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ABSTRACT

A stochastic geometrical modeling method for reconstngcthree dimensional pore scale microstructures
of multiscale porous media is presented. In this method tireys medium is represented by a random
but spatially correlated structure of objects placed indbetinuum. The model exhibits correlations with
the sedimentary textures, scale dependent intergranatasiyy over many decades, vuggy or dissolution
porosity, a percolating pore space, a fully connected mafrace, strong resolution dependence and wide
variability in the permeabilities and other properties.eTdontinuum representation allows discretization at
arbitrary resolutions providing synthetic micro-comptaenographic images for resolution dependent fluid
flow simulation. Model implementations for two differentrbanate rocks are presented. The method can be
used to generate pore scale models of a wide class of migtisoeous media.

Keywords: carbonate rock, image reconstruction, tomdgrap

INTRODUCTION phenomena during dolomitization processes, and both
porosity and texture can fluctuate in the evolution
Reservoir rocks are highly heterogeneous andf the rocks. Unlike sandstones, permeability in
many of them contain a complex pore structurecarbonate rocks can vary widely within a given rock
with a wide range of length scales. One of thesample (Fernandest al, 1996; Anselmettiet al.,
main objectives of pore scale physics research i$998). Due to these reasons it has been difficult to fully
to predict macroscopic petrophysical properties front|assify and characterize the pore scale microstructure

the _underlying porous microstruc_:ture. Apart from thegf carbonate rocks (Dunham, 1962; Lucia, 1999).
basic understanding of the physics of flow processes, _ _
this has also enormous practical importance in terms of 1h€ geometrical and petrophysical parameters of

improving uncertain estimates of recovery efficiencyc@rbonates depend strongly on resolution because
on larger scales. Three dimensional pore scale modeM a very W'de range.of pore and crystalllte sizes
of the rock are essential for such research (Adler, 19980minating its geometric texture. For typical carbonate
Hilfer, 2000; Thovertet al, 2001; Arnset al., 2003; rocks, with smallest calcite or dolomite crystallite sizes
Okabe and Blunt, 2007). of 1077 m, one needs at least a voxel size af

) ) 108 m to resolve them. Even for a small cubic sample
Among the frequently occurring multiscale porousys gize || — 10-2 m, the digitized sample requires
media in nature, carbonate sediments are of greatqhipitve CPU time and storage space (0!8
economical interest because nearly half of the world igits). To be able to model such a system and at the

petrole_um is found in carbonatge res_ervoirs._ Carbonatg; e time capture the complex geometry, a completely
rocks in general, and dolomites in particular, ar&jigerent modeling approach and data structure are
forme_d by a large number of _dlfferent_ phys'c.o'needed. We propose here a pore scale model in the
chemical processes and contain a wide Variety, in,,m that overcomes these impediments and can

of _dlagenetlc textures overprinting _thelr PrMaArY 50t as a starting point for more realistic modeling of
facies. Frequently, the original primordial deposnlonalthese multiscale porous media

textures €.g, calcite ooids or bioclaststc) remain
visible in the final microstructure (Moore, 1989; Because the diagenetic processes that produce
Lucia, 1999; Moore, 2001). They contain vuggy poresthe large variety of carbonate rock textures are
defined as pores that are connected only througbomplex and largely unknown, we attempt a simple
interparticle porosity (Lucia, 1999). Dissolution, stochastic geometrical model that tries to reproduce
nucleation and growth of crystallites are commorthe main features of the pore scale geometry. Any
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modeling method for carbonates requires solving twa radius of the equivalent spheRe and orientation
key problems: the “pore sizes” and grain diametersy. These crystallite attributes shall depend on the
ranging over many decades in length scales andriginal depositional texture through their distribution
the carbonate textures showing a strongly correlated probability distribution Pr on the spac@ of
disorder (Song and Sen, 2000). It is also crucial tsequences further specifies the model.

correlate pore scale microstructure to the depositional

and diagenetic fabrics and simultaneously distinguish PRIMORDIAL FILTER FUNCTION

between intergrain, intragrain, intercrystalline and The crvstallite hases and  interaranular
vuggy pores. Porosity depends strongly on the shape y P 9

. . . d ._'correlations from the underlying primordial
and size of the grains and grain packing. The >!2€5epositional textures are first captured by a greyscale
of intergrain pores depend on the grain size sortin P b y a grey

and decrease as cement occludes the pore s acegmrageG defined mathematically as a bounded, but
P Pace necessarily continuous functiod : S — [0,1].

as grains are forced closer together by compactioxﬁhis crucial input function G(x) is constructed

(Lucia, 1999). with information from geological analysis of the

The model proposed here aims to incorporatéock, quantitative image analysis of two dimensional
simultaneously the above diagenetic processewicrographs and three dimensionalCT images, if
and the following microstructure features: scaleavailable.

