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PERMEABILITY PREDICTION IN TIGHT CARBONATE ROCKS USING
CAPILLARY PRESSURE MEASUREMENTS

Rashid, F.*, Glover, P.W.J., Lorinczi, P., Hussein, D., Collier, R., Lawrence, J.
School of Earth and Environment, University of Leeds, UK
* Email: eefnr@leeds.ac.uk, phone: +447445291315

Abstract. The prediction of permeability in tight carbonagéservoirs presents ever more of

a challenge in the hydrocarbon industry todays lthie aim of this paper to ascertain which
models have the capacity to predict permeabililialbéy in tight carbonates, and to develop a
new one, if required. This paper presents (i) #silts of laboratory Klinkenberg-corrected
pulse decay measurements of carbonates with peritieakin the range 65 nD to 0.7 mD,
(i) use of the data to assess the performances gfetmeability prediction models, (iii) the
development of an improved prediction model forhtigcarbonate rocks, and (iv) its
validation using an independent data set. Initiabasurements including porosity,
permeability and mercury injection capillary pregsmeasurements (MICP) were carried out
on a suite of samples of Kometan limestone fromkihelistan region of Iraq. The prediction
performance of sixteen different percolation-type &oiseuille-type permeability prediction
models were analysed with the measured data. Airalythe eight best models is included
in this paper and the analysis of the remaind@rosided in supplementary material. Some
of the models were developed especially for tigit gands, while many were not. Critically,
none were developed for tight gas carbonates. ®addy then, the best prediction was
obtained from the generic model and the RGPZ mo¢®ds= 0.923, 0.920 and 0.915,
respectively), with other models performing extrgmieadly. In an attempt to provide a
better model for use with tight carbonates, we hdeeeloped a new model based on the
RGPZ theoretical model by adding an empirical scplparameter to account for the
relationship between grain size and pore throa Bizcarbonates. The generic model, the
new RGPZ Carbonate model and the two original R@Rulels have been tested against
independent data from a suite of 42 samples of &giinhofen carbonates. All four models
performed very creditably with the generic andee&y RGPZ Carbonate models performing
well (R? = 0.840 and 0.799, respectively). It is clear fribis study that the blind application
of conventional permeability prediction techniquescarbonates, and particularly to tight
carbonates, will lead to gross errors and that deeelopment of new methods that are

specific to tight carbonates is unavoidable.
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INTRODUCTION

Fluid permeability (Bernabé and Maineult, 2015pige of the most important parameters in
reservoir characterisation and management. Whilasorable on core samples in the
laboratory, permeability is not available directtpm downhole measurements. Since core
sample measurement is expensive and core samples@ver a small proportion of any
reservoir interval, other methods are required. €quently, there exists a plethora of
empirical models which have been designed to catleypermeability from a wide range of
proxy measurements that often can be made downWitecan classify these models into
different types.

One common type relates the absolute permeabditthé grain size, pore size or
pore-throat size of the rock. These models can tesidered to be percolation or
characteristic length scale models and relate tlgress of the fluid through a porous
medium, which can be described by flow through partare with a single length scale.
Examples of this include the Kozeny-Carmeauw.( Bernabé and Maineult, 2015, Schwattz
al., 1986), Katz and Thompson (Katz and Thompson, 13887; Thompsoret al., 1987)
and RGPZ (Gloveet al., 2006) models. Walker and Glover (2010) considénedheoretical
basis for all of these models.

A second common model treats flow paths in the @xla bundle of tubes, each of
which may have a different diameter. This is chearsimplification of a porous medium, but
it is a different simplification than that used the characteristic length scale models. Some
of these models include scaling coefficients, wredable this type of model to incorporate
different connectivities. Such an approach is theginning to converge with the electrical
models represented by Archie’s law (Archie, 19412¢, modified Archie’s law (Glovest al.,
2000), and the generalised Archie’s law fephases (Glover, 2010). Examples of this
approach to permeability modelling include modelsSlwanson (1981), Wells and Amaefule
(1985), Winland (Kolodzie, 1980), Huet al. (2005), Pittman (1992), Kamath (1992) and
Dastidaret al. (2007).

The main difference between the characteristictlesgale (percolation) models and
the Poiseuille-type models is that the latter defiaed calculates the flow paths in the model
exactly (as tubes) while the percolation modelsndb Clearly, real rocks are rather more
variable than the Poisseuille-type models assumd, that variability is built into the
Poiseuille-type models by using empirical paransethiat calibrate the model to a given
formation in a given reservoir. Consequently, ecalibrated prediction model is specific to a
given reservoir, and errors would occur if the medeere applied to another reservoir. This

introduces an important restriction to the Poidedipe models which reduces their
3
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generality. However, in conventional reservoirsg ttestriction is often balanced by the
advantage that the quality of prediction in a veallibrated formation of a particular reservoir
is often extremely good.

By contrast, the characteristic length scale modealkl the variability of the porous
medium into the model, describing flow through thedium in terms of a characteristic
length scale. Often these length scales have &smfue, such as the modal pore diameter in
a pore size distribution of the rock. This can worll if the rock has a well-defined and
narrow unimodal pore diameter distribution, but ksotess well if the rock has a wide or
multi-modal pore diameter distribution. Sometimeshs models are implemented using a
distribution of characteristic length scales. Th&HZ model (Gloveret al., 2006), for
example, has been implemented in such a way thabweell permeability of a rock was
calculated from the geometric mean of the modaings&zes weighted to account for the
distribution of those grain sizes within the rodBldver et al., 2006). Such an approach
makes the often unjustified assumption that thelevinange of grain (pore or pore throat)
sizes that are being averaged contribute to theeebility of the sample.

