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2 Summary

The present diagenetic study targets a resergoindtion from the Lower Cretaceous
Thamama Group, which was deposited in an Abu Dhabashelf basin within the bigger
Rub Al Khali basin of the south Arabian gulf. Itntains important carbonate oil fields
defined by gentle anticlinal structures, producngund 5 % of the world oil.

The aim of this study is to give a better underditag of the cementation dynamics in
a Lower Cretaceous Middle East carbonate reseofdire Thamama Group by assessing the
controls on reservoir quality and the effects ditharge. This was performed using data from
two wells; one in crest position and the other iitaak position by analyzing the differences
in volumetric evolution of diagenetic cements bedweoeval oil and water leg samples.

This was achieved using cathodoluminescence mettwoidientify cement growth and
zonation, isotopic analysis (ion microprobe) anccroscopic analysis using UV light to
detect oil inclusions and to identify the relattiming of oil and water leg cement creation.

Syntaxial calcite cement overgrowths in the of &e divided into five main zones
based on the cathodoluminescence colour zonatlmyisg ion microprobes'®0 values
between -3.03 in the earlier cements and -11.5%hen latest, allowing for a cement
stratigraphy to be defined. The ferroan cemenhéwater leg occludes pore space in totality
and shows'°0 values between -4.61 and -8.20, with no obvi@msent stratigraphy.

il inclusions were identified in early syntaxisgément zones, with*®0 values of
approximately -5. This was identified as the eatl®l charge event, allowing to compare the
volume of cement in the oil and water leg followitlge start of oil emplacement, which
causes the major changes in diagenetic evolutitimetoeservoir rock in crest position.

Oil charge retards diagenesis in the oil leg, withto 85 % less cement precipitating

when compared to the water leg during this samgedietic stage.
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4 QObjective

The aim of this study is to give a better underditag of the cementation dynamics in
a Lower Cretaceous Middle East carbonate reseofdire Thamama Group by assessing the
controls on reservoir quality and the effects dfcbiarge. It focuses on petrographic methods
and the analysis of burial cement volumes in coeitand water leg samples, basedsoiO
trends obtained through cathodoluminescence (CdlJ@mmicroprobe methods.

Oil charge lowers water saturation to a minimumeleknown as the irreducible water
saturation, bringing the diagenetic processes twala This will retard or avoid further
cementation, preserving porosity and permeabilitythe water leg, fluid flow continues
through the pore network as a whole, maintainirggh rate of cementation occluding most
of the pore space.

Based on the cathodoluminescence colour zonatidnoaygen isotope data, cement
volumes will be calculated in samples from boths|egith the expectation to find different
diagenetic behaviours, with different cement growates, hence showing different cement
volumes as a consequence of oil emplacement iorédstal area.

With further work, the timing of the cement fornoet and the diagenetic environment
in which they were formed can be obtained, helpmthe understanding of the evolution of
pore-filling fluids and diagenetic processes thitougne as well as in developing and
improving burial models.

This will help in the development of carbonateibamd reservoir models and in the
improvement of exploration and field developmerdngl in carbonates, enabling better oil

reserves estimates and an increase in productiem{e.



5 Background

5.1 Geological setting

The Arabian peninsula has an approximate areaxd®@ Knt. It is bounded to the
West and South by the Red Sea rift and Gulf of Adiénrespectively, to the North by the
thrust zones of the Alpine Orogeny and to the Bgghe orogenies of the Zagros thrust belt
and the Oman mountains (Figure 2). The major mdqgcal units in the peninsula are, from
West to East, the Arabian-Nubian Shield, the ioteshelf (interior homocline), the outer
shelf and the orogenic margins of the block, ob=sgrin the Omani and Zagros mountain
ranges (Henson, 1951, and Powers et al., 1966).

The geological formation, known as the Thamamau@ranalyzed in this study was
deposited in the areas adjacent to the Abu Dhatashelf basin, in the Rub Al Khali basin
(Figure 2), which was created within the Arabiaatfgdrm in the southern Arabian gulf,

during the Aptian (Alsharhan, 1995).

5.2 Tectonic evolution

During the Palaeozoic (latest proterozoic andye&ambrian, Beydoun, 1991),
consolidation and accretion of the Arabo-Nubianekhito the Gondwana margin went
through, with clastic sediments being depositethexsurrounding shallow epeiric seas of the
Middle Eastern area and no major tectonic actieging recorded (latest proterozoic to late

paleozoic, Beydoun, 1991).
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The ancient Arabian shield is presently seen enWestern part of the peninsula and
dips towards the East, forming the basement ofiritexior shelf and of the outer unstable
shelf.

In the late Permian, the beginning of extensi@mal rifting events caused the drifting
away of the central Iran, northwest Iran and pdrfTorkey blocks from the Gondwanan
margin, leading to the opening of the Neotethys sea

The rifting of the Gulf of Aden and the Red Seaimy the Eocene represents the
breaking of Gondwana, the separation of the Arapiate from Africa and its collision with
Asia, creating the major tectonic events presentblyerved in the northeastern margins of the
Arabian plate (Beydoun, 1991):

The collision of the Arabian and Eurasian platasnied the Zagros fold belt, with the
subduction of the Arabian platform under the Ewmaglate leading to the surface placement
of ophiolites in Oman ending in the Eocene. Themg events together with the Alpine
Orogeny in the Miocene/Pliocene, bring the Rub AkK basin, where the Thamama Group
is located, to its present form (Alsharhan etz001).