dependent intergranular porosity over many decades, The |ocation and properties of the crystallitessin

vuggy porosity, a percolating pore space, a fully-5.a then defined through:
connected matrix space, intergranular correlations

from primordial depositional textures and mineralR = Z(G(xi)), a=2(G(x)), Ti=7(G(X)),
transformation. It allows discretizations at any (2)
arbitrary resolution. In this paper the feasibility of where the functions?: [0,1] — [Rmin, Rmax U{0}, < :
this model is tested by reconstructing the generi¢0,1] — E and.7 : [0,1] — {1,2,...,9} specify their
microstructure of two different carbonate rocks withcorrelations with the primordial texture. The permitted

multiple length scales. crystallite sizes in the intervgdRmin, Rnax correlate
with the polydispersity in each crystallite phase of

the original sample. The rock sample is represented
THE MODEL as a random sequence Nf points, each decorated
with crystallites satisfying the primordial correlation

In this continuum growth model the porousthromg'h Eg. 2.

medium is represented by a random sequence of
points decorated with objects (grains or crystallites) DEPOSITION OF POINTS

that correlate with the location and properties of the  The pointsx; are chosen randomly & ¢ R3 and
different crystallite phases present in the original rockadded sequentially if the following overlap condition
This model belongs to the class of so-called germis satisfied. For each chosen poifta corresponding
grain models (Stoyaet al, 1995). The deposition of sphere radiu® is chosen as defined in Eq. 2 and we
the points is similar to a random sequential adsorptioset P(Q.) = O for

process (Feder, 1980). A stochastic geometer might .

call the model a random-field-controlled germ-grain Qe ={wecQ:31,,0(w, ) ¢ (OA]},  (3)

model of random sequential adsorption type. where the degree of overlap between the spheres with
radii Ry andR; is measured by
CONTINUUM REPRESENTATION
_ y_ R+R = Ixi—xj]
The state space of a rock sample containhhg O(a, wj) = RIR _|JR-Rj|’ (4)
crystallites occupying a bounded regi®rc R3 is the . .
set and O(w, wj) is set to zero wherR; or R; or both

vanish. The parameteA; = A(G(x;)) defines the
QN = (S X [Rnin, Rmad X Ex {1,2,....,g1)Y (1) maximum allowed overlap with the crystallite at
and A : [0,1] — [Amin,Amax With 0 < Amin, Amax <
of all sequencesw = (wp,wr,...,on) € Qn With 1. In other words, each newly added crystallite has
[Rmin, Rma] € Rt andE = {x € R®: x| = 1}. The a finite overlap with an existing crystallite where
sample containg different crystallite phases. An the degree of overlap is defined by the primordial
elementw = (xi,R,a;,T;) of the sequence representsfilter function. This ensures full matrix connectivity.
a crystallite of typeT; at spatial positiorx; € S with  Porosity and pore space connectivity of each crystallite
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phase depends on the degree of overlap, the density collocation points increases the accuracy of the
of crystallites and the corresponding crystallite sizaliscretization, butis computationally demanding when
distribution. The density of crystallites depends onN is large.

the density of points, denoted tp; deposited in the

corresponding phase. This is a model parameter that NINE-POINT RULE

is determined from the image analysis of the original In this simple but reasonably effective

rock. Porosity and pore space connectivity of the fu”discretization procedure a voxel is marked as matrix
Sample _depgnds on the 'orlglnal pore phase and vugs,q assigned the labelif all of the following nine
defined inG, inter-crystallite pore space in each phaseboims fall within theith crystalliteG;, i = 1,2, ..., N.

and the way these different crystallite phases combine a a ’ o

to form the full rock sample. pj = p+§(e1+e2+¢33)+Zr

wherep is the position of the first corner of the voxel,
VUGGY POROSITY a is the sidelength of the voxety = (0,0,0), t; =
Apart from inter-grain and inter-crystalline pore (1,1,1),to=(-1,1,1),t3=(1,-1,1),t4=(1,1,-1),
space, vuggy pore space is a distinctive feature d6 = (-1,-1,1), ts = (1,—-1,-1), t7 = (-1,1,-1)
many multiscale porous media. In general, vuggy@nd ts = (—1,—1,—1). These nine points are the
pores may be touching or non-touching and connectegenter and the eight symmetric points between the
by other type of porosity (Lucia, 1999). To include center and the corners of the voxel. So, if the voxel
such vuggy pores, deposition of crystallites at vuggys fully inside a single crystallite then its label is the

pore regions are restricted by Set“nqg?\;‘) — 0’ for CrySta”ite number. If all the nine pOintS fall inside
the pore spacei, e., outside all theN crystallites,

Q={weQ:30<i<N; Z(G(x))=0}. (5) then the voxel is resolved as pore and assigned a
value 0. In all other cases the voxel status is labeled
s unresolvedat the current resolution and assigned
he label —m if m points fall inside one or more
crystallites. This label reflects the matrix density
within the voxel. Such labeling criteria with crystallite
GRAIN DECORATION information is useful for building network models and

After depositing random points in a correlatedcompu“ng mechanical properties from the discretized

fashion, the deposited points are then decorategPresentation. The above discretization rule with

with crystallites according to the depositional texturelos. dn'dn.e coI'Iocgnonf pmgts prolvld_es ? rheasonzblly
(Eg. 2). A crystallite of typeT; with orientation good discretization for the analysis of the model.

s placed at each point. For a feasible and A more accurate discretization method resembling
a P pOInk;. For . experimental-CT procedure is presented below.
fast convergence of the deposition algorithm, the

overlap condition in Eq. 3 is defined for spherical
volumes associated with each deposited point. Since SYNTHETIC p-CT

the decorated crystallites can be of arbitrary shape, The number of collocation points in the
the spherical volume must either be inscribed withirdiscretization rule is increased from 9 t3. These
the crystallite or the size of the crystallidg(R)) must n* collocation points are the points ofiax n x n cubic

be scaled appropriately so as to retain the matrigublattice positioned centrally inside each voxel. Each
connectivity. voxel is labeled with an integer number with the

following meaning

tj; j=0,1,...8, (6)

This correlates the vugginess with the deposition
texture.

