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Abstract

Diagenesis plays a big role in controlling the resg storage and flow properties. Modeling thesets

of dominant diagenetic processes on petrophysicalpgrties is of importance in reservoir
characterization in order to convert a static ggialanodel into a dynamic reservoir flow model. This
paper presents a study on modeling of microstracimd porosity/permeability evolution controlled by
three end-member diagenetic processes, namely meahaompaction, cementation and chemical
compaction. Initial pore scale microstructure isd@led by assuming unit cell of uniform spheres with
loose simple cubic packing (SC). Mechanical compackeads change in packing styles from simple
cubic packing (SC) to denser face-centered cub@C{Fpacking, while keeping grain size and shape
fixed. Cementation is modeled as a process of g@wth by precipitation while keeping the initial
grain center-center distance fixed. Chemical coripaor pressure solution allows grains to dissalte
grain-grain contacts and reduces bulk volume ofuthie cells. In a chemically closed system, pressur
solution leads grain growth via precipitation ofteral derived from grain contacts. In a chemically
open system, dissolved material by pressure solugidaken away from the system. Porosity is tkate
as the degree of diagenesis and is independentin gize. Permeability is modeled using Kozeny-
Carman equation for each end-member diageneticostraicture and normalized to initial grain size.
The relationships between porosity and universaipability for different diagenetic processes are
compared. Two diagenetic paths can be distinguisftech the modeling results. Mechanical
compaction is a more efficient mechanism for petwiga reduction than cementation and chemical
compaction. Other petrophysical parameters suclpase throat radius, specific surface area and
tortuosity are also given.

Introduction

Diagenesis is one of the most important geologicatesses which control the hydrocarbon reservoir
properties. Diagenesis includes both physical dreiical processes altering the primary depositional
porosity, microstructure and petrophysical progsttiThe most common end-member diagenetic
processes which lead porosity and permeability etolo during burial are cementation, mechanical
compaction and chemical compaction or pressurdisoluDepending on the geological variables, one
or more diagenetic processes may dominate. Peploigrabservations show that these end member
diagenetic processes modify not only the porosity ddso the pore geometry in different ways. The
most common form of calcite and quartz cement is\a@rgrowth, a syntaxial rim of the detrital grain
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(Waugh, 1970; Molenaar et al., 1988; McBride, 19B@ndry et al.,, 1996 Mgrk & Moena, 2007)
(Figure 1a). Mechanical compaction occurs duringlletv burial, aided by seismic (including
microseismic) shocks. Vibration causes the packihgediment to tighten as the fabric adjusts and
grains snuggle up close to each other. Figure tlwvsta photomicrograph of sandstone with well sorted
and rounded grains. Chemical compaction or pressultgion is the most important ductile compaction
(deformation) mechanism operating in reservoir domas (normally deep burial). In a chemically
closed system, pressure solution reduces porosity by dissolution at grain-grain contacts and by
precipitation at pore walls (Figure 1c) (Mullis, 98 Zhang & Spiers, 2005; Zhang et al. 2010, 20il).
an open system, the dissolved materials are takety &rom the system and this process results in
microstructure of sutured grain contacts but latkrecipitation at pore walls (Figure 1d). Thesel-en
member diagenetic processes modify the rock miarctres in different but predictable ways.

Diagenetic microstructure is an important input fmermeability modeling, alongside the porosity.
Permeability modeling is primarily driven by theedeof using log measured porosity to predict the
reservoir permeability in order to convert a stag@ologic model into a dynamic reservoir flow model
(Rushing et al., 2008; Chekani and Kharrat 2009eyThave been done in three ways, 1) the semi-
empirical method 2) the statistical method or byn8utral network supervised classification (Balan,
1995, Kale, et al., 2010). However, only the figsgbup models consider both the porosity and rock
microstructure and hence have a physical basembst successful and widely used permeability model
is the Kozeny-Carman equation. In essence, the i§eZarman equation relates the permeability not
only to the porosity but also to the hydraulic teedof pore throat and the tortuosity (Pape et @D12.
Other frequently used models are those ones whictrporate the hydraulic radius in indirect ways-
normally a parameter such as residual water sainrawhich can be derived from log data (Tixier,
1949; Wyllie and Rose, 1950; Timur, 1968; Coated Bamanoir, 1974). Incorporating the diagenetic
microstructures into the Kozeny-Carman equatioa,diagenetic paths in the porosity and permeability
space can be expected.