In this work almost all the models were developgtially for conventional reservoirs
with permeabilities greater than 1 mD (Comiskyal., 2007), although a few more recent
models, notably the Wells and Amaefule (1985) miodifon to the Swanson (1981) model
and the Huett al. (2005) model were created specifically for tiglais gsands with micro-
darcy permeabilities. None of the models testethis paper have been developed for tight
gas carbonates with permeabilities in the nanoyd@ranicro-darcy range. As far as we are

aware no models currently exist.

PERMEABILITY MODELS

The experimental data obtained in this study hasenbused to evaluate 16 permeability
models, which are listed in_Table 1. In this tablelistinction is made between empirical

constants, which are constants that have beennebtaempirically but are not usually

allowed to vary in the application of the model, ditithg parameters, which are parameters
that are commonly expected to be varied in theiegibdn the model in order to make the
model fit the data.

Eight of the sixteen models which were tested paréanl very badly when predicting
the permeability of tight carbonate rocks. The dpsion of these models and a full analysis
of how well they performed has been excluded frtas paper, but included as a file of
supplementary material which can be downloaded ftoenpublisher's website. The eight

models which are included in the supplementary nstencompass the Katz-Thompson
4
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models using critical lengths and electrical lengibdels (Katz and Thompson, 1986; 1987;
Thompsonet al., 1987), the Swanson model (Swanson, 1981), thiks\MXenaefule model
(Wells and Amaefule, 1981), the Kamath model (Kdma&92), the Huet et al. model (Huet
et al., 2005), and the Berg Fontainebleau model (Berg, 2014jed of these models are of
the percolation-type, and the remaining five aréhefPoiseuille-type.

All of the models listed in Table 1 can be impleteghusing data obtained from
MICP measurements. The fundamental underlying emuathich governs the MICP method
is what we now call the Washburn equation (Washbi®21), which relates the capillary
pressureP; in a capillary tube of radiu®, containing air and mercury in terms of the
interfacial tensioro and the wetting anglé

__ 20cos6

P. = -

(1)
The Washburn equation should properly be called Be#-Cameron-Lucas-Washburn
equation because similar theoretical developmeats teen made three years before by
Lucas (1918) upon work on capillary pressures byl Bed Cameron in 1906 (Bell and
Cameron, 1906). For mercury and air, the interfatémsion gug..i— 0.48 N/m (480
dynes/cm) and the contact andglig..;i=0°. In SI units, the use dR in meters gives the
capillary pressure in pascals. If imperial units asedR in um gives the capillary pressure
in psi.

Permeability is similar to electrical conductivity that it can be thought of as being
partially controlled by the amount of pore space Hgdraulic or fluid flow, and partially
controlled by how connected that pore spacee., (Gloveret al., 2015). The assumption
that underlies all of the permeability models istttigere is a particular length scale, or
distribution of length scales, that controls thenpeability of the rock. In the case of the
percolation models, that length scale is givenieiyl in the model either as a characteristic
length scale with an undefined physical expressamnthe mean, modal or median grain
diameter, as the pore diameter calculated withthk&a transformation (Glover and Walker,
2009), or as some measure of the pore throat sizh as that obtained from MICP
measurements.

In the case of the Poiseuille models, the capilfagssure that corresponds to a given
characteristic length through Eq. (1) is used. @nst, therefore, chose which point on the
capillary pressure curve to use in order to defime capillary pressure for permeability
modelling. It is this capillary pressure will besasiated with a particular wetting fluid
saturation (air saturation for MICP measurements] asually water saturation in the

reservoir).



141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167

The most commonly used points on the capillarysuesscurve are the entry pressure
and threshold pressure (Figure 1). The entry pressn the mercury-injection curve is the
point on the curve at which mercury initially ers¢he sample. This point is often indicative
of the largest pore throat size present in the gampd is usually associated with the largest
pores (Robinson, 1966). There is some uncertairgyguch a measure really does represent
the largest pore throat size because (i) we arieliirio the sample size and larger samples
may contain larger pore throats, and (ii) irregtikes on the surface of the samples can mimic
large pores and give erroneous results when Eqgis(applied to them. Consequently, the
low-mercury saturation portion of the MICP curveynmat be truly representative of the rock
(Bliefnick and Kaldi, 1996).

The threshold pressure is that at which the satmabf mercury increases
dramatically and corresponds graphically to an upweonvex inflection point on the
mercury-injection curve. It represents the capyllaressure at which the greatest population
of pore sizes fill and for a unimodal pore throetesdistribution indicates the pressure at
which the mercury can for the first time accesspbees which represent the main fraction of
porosity in the rock. This point has been useditaioffy by Dewhurset al. (2002) to quantify
the capability of mud-rocks to trap high pressuteds. The threshold pressure point has
been experimentally determined by recording elealriresistance across a sample and
measuring the pressures at which continuity oc¢ii@az and Thompson, 1986; 1987,
Thompsoret al., 1987).