— m=n?3: all collocation points are in matrix space.

DISCRETIZATION — m=0:all collocation points are in the pore space.
The porous media sample is fully represented by & 0<m< n® : exactlym collocation points are in the
list of N quadruplegx;,d;,a;, T;). It can be discretized matrix space.

at any arbitrary resolution. In the discretization  This procedure produces synthetiqu-CT
procedure, a cubic sample of sidelengtb subdivided discretizations of the computer model of the rock.
into a grid of cubic voxels, each of side length Experimentalu-CT images contain noise and a direct
Within each voxel a set of selected collocation pointssomparison may require addition of noise to the
are chosen and the voxel is then assigned a valwyntheticu-CT or filtering of the experimental-CT
depending on the fraction of these collocation point®r both. Digitized representations of the pore scale
that fall inside the deposited crystallites. A larger setan be obtained by choosing an appropriate threshold
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m; and relabeling the voxels with labeldm < m;  textures, crystallte size distributions, type of

to O (pore) and the voxels with label. < m<n3to  crystallites, location and type of vugs etc. Apart from

1 (matrix). It is important to note that the CPU time testing the feasibility of the microscopic modeling for

needed for the discretization procedure is proportionatarbonate rocks, the following description presents
to the number of collocation points{) and can be the detailed computational implementation of this
prohibitive if the number of crystallites defining the modeling procedure for two different carbonate
microstructure is large. microstructures.

COMPUTATION

The discretization procedure requires us to check if*
agiven poinp € Gj, i = 1,2,...,N. The computational
procedure for dolomite type crystallitese., Gj is
rhombohedral, is as follows: A dolomite crystallitg .
at positionx; is defined by three pairs of intersecting §

and tilted by an angler degrees about the coordinate y“ :

axes to which they are parallel initially. The equations ™ o FERSE RS s, A&

of these three pairs of planes are Fig. 1.Left: A part ¢ = 0.6mm) of the original oolithic
d dolostone. Right: A part of the reconstructed sample of
nj.xii':o, j=12.3, (7) the same size.
whereny = (cosa, 0, —sina), nz = (—sina, cosa, 0), SAMPLE 1: DOLOMITIZED OOID

n3 = (0, —sina,cosa). GRAINSTONE WITH ISOPACHOUS

The rotations of the crystallites are implemented poLOMITE CEMENT
through generalized quaternions. For e&ghwith the
center of the crystallite at the origin of the coordinate Here we present in detail the specific
system, the orientatioa is defined by a sequence of reconstruction of an oolithic dolostone (Biswetlal,
three rotations oPy, 6, and 63 about the coordinate 2007). Only a two-dimensional photomicrograph of
axese; = (1,0,0), e = (0,1,0) and e3 = (0,0,1) the original sample was available as input data in this

respectively. So case. A part of the image is shown in Fig. 1. It contains
ellipsoidal primordial facies, complete dolomitization
a = (G(Xi)) = 232221, (8)  and vuggy porosity of touching-vug type.
where the unit quaterniof;; represents a rotation of Image analysis

6; about the vectoe;.

Due to insufficient resolution and small size
of the original image, computerized quantitative
. : , i ) image analysis is not feasible. Therefore, only visual

(nj.pr +5)(Nj.pr = 5) <0, j=123, (9) inspection and manual measurements are carried out.

The rock contains ellipsoidal ooid grains that are
wherep, = g 1(p —xi)(q;1)* and(.)* is quaternion fully dolomitized to two distinct crystallite phases:
conjugation. The case = 0 corresponds to cubic a thin isopachous layer (rims of the elliptical ooids)
Gj. Checkingp € G; for spherical shaped grains is and the inner core. The diameters of the dolomite
straightforward. The above procedure can be readilgrystallites in these two phases are roughly in the
generalized to other arbitrary shaped crystallitesnterval (5 pm to 25 um) and (1 pum to 10 pm)
defined by cutting planes. respectively. No discernible crystallite size distrilouti

or overlap variation are visible in both phases. The

crystallite packing in both phases shows a space filling

MODEL IMPLEMENTATION by large number of smaller crystallites around bigger

crystallites. The crystallite packing in the inner cores

Realistic models of multiscale porous media can b@f ooids have large overlap. The ooid grains feature
generated using the algorithm described in Eqgs. 1-%liagenetic replacive dolomitization and dissolution
Actual implementations may differ from sample vugs. Thresholding analysis of the image indicates the
to sample depending on the underlying primordialporosity of the sample to lie in the range of 0.25-0.3.

The pointp € G; if
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Primordial filter function the continuum list contains millions of crystallites.
. . _The deposition rule requires a computational scheme
In the absence of any three dlmensmna% " : .
. ) ; e . : or random deposition of overlapping polydisperse
information, the primordial filter functionG(x) is . e ?