The objective of this paper is to model the poyep#rmeability relationships resulting from end-

member diagenetic processes of cementation, mexiaamd chemical compaction. The depositional
porosity is modeled as Simple Cubic packing (SCuwoiform spheres with unit grain radius. The

mechanical compaction is then modeled as evoldtan Simple Cubic packing (SC) to Face Centered
Cubic packing (FCC). Cementation and chemical catipa are modeled in two paths from both

originally configuration of a SC packing and fromnger FCC packing. Permeability is calculated using
Kozeny-Carman equation but normalized to the inhgiain radius. The results show that mechanical
compaction is more efficient to reduce permeabilitgn cementation and chemical compaction. Two
paths of diagenesis can be distinguished from theetsal porosity-permeability space. Other

microstructural parameters such as pore throatisathrtuosity and specific surface area are algeng

Methods

The modeling consists of two steps. In the firspsthe microstructures are modeled as resultsidf e
member diagenetic processes. The microstructurahpeters such as pore throat radius, specific sirfa
area and tortuosity, are modeled as changes of gjeprof pore and grain as a function of porosity.
Permeability is then modeled based on each diagenatrostructure using the Kozeny-Carman
equation.

The start point of modeling is the depositional rostructure of simple cubic packing of spheres with
uniform grain size. Two diagenetic paths are fokovio model the pore scale microstructure evolstion
The first diagenetic path assumes no mechanicalpaotion - only cementation and chemical
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compaction are involved in changing porosity andn@ability. The second path assumes a mechanical
compaction applied on the start depositional micuature and cementation or pressure solution
compaction is then followed. Cementation and pmessalution in both close and open system modify
the grain shapes from an original sphere into @ tmbe for a simple cubic packing and into a fibzd
faced polyhedron for FCC packing respectively.

Depositional microstructure- the start point

The start point of modeling is the assumption ofd®al configuration of uniform spherical grainghvi
unit radius and has a simple cubic packing (Fiddae& Figure 3a). The unit cell of this configuratio
consists of a full grain and circumscribed cubewkeleer, the best way to describe the porosity amd po
throat evolution is to use a unit cell cube witB @fain at each corner (Figure 3a). A full poréoisned
by eight grains and a pore throat is formed by fynains. The six faces of the cube represent theser
sections of the pore throats. The bulk voluméésuolume of the cube&/{=8) and the grain volume is
the volume of a spher&¢=417/3). Hence the porosity can be easily calculated as

Ve T 9476 (1)
7 6

SC
b =

The cross-section of pore throat has a star shepbhavn in the left figures in Figure 2a and 3athia
study, the hydraulic radius is defined as the maiuthe inscribed circlerd (tube in 3-D) of the pore
throat and can be calculated as:

e =Var) -7 (2)
Wherer is the original radius of the grain which has & length (=1).

The specific surface area of the depositional rsicuzture (to bulk volume of the cell unit cubef g8
(=1.57).

Porosity reduction and microstructure evolutiorebg-member diagenesis

The porosity reduction of the start configuratienaichieved in four ways, the cementation, chemical
compaction (pressure solution) in close system @ndpen system and mechanical compaction,
respectively. The microstructural evolutions frorsimple cubic packing are described as follows:

1) Cementation

Cementation is modeled as grain overgrowth as aRims overlap at grain-grain contacts. As a result
grain contact area grows. The grain-grain conwessumed to be a circle. The bulk volume of the un
cell is fixed and porosity is reduced by progreslivincreasing grain volume. This represents the
geological scenario where net mass input into &semvoir rock system as cement. The instantaneous
grain radiugy can be calculated as a function of porogityy solving the following equation:

_T[Tg3 — 6Veap — 1=V, =0 3)
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WhereV, is the bulk volume of the unit cell (=8), whichfiged in the case of cementatioviy, is the
volume of a spherical cap with heightrgfr, and sphere radius of.

The hydraulic radius of the pore throat can beuwated using equation (2) but replacing initialigra
radius 7} with instantaneous grain radiug The specific surface are® within a unit cell can be
calculated as a function of porosity by:

47r.% — 6S
Ssz% (4)

WhereS,pis the surface area of the spherical cap.
2) Chemical compaction (pressure solution) in a chaltyiclose system

In a chemically closed system, pressure solutiomses dissolution at grain-grain contacts while
precipitation at pore walls as shown in Figure Tluis process is modeled as the unit cell edgesceedu
as a result of dissolution. At the same time, tissalved material uniformly precipitates at theface

of free pores. Hence, the grain volume is fixechwita unit cell. The porosity reduction is achieweal
reducing the unit cell bulk volume. This representgeological scenario where sedimentary thicknéss
reservoir rocks reduces while no net mass inpyilguo the system.