Pittman (1992) and Winland (Kolodzie, 1980; Comiskyal., 2007; Gunteset al.,
2014) identified a mercury saturation percentilevhaich the reservoir threshold pressure can
be predicted to occur. Values of 3%, 5% and 10%¢®ealter, 1979) of the total mercury
saturation are considered by various researchepsetdict the threshold pressure, although
such artificial restrictions are of no real utilgince the threshold pressure depends upon the

rate of decrease of the tail of the pore throat digtribution which is sample-dependent.
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175 Table 1. Fundamental properties and inputs of the sixteedeis evaluated in this study.

No. of No. of
Name Parameters empirical fitting Reference
constants parameters

Percolation-based

models
Katz and Thompson — « Critical length,L. 1 None Katz and Thompson (1986; 1987), Thompsbal.
Critical length « Formation factor (1987)
* Maximum electrical conductance length.x
Katz _and Thomp_son -t C”“Cf"" Iength,L? Katz and Thompson (1986; 1987), Thompsbal.
Maximum electrical ¢ Fraction of Hg-filled pore volume & ux, 1 None
(1987)
conductance length S Emax
» Porosity,p
e Maximum hydraulic length, max
Katz and Thompson - « Critical length,L. _
Maximum hydraulic « Fraction of Hg-filled pore volume &ty 1 None Katz and Thompson (1986; 1987), Thompson
al. (1987)
length S Emex
« Porosity,p
» Characteristic grain diametelyin
RGPZ thgoretlcal . ‘Ct’amentatmn exponent) 1 None Gloveret al. (2006)
approximate e ‘a-parameter
* Porosity,p
» Characteristic grain diametely.in
RGPZ theoretical exact ‘Ct’amentatmn exponeny 1 None Gloveret al. (2006)
* ‘a-parameter
* Formation factoF, or porosityg
» Characteristic grain diametelyin
RGPZ empirical . F?mentatlon exponent) 1 1 This work
carbonate e ‘a-parameter
« Formation factoF, or porosityg
Schwartz, Sen and « Characteristic pore sizé, Johnsoret al. (1986); Johnson and Schwartz
Johnson (SSJ) generic . P 1 1 (1989); Johnson and Sen (1988); Schwetrtt.
* Formation factoF
form (1989)
Berg (Fontainebleau Porosity,@ 4 4 Berg (2014)Equation (53)

implementation)




Effective porosity ¢
Effective hydraulic tortuosityzs

Berg generic model Constriction factorCs None Berg (2014)Equation (32)
Characteristic length,, (equal to the radius of a
capillary tube)
Poiseuille-based
models
Swanson Apex value of Hg saturation to capillary > Swanson (1981)
pressure
Wells-Amaefule Apex value of Hg saturation to capillary 2 Wells and Amaefule (1985)
pressure
Kamath ‘model Apex value of Hg saturation to capillary 2 Kamath (1992)
pressure
Length at which a mercury saturation is 35%,
Winland Rss 3 Gunter et al. (2014)
Porosity,@
Radius associated with the critical length
Pittman Rapex 3 Kolodzie (1980)
Porosity,@
Dastidaret al. Welghted geometric mean of the pore sRgy 3 Dastidaret al. (2007)
Porosity,p
Displacement pressurgy
Huetet al. Irredu_czlble water saturatiofy,; 5 Huetet al.(2005)
Porosity,@
Brooks-Corey parametet,
176
177

178 Tablel. — cont.
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Percolation-based models

Katz-Thompson [KT] models (Maximum Hydraulic Length)

The Katz and Thompson models (Katz and Thompso86;19987; Thompsost al., 1987)
are based on percolation theory, and consider flmmugh a porous medium with random

microstructure and connectivity. Flow is considet@dbe controlled by a length scale. There
are three different length scales which are comgnoséd, each of which leads to a different
permeability prediction model; the Critical Lendth), Maximum Hydraulic LengthL{4max)
and Maximum Electrical Conductance Length:{y). The Maximum Hydraulic Length
(Lhmax) IS described here, while the remaining two modmie describe in the file of
supplementary material.

The Maximum Hydraulic LengthL(x) is defined as the effective pore throat
diameter corresponding to the highest hydraulicdootance. The value afy.x is the length
corresponding to the capillary pressure at whiehptoduct of the mercury saturation and the
pore throat diameteSgxdy, is maximum. Katz and Thompson introduced a pebifiga
model based on the length scalg.x (Katz and Thompson, 1986; 1987; Thompsbmal.,
1987).

L3
kLH = CZ(%jwsLH max ! (2)

C

where the terrrL.ima)/Lc provides the length-squared dimensions requireghéomeability,

S Hmax IS the fraction of connected pore volume filledhwimercury at_pynax, and the term

¢S represents the fraction of the whole rock filledhamercury at ynex. The parameter

LH mex
L. is the critical length, which is defined as thitical pore diameter at which mercury forms
a connected path through the sample, as showngurd=i2. This occurs at the threshold
pressure, which can be determined from the infdagtioint on a MICP curve. In this case the
constantC, = 1013/89. The constant has empirical origins isutisually not varied to
improve the fit or performance of the model.