. spheres irS that obey a specific size distribution and
constructed from a computer model of polydlspers%ach added poing € S must satisfy Eq. 3
sedimentation of ellipsoidal ooids (disc-shaped) in P g
S c R3 (Bakke and @ren, 1997). Vuggy pores were  For computational efficiency we dividg c R3
artificially generated by removing a small fraction ofinto smaller non-overlapping cubic cell$ each of
the deposited ooids and enlarging the remaining ooidsidelengthl, i.e, S = U; UU, U Us... Points are
by 20% of their size to compensate the inter-ellipsoictieposited randomly in each céli and added to the
pore space and porosity. Theh ooid represented final list if Eq. 3 is satisfied. This scheme provides
by {rv,sc&} is centered atry = (XY, %) With  fast convergence in deposition as Eq. 3 is verified
semi-axes lengths, = e, bk = &sk, ¢k = s« and  only for a small set of existing points i and the
k=1,2,...,1359. The primordial filter function is neighboring cells. Further, to ensure a space filling by

defined as a large number of smaller crystallites around bigger
) crystallites as observed in the original image, the
G(x) = 1-(dk/sc) ifanydi <sc, (10) following crystallite size distribution is incorporated
0 otherwise into the deposit scheme. For tfth deposited point at
X;j in each cellU, the excluded volume radiug; is
1/2 chosen as
wheredy = (Xlgﬁxk)z + (ngﬁyk)z + (X3lzk)2] /. A small _
thin section of the primordial geometry is shown in Rj = Rmin+ [1 r—JJ AR, (11)

Fig. 2 (top left).

whereAR = Ryax— Rmin andéj is a uniform random
number in(0,1). Although A; = A(G(x;)), for this
sample, we have assumed it to be constant Ac.

In each celln = pI® number of points are deposited.
The packing density is first determined from trial
samples that match the target porosity and show pore
space connectivity. This is checked using the Hoshen-
Kopelman algorithm (Stauffer and Aharony, 1992) on
high resolution discretizations of the trial samples.

S

L

For the crystallites in the isopachous layers, points
are added t8 with Pr(Q1) = 0, for

Q1 ={weQ:30<i<N, G(x) ¢(0,0.125},
(12)
with Rnin = 2.5 pm, Ryax = 125 pm,Ac = 0.6, | =
62.5 um andp = 1.95 x 10~*. For crystallites in the
inner core of the ooid grains points are addef toith
Pr(Q2) =0, for

. . . o  Q={weQ:30<i<N,G(x)e[0,01]}, (13)
Fig. 2. A thin section of the primordial ooid deposits
(top left), the deposited spheres for the isopachougith Rmin = 0.5 UM, Rnax = 5 pm, Ac = 0.65, | =
layer (top right), deposited spheres for the intraooid7 5 ym andp = 3.395x 10°2. The reconstruction
regions (bottom left) and after the spheres are replaceglrocedure for a small thin section of the sample is
by the corresponding dolomite crystallites (bottomshown schematically in Fig. 2. A 2D image of a section
right). of the full 3D sample is shown in Fig. 1. The inter-
ooid vuggy porosities correspond ®(x) = 0 and
is automatically introduced i through Eq. 12 and

The reconstructed cubic carbonate rock sanfple Eqg. 13. Some of the large vugs seen are introduced by

for Sample 1 has a sidelength= 2 mm,i.e, S = the removal of a small fraction of the ooids from the
[0,/]3. Due to large polydispersity ar@ni,/¢ << 1, primordial deposit.

Deposition of points
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does not imply crystallite overlap, in this sample
the matrix connectivity is retained due to the large
overlap and packing . The orientatiofls are chosen
randomly from [—20,20] degrees. From the points
deposited in inner cores of ooids, we only chose the
pointsx; ¢ M1 whereM; = G1 U Go...... UGy;,. The
matrix spaceM of the reconstructed rock sample is
fully characterized by a list dfl = Ny + Ny ~ 4 x 107
deposited rhombohedral crystallites.

Discretization and property calculation

The reconstructed model is discretized at different
resolutions using the 9-point rule described in
Eqg. 6. Four discretizations are shown in Fig. 3.
As in real carbonates, with increasing resolution
of discretization, the fraction of the unresolved
voxels decreases and porosity increases significantly.
Table 1 lists the fraction of the resolved matrix, pore
and unresolved voxels for different resolutions of
discretization. The rough estimate of the porosity at
full resolution obtained by extrapolating these values
Fig. 3.The full cubic samplé& of sidelengtl/ =2 mm is in the targeted range 0.25-0.3. The resolved pore
discretized at different resolutions: -a 20 um (top scale structure shown in Fig. 3 resembles a typical
left), 10 um (top right), 5 um (bottom left) and 2.5 ummultiscale microstructure of oolithic carbonate rocks.
(bottom right). Color codes: black (intra-ooid grains), The strong resolution dependence of permeabilities
grey (grains in isopachous layer), blue (pore space)neasured on the discretized samples is also listed in

and peach (unresolved voxels). Table 1. Simulation results of resolution dependent
pore space and matrix properties of the discretized
Grain decoration models have been presented in Biswalal (2007).

