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a b s t r a c t

Oil-water transition zones in carbonate reservoirs represent important but rarely studied diagenetic
environments that are now increasingly re-evaluated because of their potentially large effects on
reservoir economics. Here, data from cathodoluminescence and fluorescence microscopy, isotope
geochemistry, microthermometry, and X-ray tomography are combined to decipher the diagenetic his-
tory of a 5-m-long core interval comprising the oil-water transition zone in a Lower Pennsylvanian
carbonate reservoir. The aim is to document the cementation dynamics prior, during, and after oil
emplacement in its context of changing fluid parameters. Intergrain porosity mean values of 7% are
present in the upper two sub-zones of the oil-water transitions zone but values sharply increase to a
mean of 14% in the lower sub-zone grading into the water-saturated portions of the reservoir and a very
similar pattern is observed for permeability values. In the top of the water-filled zone, cavernous porosity
with mean values of about 24% is found. Carbonate cements formed from the earliest marine to the late
burial stage. Five calcite (Ca-1 through 5) and one dolomite (Dol) phase are recognized with phase Ca-4b
recording the onset of hydrocarbon migration. Carbon and oxygen cross-plots clearly delineate different
paragenetic phases with Ca-4 representing the most depleted d13C ratios with mean values of
about �21‰. During the main phase of oil emplacement, arguably triggered by far-field Alpine tec-
tonics, carbonate cementation was slowed down and eventually ceased in the presence of hydrocarbons
and corrosive fluids with temperatures of 110e140 �C and a micro-hiatal surface formed in the para-
genetic sequence. These observations support the “oil-inhibits-diagenesis” model. The presence an
earlier corrosion surface between phase Ca-3 and 4 is best assigned to initial pulses of ascending cor-
rosive fluids in advance of hydrocarbons. The short-lived nature of the oil migration event found here is
rather uncommon when compared to other carbonate reservoirs. The study is relevant as it clearly
documents the strengths of a combined petrographic and geochemical study in order to document the
timing of oil migration in carbonate reservoirs and its related cementation dynamics.

© 2016 Published by Elsevier Ltd.
1. Introduction

Reservoir oil-water transition zones (Christiansen et al., 2000;
Heasley et al., 2000; Byrnes and Bhattacharya, 2006; Carnegie,
2006) are generally described as the intervals from which both
menhauser).
oil and water are produced. Following the definition of Fanchi et al.
(2002), the top of this interval is the elevation at which water-free
oil is produced. The lower limit, although often gradual, is the
shallowest depth at which oil-free water is present. In some res-
ervoirs, the entire column is in a transition zone. In the past, oil-
water transition zones, ranging in thickness from less than 1 to
several 100 m, were considered non-economic and often not cored
(Christiansen et al., 2000). More recently, however, oil-water
transition zones in reservoir rocks worldwide have been
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increasingly re-evaluated and are now considered significant
because of their potentially large effects (>30% of the estimated
original oil in place) on reservoir economics (Fanchi et al., 2002).

Burial diagenetic processes and products within the interstices
of reservoir rocks (shelf carbonates, chalk, clastics etc.) are clearly
non-trivial with regard to the processes involved as these take
place in the presence of two immiscible fluids, here oil and water
(Worden et al., 1998, 1999; Jesenius and Burruss, 1990; Helgeson
et al., 1993; Heggheim et al., 2005; Risnes et al., 2003, 2005;
Sathar et al., 2012). This holds particularly true in the case of
often mixed-wet carbonate reservoirs. This is because hydrocar-
bons contain abundant polar organic compounds that interact with
the carbonate minerals (Ingalls et al., 2004; Hao et al., 2015). As a
consequence, work dealing with experimental approaches, field
studies and modeling with focus on the relationship between
water-saturation, pH, wettability and relative permeability
abounds (Christiansen et al., 2000; Morrow and Mason, 2001;
Zhang et al., 2007; Sathar et al., 2012; Al-Dhahli et al., 2014).

Considering the potential significance of the oil-water transition
zone, however, the number of published case studies dealing spe-
cifically with the carbonate diagenetic pathways of rocks in this
crucial interval is still remarkably limited (Sellwood et al., 1993;
Neilson et al., 1998; Heasley et al., 2000). The comparable scarcity
of detailed studies represents an important information gap given
the fact that the in-depth analysis of the paragenetic succession at
water-oil contacts allows for the assessment of the timing of pe-
troleum migration relative to diagenetic and tectonic events both
for carbonate and clastic reservoirs (Burruss et al., 1983; Sellwood
et al., 1993; Helgeson et al., 1993; Worden et al., 1998; Cox et al.,
2010). Moreover, the comprehensive study of Worden et al.
(1998) discusses, albeit from the perspective of clastic reservoirs,
two conflicting schools of mind one termed as “oil-inhibits-
diagenesis-model”, the other as “oil-does-not-inhibits-diagenesis-
model”. The “oil-inhibits-diagenesis” model predicts that early
emplacement of oil will inhibit (quartz, clay mineral, or carbonate)
cementation and related pressure solution and consequently,
reservoir quality is preserved. Conversely, the “oil-does-not-in-
hibits-diagenesis” model suggests that oil migration and
emplacement is no major control of diagenetic pathways and at-
tributes excess porosity to other factors.

This study provides a detailed description and interpretation of
carbonate paragenetic phases from core material of a selected
Bashkirian (Lower Pennsylvanian, ca 323e315 Ma) limestone
reservoir in the Volga-Ural region of Russia. The focus is on a 5-m-
long core interval representing the palaeo-oil-water transition
zone. Paragenetic phases are brought into a temporal, burial, and
mechanistic context. Making use of the detailed cement stratig-
raphy across the oil-water-transition zone documented here, we
address the following four main questions:

1. What is the relation between carbonate diagenesis and oil
migration? Specifically, does oil emplacement inhibits carbon-
ate cementation or not?

2. Is oil migration assigned to a single paragenetic phase or
expanded over a significant portion of the diagenetic pathway of
the reservoir rock studied?

3. Are diagenetic fluids during oil emplacement discernible e in
terms of their temperature and chemistry e from ambient pore
fluids prior to and after oil migration?

The data shown here are significant for thewider understanding
of palaeo-oil-water transition zones in carbonate reservoirs in
general and highlight the potential of petrographic, micro-
thermometric, and geochemical tools applied studied to these
critical reservoir intervals.
2. Geological setting and economic significance

The focus of this study is on Lower Bashkirian limestones from
an oil field of the Nurlatsky district in the Republic of Tatarstan
(Russian Federation; Fig. 1). The units cored are situated in the
Melekesskaya depression located in the south-central part of the
vast Precambrian Russian craton (Fig. 1; Hachatryan, 1979). Devo-
nian, Carboniferous, and Lower Permian clastic and shallow water
carbonate units, overlaying a weathered Proterozoic basement
surface, form the predominant sedimentary succession (Fig. 1;
Alekseev et al., 1996; Buggisch et al., 2011). The thickness of the
Paleozoic cover reaches about 1900 m. Exposures in this region are
only present alongmajor river valleys and are restricted to Neogene
and Quaternary rocks.

