.;**/Sw?, )
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Table 3 Clay percentages of the Komiirlii and Penek Formation sand-
stones, Askale sub-basin

Komiirlii Penek
Ko6miirlii Formation (2348-2380 m) Penek Formation (3060—
3100 m)
Depth (m) Clay % Depth (m) Clay %
2348 76 3060 375
2350 0 3062 50.0
2352 4 3064 67.5
2354 20 3066 67.5
2356 40 3068 71.5
2358 40 3070 62.5
2360 36 3072 52.5
2362 76 3074 60.0
2364 92 3076 7.5
2366 80 3078 425
2368 84 3080 62.5
2370 72 3082 50.0
2372 56 3084 60.0
2374 88 3086 67.5
2376 44 3088 60.0
2378 90 3090 70.0
2380 94 3092 35.0
3094 82.5
3096 82.5
3098 75.0
3100 71.5
Total clay % 992 Total clay % 1247.5
Average clay % 58.4 Average clay % 59.4
Clay volume GR% = [(GRy,, — GR;,)/(GR,,,x — GR,;;,)] X 100 GR:
gamma ray, the Komiirlii Formation: GR;, =10 API GR,,, = 60
API, the Penek Formation: GR;, =25 API GR,, = 65 API

where K is permeability, @, effective porosity and Sw is
irreducible water.

The average shale-corrected porosities (effective) vary
between 4 and 15% and generally increase with depth (after
2850 m). Similarly, the average permeability values are less
than 1 mD (Figs. 15, 16 porosity permeability diagrams).
The average water saturation of these units varies between
88.5 and 100%. These values are generally high for the sand-
stones units in the well, indicating a very low hydrocarbon
content.

Reservoir quality

To evaluate the producibility of a reservoir, determining how
easily fluid can flow through the pore system is necessary.
Additionally, lithology can play an important role in the pro-
duction of a reservoir.

The studied sandstones are predominantly classified as
litharenite. The Komiirlii sandstones were composed of fine-
to medium-grained, poorly sorted, and sub-angular to sub-
rounded grains. The Penek sandstones consist of medium-
to coarse-grained, moderately—poorly sorted, sub-rounded
grains. Thus, according to the petrographic analysis, two
sandstones show poor reservoir qualities.

Observations by thin-section petrography and SEM indi-
cated that the porosity in both sandstones is mostly micropo-
rous and rarely macroporous.

Diagenesis in the Komiirlii and Penek Formation sand-
stones commonly destroyed much of the original intergranu-
lar porosity, dissolved grains, and produced clay-filled pores.
The pore throats typically range in size from 1 to 5 um and
represent only a small portion of the total porosity. Pore
throat sizes (diameters) are generally greater than 2 um in
conventional reservoir rocks (Nelson 2009).

The most important diagenetic phases of the Komiirlii and
Penek Formation sandstones are quartz, feldspar overgrowth,
calcite, smectite, chlorite, mixed-layer illite—smectite,
mixed-layer chlorite—smectite, illite, kaolinite, and pyrite.
Authigenic clays and feldspar overgrowths fill pore spaces
and reduce porosity. Significant porosity was observed, espe-
cially with the dissolution of late calcite cement in the Penek
Formation. The effect of diagenetic minerals on porosity is
greater than that of secondary dissolution.

The average total porosity values of the Penek and
Komiirlii Formation sandstones from the well logs (neutron
and density logs) were 18-25% and 15-20%, respectively
(Fig. 13). Density—neutron logs showed high total porosity
in the Penek Formation sandstones (Table 2; Fig. 13).

The clay percentage (Table 3) was evaluated in detail
by the gamma ray log between 2348 and 3100 m depth in
the Komiirlii and Penek Formation sandstones. The aver-
age clay percentages of the Penek and Komiirlii Formation
sandstones were 59.4% and 58.4%, respectively.

The Komiirlii and Penek Formation sandstones have
undergone extensive diagenesis and have low porosity and
permeability (Figs. 15, 16). Principal diagenetic processes
controlled the final porosity and permeability. Diagenesis
has destroyed much of the original intergranular porosity,
dissolved late diagenetic calcite, and produced clay-filled
pores.