Schwartz, Sen and Johnson [SSJ] generic form
A series of papers in the mid-80s (Johneioal., 1986; Johnson and Schwartz, 1989; Johnson
and Sen, 1988; Schwamtzal., 1989) led to the development of a characteristigth scale

N for pores (Johnsoet al., 1986), and a new permeability model which used i

generalised form of this equation may be written as

10
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Kssy ={\¥2, ©)
where A is the Johnsoret al. (1986) characteristic length scale of the pofess the
formation factor and is a constant that may be treated as a fittingrpater (Walker and
Glover, 2010). This is an extremely simple modekvehthe patency of the pores is expressed
by the length scale and the connectedness of tteefloav paths is expressed by1/

It should be noted that the characteristic lersgthie of the pores is not some measure
of the diameter or the radius of the pores in thealisense; rather it is a measure of the effect
of the pores on defining the transport propertiethefpore network.

We cannot implement the SSJ model directly withr dataset because of the
difficulty in finding an independent measurement thie characteristic length scale.
Furthermore, calculation of th&® parameter from our grain size, cementation expoaed
formation factor would ensure that the SSJ modebimes formally the same as the RGPZ
model. Instead, we have used Eq. (2) to genergenaric permeability model which shares
some of the characteristics of both the SSJ andRtBBZ models. This equation may be

written as

d2.
oaenc =Pt (@
whereb is an empirically-determined parameter.

Walker and Glover (2010) took four of the most imtpat models for predicting the
permeability of porous media; the classical modelKokzeny and Carman [K-Cle@.,
Bernabé, 1995), that of Sen, Schwartz and Johr884d][(Johnsost al., 1986; Johnson and
Sen, 1988; Schwari al., 1989; Johnson and Schwartz, 1989), that of ldatk Thompson
(Katz and Thompson, 1986; 1987; Thompsaral., 1987) [KT], and the RGPZ model
(Glover et al., 2006). Each of these models is derived fromfier@int physical approach.
Walker and Glover (2010) rewrote them in a genésien which implied a characteristic
scale length and scaling constant for each modétr Aesting the four models theoretically
and against experimental data from 22 bead pac#s188 rock cores from a sand-shale
sequence in the U.K. sector of the North Sea, toegluded that the Kozeny-Carman model
did not perform well because it takes no accounthefconnectedness of the pore network
and should no longer be used.

They discovered that the other three models afopmed well when used with their
respective length scales and scaling constantgriSingly, they found that the SSJ and KT

models produce extremely similar results and tbkaracteristic scale lengths and scaling

11
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constants are almost identical even though theydmmved using extremely different
approaches: the SSJ model by weighting the Kozearyp@n model using the local electrical
field, and the KT model by using entry radii frohaifl imbibition measurements.

RGPZ Model

Like the SSJ model, the RGPZ model (Glogeal., 2006a) is also derived analytically and
does not need calibration. The original equationlesved from the theoretical result that
links the characteristic length scaleintroduced by Johnstoet al. (1986) to permeability
through Eq. (2) and the approximate relationshipvben/\ and the electrical properties of

the porous mediumh =d,,,/2mF . The result is

2 m 2
k _ dgrajn(é; _ dgrain
RGPZ1 — 4am2 - 4am2|:3 !

where dgrain IS some measure of the grain size which contiots flow properties of the

grain

©)

porous mediumm is the cementation exponent (dimensionless), @rglthe porosity (as a
fraction). It is important to note that the constams usually taken as 8/3 despite it being the
same parameter that appears in Eqg. (2). Conseguénthay be left to vary, and if so, the
equation becomes empirical. It should be noted tiiat constant is not the same as the
Winsauer et al. modification to Archie’s law (sel¥r, 2015).

It has been pointed out that Eq. (5) relies onféhmation factor being much greater
than unity (.e.,, F >>1). While this is valid for clastic rocks withotractures, it may not be
the case for rocks with low values Bfsuch as those containing significant fractures. An
exact form of the RGPZ equation, which is valid &rvalues of formation factor, can be

obtained by replacing the approximatioM=d,,,/2mF with its exact form

grain
A=dy4n / 2m(F -1) (Revil and Cathles, 1999). This explains the failof Eq. (5) for lowF
and corrects it, leading to

d2
Krepz2 =—— 50
4an?F (F -1)°

The definition ofdyin is critical to its implementation. For unimodabar size distributions

(6)

the use of the simple modal grain size gives pebihiges that can be overestimated. Glover
et al. (2006b; 2006c) used Eq. (5) to compare the prigdipowers of characteristic grain
size obtained from the (i) modal value, (ii) weigthtarithmetic mean, (iii) weighted harmonic

mean, (iv) weighted geometric mean, and (iv) medialues from grain size distributions

12
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obtained from over 42 MICP measurements on glaad packs, sands and reservoir rocks
over a range from 100 mD to 100 D. The mean valuese weighted by the grain size

distribution across its entire range. The weightggbmetric mean provided predicted

permeabilities that were closest to those measured.

While the RGPZ has no variable coefficients antheoretical in nature, unknown
parameters such as, say, the cementation expanggttt be allowed to vary whereupon the
model would become empirical. This study recogntbas the RGPZ model was developed
for clastic rocks and relies on their being a pattr relationship between the grain size and
the pore and pore throat sizes that seem to holdldstic rocks but not for carbonates. This
study has developed a new empirical permeabilityn@sion method from the RGPZ model

which is described later.

Berg (2014) Model

Recently, Berg (2014) has published a new moddl atiempts to use parameters that are
both physically meaningful as well as being acd#esxperimentally. Berg's (2014) model

can be written as

2,2
2Lia

Keerc2014= — s, (7)
8C,

where 75 is the effective hydraulic tortuosity,, is the characteristic length relating to the

flow process and becomes equal to the radius epdlary tube special case solution of the

equation,g is the effective porosity, ands is called the constriction factor, and represents
how flow paths become constricted in the direcbbflow just as the fluid passes from pores

into pore throats and out again.