In terms of its geological setting, the core interval studied is
from an oil field located in the eastern part of the East-European
carbonate platform, forming portions of the Volga-Ural anticline
(Fig. 2; Hachatryan, 1979; Voytovich and Gatiyatullin, 2003).
Following Permian sedimentation, the Volga-Ural region experi-
enced a phase of tectonically stability with only minor vertical
tectonic movements and very limited sedimentation. From the
Neogene onwards, a steady tectonic uplift lead to erosion and the
formation of major alluvial depositional systems (thickness up
100e150 m). The main structures of the Volga-Ural anticline were
formed as a result of this vertical basement uplift (Hachatryan,
1979; Mkrtchyan, 1980).

Economically significant carbonates reservoir units are
concentrated in the Lower Mississippian and the Lower Pennsyl-
vanian, with the Bashkirian units being one of the main carbonate
target intervals in the Volga-Ural region (Fig. 3). From a production
point of view, significant portions of the Devonian clastic reservoirs
rocks are in a late production stage and consequently, the main
focus of oil exploration in this region is now on the Carboniferous
reservoir rocks. The source rocks of the oil fields in Volga-Ural re-
gion (Gordadze and Tikhomirov, 2005; Galimov and Kamaleeva,
2015) are Upper Devonian (FrasnianeFamennian) black shales
(Aizenshtat et al., 1998). These units comprise thinly bedded
calcareous-siliceous successions with abundant organic matter
(Yudina et al., 2002; Gordadze and Tikhomirov, 2005).

3. Depositional environment, stratigraphy, and
sedimentology

Accessible data in the international literature with focus on the
Carboniferous of the Russian platform are scarce to absent. Here,
we provide a brief overview of the facies types found and place our
findings in the ramp model of Proust et al. (1998). During the
Pennsylvanian and Early Permian, the Russian Platform was char-
acterized in its eastern domains by a large, wave-dominated car-
bonate ramp and the subsiding foredeep of the Ural Mountains
(Proust et al., 1998, Fig. 2). Within this ramp setting, the carbonates
studied here were deposited. Based on palaeomagnetic and
palaeoenvironmental data, the climate zone assigned to the
Melekesskaya depression during Pennsylvanian times was semi-
arid and (sub-)tropical (Proust et al., 1998). As recognized in
Lower Pennsylvanian sections worldwide (Heckel, 1986; Soreghan
and Giles, 1999), the relative sea level fluctuated repeatedly form-
ing hiatal and karstified units on a regional scale. In the short core
interval studied here, however, evidence for significant subaerial
diagenesis is lacking.

With reference to the middle Carboniferous ramp of the Russian
platform, Proust et al. (1998) subdivide inner, mid- and outer ramp
facies. The definition used is such that the inner ramp environment
is placed permanently above the effective fair-weather wave base,
the middle ramp environment is situated between the effective



Fig. 1. Transect (south-north) across Melekesskaya depression with indication of main stratigraphic units and approximate indication of study window (modified after Gorunova,
2009). Small inset to upper right indicates position of study area.
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storm and fair-weather wave base and the outer ramp is below
situated near-permanently below the effective storm wave base
with exceptional storm events resulting in wave base orbitals
affecting fine-grained seafloor sediments (Immenhauser, 2009).
The Bashkirian core portion (Fig. 3) studied in the context of this
paper is best assigned a subtidal inner to middle ramp
(Halymbadzha, 1962), characterized by normal marine seawater
and small coral biostromes affected by occasional storm events. The
presence of grainy facies, and specifically superficial ooids facies at
some intervals (Fig. 4), points to frequent but not permanent
(muddy facies) fair-weather or swell-wave base activity leading to
entrainment and winnowing of fine-grained sediment. Evidence
for an overall shallow, normal marine depositional setting comes
from the overall subtidal mid-ramp biota including brachiopods,
benthic foraminifera, crinoids or corals (Fig. 4; Bachtel and
Dorobek, 1998; Burchette and Wright, 1992). In terms of the
facies associations in the core studied here, these are best assigned
to the “subtidal patch-reef and mud-flat lithofacies” of Proust et al.
(1998, p. 1178). Small volumes of clastic detrital material are pre-
sent in core material and include kaolinite in the clay insoluble
material suggesting runoff (and/or aeolian transport) from
emerged land in the regional vicinity (Kolchugin et al., 2013).

The main facies types found in the only 5-m-long section of
Bashkirian core material across the oil-water transition zone
studied here are bioclastic grainstones with coated grains and
locally oncoidal-ooidal facies, bioclastic algal-foraminiferal packe-
stones and less common, mud- and wackestones with abundant
small and unspecified shell debris. In core samples, intact bivalve
shells are locally found. At some intervals, coral framestone facies
has been cored (Fig. 4E). Stratigraphically, the lower two section
meters are characterized by an alternation of pack-to grainstones
with two coral framestone intervals. Further upcore, poorly washed
grainstones dominate the facies whilst the uppermost section
meter is typified by wackestones.

3.1. Oil-water transition zone

Judging from a compilation of available well data, the oil-water
transition zones in the stratigraphic interval studied range
regionally in thickness from between 2 and 10 m. The present
understanding is that the thickness of the transition zone depends
on a series of factors that are interrelated in a non-trivial manner:
(i) the position of the cored interval on the dome structure in the oil
field. The thickness of the transition zone increases towards the
dome center and decreases towards the flank of the dome; (ii) the
productivity of the reservoir, specifically the thickness of the oil-
saturated zone and spatial differences in oil saturation; (iii) the
lateral and stratigraphic facies distribution across the oil field, with
thicker oil-water transition zones (up to 10m) in pack-to grainstone
facies and stratigraphically thinner transition intervals (2 m and
less) in wacke-to mudstone facies.

4. Methods

The core interval studied was drilled in June of 2013 but data
sets on density, sonic, wettability, or geochemical data on gas phase
CO2 e now regularly compiled for more recently drilled wells e

were either not compiled or are not available due to confidentiality
reasons. Consequently, methods applied here focus on cath-
odoluminescence microscopy, micro-thermometry, and geochem-
ical data complementing data on porosity, permeability, resistivity,
and gamma ray (Ali, 1995; Kaufman et al., 1988; Bruckschen et al.,
1992; Zeeh et al., 1995; Burley et al., 1989; Ehrenberg et al., 2002;
Granier and Staffelbach, 2009; Carpentier et al., 2014). Below
methods applied in this study are detailed. Data on resistivity and
gamma ray are from the following sources (Gorbachev, 1990;
Doveton, 1999; Khalil et al., 2015).