In this case it is easier to calculate the instaedas length of edge of the unit cell (Figure Zags a
function of instantaneous porosity by a very simgreation:

x="'| 5
The instantaneous grain radius is found by soltregequation as follow:
=113 = 6Vegp — Vy = 0 (6)

WhereVj is the grain volume within the unit cell and isuafjto the original grain volume in this case.
Veap IS the volume of a spherical cap with sphere mdiug and height of ;-X/2.

With the knowledge of instantaneous grain radius thwe length of unit cell edge, other microstruatur
parameters such as hydraulic radius of pore tfaodtspecific surface area, can be easily calcufated
the case of chemical compaction in close system.

3) Chemical compaction (pressure solution ) in a cloalty open system

In a chemically open system, chemical compactiopressure solution also leads to grain dissolwion
contacts. However, unlike in the chemically clogstam, the dissolved material is taken away froen th
system. Since diffusion is a very slow process (ighet al. 2011), material is most likely brought ofi
reservoir rock by fluid convection. In this casergsity is reduced by reduction both bulk volume an
grain volume. However, the grain radius is fixedheTinstantaneous length of the unit c€ltan be
calculated by solving the equation of:
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11 = 6Vegy — (1= HX3 =0 7
WhereVcy, is the volume of a spherical cap with sphere rsidﬁrg" and height ofgo-X/Z.

4) Mechanical compaction

Mechanical compaction is assumed as a process absiriuctural changing from loose simple cubic
packing (SC) to dense face centered cubic packi@]. Experiments show that vibration can help
loosely packed beach sand compacts to densely ¢hasaed. For the FCC packing, the unit cell is a
cube with 1/8 grain at each corner and ¥z grairaahdace. So there are four grains within a urit ce

and each grain has 12 contacts (Figure 3b). ThgtHeof the unit cell is x’ﬁrgo (Figure 3b), and the
porosity is:

Vy — 4V, V2r

FCC __ — _
5 == 1———=10259% (8)

In the FCC configuration, a pore is formed by fguains and a pore throat is formed by three grains
(Figure 2b). The pore throat hydraulic radius f@Q~packing of spheres is

1
e = rgo (60530 - 1) )

The diagenetic microstructures of cementation amehnical compaction evolving from an originally
FCC packing of spheres can also be modeled byatine svay as described in the above sections for the
simple cubic packing. Cementation and pressurdisalin both close and open system all modify grain
shape from original sphere to final cube for simpléic packing and to 12 faced polyhedron for FCC
packing, when porosity approaches zero.

Permeability and tortuosity modeling as a functdmorosity and microstructure

The permeability reduction for each diagenetic psscis modeled by using the Kozany-Carman
equation in the form of (Kozeny, 1927; Carman, 194356; Pape, et al. 2001):

742

k=
8F

(10)
wherer; is hydraulic radiusF is the formation factor. It is defined as a fuaontiof tortuosityT and
porosity @

F=Tig (11)

For diagenetic microstructures evolved from anioally simple cubic packing, the tortuosity)(value

is taken as 1 at the whole porosity region forfthiel can pass the unit cell straightly (Figuredal 3a).
For face centered cubic packing related microatrest fluid has to travel around half grain
circumstance to pass the unit cell length. For Fp@cking, the tortuosityT] is calculated by

_ "
T= (12)
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Results and discussions

The modeled microstructural parameters resultech tidferent diagenetic process are shown in Figure
4, 5 and 6. The denser face centered packing ha$ smaller pore throat hydraulic radius (0.14)
compared to simple cubic packing (0.42). Cemematiocrostructure from original SC packing has
largest pore throat radius. For simple cubic pagkime hydraulic radiuses are nearly the same for
pressure solution in open and closed system. FdC PB&cking, all three diagenetic processes of
cementation, pressure solution in open and closeesy result in nearly the same type evolution of
hydraulic radius (Figure 4). For both packing stylee hydraulic radiuses approaches zero at pgrosit
about 3.5%. The modeled results of specific surtaeas are shown in Figure 5. Cementation results i
smaller surface areas compared to pressure saliNmte that the surface areas are not zero at {ypros
of 3.5 when hydraulic radius is zero. Figure 6 shdie evolution of tortuosity. The tortuosity for
microstructures evolved from simple cubic packiygvarious diagenetic processes takes the value of 1
For the FCC packing related microstructure theutzsity values are from 1.1 to 1.3 from porosityt@6
3.5%.