The effective hydraulic tortuosity is the same as that used in the Kozeny-Carman
formulations which is represented as the shortest length possiblei ., the length directly
across the sample of rock) divided by the flow platigth. This formulation of effective
hydraulic tortuosity leads to smaller values whiee fiow is contorted rather than direct. In
petrophysics we are more comfortable with the hyliraortuosity becoming larger if the
flow is more contorted, so we will use that defomt instead, rewriting the hydraulic
tortuosity 7, = 1/75. Moreover, the electrical tortuosity is considetede equal to the square

of this hydraulic tortuosity, = 72 and the definition of electrical tortuosity s = Fg, which

allows Eq. (7) to be recast as

13
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¢ "L (7 @)

. (8)

Keere2014 =

where @ is the porosity that does not take part in flumr We cannot determing: and
have therefore takemg =0. We have also assumed that the characteristi¢Hdngcan be
represented by the Katz and Thompson hydraulictheing.x used in Eg. (2). Taking all of
these modifications into account the Berg (20145ehamplemented in our study under the

name of the ‘Berg (2014) generic model’ takes threnf

2 —
KeerG2014 = Lhmad?” max(ﬂz . , 9
8C,

where the constriction fact@s is varied for the optimum fit, and hence the emumis used
by use as an empirical relationship.

Poiseuille-based models

Winland Method

The models of Swanson, Wells and Amaefule and Kanaae all, in effect the same,
differing only in the dataset upon which they hdween calibrated. Winland, however,
introduced a new approach, where the length scatethat at which a mercury saturation of
35% is attained, oRss. The value oRss is simply the radius calculated using the Washburn
equation (Eqg. (1)) from the capillary pressure esponding to a mercury saturation of 0.35.
Winland recognised that the permeability was reldatebothRs;s and the porosity with an

equation of the form

K/Vinland: C4 F{;‘g@ ) (10)

whereC,, a; andag are empirical variables, the permeability is cklted in mD and th&;s
value is inum.

The Winland model was originally described as @&seof three unpublished reports
for the Amoco Production Company, written betwe8id2land 1976. These are consequently
difficult to obtain and not referenced in this stuthstead we reference studies by Kolodzie
(1980) and by Guntest al. (2014), both of which discuss the Winland modedetail and the
latter of which gives the full references of thegoral three reports.
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Winland calibrated his equation using a datasetsisting of 82 samples (56
sandstones and 26 carbonates) for which he hadéfilrerg-corrected permeabilities, and a
further 240 samples for which only uncorrected @@rmeability data was available. The
calibration gaveC, =49.4,a, = 1.7 andag= 1.47. The range of the calibrating permeabilities
is unknown but we do know, thanks to the reseafdBamiskyet al. (2007) that they were
made under ambient conditions.

The value ofRss5 is a rather crude way of defining the length sctiat best
characterises fluid flow in a complex medium. Néveless, other constant values, such as
Rsio0, Rsp have been suggested, but of those testedRgh&alue, which corresponds to the
largest pore throat sizes has been found to gerddist result (Nelson, 1994; Kolodzie, 1980;
Pittman, 1992).

Pittman Model

Pittman (1992) modified the Winland equation, uding length scale that corresponds to the
threshold pressure instead Rfs. This length scale is the same as the criticajtlerscale
used by Katz and Thompson (Katz and Thompson, 198%&7; Thompsomt al., 1987), but

is used by Pittman as a radius. The Pittman equétio

Koittman= Cs Rape® . (12)

Pittman calibrated this model using a set of 20@stne samples from 14 formations on
which measured permeability, porosity, and mercimgction data had been obtained
(Pittman, 1992) and obtain€ = 32.3,a, = 1.185, ands = 1.627.

We have used our capillary pressure data to ob#aimean value foRapex =
0.135+0.169, corresponding to a mercury saturaifd@db%. In other words, the points shown
by the circles labelled Swanson and Winland in Fedtiare very similar, and the two models

are sampling the same fraction of the pore space.

Model summary

There is a striking difference between the peremtaimodels and those based on the
Poiseuille approach. The former need few empiecastants or sometimes none at all. The
latter need two or even three such constants. Qoesdy, it might be expected that the
Poiseuille-type models would provide better fitsdta which are from similar formations,

due to their specificity and the advantage of hgwimore fitting parameters. However, they
will perform much worse than the percolation mod#éldhey are used to predict the
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permeability of rocks which do not share the chiaréstics of the rocks for which they were
calibrated.

Most of the models used in this paper were develdpeuse with clastic rocks, and
specifically for sandstone, with only a few beiradilorated partially with carbonate samples.
Even the analytical RGPZ model was developed gpallif for clastic rocks and has
traditionally not fared well in carbonates. The fooing pressure of the measurements which
were used to calibrate the samples varied as Wwelh between 3000 to 4000 psi for the
model of Wells and Amaefule (1985) to only 800 psieven ambient pressures in others
(e.g., Winland and Pittman). The permeability measwnt approach also varied
significantly between all the models, including permeabilities, steady-state and unsteady
state measurements, and pulse decay measurememte & these were corrected for
slippage, while others were not. Comigkyal. (2007) provide a useful table which compares
the experimental conditions of many of the perméglmodels listed above.