4.1. Isotope geochemistry

Matrix micrite and cement sub-samples were collected from
core slabs, using a hand held drill with 1mmdiameter drill bits. The
focus was on phase-specific cement data, hence only fabrics that
were volumetrically significant enough to mechanically extract
enough sample powder were selected. This refers mainly to late
diagenetic fabrics. Cement data were complemented by a strati-
graphic transect of bulk micrites sampled across the 5-m thick oil-
water transition zone. A total of 25 carbon and oxygen isotope
analyses were performed at the Ruhr University Bochum, Germany.
For the analysis of C and O isotope ratios, between 0.27 and 0.33mg
of sample powder was dried in an oven at 105 �C for 48 h. Phos-
phoric acid (104%) was added to the sample, in a gasbench and then
analyzed with a Finnigan MAT 253. Four repeat samples were
analyzed for every sample batch of 48 samples. Adding the



Fig. 2. Simplified scheme of the eastern border of the Russian carbonate platform forming a ramp-like morphology to the east towards the Pre-Uralian fore deep characterized by
terrigenous turbidites. The carbonate deposits rest upon Visean terrigenous, coal bearing valley infills. Through time, the mid-Carboniferous carbonate ramp changes into a car-
bonate platform with a well-defined slope buried by evaporites during the early Kungurian (modified after Proust et al., 1998).
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averaged internal standard deviations and the averaged difference
of all duplicates suggests a variability of 0.08‰ for carbon and
0.09‰ for oxygen in all samples. Values are expressed in ‰ with
respect to the Vienna PDB (V-PDB) standard.
4.2. Cathodoluminescence and fluorescence microscopy

Cathodoluminescence (CL) microscopy examination of different
paragenetic phases termed Ca-1 through 5was performed to obtain
qualitative information on the geochemistry and precipitation
environment of these fabrics. This was carried out with the ‘hot
cathode’ CL microscope (type HC1-LM) at the Ruhr-University
Bochum, Germany. The acceleration voltage of the electron beam
is 14 kV and the beam current is set to a level gaining a current
density of ~9 mA mm-2 on the sample surface. Refer to Christ et al.
(2012) for details on the analytical procedure. Fluorescence (FL)
microscopy of hydrocarbon inclusions was performed using a Leica
EL6000 instrument using a mercury short-arc reflector lamp.
4.3. Porosity and permeability analysis

The determination of porosity and permeability values was
performed on the UltraPoroPerm-500 installation in the uniform
integrated module at the Kazan Federal University, Russia. Prior to
analysis, full-size core cylinders of 30х50 mm were drilled out of
samples. Hydrocarbons were extracted prior to analysis using the
method described in Gordadze and Tikhomirov (2005). Pore space
of samples was cleaned from oil, bitumen and also (non-diagenetic)
salts (extraction). The solvents used included chloroform or ethanol
and benzene mixed in a ratio of 1:1. The sample was placed in a cell
equipped with a sample holder. A helium gazo-broad porozimeter
with a high-precision linear converter of excessive pressure of
0e250 psi (0e17 bars) with a hysteresis less than ±0.11% of a limit
of measurements was used. Permeability was measured on nitro-
gen gas with an atmospheric pressure. The measured porosity
range is expressed as 0e40 units of porosity whilst the measured
permeability range is expressed as 0.01$10�3 mm2 to 15$10�3 mm2.

X-ray tomography investigations were conducted using an in-
dustrial x-ray microtomography, Phoenix VjtomejX S 240 (Carl



Fig. 3. Stratigraphy and general lithology of Bashkirian stage in the Melekesskaya
depression with indication of international and Russian stratigraphic scheme. Note
depths refer to absolute depth, i.e. meters below land surface.
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Zeiss) at the Kazan Federal University, Russia. The system has two
x-ray tubes 1) one being microfocal with maximum accelerating
tensions of 240 kV/320 W and 2) one being nanofocal with
maximum accelerating tensions of 180 kV/15 W. For the pre-
processing of data and the creation of a pore volume model of a
sample on the basis of x-ray pictures (projections) the software
datosjx reconstruction was used. For data visualization and the
analysis of data on elements of the volume image the software of
VG Studio MAX 2.1 and Avizo Fire 7.1 was used.
4.4. Microthermometry

Sample C-133 (taken at core meter 1284) was cut perpendicular
to the orientation of the idiomorphic Ca-5 generation and prepared
as double polished thick section (~200 mm). Paragenetic phases Ca-
2 to 4 do not show a preferred orientation of crystal c-axes. Relative
chronological sequences of fluid inclusions (fluid inclusion assem-
blages (FIA) after Goldstein and Reynolds, 1994) were then estab-
lished and documented by optical microscopy. Clearly identified
primary (p), pseudo-secondary (ps) and secondary (s) inclusions
were identified. A detailed explanation of fluid petrography ter-
minology is given in Walter et al. (2015, their Fig. 4).

Microthermometric investigations were elaborated using a
Linkam (model THMS 600) heating-freezing stage on a Leica DMLP
microscope at fluid laboratory at Tübingen University. For each
inclusion, wemeasured the final melting temperature of ice (Tm,ice),
the final hydrohalite dissolution temperature (Tm,hh), and the ho-
mogenization temperature (Th). For calibration, synthetic H2O,
H2OeNaCl, and H2OeCO2 standards were used and only results
with a maximum admissible variation of the final melting tem-
peratures of less than 0.1 �C were used for data interpretation. For
homogenization temperatures, a maximum admissible variation of
up to 1 �C was accepted due to poor visibility in some samples. A
limited number of inclusions and measurements with outlier in
salinity and homogenization temperature within a homogeneous
trail were disregarded as post-entrapment modification cannot
strictly be excluded.
For the calculation of salinity and Ca/(Na þ Ca) mole ratios, the

Microsoft Excel-based calculation sheet of Steele-MacInnes et al.
(2011) for the ternary NaCleCaCl2eH2O system was used. The de-
gree of fill was assessed optically with filling degree tables and il-
lustrations of Shepherd et al. (1985). Pressure correction was done
using the formula of Bodnar and Vityk (1994) in combination with
estimates on sedimentary overburden based on Fig. 1.

5. Results

5.1. Gamma ray and electrical log, porosity, permeability, and oil
saturation

Facies patterns data agree well with the gamma ray log data
shown in Fig. 5. Essentially, the Bashkirian interval is built by a
clean carbonate succession overlain by Moscovian clays. Electrical
log data do not cover the full oil-water transition zone but termi-
nate at the oil-water contact (sub-interval II).