The modeled permeability results are shown in Egda and 7b in semi log and log-log scale
respectively. For a certain packing style, theeddhces permeability reductions caused by various
diagenetic processes are not significant. Cementasi the least efficient mechanism for permeapilit
reduction at the same porosity. Mechanical compads the most efficient in permeability reduction.
Permeability decreases faster at the porosity regib0-4% than at higher porosity region due to
drastically reducing hydraulic radius of pore throEhe modeled permeability for both packing styles
all approaches zero at porosity about 3.5%. Sqtres become isolated at porosity < 3-4%. At this
porosity the pore throat radius becomes zero. Heheanodel breaks down when porosity is lower than
3-4%. Two paths of diagenetic processes can beisdha universal permeability porosity space-dast
permeability reduction occurs in the diageneticusege including mechanical compaction and slower
permeability reduction in diagenetic sequence #Hakechanical compaction.

It is known that grain size plays big role in cafiing permeability. In our study, we isolate theig

size effects by using the universal scale micrastmal parameters. However, the effect of graire siz
distribution and start grain shape were not comeaieSpecifically, the grain size reduction during
mechanical compaction can be expected to be véigresit to reduce both porosity and permeability
(Ehrenberg, 1989; Schutjens et al. 2004). Othegethatic processes such as grain leaching, mineral
replacement including dolomitization and especiallsgy generation mineral reaction processes are
known very important in controlling reservoir propes (Gluyas & Leonard 1995) and needed to be
incorporated in diagenetic modeling. This work pdeg a start for modeling diagenetic microstructure
in clean sandstone and some carbonate rocks whiechbe used as a basis for kinetic modeling of
specific diagenetic process in basin modeling. Mswphisticated modeling incorporating grain size
distribution especially clay and other diagenetmcgsses is needed.

Conclusions

In this study the effects of various diageneticgesses on the microstructure and permeability have
been investigated. The following conclusions caultasvn.

1) Microstructure and permeability modeling forgkaetic processes is a useful method to compare the
efficiency of permeability reduction.
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2) Mechanical compaction is an efficient procesddstroy permeability. Cementation is a less effiti
permeability reduction mechanism.

3) The diagenetic paths can be distinguished fdiagenetic sequence with or without mechanical
compaction.

4) The modeling results show that the differencepefmeability reductions by cementation and
chemical compaction is not significant. Permeabdiécreases faster at the porosity region <10-4%% th
at higher porosity region due to drastically redgdnydraulic radius of pore throat.

5) The modeled tortuosity is at the range of 1-1.3.

Nomenclature

F Formation Factor
k Permeability
r2, r  Original and instantaneous hydraulic radius of ghreat
17, ry Original and instantaneous grain radius
S Specific surface area per bulk volume
Scap Surface area of a spherical cap
Tortuosity

.
vy Bulk volume of unit cell cube (initial and instaneous)

Vy Grain volume per grain (initial and instantangous
Veap  Volume of a spherical cap
X Edge length of unit cell cube
SC .- .- . . . . .
@, Initial (depositional) porosity of Simple Cubiagking (SC) of uniform spheres
#°¢ Initial porosity of Face Centered Cubic packifgC) of uniform spheres
@ Instantaneous porosity
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compaction leads to dense packing of sand grajri®rassure solution microstructure developed immibtal
closed system, note grain overgrowth and dissolulgature at grain-grain contacts; d) Pressuretisolu
microstructure developed in chemically open systente the tight and dissolution feature at graintacts
and lack of cementation in the pores. G-grain; @rgkowth; P-pore; GC-grain contacts.
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Figure 2. Simple cubic packing a) and face center
cubic packing b). Note the shape of the pore thioat
the left and pore in the right. A pore throat isnfied by
four grains in SC packing and by three grains irCFC
packing. A pore is formed by eight grains in S
packing and by four grains in the case of FCC pagki
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—=—SC cementation ——SC PS close system

—e—SC PSopen system  —s—Mechanical Compaction

—a—FCC cementation —e—FCC PS close system

N

Figure 3. Unit cells for simple cubic packing a)
and for b) face centered cubic packing b). Left
show faces of unit cells. The relationships
between the unit cell edge length and grain radius
can be seen. Cementation and pressure solution
modify the grain shape from a sphere into a final
cubic or polyhedron for SC and FCC respectively.
Grain contacts are assumed to be circular and do
not interface till porosity of 3.5%.
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Figure 4. Evolution of hydraulic radius of poredat

for various diagenetic processes. Normalized to

original grain radiusr().

Figure 5. Modeled specific surface areas per bulk
volume. Face centered cubic packing has higher
specific surface areas. Lowest specific surfacasare
are found in microstructures of cementation.
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L _ Figure 6. Tortuosity as a function of porosity. For
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Figure 7. Universal permeability reduction by vasaliagenetic processes. a) Semi log plot. b) Stateeplotted
in log-log scale. Two diagenetic paths can be $eman the permeability and porosity space. Absothoretical
permeability of real reservoir rocks can be estaddtom this figure by multiplying a factor of 04® and scale

to the square of grain radius.