_ _ ~ Absolute, single phase permeability and electrical

For this model reconstruction, points regjstivity, or formation factor resistivity, capture
corresponding to the isopachous layer and théne pore space connectivity and geometry, whereas
inner cores of the ooids are deposited separateWastic property calculations of bulk and shear moduli
and combined in the following way. First thd;  recover the connectivity of the matrix structure. These
points in the isopachous layer are decorated witproperty calculations lend themselves to extrapolation
equilateral rhombohedrax(= —15). The volume of to infinite resolution, like the porosity determined on
each dolomiteG; equals the volume of the associatedour model at different discretization levels. This was
excluded volume sphere. Although the sphere overlapxemplified in Biswalet al. (2007), and suggests that

Table 1.Fraction of resolved pore voxels{)f unresolved voxels (¥ and matrix voxels (f) at different levels of
discretization. In colum® and 6 the absolute permeabilities computed on the discretizatptes are listed. To
compute the permeability, the unresolved voxels are etbeverted to matrix () or to pore (Ky).

Resolution fp fu fm Km Kp
(in um) (in mD) (in mD)
20. 0.12683| 0.8463 | 0.02687| 256.32| 1.8467< 10’
13.333 0.13868| 0.78332| 0.078 1643.2 | 3.723% 1P
10. 0.14595| 0.7154 | 0.13864| 3495. 1.0391x 10P
6.6667 0.15562| 0.58397| 0.2604 | 6539.5 | 2.0192<10°
5. 0.1628 | 0.4756 | 0.3616 | 8150.4 | 7.3075<10"
4. 0.16914| 0.3941 | 0.43677| 8520.3 | 4.0128<10"
3.333 0.1749 | 0.3341 | 0.491 8570.9 | 2.7383«10"
25 0.18506| 0.254 | 0.561 8558.6 | 1.834x10
0 (extrapolated) 0.253 0.008 0.739
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the investigated properties on multiscale structures %% !
can be retrieved consistently by means of scale anc oo Lo @%H™ o Thor BooHm
resolution dependent simulation from the model. € oot 209
o S04
0.005 0.2
SAMPLE 2: DOLOMITIZED GRAINSTONE
0 [0)
0 50 100 150 200 250 0 50 100 150 200 250
WITH DIFFERENT OOID PHASES n (greysca|e Va|ue) n (thresh0|d)
. . 0.02 1
Here we present the detailed modeling procedure —-CT (L4 ) osl —ucT@aum 7
for a second generic carbonate rock microstructure. %% model > | --Model
It is another dolomitized ooid grainstone for which E oo 299
three-dimensionali-CT discretizations are available £ %
at three different resolutions. Separate cross-section /N \ 02 (
for each resolution are shown in Fig. 4. The modeling % 50 100 150 200 750 % =0 10150 200 250
procedure aims not only to match the morphology but n (greyscale value) " (threshold)
also to incorporate calibrated porosities at different T o8l —ucT (07 um)
levels of resolution. 0015/ - Model - 2 | - Model
[ o O 0.4
o
0.005 0.2
G0 50 /100 150 206 250 C0 50 100 150 200 250
n (greyscale value) n (threshold)

Fig. 5. Greyscale histogram (left, solid lines) and
threshold dependent porosities (right, solid lines)
of the carbonate rock sample computed from
the p-CT images of size 1080voxels at three
different resolutions. The dotted lines correspond
to the processed synthetic u-CT images from the
reconstructed rock sample at the same resolutions.

Image analysis

Subsampleu-CT images of size 100Q 1000x

1000 voxels were analyzed for porosity, crystallite
types, crystallite size distribution and packing. The
greyscale histograms and the threshold dependence
of the porosities are shown in Fig. 5 for these three
different resolutions. Although the 8.06 um image
seems to have a representative volume for porosity
(sidelength of 8.06 mm), the matrix is not well
resolved and one observes a more or less continuous
histogram. Hence a clear cut-off for the porosity is
hard to determine at this resolution. The 1.4 um
data set also seems to have a representative volume
(sidelength of 1.4 mm). It appears to resolve the matrix
adequately as confirmed by the clear separation of the
two peaks in the corresponding greyscale histogram

Fig. 4. Left window shows the cross-sections from theshown in Fig. 5. A similar separation of the two
experimental u-CT images of the original rock samplgpeaks is also observed in the histograms from 0.7 pm
at three different resolutions: sidelength of 1.5 mnresolution images. Ideally, the reference threshold
at 8.06 um resolution (top), sidelength of 0.7 mm afor determining the porosity of the rock should
1.4 ym resolution (middle) and sidelength of 0.35 mnie ascertained from the highest resolution images
with 0.7 um resolutions (bottom). On right are theavailable. However, in spite of the well resolved
cross-sections from the synthetic u-CT images of thematrix, the size of the 0.7 pm images (sidelength of
reconstructed rock sample at the same resolutions an@.7 mm) is clearly no longer representative. Therefore,

sidelengths.

to determine the porosity of the rock at different
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resolutions, we choose a greyscale value of 126 as thetroduced later and still be able to achieve the targeted
reference threshold, determined from the separatiopmorosity, the sizes of the primordial grains are enlarged
of the peaks in the histogram of 1.4 um image. Atby 2%. The greyscale primordial filter functi@(x) is

this threshold, the 8.06 um data set has a porositfhen constructed using Eq. 10.