The distribution of pore space is irregular both in the oil-
saturated productive zone and across the oil-water transition in-
terval (Fig. 5; Table 1). In the oil-saturated zones of the lowermost
productive zone, i.e., the top of the core interval studied here, the
dominant pore type is intergrain porosity (mean value of total
(helium) porosity ¼ 14%). Further down core into the oil-water
transition zone intergrain porosity is still recorded but we also
observe large cavernous pores and leaching along fractures. At the
upper portions of the oil-water transition interval, mean measured
values suggested 7e8% porosity whilst at the base of the core, i.e.
the lower portion of the oil-water transition zone, porosity values
of between 22 and 24% were found and permeability increases
rapidly (Fig. 5, Table 1). The down core increase in porosity is well
correlated with the increase of large cavernous pore space.
Permeability data reveal a very similar overall pattern with values
being very low and invariant at the base of the productive zone and
across most of the oil-water transition zone (Fig. 5). Please refer to
Table 1 for details. Centimetre-sized cavernous pores often connect
through nets of leached channels. A prominent case example was
studied by means of x-ray tomography and is documented in Fig. 6.

Oil-saturation was determined qualitatively from direct core
observation. Oil-saturation is spatially irregular and decreases
down core from the reservoir zone towards the water saturated
zone. Within the base of the productive zone, limestone intervals
with a high degree of oil saturation alternatewith such that contain
only limited volumes of hydrocarbons in pore space. The aquifer
below the oil-water transition zone was not cored.

5.2. Petrography, mineralogy, and cathodoluminescence properties
of carbonate cements

Based on rock sample (Figs. 4 and 7 through 9), thin section and
cathodoluminescence analysis, the following petrographic succes-
sion has been established: (i) Phase Ca-1 (Fig. 10) representing the
host sediment is characterized by differential degrees of diagenetic
alteration. Very localized, early marine cements are present. This
early marine fibrous phase nucleates on recrystallized coral skele-
tons (Fig. 4E, F) but is not considered any further here due to its
volumetrically subordinate nature. The host sediment is commonly
orange luminescent. The Ca-1 host sediment substratum is overlain
by a non-luminescent early diagenetic, blocky to stubby calcite
phase (50e500 mm in thickness) often, but not always, character-
ized by one to up to ten thin orange to yellow luminescence sub-
zones in its outer portions (Ca-2; Figs. 8 and 9). Ca-2 cement
morphologies are euhedral to anhedral depending on the
morphology of the pore space they occlude. Phase Ca-2 is common



Fig. 4. Thin section images characterizing the different facies types present in the oil-water transition interval studied. (A) Peloidal mudstone with late diagenetic fractures filled by
blocky calcite. (B) Fine-grained, argillaceous wackestone with abundant unspecified skeletal debris. (C) Coarse-grained algal, foraminiferal packstone. (D) Oncoidal and ooidal
grainstone with composite grains and superficial ooids. (E/F) Coral framestone, note blocky calcite filling recrystallized coral skeletons. Early marine cement phase forms thin,
isopachous rim on coral skeletons.
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in all Bashkirian samples.
The next diagenetic phase paragenetically (Ca-3) is a dull to

bright luminescent, usually blocky calcite (Figs. 8 and 9) with di-
mensions of some tens to some hundreds of mm depending on the
size of the pore space occluded. Luminescence patterns reveal a
complex zonation and banding in places. Often the luminescence
color changes from bright to darker orange towards the crystal
margins. The surfaces of Ca-3 calcite cements are commonly
corroded and irregular (Fig. 8B, F). Ca-3 calcites are overlain by a
volumetrically insignificant dolomite phase (Dol in Fig. 9F) char-
acterized by a red, mottled luminescence color. Dolomite crystals
usually are present as single crystals or as cluster of crystals each
with a corroded surface (Fig. 10E and F). In some cases, relictic
rhomboedric shapes of dolomite crystals are preserved.

The next fabric is stratigraphically represented by coarse blocky
crystals of calcite (Ca-4) and forms one of the volumetrically most
significant phases (some hundred mm to 1 cm in diameter; Fig. 7
through 9). Phase Ca-4 has a dark red or dark brown lumines-
cence color oftenwith a darker or lighter brown luminescence zone
at its outer crystal margins. Two subtypes are observed. Subtype
Ca-4a is a translucent blocky cement phase, whilst subtype Ca-4b is
translucent but porous and yields numerous hydrocarbon
inclusions ranging in size up to some tens of mm (Fig. 8D).
Commonly, the surfaces of calcite phase Ca-4b are corroded
(Fig. 8D, F). Subtypes 4a and 4b coexist in some samples. In this
case, phase 4b overlies 4a with a sharp and planar boundary
(Fig. 8D). Elsewhere, only subphase 4a (Figs. 8B and 9F) or subphase
4b (Fig. 8F) are present.

The paragenetically youngest, often blocky cement phase (Ca-5)
is alternating light or dark orange under the cathodoluminescence
and displays complex sectorial zoning (Fig. 8F). Crystals are similar
in size to phase 4 and reach dimensions of many 100 mm to one cm.

5.3. Microthermometry and fluorescence

Green fluorescence colors of oil inclusions in phase 4 cements
were found to be of limited diversity all thin sections studied. Non-
oil fluid inclusions were recognized in paragenetic stages 3 through
5 and are document in Figs.10 and 11. In phase 3 calcites, only liquid
monophase fluid inclusions were observed. For calcite generations
4 and 5 detailed microthermometric investigations were per-
formed. Freezing temperatures vary between �70 and �100 �C.
First melt can be determined around �50 �C that implies a eutectic
at �52 �C that is related to the ternary H2OeNaCleCaCl2 system.



Fig. 5. Schematic geological section of reservoir facies and oil-water transition zone with indication of porosity, permeability, resistivity, and gamma ray data. Transition zone is
indicated and subdivided in sub-zones I through III, with I being located at the limit to the overlying productive zone and III at the limit to the underlying water-wet zone. Note,
depths are well depths in meters.

Table 1
Porosity-permeability data and type of porosity across the oil-water transition zone.