Much of the present porosity is secondary porosity
occurring within late diagenetic carbonate cement. Pores
within late diagenetic cements typically range from 1 to
5 um in diameter but may be partly filled by authigenic
clays, thereby reducing the porosity and permeability.
The pore throats range in diameter from 1 to 5 pm. These
pore throats represent a small portion of the total poros-
ity, as observed by SEM, but exert a strong control on
permeability.
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Fig. 15 a Depth—permeability cross-plot of Komiirlii Formation. b
Depth—porosity cross-plot of Komiirlii Formation

Two sandstones with similar pore throat sizes and dis-
tributions but differing amounts of leached late diagenetic
calcite cement could be expected to display similar perme-
ability but would exhibit porosities that differ by the amount
of leached late diagenetic calcite pore space. The two sand-
stones have small permeability—porosity trends according to
well log interpretations (Figs. 15, 16).

In this study, porosity and permeability values could also
be measured in cores of the Komiirlii sandstones (Table 4).
According to Table 4, the average porosity value is 11.3%
and the average permeability is 1.2 mD, indicating poor res-
ervoir properties.

Shales from the Komiirlii and Penek Formations show
source rock features. Their total organic carbon content is
approximately 1-3%, and the vitrinite reflectance value is
between 0.4 and 1% (Biiyiikutku and Sahintiirk 2005).

According to the FTIR results, the CH; and CH, peaks
show the presence of saturated hydrocarbons in the fine- to
medium-grained sandstones of the Komiirlii Formation and
medium- to coarse-grained sandstones of the Penek Forma-
tion samples, supporting the source rock potential of the
Askale sub-basin (Tekin 2002).

Conclusions

The Komiirlii and Penek Formation sandstones are classi-
fied as litharenites in the Agskale sub-basin. Early and late
carbonate cement and secondary porosity due to dissolu-
tion of late carbonate cement were observed in thin sections
and SEM images. The most important diagenetic phases of
the Komiirlii and Penek Formation sandstones are quartz,
feldspar overgrowth, calcite, smectite, chlorite, mixed-layer
illite—smectite, mixed-layer chlorite—smectite, illite, kao-
linite, and pyrite. Pyrite occurred very rarely. These dia-
genetic phases are given in the order of their paragenetic
sequence, as seen in the petrographic analyses. Diagenetic
minerals negatively affected the porosity and permeability
of the Komiirlii and Penek Formations. Significant porosity
developments were observed, especially with the dissolution
of calcite cement in deep zones of the Penek Formation. The
dissolution of calcium cement produced secondary porosity,
and the effect of diagenetic minerals on porosity is greater
than that of secondary dissolution.

Kaolinite, dolomite, and calcite minerals were observed
in the FTIR spectra. In the fine- to medium-grained sand-
stones of the Komiirlii Formation and the medium- to
coarse-grained sandstones of the Penek Formation samples,
the FTIR studies showed CH; and CH, peaks and hence the
presence of saturated hydrocarbons.

According to the porosity values obtained from the well
logs (neutron and density logs), the Penek Formation sand-
stones have an average total porosity value of 18-25%, and
the Komiirlii Formation sandstones have an average total
porosity value of 15-20%. The clay percentage value evalu-
ated using the gamma ray log was 59.4% for the Penek For-
mation and 58.4% for the Komiirlii Formation, which are
high values.

This study aimed to assess the hydrocarbon potential of
lithological units encountered during the drilling of a sin-
gle well in the Askale sub-basin. To achieve the general
objective, suites of wire-line logs from a single well were
used for the analysis. Computed petrophysical parameters
for two reservoir zones gave an average effective porosity
ranging from 4 to 15% with a low permeability in the range
of 0.00005-0.0002 mD. The low permeability indicates that
the sandstone reservoirs are impermeable, which might have
been caused by the high amount of clay minerals filling in
open spaces, thereby reducing the permeability. The fluid
type defined in the two sandstone reservoirs is basically
water with high saturation greater than 88%, which indicates
that the proportion of void space occupied by water is high,
and consequently, the hydrocarbon saturation and production
are low. The low permeability, low porosity, abundant dia-
genetic minerals and high water saturation indicate that the
reservoir quality of the studied prospect in the well is poor.
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Fig. 16 a Depth—permeability

cross-plot of Penek Formation. a

b Depth—porosity cross-plot of 0
Penek Formation 3000
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Table 4 The porosity and permeability values of Komiirlii Formation
sandstones, Agkale sub-basin

Depth (m) Porosity % Perme-
ability
(mD)
2362.10 7.72 0.16
2362.55 14.77 0.98
2364.20 12.30 0.59
2369.05 7.58 0.14
2362.95 14.92 5.15
2363.85 16.45 0.93
2369.90 5.23 0.44
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