of 26627%’ “;16 1.4 um data se;thhas a porosilty_of Based on the image analysis, five different kinds
31.21% and the two data sets with 0.7 pm resolutiopy o ain harameters (primordial phases) were chosen.
have porosities of 30.03% and 31.62%, respectivelyrpe hrimordial phasel corresponds to the isopachous
The large fluctuations observed in the porositiegiy on gl the grains. The remaining four primordial

of 0.7 um images are due to the small volumes . .
of these subsamples. Moreover, theCT images phases are defined as follows. &t denote theith

at different resolutions analyzed here are cut fronpPrimordial grain in thejth primordial phase{(/, =
different sections of the rock. 1,2,..m;, j=2,.,5}). mj is the number of grains
_____in primordial phasej andm = y?_,m; is the total

In absence of any automated method for estimating mner of primordial grains. 30% of the primordial
the intraooid porosity, rough areal analysis was do”@rains are randomly selected and definegrirsordial
for a selection of grains. At the 8.06 um resolution,phasezl They are denoted b§fI2, i = 1,2, ..,my} and
no intraooid porosity can be discerned, except in therespond to the tight intraooid crystallite packing.
hollow ooids. Based on visual inspection at differentyges, of the randomly chosen primordial grains are
resolutions, approximately 20 percent of the 00idgyrouped into theprimordial phase3 corresponding
have a hollow inside and around 10-50% of the radiug, the moderate intracoid crystallite packing and
is hollow. The hollow ooids are mostly elongated. Thezgo, of the randomly chosen grains are grouped into
intracoid porosity is found more or less similar atihe primordial phase4 corresponding to the loose
1.4 pm and 0.7 pm resolutions. intraooid crystallite packing. The remaining 20% of
the primordial grains are grouped into themordial
phase 5 that contains grains with tight intraooid
crystallite packing along with hollow, vuggy cores. We
define new primordial filter functions separately for
each of the primordial phases as

(14)

Hi(x) = G(x) iferij fori <mj,
]o otherwise

whereG(x) is defined in Eq. 10.

Deposition of centers and grain

Fig. 6. A section of the primordial ooid deposits used parameters

for the modeling (left) and the corresponding synthetic ) _ _
U-CT image of the reconstructed rock sample (right, Model parameters for different primordial phases

sidelength of 1.5 mm at resolution 8.06 pm). are chosen as follows and points were deposited
' o . randomly and sequentially i§. For computational
Primordial filter function efficiency we divide S ¢ R® into smaller non-

)overlapping cubic celldJ each of sidelength, i. e,
h%: U;UU,UUs... Points are deposited randomly in
each cellU; and added to the final list if the overlap
é:ondition defined in Eq. 3 is satisfied.

A computational model of ooid grain (disc shaped
deposits (Bakke and @ren, 1997) was used as t
primordial geometry. In this continuum primordial
grain deposits, the grain size distribution was mad
to match with that extracted from the-CT samples. 1. For primordial phase 1(isopachous rims of all
The ellipsoidal ooid deposits (Fig. 6, left) are all  the ooids with moderate packing of intraooid
perfectly oriented. The side length of the cubic box crystallites), we choseRyin = 5 UM, Ryax =
with primordial deposits is.b mm. In order to avoid 125 um,A = 0.6, = 37.5 um andp = 1.8335x
unwanted border effect it is taken from the center of 103 and set RiQ;) = 0, for
the deposited cubic box of sidelengttBImm with ) .

2152 ooid (disc shaped) deposits. After gridding at 1= {weQ:30<i<N, H(x;) ¢ (0,0.15)} .
300x 300x 300 voxels, the porosity of the disc grain (15)
pack is roughly 34%. This estimate is somewhat loweR. For primordial phase2 (30% of the randomly
than the actual porosity of the continuum grainpack. chosen ooids with tightly packed intraooid
To compensate the intraooid porosity that will be  crystallites) we chos&Rqin = 3.75 UM, Rpax =
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1125umA =0.8,1 =3375umang =5.0301x ™
10-3 and set RiQ,) = 0, for i
I:.

Q,={weQ:30<i<N, H?%x)e[0,0.15}.
(16)

3. For primordial phase3 (20% of the randomly
chosen ooids with intermediate packingg., less
than the moderate packing in the rim,) we chose
Rmin = 3.75 pm,Ryax = 11.25 pm,A = 0.5,1 =
33.75 um andp = 2.012x 10~3 and set RiQ3) =
0, for

Q3={weQ:30<i<N, H3x)e[0,015]}.
7)

4. For primordial phase4 (30% of the randomly
chosen ooids with loosely packed intraooid
crystallites) we choséRmnin = 3.75 U, Rnax =
11.25umA =0.5,1 =33 75 umang = 1.6767x
103 and set RiQ4) = 0, for

Q={weQ:30<i<N, H*x)e[0,0.15}.
(18)

5. Intraooid vugs are introduced in the remaining %\% z :
20% of the ooids deposited with parameters:i¥. # A 8" oo
Rmin =375 p—m,Rmax= 11.25 l.lm,)\ = 08, | =