Zones Depth, m Value of open pore space, % Permeability by gas (n � 10�3 mm2) across layers succession Type of porosity

Lower part of oil reservoir
Oil-saturated 1276.5 15.57 0.29 intergrain

1276.9 14.68 0.27
1277.2 18.77 0.40
1277.6 13.69 0.30
1277.9 12.01 0.12
1278.2 13.88 0.24
1278.5 2.17 0.01
1278.8 8.98 0.11
1279 7.47 0.04
1279.2 5.69 0.00

Oil-water contact
I 1280.1 8.88 0.01 intergrain

1280.3 10.18 0.16
1280.5 5.13 0.01
1280.9 8.49 0.10
1281.2 7.2 0.03
1281.5 4.27 0.01
1281.8 6.78 0.13 intergrain and solution-enlarged

II 1282.2 6.52 0.42
1282.5 12.15 1.06
1282.8 9.56 0.20
1283.1 8.06 0.18
1283.5 4.78 0.01
1283.8 22.75 2.63 cavernous

III 1284.1 25.64 3.21
1284.5 21.32 4.89
1284.8 27.50 3.10
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Degree of fill shows constant values between 0.9 and 0.95.
For calcite 4, final melting temperature of ice varies from �18.3

to �20.7 �C and final dissolution temperatures for hydrohalite
between �22.9 and �24.1 �C, that records a salinity of
20.7e22.2 wt.% (NaCl þ CaCl2). Homogenization temperatures vary
from 107 to 140 �C (Fig. 10). Themolar Ca/(Naþ Ca) ranges between
0.13 and 0.21. Based on the ternary system a Ca content of
17000e27000 ppm and a Na content of 55000e67000 ppm can be
calculated. Within one single trail, salinity and Th are almost con-
stant whilst these values vary between different trails.
In contrast for Ca-5 the microthermometric results for the final
melting of ice show a variation from �18.8 to �21.9 �C and final
dissolution temperatures for hydrohalite in the range of �24.8
and �29.6 �C (Fig. 11). These measurements can be translated into
salinities of 20.8e22.7 wt.% (NaCl þ CaCl2). The molar Ca/(Na þ Ca)
ratio show in average a significant higher Ca content in the fluid
from 0.26 to 0.53 with a calculated Ca content of
31000e53000 ppm and Na content of 27000e50000 ppm. Ho-
mogenization temperatures are in average lower as for Ca-4 and
range from 80 to 118 �C (Fig. 10).



Fig. 6. X-ray tomography of core sample 1284.3e1284.6 m from sub-zone III close to the underlying water-filled interval. A) Photograph of core sample. B) Distribution of pore space
in sample (blue). C) Display of pore space. Note cm-sized, spatially connected (cavernous) porosity (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.).

Fig. 7. Core sample and position of selected types of calcite cements Ca-4a, 4b and 5
that represent the volumetrically most important phases. Note black staining by hy-
drocarbons. Diameter of small upper left inset is 1.5 cm (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this
article.).

A.N. Kolchugin et al. / Marine and Petroleum Geology 72 (2016) 45e6152
5.4. Carbon and oxygen isotope data of bulk micrites and carbonate
cements

Bulk micrite d13С data range from �6.4 to �3.4‰ (n ¼ 16;
mean ¼ e5.0‰) whilst d18O ratios are between �6.7 and �5.7‰
(n¼ 16; mean¼�6.2‰; Table 2). Essentially, carbon isotope values
shift to more negative values from the oil-water contact zone
(~-4‰) upcore into the oil saturated zone (~�6‰). Conversely,
oxygen isotope data remain comparable invariant across the short
core section measured (Fig. 12).
Carbonate cement subsamples were collected from phases Ca-

4a, Ca-4b and Ca-5, as these fabrics are volumetrically large
enough to allow for the mechanical extraction of sample powder
(Fig. 15; Table 3). The scatter of data is significant and ranges
from �22.2 to �4.5‰ for carbon and from �6.7 to �4.9‰ for ox-
ygen (Table 3). From carbonate phases Ca-2 and Ca-3, only one bulk
sample could be extracted and the resulting values are �4.5‰ for
carbon and �6.7‰ for oxygen. The significance of this small data
set is unclear. Conversely, data from cement phases Ca-4a and b and
Ca-5 are considered significant (Fig. 13). Generally, stage 4 and 5
cements are conspicuously depleted in d13С relative to the para-
genetically earlier cement phases Ca-2 and 3 and bulk micrite
samples, whilst they are similar in their oxygen isotope ratios.
Carbon isotope data for Ca-4a cement range between �22.2
and �19.7‰ (n ¼ 4) and represent, with respect to d13С the
isotopically most depleted cluster in carbon-versus-oxygen isotope
cross-plots. Oxygen isotope data of phase Ca-4a range from �4.9
to �5.4‰ (n ¼ 4). Phase Ca-4b is slightly less depleted (�18.3‰), in
13C relative to phase Ca-4a whilst d18O ratios are similar (Fig. 13).
The paragenetic youngest (Ca-5) cement phase yields d13С ratios of
between �12.6 and �11.2‰ (n ¼ 3), d18O ratios are between �5.4
and�5.1‰ (n¼ 4) and plot in a specific cluster that is intermediate
between bulk micrite and phase Ca-4 samples.
6. Interpretation and discussion

6.1. Cementation dynamics and timing of oil charge

Three subzones are subdivided across the transition zone:
Subzone I represents the stratigraphically highest interval
(1280.1e1281.8 m) directly beneath the productive, fully oil-
saturated zone of the reservoir (Figs. 5 and 12). Subzone III is
located in the lower part of oil-water transition zone
(1284.1e1284.8 m), i.e. directly above the water-wet zone where
oil-filled pores are rare to absent. Subzone II is intermediate in
nature (Figs. 5 and 12). This subdivision is - to some degree e



Fig. 8. Cathodoluminescence properties of different paragenetic phases placed against transmitted light photomicrographs. (A/B) Complex intergrowth of different cement types
including a dolomite phase (Dol). (C/D) Cement phase Ca-4a, b and 5. Note sharp boundary between phase 4a and 4b and corrosive boundary to overlying phase Ca-5. Ca-4b is
interpreted as paragenetic phase coeval to oil migration due to numerous hydrocarbon inclusions. Note complex zoning of phase Ca-5. (E/F) as (C/D), note hydrocarbon inclusions in
phase Ca-4b and complex sector zoning of phase Ca-5.
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artificial in nature as the boundaries are not sharp but gradual but
serves the purpose to simplify the discussion.