In other words, none of the methods summarisede@bare specifically derived for
tight carbonate rock samplese(, for permeabilities less than 1.0 mD). This stutbes
samples with permeabilities in the range 100 nD.fomD, and which exhibit no fractures or

microcracks.

MATERIALS AND MEASUREMENTS

Two suites of samples were used in this work.

The initial assessment of all 16 of the models wsedite of 125 core plugs from the
Kometan formation, originating from different outpr locations or core material from a
number of different fields in the western segmenthef Zagros basin in the northern part of
Irag (Rashidet al., 2015). For capillary measurements 25 plug sasnplere measured, of
which 3 failed to imbibe mercury because their ponere highly cemented. The effective
porosity of the samples ranged from 0.02 to 0.2&h & precision ot0.005, while their
permeability ranged from 10 nD to 500.

The validation testing on the newly developed RGR#bonate model, the generic
model and the two original RGPZ models used a xfi#2 core plugs from the Solnhofen
limestone from a quarry near Blumenburg. The sasnplow a range of effective porosity
from 0.11 to 0.14 with a mean of 0.044, measurdt wiprecision 0£0.005, and which had
a permeability range from 11.5 nD to 17B.
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Prior to making any measurements, the cores weanel and dried using a Soxhlet
extraction process with low-temperature chlorofarmathanol solutions according to the
American Petroleum Institute (API) recommended ficas for core analysis. The samples
were then dried in a humidity-controlled environmeéFtiese cleaning and drying protocols
were initiated in order to reduce the effect of alamage or alteration of rock materials,
especially the clays that might enlarge pore spé@ast and Anderson, 1988).

The effective porosity of all the the Kometan sasspivas measured by helium
porosimetry using a Quantachrome stereopycnometghe Wolfson Laboratory at the
University of Leeds, while the Solnhofen samplesemmeasured using a high resolution
helium porosimeter that was designed and built leyafrthe authors of this paper and resides
in the Petrophysics Laboratory of the UniversityLeeds.The permeability of each sample
was measured using a helium pulse decay Klinkerbemgcted permeability approach.
These measurements involve measuring the decagsgbrgssure in an upstream reservoir as
the gas leaks through the sample. The measurememés carried out using a helium gas
pulse decay permeameter such as that in the Wolfabaratory of the University of Leeds
(Jones, 1997). At least four pulse decay tests wamged out for each rock sample, each with
different initial up-stream gas pressures in thegeabetween 50 to 200 psi and downstream
pressures arranged such that the initial diffeaémiressure was in the range of 5 to 40 psi.
All measurements of the Kometan limestone sampleseewnade using a net confining
pressure of 800 psi, while all the Solnhofen samplere made at a net confining pressure of
725 psi, and at a temperature of’ 25in each case. The net confining pressure is very
important for tight rocks as permeability can vgrgatly as a function of this parameter. All
permeability measurements were corrected for sfjppeffects as these can also be very
significant in tight rocks.

Considerable efforts were made to optimise theityuaf these small porosity and
permeability measurements, including the preparatfdrigh quality cylindrical core plugs.

The capillary pressure curve was measured usinighagressure mercury injection
capillary pressure technique, which involves injegimercury into an evacuated core sample
in a stepwise fashion (Melrose, 1990). The voluheercury injected at each pressure is a
measure of the non-wettingg, mercury) saturation. This method is relativelytfasually
requiring only hours to complete each measuremientaddition, MICP techniques are
capable of applying injection pressures as gre@0s800 psi, which provides coverage of
almost the entire range of water saturation andllaap pressure for tight carbonate rock

samples, as well as for higher porosity and perntigabéservoir quality rocks (Torsaeter
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and Abtahi, 2000). The MICP technique has somedaeatageswhich include the use of
mercury as a proxy for the reservoir non-wettinggeh(usually a hydrocarbon) and air used
as the wetting phase, when in a reservoir it isalipwater. Mercury-air capillary pressure
measurements made in this way require conversiaivi the value they would have in a
reservoir using reservoir fluids and at reservo@spure and temperature. This correction is
carried out using contact angle and surface tengieasurements on the mercury-air-rock
system and on the reservoir fluid-rock system aemeir conditions. Although the MICP
technique ensures that the sample cannot be usddrfioer tests and must be disposed of
safely, the technique can be used on samples wégular shapes, including drill cuttings
(Jennings, 1987). In this study tests were camgdusing a MicroMeritics 33 Porotech IV
apparatus (Webb, 2001). The non-wetting phase masted using 62 pressure steps which
were distributed logarithmically. The selection ménetrometer size is derived from the
combination of the sample volume and porosity (Gies 2006). Acceptable capillary
pressure results can be achieved when at least dfOf#te penetrometer stem volume is
displaced into the rock sample. Tight rock samplgk low porosities require larger sample
volumes for any selected penetrometer size. Inwloik penetrometers with stem volumes
between 0.392 cirto 1.131 criwere used. A mercury-air-rock contact angle of dégrees
and the mercury-air surface tension of 480 dynegf@#8 N/m) (Webb, 2001) was used
throughout this work.

The MICP measurements were either used directiyadelling, which was usually
the case for the Poiseuille-based models, or wezd tes calculate a modal pore throat size
which could then be used to calculate a modal mize or a modal grain size using
techniques of Glover and Déry (2010) and Glover &valker (2009), respectively, for
subsequent use in modelling with the percolatiosedanodels.