The regional anticlinal structure affecting thealitama Group was created by two
major stages; an East-West folding and closureovi@dd by a North-South closure. The
structure has a length of 35 km and a width of d0(®swald, 1995). The structural changes
in the area started in the Cenomanian, with no m&jents being found during the time of
deposition of the Thamama (Oswald, 1995).

During the Cenomanian, the surface placement biotiges in the Eastern area of the
Arabian platfrom created the East-West antifornsgie and folding, causing the reactivation
of the horst and graben basement structures. Tdastivation displaced the overlying
sediments, creating several anticlinal and synklthanges in the substrata of the southern

area of Abu Dhabi (Oswald, 1995).
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In the Campanian, a North-South anticlinal strreststarted forming with a more
ponounced southward dip of the strata, leading he treation of East-West faults
(perpendicular to the tilting) in the existing E&gest anticline. During the late Tertiary, the
last structural event goes through, with the noattuatilting of the northern limb coinciding
with the tectonic events related to the Zagros rnennrrange creation, which is believed to
have caused the lithosphere to bend to the nodtvé@l, 1995).

The Hormuz salt deposited during the Infracambmas also a cause for several
structural changes starting in the Jurassic inrgggon, causing the displacement of overlying
units, forming anticlinal structures and creatingrious producing oil fields in the area
(Alsharhan et al., 2001).

The Thamama Group of the lower Cretaceous in Abal) U.A.E., was deformed in
this way, where gentle anticlinal structures wemreated and where important oil fields are
producing around 5% of the world oil from the resérs of the Thamama Group, assessed in
the present study. Several fold trends and antifaxis are shown in Figure 3, with the oil

fields represented in green.

5.3 Stratigraphy

Clastic sedimentation was dominant in the ared tha late Permian when there was
a change to carbonate dominated sedimentation d/&lah, 1997). Stable shelf conditions
were created, typifying the Jurassic as well asdretaceous when shallow-water carbonates
accumulated on the shelf and inner Arabian platfaaiternating with units of sabkha-like
interbedded evaporites in the Jurassic (Beydou®l)19Between the Permian and the
Jurassic, the carbonate shelf is exposed to dryastibl conditions, with evaporitic basins

forming in the area (Alsharhan et al., 2001).
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The beginning of the Cretaceous marks the endhisfavaporitic depositional phase
and the return to a carbonate marine shelf depasiti system controlled by marine
transgressive cycles (Schlumberger, 1981).

The Thamama group was created in the Lower Cretsceand is affected by the
regional anticlinal structure mentioned in sectto®. It refers to the interval located between
the top Tithonian and base Albian, ending with giaeal unconformity surface (Figure 4),
and has a layer cake stratigraphy with the reseraries being interlayered with argillaceous
limestones (Figure 5) acting as seals between th@rnreservoir rocks of the group
(Alsharhan et al., 2001).

The group contains the major reservoirs in Abu WWhaith carbonate sediments
originating from open shelf to shallow water defiosal environments. It is divided into the
four major reservoir formations Habshan, Lekhwidhiaraib and Shuaiba.

The Lekhwair and Kharaib are characterized by iciygl between open marine
packstones and argillaceous mudstones spread tiootign extended area, representing the
cyclicity in relative sea level change. The thickkemse limestone units together with the
reservoir unit form a shoaling upward sequencestasvn in Figure 4. The open shelf
environment represented in these two formations@és into an intrashelf basin depositional
environment in the Shuaiba formation of the uppeaiama.

The sealing argillaceous limestone originated mandgressive phases, with
sedimentation happening in deeper sea waters whie clean limestone, where the
hydrocarbon accumulation are found, representdbeessive stage of a cyclic pattern (Figure
5) (Schlumberger, 1981).

The most important reservoir rocks in the UAE &rend in rudist and algae rich
carbonate deposited in the shallow waters of theaApwhere many Abu Dhabi giant fields

are in production (Alsharhan et al., 2001).
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54 Petroleum system

Most of the hydrocarbon producing reservoirs ia Arabian peninsula are found in
the Mesozoic, with particular reference to the mesie units of the Thamama group
mentioned in this study.

These contain the biggest volume of oil found lme tarea around Abu Dhabi,
specifically in the zones A, B and C of the Thamaanaup, with high reservoir rock porosity
and moderate to low permeability. The oil foundhese zones has an API gravity between
37 and 40. (Schlumberger, 1981)

The source rocks for the hydrocarbons trappebarifhamama reservoirs are believed
to be found in the Upper Jurassic Dukhan-Diyabhwitigration beginning in the Late
Cretaceous and being dominated by vertical pathwapsaces where the evaporitic seals in
between are thin or absent. These source rocksafemed to be regionally extensive and to
have reached sufficient levels of maturity to pdevthe volumes of hydrocarbon found in the
Mesozoic and, specifically, the Early Cretaceouariima group reservoir rocks (Beydoun,
1991).