The paragenetic succession of carbonate cements observed in
thin sections from each of these subzones shares important simi-
larities and differences (Fig. 14AeC). Paragenetic stages Ca-1, 2, and
3, representing the pre-emplacement phase, are present in all
samples studied. Ca-1 represents the diagenetically stabilized
sediment substratum upon which a series of marine to burial car-
bonate cements precipitate. The patchy luminescence of Ca-1 re-
flects the typical admixture of sediment consisting dominantly of
magnesian calcites and probably aragonite particles that were later
stabilized to diagenetic calcite in the presence of reducing fluid as
evidenced by luminescence. Pore space is largely occluded by non-
luminescent Ca-2 cements also found as first phase nucleating
upon the sedimentary substratum (e.g., Fig. 9B and D). Following
previous workers (Bruckschen and Richter, 1994), phase Ca-2 ce-
ments are here not considered fully marine in nature but probably
represent a shallow burial phase (Kaufmann, 1997) precipitated
from modified marine porewaters. In previous work (Walkden and
Williams, 1991; Bruckschen et al., 1992; Bruckschen and Richter,
1994; Richter et al., 2003; Swart, 2015), thin yellow luminescent
zones (Fig. 9D) in otherwise non-luminescent calcite cements have
been interpreted as representing pulsed changes in Eh with tran-
sient intervals of sub-oxic fluids leading to the presence of Mn2þ

incorporated into the crystal lattice (Bruckschen et al., 1992; Richter
et al., 2003). Nevertheless, the oxidation stage of the pore fluid, and
related to this the presence of Mn4þ and Mn2þ respectively, is not
the only factor that must be considered. Based on experimental
work Ten Have and Heijnen (1985), documented that differences in
crystal growth rates significantly affect the luminescence patterns
of carbonate cements. Moreover, activators other than Mn4þ (and
quenchers) must be considered.

Similar to Ca-2, cement phase Ca-3 is present throughout all
subzones of the water-oil-transition interval. The luminescence
patterns of this phase are complicated showing banding and sector
zoning (Fig. 9B and 14). In many cases, this phase is corroded at its
outer margin pointing to a stage of non-cementation and corrosion
between phase Ca-3 and Ca-4 most likely related to a change in
pore fluid chemistry (Fig. 15). In several of the thin sections studied,
phase Ca-3 is locally overlain by patchy dark-red to orange-brown
luminescent, layered dolomite rhombs (Fig. 9F and 14) present
throughout subzones I to III (Fig. 15). The precipitation of the
dolomite spans the diagenetic stages of early hydrocarbon charge.
Evidence for this comes from the inclusions rich-, corroded nature



Fig. 9. Cathodoluminescence properties of different paragenetic phases placed against transmitted light photomicrographs. (A/B) Host sediment (Ca-1), non-luminescent blocky
spar calcite (Ca-2), and bright orange luminescent blocky spar calcite cement (Ca-3). Note complex zoning of Ca-3. (C/D) Phase Ca-2 and 3 overlaying sediment substratum. Note
bright luminescent zones in otherwise non-luminescent Ca-2 phase cements. (E/F) Coarse blocky Ca-4a phase overlying patchy luminescent dolomite cements (Dol) (For inter-
pretation of the references to color in this figure legend, the reader is referred to the web version of this article.).
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of the dolomite rhombs and paragenetic position overlying phase
Ca-3a calcites. Dolomite precipitation is potentially related to
changes in the partial pressure of fluid CO2 (Morrow,1982) with the
first migration fronts of fluids ahead of the rising hydrocarbons
being enriched in CO2. This notion is in agreement with cement Ca-
3 corrosion (Fig. 15).

Dark brown-red luminescent cement phase Ca-4a and b are of
key significance for the understanding of the oil charge history of
the Bashkirian reservoir facies under study. Based on the micro-
thermometric data compiled here, phase Ca-4a and b cements
precipitated from fluids with a salinity range of between 20.7 and
22.2 wt.% (Fig. 10) and a temperature range of between 107 and
140 �C (Fig. 11). The fluid chemistry is in agreement with a non-
carbonate source, i.e. the Devonian black shales representing the
source rocks (Aizenshtat et al., 1998). According to basin modeling,
oil migration in the Volga-Ural region started e depending to the
location studied e as early as the Late Triassic and goes on until
present time (Kerimov et al., 2014). Several peak intervals of oil
migration and accumulation during the Mesozoic and Cenozoic
were proposed. Most workers, however, agree that the main oil
migration and accumulation phase correlates with an Alpine stage
of a tectogenesis. Based on regional data, the Alpine orogenic stage
in the Oligocene to early Pliocene (Sharkov et al., 2015) resulted in
the formation of the majority of modern structures in the region
and triggered most of the oil accumulation in these structures
(Ashirov, 1960). Judging from the presence of two corroded internal
surfaces (i.e., between phase 3 and 4 and between 4 and 5, Fig. 15)
two pluses of ascending corrosive fluids are recorded. These
perhaps point to two regionally important fluid migration events
resulting from tectonic far-field effects (“squeegee flow”, cf.
Immenhauser et al., 2007). The latter one of these two events was
related to oil emplacement.

In subzone III (Fig. 14C), i.e. the interval that is closest to the
water-filled zone, phase Ca-4b is lacking whilst 4a (Fig. 8B and D,
9F) is present. The main difference between Ca-4a and b lies in
the presence of abundant oil and bitumen inclusions within phase
Ca-4b. The boundary between Ca-4a and b is sharp with lumines-
cent colors gradually turning into brown to black colors with a
transition to brown-orange luminescence at the base of phase 4b.
In the view of the authors, phase Ca-4b is essentially coeval to
initial oil charge from the Devonian source rock into the Bashkirian
reservoir facies. Interestingly, subzone III cements of this stage lack
oil and bitumen inclusions suggesting spatially localized oil
migration as opposed to migration through the bulk lithology. The



Fig. 10. Homogenization temperatures in cement phases Ca-4 and 5. (A) Histogram of measured homogenization temperatures. (B) histogram of calculated salinities in wt.%
(NaCl þ CaCl2), (C) homogenization temperatures versus Ca/(Na þ Ca) mole ratio, (D) salinity wt.% (NaCl þ CaCl2) versus homogenization temperatures. Note systematic variation
(AeD) of fluids trapped in Ca-4 (red) and Ca-5 (blue) (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.).

Fig. 11. Fluid salinity in cement phases Ca-4 and 5. (A) Microthermometric results in the ternary NaCleCaCl2eH2O phase diagram. (B) salinity wt.% (NaCl þ CaCl2) versus Ca/
(Na þ Ca) mole ratio. Note systematic variation of fluids trapped in cement phases Ca-4 (red) and Ca-5 (blue) (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.).
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very limited spread of hydrocarbon inclusions fluorescence colors
(green, wavelength of 548 nm) implies a single maturity of
included oil (see discussion in Sellwood et al., 1993). In subzones I
and II, phase Ca-4b is in turn corroded and in all subzones overlain
by stage Ca-5 cements with complex luminescence banding and
sector zoning (Fig. 8D, F and 14A, B). Based on microthermometric
data, stage Ca-5 cements precipitated from fluids with a salinity
range of 20.8e22.7 wt.% (Fig.10), i.e. directly comparable to those of
Ca-4 fluids, and a temperature range of 80 though 118 �C (Fig. 11).
This fluid temperature range is lower by about 20 �C relative to Ca-5
fluids and judging from the fluid chemistry, these are mainly car-
bonate hostrock derived (Figs. 13 and 16). It is suggested that the
initiation of phase Ca-5 cement precipitation reflects the end of the
hydrocarbon migration and the post hydrocarbon stage (Fig. 15).