Some of the models also require the formation fagtal cementation exponent to be
known. These were obtained by measuring the etettproperties of each of the samples
after they have been saturated with an aqueous@uldull saturation of such tight samples
is a very difficult thing to carry out. In our cagenvolved a combination of evacuation and
saturation under a vacuum followed by pressurigafidve formation factor is best obtained
by making a number of electrical measurements whikerock is saturated with pore fluids
of different salinity. However, because the rockes so tight we chose in all cases to calculate
the formation factor from the electrical resistiviheasured on the rock at 1 kHz while it was
saturated with a single salinity of pore fluid tdgg with the resistivity of that pore fluid.
The method for doing this is straightforward and ba found in the review by Glover (2015)
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together with methods for measuring the resistigityhe pore fluid itself. A simple equation
links the cementation exponent to the formationtdiacand porosity, and hence the
cementation exponent for each sample can alsolbelatd simply, as also set out in Glover
(2015).

POROSITY & PERMEABILITY

Figure 3 shows a poroperm cross-plot of all thesuesd Kometan limestone data, some of
which was used in the initial modelling, as wellthe Solnhofen data that was used as an
independent data set for testing purposes.

Figure 3a classifies the samples according to aofaeies classification that is
discussed in Rashidet al. (2015). In this figure Petrofacies A is a compact
wackstone/packstone which has lost almost all ©fpriimary porosity due to cementation,
containing nanometer-sized intercrystalline poremd which contains occasional
microfractures and styllolites and consequently &agery low porosity and permeability.
Petrofacies Bs a dissolved wackstone/packstone that containdicnand vuggy pores, and
Petrofacies C is a carbonate mudstone that hasrgore dissolution and possibly some
dolomitisation._Figure 4 shows typical scanning&tmicrographs for each petrofacies.

The petrophysical behavior of the samples is cdettidby a complex pore geometry
system, governed by throat size, pore size andhdigealteration. The poroperm diagram
shows each petrofacies distinctly. Petrofacies Amdses the first group and is well
separated from the other two petrofacies in theobat left-hand corner of the poroperm
diagram due to its low porosity and permeabilitgrying between 10 nD and 10 uD (green
symbols). This type of rock has porosities in thage 0.01 to 0.08 and a wide range of
permeabilities. The large spread of permeabilitdiects the large range of pore connectivity
present within this fabric, while the positive tdeshows that any small increase in porosity
provides an enhancement of the connectivity ofgbee network sufficient to increase the
permeability of the sample. There is some overketwben Petrofacies B and C (the blue and
red symbols in Figure 3, respectively), but botlvghsignificantly larger porosities and
correspondingly larger permeabilities. The reldsivitat poroperm trend of Petrofacies C
shows that increasing porosity (in the range 0d.8.28) is not significantly enhancing
permeability in the sample, which is in the rang@80to 4 mD. This agrees well with our
observation that moulds and vugs tend to be r&gtiunconnected to the pore network.
Petrofacies B has a well constrained porosity rafrgen about 0.08 to about 0.25, and an

equally well constrained permeability range. OMetta¢re is a positive poroperm trend for
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Petrofacies B, showing that higher porosities cdulsg dissolution also lead to higher
permeabilities (Rashid al., 2015).
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Figure 3. (a) Poroperm cross-plot of the three facies of Ktam limestone used in this

paper for initial testing of the 16 permeability netsj and (b) Poroperm cross-plot of the

Solnhofen limestone data that was used as an indepedata set for testing four of the

better-performing models including the newly develdRGPZ Carbonate model.

Figure 5 shows a plot of the capillary pressurestgprves, demonstrating the full

range of the capillary pressure curves within themi€tan limestone dataset. The entry

pressure and displacement pressure of each graigs.vA high entry pressure was recorded

for all samples, reflecting the tightness of altloé samples.

From the examination of thin section and SEM rasaftthe representative samples,

we see a trend of decreasing pore size with ddogea®ere throat size implying increasing

entry capillary pressure values and decreasing ¢adoitity. However, there is no similar

relationship between the pore size and grain dihe. moldic pores have greater diameter

because they are derived from the dissolution i@fonifer chambers. Consequently, there is

no relationship between the size of these largadimglores and the modal grain size of the

rock. This observation allows us to predict tha thodels which were developed for clastic

rocks and in which there is an implicit assumpttbat the pore and pore throat size are

related to the grain size, such as the RGPZ maday, not perform well in carbonates in

general and specifically in tight carbonates.

20



Figure 3b shows the poroperm
diagram for the Solnhofen limestone
data, exhibiting a surprisingly large
range of permeabilities for the zero to
0.1 porosity range. Many of these
samples show a trend which overlaps
that of Kometan limestone Petrofacies
A.

09 Apr2074 -

SE| Bry = LANDomAT 4 5 " | p———

Colour'Science Analylial e ; ' 7L h 08 Apragia”

Figure4. Scanning
electronmicrographs of the three facies
of rocks studied in this work;
Petrofacies A, upper; Petrofacies B,
middle and Petrofacies C, lower.
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Figure 5. Mercury injection capillary pressure curves for tgdisamples from each of the

three petrofacies used in this work.