3375 um andp = 5.0301x 10-%. Vug radius Fig. 7. Cross-sections from the experimental u-CT

: . . LT images of the rock sample (left) are compared

varies randomly (with uniform distribution) from _ . . :
10% to 50% of the corresponding ooid radius with sections from the processed synthetic u-CT
. S ) . ‘images (right) of the reconstructed rock samples at
With each of the grains in the primordial phasegq resnonding resolutions: sidelength of 1.5 mm at
S, we associate a random numHef, i <M} g0 um resolution (top), sidelength of 0.7 mm at
that has a fixed but random valuel5, 1]. We set 1 4 im resolution (middle) and sidelength of 0.35 mm
Pr(Qs) = 0, for with 0.7 um resolutions (bottom). The synthetic p-
CT images are processed with added white noise of

Qs={weQ:30<i<N, HS(Xi) Z[n(x),0.85}, standard deviation 19, 17 and 15, respectively.
(19) Discretization

The reconstructed samples are then discretized

The points are then decorated with equilateralvith 125 collocation points (corresponding o= 5)
rhombohedra. Each rhombohedro; (before @S described above in the section entitlSBY¥NTHETIC

rotation) centered ag is the intersection of three pairs H-CT"- Seven discretized data sets are generated. One

of parallel planes as defined in Eq. 7. The distanc%ataset contains the full sample discretized at 8.06 um.
Py ext, two non-overlapping subsamples, half the size of

di is chosen such that the volume @f equals the rEHﬁ

volume of the associated excluded volume sphere a e full sample, were discretized at 1.4 um resolution.
P ese two subsamples are the lower left corner and the

a = —15 degrees. Each rotation andlg is chosen  ner right backwards corner of the full sampile,
randomly from[-60,60] degrees. Roughly.8x 10°  the second subsample is displaced along the diagonal.
rhombohedral crystallites are sufficient to fill the Finally, there are four non-overlapping subsamples
whole 15 mmx 1.5 mmx 1.5 mm cubic sample. cut along the diagonal, each one quarter the size of
A cross-section of the discretized sample with thesghe full sample and discretized at 0.7 pm resolution.
decorated crystallites is shown in Fig. 6. Cross-sections of these greyscale discretizations are

wheren (x;) = n; if x; € H for j < ms.
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visualized in Fig. 4 for all three resolutions. Porosity § * -

was measured at different thresholds for all thes¢2 °8 ERsY el X
discretized samples. Threshold dependent porositie= °° e | 22N\ - model F Y
averaged over the subsamples are presented in Table £ 2: 2 2; N, e
Porosities of the.-CT images thresholded at 126 (see @ | S T 2
section ‘SYNTHETIC u-CT") were compared with 3 _, 8 o

model discretizations at corresponding resolutions fo ~ ° lag (microng) 0 lag (microns)
threshold values ah; = 48, 52, and 56. The porosities ¢ 1 g 1

of the model discretizations correspond well to thoseg 08\  —ncrua B O8F  —mcT_Qav (subsampie)
of the u-CT images atm; = 52. Like the 0.7 um 2 oY - modeliav(subsample)) 3 0.6§, - modelQav (subsample)
resolution u-CT images large porosity fluctuations § §

are also observed in the discretized samples at thi-g s

resolution. Morphologically, the discretized samples 5 §

shown in Fig. 4 also match well with theCT images ~ © % o ~ % 150

shown in Fig. 4.

Itis important to note that the above discretizationd 19- 8- Two-point correlation functions (averaged over
represent synthetiqu-CT images from the model X, Y and Z directions) calculated from the digitized p-
and owing to the continuum representation car T images and the model discretizations at resolutions

be generated at arbitrary resolutions. This allow$-06 um (top left), 1.4 um (bottom left) and 0.7 pm
investigation of the rock properties at both(Pottomright). Sample names are as defined in Table 2.

intermediate and higher resolutions than the availabl&0P right: comparison of the correlation functions in
u-CT images. However, a direct comparability with the individual directions from the model discretization
experimentali-CT images requires addition of a small at 8.06 um. Bottom left: Two dashed curves calculated
amount of Gaussian white noise to these synthetifor subsamples. Bottom right: All curves calculated for
images. For example, to match the greyscale densitieg4bsamples.