The Thamama A, B and C reservoirs are verticalpasated by dense sealing
carbonate layers (Figure 5), with the trapping raecm being enhanced by the previously

mentioned extensive and gentle anticline struatiBesdoun, 1991).

55 Diagenesis

The diagenetic study of carbonate rocks is of higiportance as they help
understanding the variation of rock properties spatial heterogeneity in the exploration and

development of carbonate reservoirs.
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Reservoir quality is changed by diagenetic praeess the way they greatly affect and
alter porosity, rock permeability and fluid flowrtlugh the rock. These processes are mainly
controlled by the mineralogy of the matrix, the heal composition and flow rate of the
pore water and also physical factors such as camepac

Cementation occurs as part of these diageneticepses, when the fluid flowing
through pore space is saturated in respect to therah phase found in the matrix grains. The
chemical elements in high concentration find optimaucleation sites on the surface of
existing grains with similar chemical compositi@ausing different types of overgrowths and
cementation processes which reduce pore spaceofPthie cementation occurs during early
diagenesis, as unstable Aragonite and High-Mg tealtissolve and precipitate as low-Mg
calcite, which is more stable and less soluble h\ilirther diagenetic transformations, low-
Mg calcite can also convert into the more stablda@aate mineral Dolomite. Cementation
continues with burial until stability is reached time chemical reactions between fluid and
grain portions of the system.

Relative changes in sea level control the weathgedonditions the sediment is
exposed to and lead to different types of diagenetiocesses, characteristic of each
diagenetic realm. There are three different majaigehetic realms the sediment can be
exposed to where different cementation processad te different cement fabrics: the
meteoric, marine and burial realm.

The sediments in the meteoric vadose zone coatamxture of water and air in the
pore space. Precipitation distribution is irregull@ading to the formation of gravitational
pendant and meniscus cements (sometimes showirgeirmarine vadose zone). In the
meteoric phreatic zone, with higher water contert @ery little or no air, isopachous crusts
and cement rims start forming on the grains surfamesisting of equidimensional calcite

crystals (Figure 6).
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In the marine realm, where pore space is compldheid-filled, drusy, equant and
granular mosaic textures form, as well as syntaeghinoderm overgrowths (Figure. 8Yith
deep burial and increase in pressure and temperaitylollites form perpendicular to the
principal force direction, as a response to presdigsolution.

The assessment of the different types of cement$ high interest to understand the
diagenetic evolution of the sediments, identify thigerent realms and pore fluids they were
exposed to and period of time they were exposedth.

Petrographic analysis using optical and cathodatestence methods, together with
geochemical analysis of fluid inclusions and ise®pm the cement overgrowths help achieve
the final objective of understanding the diagenetrolution of the rock and the impact of

these processes on reservoir quality.

56 Oil leg vswater leg

Hydrocarbon charge lowers water saturation to aimmim level, known as the
irreducible water saturation, bringing the diagenetrocesses to a halt. This will retard or
avoid porosity and permeability reduction, with moguores being preserved and maintaining
a higher reservoir quality than the sediment inita¢er leg. The smaller pore spaces retain
volumes of water within the oil leg and, assuminwater-wet rock, diagenesis continues,
even if at significantly lower rates than in theterdeg. If the rock is oil-wet, the grains will
be covered by a thin hydrocarbon sheet reducirgyantion between grain and fluid phase,
avoiding further cementation.

In the water leg, fluid flow continues through tipre network as a whole,
maintaining a high rate of cementation where theédfis saturated in respect to the cement

phase and occluding most of the pore space.
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6 Datasummary

The present study was based on thin sectionsugfgamples drilled from cored wells
from the oil and water leg of the same reservoit, umith the difference in burial depth
between oil and water leg samples being approxisgnadd m.

Three cement overgrowths were targeted for iorropiobe analysis; two from one
thin section in the oil leg and one from a thinteecin the water leg.

The small number of samples analyzed could berapresentative of the reservoir
unit but are useful to give an understanding ondifferences in diagenetic cement volumes

between both legs.
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7 Methods used

7.1 Petrographic analysis

A petrographic microscope was used to identify Heglimentary facies and the
evolution of the diagenetic processes affecting riservoir rock. Four thin sections from
coeval surfaces were analyzed for this purpose;ftam the oil leg and two from the water
leg.

The diagenetic history was assessed by determthimgelative timing of diagenetic
events based on the relation between differeneogphases visually observed.

The sedimentary facies were identified using th@tam classification scheme, based

on the depositional texture, the nature of thengraand content in biogenetic material.

7.2 Cathodoluminescence

A cathodoluminescence Cold cathode CITL 8200 MK8#s used to find syntaxial
overgrowths with distinguishable cement zonationildb thin section maps and identify
targets for sampling in the ion microprobe.