In comparison to previous studies linking oil charge with
cement stratigraphy, the limitation of oil inclusions to one distinct



Table 2
Geochemical data of host matrix micrite bulk samples.

Subzones Sample name Well depth, m d13C [‰](VPDB) d18O [‰](VPDB)

I L122a 1280.2 �6.1 �6.2
L122a1 1280.3 �6.1 �6.2
L123a 1280.5 �5.5 �6.3
L123a 1280.5 �5.5 �6.2
L124a 1280.7 �6.4 �5.7
L125a 1281.1 �6.3 �6.3
L126a 1281.5 �5.1 �5.7
L127a 1281.8 �4.8 �6.2

II L128a 1282.2 �4.2 �6.3
L129a 1282.5 �4.2 �6.7
L130a 1282.8 �4.5 �6.0
L130a1 1283.1 �4.4 �6.2
L132a 1283.5 �4.3 �6.1
L133a 1283.8 �3.4 �6.2

III L135a 1284.2 �4.0 �6.4
L136a 1284.8 �4.3 �6.1

Fig. 12. Detailed geological section across oil-water transition zone with geochemical data, cement types and porosity. Note gradual depletion in 13C from sub-interval III through I.
Note, depths are well depths in meters.
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paragenetic stage is uncommon (Simo and Lehmann, 2000). From a
Cretaceous carbonate field in the U.A.E., Cox et al. (2010) for
example, describe not less than 12 subsequent cath-
odoluminescence zones with oil inclusions. The later notion is in
concert with oil charge and cement growth occurring synchro-
nously over very extended time periods. Judging from the data
shown here, the Bashkirian oil leg was charged rapidly and perhaps
during a comparably brief period triggered by alpine tectonism
(Fig. 15 through 17). Having said that, it is conceivable that the
corroded surface between phase 4b and 5 (e.g., Fig. 8D) represents a
cementation hiatus of unknown duration.

6.2. Carbonate isotope evidence

Carbon and oxygen isotope analyses were obtained from bulk
sediments (mainly the fine grained micritic phase; Table 2) as well
as from cement phases Ca-4 and 5 (Table 3). Cement volumes of
phases Ca-2 and 3 are too small to mechanically separate phase-
specific powder samples and hence, these phases were lumped in
one analysis. Bulk matrix micrite values are plotted strati-
graphically across the palaeo-oil-water transition zone (Fig. 12) and
reveal a clear trend to increasingly 13C-depleted values from
subzone III through I, i.e. towards the oil-saturated zone. It seems
likely that this pattern reflects the presence of oil-derived light
organic carbon included in the crystal lattice of inorganic calcite
phases.

All bulk sediment and cement values are depleted in both 13C
(�4 to �23‰) and 18O (�4.7 to �6.7‰) relative to reconstructed
marine seawater values for the Bashkirian. Grossman et al. (2002)
report Bashkirian brachiopod shell data from the Russian plat-
form and find d13C values in the order ofþ5‰ and d18O in the order
of �1.5‰. Particularly, the difference of about 10‰ in carbon
isotope ratios between reconstructed seawater DIC (þ5‰) and
measured bulk micrite data (�5‰) is remarkable (Fig. 13). Essen-
tially, phase Ca-2 and 3 plot in the same range in terms of carbon
isotope ratios but are more 18O-depleted relative to bulk sediments
and other phases. In the absence of evidence for meteoric diagen-
esis, this may imply dissolution and reprecipitation processes of a
formerly shallowmarine burial phase in the presence of warm pore
fluids with a near-marine salinity. In comparison to published d18O
values of calcite cements in some carbonate reservoirs (~�10
to �14‰; Cox et al., 2010), however, the oxygen isotope values
shown here are not remarkably depleted. Using temperature
equations for calcite d18O (Kim and O'Neil, 1997), a lower formation
water temperature limit of 45 �C can be extrapolated but this de-
pends on the choice of the d18Ofluid and the unknown fluid salinity
and must be accepted within geologically reasonable error bars
(Fig. 13).

Cement stages Ca 4a and b as well as 5 are less depleted in 18O
relative to bulk sediments and altered, early stage cements Ca-2
and 3 whilst they are more depleted in carbon isotope ratios
(Fig. 13). The decreasing cement d13C with increasing burial depth
contrasted by moderately increasing d18O is uncommon (Cox et al.,
2010). In the view of the authors, slightly less 18O depleted values of
cement phases 4 and 5 might either imply a decrease of formation
water temperature or, perhaps more likely, an increase of fluid
salinity or a combination of both (Steinhauff et al., 1999). The
opposing trend, i.e. increasingly 13C depleted values with pro-
gressing cementation (Figs. 12, 13 and 16) is perhaps best explained
in the context of volumetrically significance volumes of 13C
depleted organic matter related to hydrocarbon migration.



Fig. 13. Cross plot of carbon and oxygen isotope values measured from bulk sediment
part of samples and different types of calcite cements with indication of reconstructed
fluid palaeotemperature. Note trend to more depleted 13C values of cement phases Ca-
4 and 5 relative to bulk sediment. Lower left inset displays schematic temperature
history of paragenetic phase Ca-1 through Ca-5. See text for discussion.
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Particularly, the most depleted phase 4a is characterized by
numerous oil inclusions suggesting that these cements grew in
pores that contained both water and oil. It seems likely that organic
compounds released 13C-depleted carbon in the precipitating fluid
that was then included in the calcite lattice. In agreement with the
interpretation brought forward, oil charge took place during the Ca-
4a cementation stage and consequently, carbon isotope values of
this phase are the most depleted ones. Source rock-derived CO2

(~�25‰) most likely mixes with rock-derived marine carbon and
the resulting data obtained from these carbonate cements precip-
itated from these fluids lie somewhere on a mixing line between
these end members (Fig. 13).

6.3. Porosity and permeability patterns across the oil-water
transition

The boundary between subzones II and III, i.e. the transition to
the lower portion of the palaeo-oil-water transition zone (Fig. 5) is
characterized by a marked increase in porosity from between 5 and
10% to on average 15% (peak values of 25%, Figs. 5 and 17) and
permeability. Given that the carbonate facies above the oil-water
transition zone is in essence directly comparable to that below,
the increase in porosity and permeability is best explained by the
differential diagenetic history of the productive zone relative to the
oil-water transition interval. Judging from the data available, the
syn-oil emplacement phase Ca-4b and particularly the post
emplacement phase Ca-5, that occludes significant portion of pore
space in subzone I and II of the oil-water transition zone (Fig. 7), is
absent in the productive zone above and the water-filled zone
beneath explaining the significant increase in porosity and
permeability (Fig. 5).