we first shift the peaks and width of the greyscale For this analysis, the-CT images (100Dvoxels,
density histograms from the model to match with thag—bit greyscale) at resolutions 8.06 um, 1.4 pm and
of the the experimentgl-CT images. Then we add a 0.7 ym are digitized at threshold value of 126. The
small amount of noise (see Fig. 7) to match the pealhodel discretizations at resolutions 8.06 pm (full
corresponding to the matrix phase. The discretizationsample, 188 voxels), 1.4 pm (two subsamples, 536
at resolutions 8.06 um, 1.4 um and 0.7 um are addegbxels) and 0.7 um (four subsamples, 83®xels)
with white noise of standard deviation 19, 17 and 1%re digitized at threshold value, = 52. The two-
respectively. These images are shown in Fig. 7 anfoint correlation functions measured on these digitized
the threshold dependent porosity reveals an impressiv@presentations are plotted in Fig. 8. At 8.06 um
match with that measured from the experimeptsl T resolution, the model measurements agree reasonably
images as shown in Fig. 5. well with the u-CT data in the short range with
. . . marginal discrepancy in the long range. At 1.4 um
Two-point correlation function resolution, the model measurements also agree well
Quantitative characterization and comparison ofvith the u-CT data. At 0.7 pm resolution, model
the microstructure is carried out through the two-pointneasurements from several of the subsamples agree
correlation function (@reet al., 2007) measured from with the u-CT data in the short range. The non-
the discretizations of the model and the origipal representative sample sizes give rise to large sample
CT images at different resolutions. These greyscalto sample fluctuations making a comparison at this
representations are thresholded to obtain a digitizetgsolution difficult. The slope of the tangent drawn at
representation(x). The indicator functiori(x) = 1if ~ C(0) provides a rough estimate of the specific surface
X € matrix space ant{x) = 0if x € pore space, where area of the solid/void and is related to the permeability
X is the position vector of the voxel on the digitized of the sample (Hilfer, 1996). The above results indicate
grid. Assuming homogeneity, the two-point correlationthat along with the quantitative agreement in the

50 100 50 100
lag (microns) lag (microns)

functionC(r) is defined as porosities (Table 2) and in the morphologies (Fig. 4
and Fig. 7), the transport properties measured from
cr) = () —@)(I(x+1)—9)) 20) the model subsamples at different resolutions are
((1(x) — )3 ’ also expected to show reasonable agreement with the
where @ is the porosity of the sample. For the SUPsamples of the rock used for theCT imaging.
following analysisC(r) is computed for aligned in Discrepancies observed between th€T images
the X, Y and Z directions. and the model discretizations may originate from a

32



Image Anal Stereol 2009;28:23-34

Table 2.Variation in threshold dependent porosities of the u-CTgesmand the discretized samples (without
noise) at three different resolutions. u-CT measuremen@fd um resolution is averaged over two different
subsamples. Model measurements for 1.4 um and 0.7 um iiesslate averaged over two and four subsamples
respectively.

Resolution| Original |  ¢(n) Model o(me)

(in pm) U-CT | n=126 m.=48 | m.=52 | m;=56
8.06 mCT_F | 0.2627 | modelF | 0.2537 | 0.2615| 0.27
1.40 mCTH | 0.3121 | modelH | 0.3096 | 0.3133 | 0.317
0.70 mCT_Q | 0.3082 | modelQ | 0.3077 | 0.3097 | 0.3116

number of different sources. The model parameters afgre and matrix space. The model parameters allow
only approximate. The dolomite sizes and their overlagalibration of porosities and physical parameters at
are measured from two dimensional micrographs. Thdifferent resolutions.

phases are determined from rough areal analysis of A successful reconstruction of a given rock using
some selected grains in the experimeptdl T images yis model depends on the accuracy of both the
shown in Fig. 4. The primordial ooid deposits differ j,,\t parameters obtained from image analysis and
from the ooids visible in theu-CT images in @ e primordial filter function. The matrix connectivity
number of ways. The primordial ooids have circularis  ensured by finite crystalite overlap that is
cros_s-se.ctions in the Z-dire.ctior'l and elliptical Crossimplemented through an overlap of spheres associated
section in the other two directions, thus the shapgyith each crystallite. Although it makes the algorithm
of theT primordial ooids 'matg:h with the original rock simple and fast, this approach may not be suitable
only in the X and Y directions. As a result of the for rocks containing elongated or complex objects. To
deposition procedure (Bakke and @ren, 1997), they argnsure faster and computationally feasible deposition
perfectly aligned with respect to Z-direction, whereasf millions of spheres, the algorithm presented in
the orientation of the ooids in the original rock is morethis paper uses a subdivision of the rock into
isotropic. Due to these reasons a large discrepancy &ub-cells, filled sequentially. A faster algorithm for
observed between the correlation functions measuregepositing hundreds of millions of objects with
in the Z-direction and the other two directions for theg given size distribution, satisfying simultaneously
model (Fig. 8). This emphasizes the need for usinghe overlap rule, would be necessary to overcome
valid primordial input and model parameters in thethese restrictions. To the best of our knowledge, the
model reconstruction to achieve good correspondenggoposed modeling approach is currently the only
with the spatial correlations in the microstructure andeasible method available for generating complex
transport parameters. multiscale carbonate pore-scale models of laboratory
scale rock samples.

This process inspired continuum model represents
CONCLUSION a feasible pore scale modeling technology for
multiscale porous media such as carbonates. Many
In this paper we present a model for multiscaleelements of realistic diagenetic processes are included
porous media that provides a continuum descriptiomn the modeling procedure. The model was tested
of the porous rock at arbitrary precision. It reproduce®n two examples of oolithic dolostones and can be
the enormous variation of “pore sizes” (vugs, poreseasily generalized to model a wide variety of carbonate
cracks, slits etc) that is typical of multiscale porousrocks. It can also be used to reconstruct other kinds
media. The range of length scales that can bef multiscale porous media such as sandstones with
included is limited only by the floating point precision strong heterogeneities and fractured porous media.
of computers. The petrophysical properties of the
reconstructed models can be studied as a function of ACKNOWLEDGEMENTS
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