Syntaxial cements growing from echinoderm fragmeshtow zonation when observed
under the cathodoluminescence microscope, pregeatinidentifiable cement stratigraphy.
The luminescent response of these cement zonemntsolled by the presence of the trace

elements Mn2+ and and Fe2+, stimulating and reduciminescence, respectively.
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7.3 Porosity analysis

Full images of two thin sections, one from thelej and the other from the water leg,
were produced using between 60 and 70 individuabtqsh captured using the
cathodoluminescence microscope with an attachethdogmera (Figure 13)Jsing an image
editing software, pore space was identified throthgsholding processes creating a series of
different binary images in order to obtain a rarmajevalues for porosity (Figure Mhe

average value was taken as an indicator for the porosity in the area.

7.4 Oil Inclusions

Oil inclusions were located using a Leitz Metalluesica 3 microscope with a 100 W
Hg HBO 103 W/ 2 bulb and a blue filter creating Ught with a waveband of 440 to 490
nm. The inclusions identified were assessed asapyiras they contained a portion of vapor
phase. The cement phase where the oil inclusions feend will provide information on the

relative timing of oil charge.

7.5 Isotopic analysis

Cement zones were targeted for sampling in a CamM@f0 ion microprobe with
special attention given to syntaxial overgrowthsheey contain early cement phases, growing
from echinoderm fragments, on to late cement phgs®sing into the pore space, allowing

for a complete sequence of the cement stratigréplye analyzed. The cathodoluminescence
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cement zonation allowed us to determine directafrsampling in order to obtain transects of
8'%0 data, from early to late cement phases, indepelydsf the colour zonation.

The samples were gold-coated and a Cs ion beanusetsto remove 10 to 15 pm
diameter samples from the thin section. The extepnacision was calculated as 0.2 %o,
determined from analysis of a University of Wisdonsalcite standard considered as being
homogeneous.

Two syntaxial overgrowths were targeted on one seiction from the oil leg and two
other targets were identified in one thin sectimmnt the water leg, both thin sections being
from a coeval surface. Six transects were complé&#dwing the defined targets on the

syntaxial cements.

7.6 Volumetrics

Based on the cathodoluminescence colour zonati@as for the different syntaxial
cement phases were calculated as a proxy for gpectve volumes. The cement areas of the
two ion microprobe targets were calculated usingiiages and an image editing software
and are assumed to represent the cement growth iartee assessed formation.

Another 20 targets identified on samples fromifeelgent reservoir unit in the same
area were also calculated, as they were foundgheniquantity, in order identify any visible
trends related to cement growth.

The volume of the porosity occluding ferroan cetnevhich is the major cement
phase in the water leg samples was also calcubtddcompared to the volume of cement
with similar ¥0 values in the oil leg®0 data give an indication of temperature and depth,

suggesting similat’O values would correspond to a similar diagenetiges
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At the same diagenetic stage, cement growth iecrd to be different in the oil leg

and water leg as a consequence of oil charge, saseing different cement volumes.
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8 Resultsand Discussion

8.1 Facies

Bioclastic skeletal and algal components obseimébe thin sections are green algae,
echinoderm fragments, orbitolinids, benthic foraifeirs, gastropod fragments and a small
amount of bivalve fragments.

Analyzing the depositional texture, the rock shaefatively high mud content and
also high content of bioclasts and peloids (Figait¢ Although contact between grains is
observed, the rock is considered to be originallydnsupported and undergone post-
depositional compaction, reducing pore space acr@@sing grain contact during burial.

Following the Dunham classification scheme theemesir rock in this area can be
described as Algal, Skeletal, Peloid Wackestorfeattkstone.

Based on this classification and the identificatad orbitolinids in the thin sections
observed (Figure 21), the sediments were intergrasebeing deposited in a middle carbonate

ramp depositional environment, according to the ehpdesented by ADCO, 2004 (Figure 9).

8.2 Diagenesis

For samples from the water leg, the following eiagtic processes were identified and

summarized in Figure 10:

- Early cementation leading to calcite precipdaton grains' surface created a calcite

rim and an early phase of porosity reduction.
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- Aragonite dissolution in skeletal remains andagments, promoted by
undersaturation of the pore fluid relative to thaigs, leads to the creation of moldic porosity.

- The dissolved material is then transported tecipitate elsewhere in a later
cementation phase. This cementation occurs asylodkrgranular calcite, reducing porosity
and permeability and enhancing rock stifness. Céatien first starts on optimum nucleation
sites like echinoderm fragments where syntaxialergmgrow.

- Dolomitization occurs as recrystallization areplacement of calcite crystals as
isolated dolomite rhombs are observed in the lastent phase.

- Compaction and pressure solution goes through mcreasing burial when higher
temperature and pressure conditions promote tloeufiag of grains and cement crystals and
the creation of stylollites (Figure 21). This leaids further dissolution and intergranular
cementation, reducing macroporosity and increatiegcontribution of microporosity to the
reservoir development.

Syntaxial cements and late ferroan cements shdfereht fracture orientation,
suggesting the sediment was exposed to differgne fields developed through time in this
location.

The cement phases occlude most of the primarysfgrdeaving secondary porosity
as the major network for fluid flow through the eesir, suggesting an increasingly
important role of microporosity in the rock behavio

The observed cement fabrics and evolution duriagehesis suggests the sediment
was exposed to a marine phreatic diagenetic refdhowed by shallow and deep burial
diagenetic realms.