Judging from thin sections and particularly X-ray tomography,
the general trend of increasing porosity and permeability in sub-
zone III of the oil-water transition zone is caused by leached
channels and a system of connected cavernous porosity (Fig. 6).
These channels and cavernous pores are considered the result of
non-equilibrium processes in the water filled zone of the transition
zone, where hydrocarbons create local changes in the fluid phys-
icechemical properties with lowered fluid pH and a changing CO2
regime (Helgeson et al., 1993).
6.4. Did oil emplacement inhibit carbonate cementation?

With regard to carbonate reservoirs, the commonly held view is
that calcite cementation in oil saturated carbonate reservoirs is
limited or inhibited in the presence of hydrocarbons, displacing
burial brines. This is because the transport of dissolved ions and
aquo-complexes to the site of, and required for, carbonate cemen-
tation demands an aqueous medium, usually burial brines. Ce-
ments such as dolomite, kaolinite, quartz, barite, celestine,
sphalerite, and galena (Neilson and Oxtoby, 2008) form in the
presence of abundant hydrocarbons in the reservoir above the oil-
water contact, whereas carbonate cements precipitate in the
aquifer below (Heasley et al., 2000; Worden and Heasley, 2000).
These concepts can be tested using the data set presented here.

Cement phase 4b is a clear case example of a calcite phase
precipitating from pore fluids containing both oil and water
(Fig. 8D). Evidence comes from the numerous oil inclusions
implying an initial overlap in the timing of oil migration and
emplacement and phase 4b cementation. Carbonate fields are, in
many cases, only weakly oil-wet (but more often mixed-wet) when
compared to clastic reservoirs (Heasley et al., 2000). Essentially, oil
films form at the surface of pores and adhere to carbonate surfaces
whilst the bulk pore space remains water filled (mixed-wet).
Moreover, oil may be transported as micro-droplets (emulsion) in
essentially water-wet reservoirs and droplet were attached to the
crystallization front to become subsequently built into phase Ca-4b
cements. Judging from thin sections, the increasingly inclusion-
rich, porous, and corroded nature of these calcites is indicative
that the oil-water ratio increased and cementation was gradually
retarded. At some stage, cementation ceased (Fig. 15). During peak
oil migration, corrosion of carbonate cements took place leading to
the formation of a hiatal interval expressed as the irregular inter-
face between phase Ca 4b and phase Ca-5 cements. The subsequent
onset of phase 5 is indicative of a significantly decreased oil-water
ratio, resulted in cementation fronts that were essentially water
wet, and continued cement precipitation (Fig. 15).

The data shown here for a limestone reservoir agree well with
the conclusions previously drawn for quartz cementation during oil
emplacement (Worden et al., 1998, 1999). These authors suggest
that quartz cementation came to a halt when the precipitating
fluids were unable to reach the pore space in an oil-wet system.
Concluding from the here documented case example, the “oil-does-
not-inhibits-diagenesis” model applies as long as the oil-to-water
ratio is low. When a threshold limit is passed, the “oil-inhibits-
diagenesis” model reasonably describes the formation of a
corroded, hiatal surface in the cement succession occluding pore
space.
7. Conclusions

(1) A detailed geochemical, cathodoluminescence, fluorescence,
and microthermometric analysis of a 5-m-thick palaeo-oil-
water transition zone was performed with focus on five
calcite (Ca-1 through Ca-5) and one dolomite paragenetic
cement phase. Diagenetic environments range from syn-
depositional marine to late burial in nature.

(2) The presence of a corrosive micro-hiatal surfaces and
numerous oil inclusions in phase Ca-4b cements points to
ascending hot fluids with temperatures of 110e140 �C and a
salinity range of 20.7e22.2 wt.% related to oil emplacement.
Florescence imaging implies a single maturity of included oil.
The fluid chemistry is in agreement with a non-carbonate



Fig. 14. (AeC). Schematic overview of cement paragenesis in subzones I (A), II (B) and III (C) of oil-water transition zone. See Fig. 12 for relative position of subzones.
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source, i.e. the Devonian black shales representing the source
rocks.

(3) An earlier corrosive interval, separating stage Ca-3 and 4 and
cements lacking hydrocarbon inclusions is best assigned to a
first pulse of ascending fluids in advance of the hydrocarbon
migration front. Post oil-emplacement cements (Ca-5) reflect
cooler fluid temperatures in the order of 80e120 �C and



Fig. 15. Conceptual figure placing paragenetic phases versus non-precipitation/
leaching leading to formation of micro-hiatal intervals in context to oil charge. Two
pluses of ascending corrosive fluids are recorded in micro-hiatal surfaces. Oil charge is
related to the second of these corrosive intervals. Note thickness of paragenetic phases
is not to scale.

Table 3
Geochemical data of different paragenetic phases.

Sample name Type of cement d13C [‰](VPDB) d18O [‰](VPDB)

C 130 a Ca-2 & Ca-3 �4.5 �6.7
C 133 b Ca-4a �19.7 �5.3
C 133 d Ca-4a �22.2 �4.9
C 133 d Ca-4a �21.7 �4.9
C 136 b Ca-4a �20.4 �5.4
C 133 c Ca-4b �18.3 �5.0
C 135 a Ca-5 �12.0 �5.4
C 136 a Ca-5 �11.2 �5.4
C 133 a Ca-5 �12.6 �5.1

Fig. 16. Schematic temperatureetime plot of basin evolution and main paragenetic
events recorded in the Bashkirian carbonate rocks studied here. Note, present-day
thermal gradients (measured directly in bore holes) differ from those reconstructed
for Cenozoic times characterized by pulses of hot ascending fluids triggered by tectonic
far-field effects. Assignment of specific paragenetic phases to specific stratigraphic
intervals is not well constrained.

Fig. 17. Cross plot of porosity and permeability measured from oil-saturated core in-
tervals and subzones I, II, III of oil water transition zone.
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present day borehole measurements indicate temperatures
in the order of about 30 �C.

(4) Porosity and permeability values are highly variable in the
productive zone above the oil-water-transition zone but
decrease down-core into the transition zone and increase
again (up to 25% porosity) towards to water-saturated zoned.
Judging from X-ray tomography, the increase in both
porosity and permeability at the base of the oil-water tran-
sition zone is related to a system of leached channels and a
system of connected cavernous porosity.

(5) At an early stage of oil emplacement, hydrocarbons weree in
the view of the authors e transported as droplets (emulsion)
in essentially water-filled pores and droplets attached to the
crystallization front were subsequently built into phase Ca-
4b cements. The data shown here support the “oil-inhibits-
diagenesis” model but also document that cementation goes
on as long as the oil-to-water ratio in mixed wet carbonate
reservoirs is below an as yet undefined threshold limit.
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