The oil leg, however, shows a different diagenetrolution, with oil emplacement

retarding diagenesis. The last cement phase iwé#ter leg, occluding the intergranular pore
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space, is not found in the oil leg, meaning oilrgeahappened somewhere in between the
earlier cementation phases.

From the oil inclusion analysis, evidence is foduier oil emplacement during a
relatively early diagenetic stage. Oil inclusionghwa vapour bubble, which indicates it is a
primary inclusion, were found in an early dark broeement zone of a syntaxial overgrowth
(Figure 11). Comparing to the targets sampled & ihn microprobe, this zone would

correlate with an area within zones 2 and 3, Wittd values between -4 %o and -7 %o.

8.3 Porosity

The average porosity of the oil leg sample obthifoe the different threshold values
applied during the image analysis was 21,3 % (Tablevhile the result of a petrophysical
analysis using helium injection on samples fromirale well at approximately the same
depth was 30 %, with an average value of 24,8 %hermreservoir formation (ADCO study,
2004). If compared to the average value of 24,8d¥%the reservoir rock, 21,3 % is a

relatively good approximation.

Table 1. Porosity calculated from cathodoluminescene plafter thresholdingRigure 7).

Threshold Total area Porearea | Porosity
limits (pixels) (pixels) (%)
115-255 3281867 399017 12.1
120-255 3281867 496906 15.1
123-255 3281867 580620 17.6
125-255 3281867 649126 19.7
127-255 3281867 742674 22.6
130-255 3281867 867535 26.4
135-255 3281867 1164249 35.4
Average| 21.3
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The difference between the values obtained ugiegtwo different methods; image
analysis and helium injection; is due to the miomgity of the samples. From microscopic
observation, it is noticed that microporosity i® tmost abundant type of porosity in the
analyzed sample. The epoxy resin in the thin sec¢tistained blue, hence, showing the pore
space in blue (Figure 12). Microporosity is saidctomprise between 51 and 90 % of total
porosity (ADCO study, 2004).

There is uncertainty regarding the values obtawbén using the image analysis
method as the thin section is not representatithefvhole volume and the production of the
binary image leads to errors in interpretation ttuthe ambiguity regarding the similar colour
of cement phases and pore space in the cathodaaognce photos used when thresholding.

In the water leg, due to continuation of cemeaotatiafter oil charge brings
cementation to a halt in the oil leg, the imagelysis method is not useful in calculating the
porosity of the sample. Calcite cementation iseaxely high below the oil-water contact in
the flank position when compared to the crest pwsitwith the last cement phase occluding
great part of the macroporosity. The difficulty ieases when trying to identify pore space
during image analysis of water leg samples as manasity gives the main contribution for
total porosity. Pore space is distinctly identifiad black colour in the oil leg image as
opposed to the water leg image where the darkeucakpresents the ferroan cement phase
(Figure 13). When creating the binary image, themo distinct colour representing porosity,
in order to define acceptable thresolding levelesu®s from laboratory petrophysical
analysis using helium injection show a porosityl 67 % in the water leg (ADCO, 2004).

The image analysis observations show there ig@sfip reduction from the crest zone
to the flank position. This is supported by laborgttests that show a decrease in porosity

from 24,8 % in crest position to 11,5 % and 15,7ir4lank positions. (ADCO, 2004).
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Furthermore, the same study shows that the avgragediameter reduces from 0,69 pum in

crest position to 0,47 pum in flank position (ADCZD04).

84 %0 Analysis

Figure 15 and Figure 16 show the isotopic datdéectdd form a syntaxial cement
overgrowth from the oil leg and how the same colpone may contain a range &fO
values. In Figure 15, the light blue zone rangemfr3.37 %o, on the left side of the grain, to
-4.60 %o on the right side of the grain.

Samples were collected along four transects, déta summarized in Table 2. The
direction of the transects is shown in Figure IraAnEect 3 has been divided into transects 3.1
and 3.2 as growth directions are sampled twiceh thié cement growing to the centre of the

pore space.

The different cathodoluminescence zonation reptsesthe pore water variation in
Mn?* and F&" content while the values f6f°0 in the water vary with temperature and burial
and are not linked with the colors shown by theihescence. In other words, the same type
of pore water may precipitate and create cemett swhilar luminescence characteristics but
show changing*?0 values as burial depth increases.

The syntaxial cements targeted in the oil leg damphow five different zones based
on the colour zonation and ion microprobe data i@&band Figure 17), witG*?O values
ranging from -3.03 %o and -3.37 %o in early cementst61 %o and -11.37 %o in later cement
zones. The two targets in the oil leg show the saomation configuration and correlation

between isotopic data, showing similar trends (FedL8).
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Table 2. 8*°0 values along the transects showiigure 17.

Transect 1 (T1) Transect2(T2) Transect3(T3) Transect 4 (T4)
Zone 1
Zone 2 -3.37 -4.17
-4.55
-4.6
Zone 3 -6.02 -5.38 -7.02 -6.75
-6.97 -6.37
Zone 4 -9.17 -8.81 -9.3
-9.61 -9.4

Zone 4 -8.16

Zone 3 -6.9
-6.99
-5.43

Zone 2

Zone 1 -3.03

The high difficulty level in identifying points akference in the thin section from the
water leg caused the data to be sampled in a eliffdocation than the target previously
defined. The isotopic data from the water leg wars@ed from the latest pore-filling ferroan
cement phase; which is non-existent in the oil désgconsequence of early hydrocarbon
charge; instead of the intended syntaxial overgnevit?0 values of this late ferroan cement
range from -4.61 %o to -8.20 %o (Figure 14). This gests that the major pore spaces would
have been filled by this cement phase during theogeof early syntaxial cementation
observed in the oil leg samples.

This is in agreement with the oil inclusion obsgiens mentioned in Section 8.2 and
confirms the diagenetic processes would have sladeedh at around this time in the crest
position. Oil inclusions were found in a cement eomhered'®0 data shows a value of

approximately -5 %o. This value is linked to a caertdepth and temperature and, hence, to a
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certain diagenetic stage. While in the flank posii cementation continued at a high rate
after this stage, with the ferroan cement occludiregpore space in totality, in the crest zone

cementation was retarded and cementation occuritbdwuach lower volumes.

85 Volumetrics

The volumetric analysis on the syntaxial cemefithe 20 targets is summarized in
Table 6.

Data was sorted in an ascending order of poreesfrashow cement growth trends
related to pore space availability. The pore speae measured as the immediate empty space
surrounding the grain before cementation occurgngaetion is not taken into account as
there was no available method to quantify it, whadkls to the uncertainties of the method.

As would be expected, the syntaxial cement zomee¢dbigger with greater available
space to grow (Figure 19). What should be notisetthat each zone fills a percentage of the
empty pore space and that there is very littleatamm in this percentage with the variation in
pore size (Figure 20). This can be explained astéa of the pore section influences the fluid
flow through the pore space (Darcy Law) which, umt influences the rate and amount of
material transported and, as a consequence, thefraementation on nucleation sites.

These results were obtained from a different k@seformation in the area, where a
higher quantity of syntaxial overgrowths was foutadhelp understand how cement grows in

the subsurface as part of the diagenetic process.

Petrographic analysis of the thin sections fromftirmation that is being assessed in
this study shows the pore filling ferroan cemenias present in the oil leg, while in the water

leg it represents the major part of cementation.e@iplacement in the crest area reduces
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available pore space for water flow and retardsecgation, preventing this ferroan cement to
grow and occlude pore space.

In the water leg, the ferroan cement starts grgwah a diagenetic stage where the
oxygen isotpe analysis shows a maximum value @1-4. and decreases to a minimum
value of -8.20 %0 as burial depth and temperatucesgse. For this cement growth not to be
present in the oil leg would mean oil emplacemémugd happen at a burial depth where
isotopic analysis shows similar values to the eatlferroan cement phase in the water leg,
which would be around -5.

Qil inclusions in the oil leg were found in a catheone wheré'?O data shows a
value between -4 % and -7 %.. This means the eadiesharge in the reservoir rock at the
crest zone could have started at around -4 %o o%o:5which is in accordance to the
cementation processes observed in the water legrewthe ferroan cement strarts growing at
approximately the same time.

The volume of cement growing in the water leg wasmpared to the volume of
cement growing in the oil leg during the same timeyrder to show the different cementation
rates and the effect that oil emplacement hasdrdiiigenetic process. Cement zones showing
isotopic values between -4.61 %o and -8.20 %o wolddehbeen created in the same depth
interval, with the same temperature conditions.sTtorresponds to the total amount of
ferroan cement in the water leg and to zones 23aofithe syntaxial overgrowths in the oil
leg.

A binary image for the thin section from the waley was created to calculate the
volume of ferroan cement, with the cement phasedgompresented by the darker colours. A
series of binary images was created with diffeten¢shold values applied, from which an
average value was obtained (Figure 8 and TablAs3this cement phase occludes the pore

space, the percentage of cement in the rock wilhbesame as the initial porosity.



28

Table 3. Cement volumealculated from cathodoluminescene photo, aftestinolding.

Threshold Total area Ferroan Cement
limits (pixels) cemgnt area | percentage
(pixels) (%)
115-255 3281867 750208 22.9
120-255 3281867 803644 245
123-255 3281867 840703 25.6
125-255 3281867 868180 26.5
127-255 3281867 898449 27.4
130-255 3281867 949102 28.9
135-255 3281867 1050421 32
Average 26.8

To compare the volume of cement in the oil andewbdg, the syntaxial overgrowth
ion microprobe targets (Figure 15 and Figure 16)ewesed. The volume of cement zones 2
and 3, corresponding to the same diagenetic segytge ferroan cement zone, was calculated
and compared to the volume of the inital pore specdhe same target zone, after
backstripping the syntaxial overgrowths. The ihipare space is assumed to correspond to
the ferroan cement volume that would have grownthis target zone, according to
observations of the water leg thin section where seen to be pore occluding. The results are
summarized in Table 4 where the relation betweernwo cements is shown. The immediate
observation is that during the same diageneticestagto 85 % less cement precipitates in the

oil leg. This difference is a consequence of flilidv reduction caused by oil emplacement.
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Table 4. Relation between ferroan cement and syntaxial cenfeahe same diagenetic stage. Areas, as proxies
for volumes, are measured in pixels.

Initial pore space
(predicted ferroan cement)

Target 1 31567 4572 0.15

Zone 2+3 | Zone 2+3 / Ferroan cement

Target 2 23918 5546 0.23

The different rate of cement growth in the oil amater leg after oil charge in the crest
zone is expressed by the gradients of the funcgbosvn in Figure 1, with the ferroan cement

growing to occupy up to seven times more volume tha corresponding syntaxial cement.

Area as proxy for volume (pixels)

5000 10000 15000 20000 25000 30000 35000

5180
(%)

—#—Waterleg —E—0illeg-Target1 —&—0illeg - Target 2

Figure 1. Cement volume growth with decreas&ifO.

While the ferroan cement in the water leg growsdmpletely occlude pore space, in
the oil leg, syntaxial cements grow to occupy 587d% of the initial pore space immediately

surrounding the grain (Table 5).



30

Table 5. Volume of syntaxial overgrowths as percentage itirpore space.

Initial pore space Syntaxial Syntaxial Cement /
(pixels) Cement (pixels) Initial pore space
Target 1 31567 17189 0.54
Target 2 23918 13742 0.57
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9 Uncertainties

Uncertainty levels regarding the methods usedis $tudy are high as the cement
volumes were calculated for two individual graimgl gore spaces immediately surrounding
them. They do not represent the full thin sectiod ¢he method cannot be extended to the
whole thin section area as the targeted cementsatifeund in all pore spaces.

The results obtained give us an understandingeftfferent growth rates of the oil
and water leg cement phases during the same diagestages. To obtain results that
represent cement growth volumes in the full resemaxk in the area, an extension of the
method to the whole thin section must be accomgtistvith 180 analysis of different
cement targets, as well as extending the obsens#ind analysis to different thin sections, in
order to cover a bigger volume of the reservoikroc

The methods used were applied to 2D images whilcls @0 the uncertainties. An
extension of the methods to a 3D analysis via Rochitecture Methods (PAMs) would help
reduce the uncertainty levels and achieve morerateuesults. PAMs provide for better
results when assessing porosity and pore netwoyksnalyzing a cubic sample of the
reservoir rock built from 3 thin sections cut oglooally from the plug sample.

The image editing processes and interpretatissadd to the uncertainty levels. The
definition of cement zones is limited by the quabf the thin section, as we can only analyze
a 2D section of the 3D cement overgrowth.

The area of the 2D cross-section of the cementgovwth observed on the thin
section is used as a proxy for the volume calauatThis will add to the uncertainties as,
depending on the point the thin section is cut frohe cement overgrowth cross-sections

show different areas and high variability betwewssm.
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10 Conclusions

The present diagenetic study was performed usatg flom two wells; one in a crest
position and the other in a flank position by amalyg the volumetric evolution of diagenetic
cements in the oil and water legs.

From thin section petrographic analysis the rods wlassified as Algal, Skeletal,
Peloid Wackestone to Packstone. Based on the defiraxzrofacies and on the presence of
orbitolinids, the rock was identified as having bewiginated in a middle carbonate ramp
depositional environment, according to the modesented by ADCO, 2004.

Oil inclusion analysis shows the first oil chargeidence at an initial stage of the
syntaxial overgrowths in the oil leg which corresg@s to the early ferroan cement in the
water leg. This ferroan cement phase is non-existethe oil leg, which proves the idea that
oil emplacement alters cementation dynamics.

Ferroan cement in the water leg is the major cérpbase and grows to occlude
macroporosity, recording 2O values between -4.61 %o and -8.20 %.. By compatieg'°0
values of this cement phase in the water leg tesymeaxial overgrowths in the oil leg, it is
possible to define the syntaxial zones that gremnduhe same diagenetic stage, in order to
compare cement growth and its response to oil ezaplant.

Oil charge brings water saturation levels to aeducible level, decreasing water flow
through the pore network and decreasing the amotittansported material available to
precipitate. This leads to a smaller rate of cengeoivth when compared to the growth rate in
the water leg.

Volumetric analysis of the oil and water leg cemeones created during the same
diagenetic stage (same depth interval) shows lieatetrroan cement in the water leg grows to

occupy seven times more volume than the syntaei@ents in the oil leg, with the syntaxial
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cement zones in the crest position growing to agprately 15 % of the total ferroan cement.
This is supported by petrophysical data, which shawporosity reduction from 24 % in the
oil leg to 15 % in the water leg.

Burial cementation seems to be the main contraleservoir quality, destroying it in
the water leg, while oil emplacement preservesiitthie oil leg. Only in certain places
cementation is found to occupy up to 57 % of alsipgre.

This analysis confirms that oil charge retards estation, preserving porosity and

permeability, and provides an understanding ott#maent growth dynamics.



34

11 Suggestions for further work

To further complement this study, a larger nundfezement overgrowth targets from
a variety of different wells in the area shoulddrealyzed to help validate and improve the
guantification methods used.

A 3D analysis of thin section images using PAMsr&Architecture Models) can be
done to improve the prediction of petrophysicalpgamties of the reservoir rock.

Temperature and depth profiles should be usediild b relationship betweest®O
data and burial depth, in order to improve the wstdaeding of rock response to water flow
and cementation dynamics, linking it to the envin@mtal and structural evolution of the area.

A carbonate reservoir model can then be builtjuthog cementation effects and

relating them to porosity and permeability evolatio
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A: Pendant cement. Equant mosaic, Syntaxial echinoderm
B: Meniscus cement. overgrowth.

Figure 6: Cement fabrics (modified from Flugel, 20.
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Figure 7. Left: Cathodoluminescence phi of the oil leg sample. Right: Binanhpto after thresholdin

Figure 8. Left: Cathodoluminescence ph of the water leg sample. Right: Binarfyqio after thresholdin
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45

Figure 11. Top left: thin section under polarized light. Taght: Cathodoluminescense photo of same target.
Bottom left: Oil inclusions under polarized ligiottom right: Oil inclusions under UV light.
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Figure 12. Oil leg thin section photo showing microporositybiuie.
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Ferroan cement

Pore space———»

Figure 13. Cathodoluminescence pha showing pore space in dark colours (leftid ferroan cement, also
dark colours (right)Left: Oil leg. Right: Water le

Figure 14. Water leg lon Microprobe target showis'®0 values. Cathodoluminescence image on the
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Figure 15. Cathodoluminescence pha of target 1 (oil legshowing cement zonation (right) and oxyz
isotope values decreasing away from the ¢

Figure 16. Cathodoluminescence pha of target 2 (oil legshowing cement zonatic(right) and oxygen
isotope values decreasing away from the g
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Figure 17. Syntaxial overgrowths with marked zones accordingh microprobe data. Growth directions
shown by the arrows. Left: Target 1. Right: Target
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Figure 18. Transects along directions showed in Figure 17.
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Measured in Pixels Percentage
Target ID |Pore Area|Zone 1|Zone 2 |Zone 3|Zone 4|Zone 5|Zone 6| Zone 7 Zone 1|Zone 2 |Zone 3| Zone 4 |Zone 5|Zone 6|Zone 7
1 1756 508 17% 549 178 28.9 10.1 312 10.1 0 0 0
2 4330 2965 465 29 68.4 10.7 0.6 0 0 0 0
3 4474 1464 601 2241 32.7 13.4 50 0 0 0 0
4 4626 3355 697 214 72.5 15 46 0 0 0 0
5 4660 521 1109 881 2022 11.1 23.7 185 | 433 0 0 0
6 6292 3229 | 436 1869 51.3 6.9 29.7 0 0 0 0
7 6769 2157 933 3585 31.8 13.7 52.9 0 0 0 0
g 7347 4876 | 1249 537 215 66.3 17 7.3 29 0 0 0
9 8128 1494 | 2796 807 183 343 9.9 0 0 0 0
10 8471 3487 | 3096 584 271 41.1 36.5 6.8 3.1 0 0 0
11 12047 2803 | 4658 | 3326 883 23.2 386 | 29.2 7.3 0 0 0
12 13433 7513 | 3319 | 1373 559 | 247 10.2 0 0 0 0
13 14274 3546 | 2207 | 3123 | 4227 248 154 | 218 29.6 0 0 0
14 14993 7943 | 3138 | 1120 52.9 | 20.% 74 0 0 0 0
13 17058 7891 | 6842 274 2063 46.2 40.1 1.6 12 0 0 0
16 21426 7084 | 3326 | 4609 | 3747 33 15.5 21.5 174 0 0 0
17 24798 13150 | 6107 | 1212 | 1177 53 24.6 48 47 0 0 0
18 25209 2387 | 1516 | 3798 714 | 1674% 9.4 6 15 2.8 664 0 0
19 29752 18495 | 3858 | 1427 | 1256 | 2324 | 439 182 62.1 12.9 4.7 42 7.8 1.4 0.6
20 37886 993 1842 | 11605 | 23427 2.6 48 30.6 61.8 0 0 0

Table 6. Syntaxial cement areas calculated from cathodolastiance photos measured in pixels and shown in

percentage of the pore space.
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Figure 19. Cement zones area trends increasing with pore gpesgts fronirable 6).
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Figure 20. Cement zones percentage trends showing very\tiation with pore space (results frdmble 6).
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Figure 21. Petrographic photos) Water leg sample. Syntaxial overgrowth (SO) granih echinoderm
fragment (Ech). Macroporosity (MAP) and micropotpgMIP). Foraminifera (F)b) Oil leg sample. Rim
cement (RC) growing of peloids (P). MacroporositAP). c) Oil Ig sample. Foraminifera (F). Green Algae
(GA), Intergranular porosity (IP§l) Water leg. Stylollyte (STk) Oil leg sample. Palorbitolina Lenticularis
(PL).
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