A NEW MODEL FOR TIGHT CARBONATES

During our initial testing of the models with theiKetan limestone samples it became clear
that a new and better model was needed for tigiitocate rocks, and we decided to try to
develop one. Subsequently, this model was alsedesith the Kometan limestone dataset,
and then, as will be shown later in this paper, iadpto another independent dataset of
Solnhofen limestone.

In developing the new model we decided to takethig®retical RGPZ model as a
starting point for a number of reasons. First, ohthe authors had many years understanding
the model having been one of those developing ittally. Second, the model has a
theoretical pedigree so that any modifications mamensure that it performs better in
carbonate rocks can be understood as simple petitmbato an already well-understood
relationship, rather than a complex interactiorhvgtevious empirical developments. Third,

the model had shown itself to already be fairly dyaat predicting the permeability of
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carbonate rocks, being ranked third and fourthhef sixteen models were initially tested.
Finally, it was thought that the reasons behind fdikire of the RGPZ model in tight
carbonates was known, and might be corrected fondgification.

In clastic rocks there is a relationship betweerepsize and grain size. This arises
from the fact that clastic rocks are composed afded grains which are usually sub-
spherical. When the clastic rock contains somengraihich have a plate-like shape, such as
micas, they are usually not present in a fractiofiigently large enough to cause gross
changes to the microstructure of the pores. In $ksnario, increasing the size of grains
clearly increases the size of the pores, and orghtnihink that the pore throats would
increase in size as well. This idea has led to themaatical transformation between pore size
and grain size for clastic rocks to be producedoy& and Walker, 2009), where the
coefficient proportionality between the pore sized agrain size is called the ‘theta’
transformation, and depends upon the cementatiporentm, the formation factoF, and
the constant=8/3. The relationship in clastic rocks betweenepsize and grain size holds
good providing there has not been significant diages that alters the amount and
distribution of pore space within the rock.

In carbonates, however, it is common that theselde®en a large amount diagenesis,
which has altered the distribution of pore spacéhkimvthe rock by successive episodes of
dissolution, precipitation and recrystallisation. this case, there is no simple or unique
relationship between grain size and pore size.dddgrains may be very large, complex and
interlocking with each other, while the pore spdoetsveen them have small volumes and are
linked by tortuous pore throats. Increasing grames are now not necessarily related to
increased pore sizes, and if they are the relatipnsill be very different to that for clastic
rocks. However, analysis of the results in thisgodpr the two conventional RGPZ models
shows them to do fairly well, but tend to overestienthe measured permeability. We
therefore hypothesise that we may get a much bettediction by scaling the theta
transformation, associating increases in grain witle smaller increases and pore size. The
RGPZ model uses a modal grain size as a lengtk.ddalwever, it is a pore or pore throat
length scale that will ultimately control fluid flowhe implication is that we will still be able
to use an RGPZ-style model, with a grain size ingarameter, for carbonate rocks but the
scaling factor will then take account of the fawattthe input grain size is not necessarily
associated with pore size as large as it would theeirock was a clastic rock.

The use of a grain size as an input parameter ensoiat the RGPZ model is easy to

apply with widely available core data, but it ingdithat the RGPZ model incorporates a
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relationship that converts, or interprets the graipe in a way which can influence a
predicted permeability as a pore or pore throateseauld. The question, therefore is
whether this internal relationship, which has b@eoven to work well for clastic rocks
(Gloveret al., 2006) is also applicable to carbonates.

Consequently, we have produced a new model bypgakie RGPZ exact model and
scaling the formation factor by an arbitrary factowhich is greater than unity, leading to a
larger formation factor than would be expected fitv porosity and cementation exponents
of the samples. This process recognises that theectedness of the pores involved in fluid
flow is less in carbonates than in a clastic rotkhe same grain size. This process converts
the theoretical RGPZ model into an empirical mobletause thep-factor is now an
empirically-determined coefficient that can be veglvas a fitting parameter. The resulting

equation is

— grain grain
kRGPZCarborate - . (12)

The approximation is valid in the limft>>1, and applies in this study because the formatio
factors in tight carbonate rocks are generally \egh, varying between 23 and 2565 with a
mean value of 314. The approximation will also béd/for most reservoir rocks, even those
with relatively high porosities.

Since the variation ofy for individual samples would result in the triviasult of a
perfect prediction, we have shown the result/fefl.73 in Figure 6f. This value was chosen
as the center of the range in which the fittingistias were optimised. It is worth noting that
in the limit F>>1, the implementation of=1.73 is the equivalent of having a formation
factor or tortuosity that is 73% higher, a cemaataexponent 9.53% higher (f6+=314), or
a grain, pore or pore throat size that is 43.9%haf assumed by the standard RGPZ model,
accounting for the observation that diagenetic @seses in carbonates have reduced the

effective pore size with respect to the effectivaimysize.

PERMEABILITY PREDICTION

In total we tested 16 models and all are includedable 1 for completeness. This number
includes the model that we have developed in tapepand describe later in the paper. Eight
of the models performed particularly badly when sgapto tight carbonates. Consequently,

they are not reported in detail in this paper. Hesvetheir full description, concordance plots
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and discussion is presented in a file of suppleargnnaterial available from the publishers
website. These models are those of the Katz-Thompsmg critical lengths and electrical
length (Katz and Thompson, 1986; 1987; Thompsbral., 1987), the Swanson model
(Swanson, 1981), the Wells-Amaefule model (Wellsl sgkmaefule, 1981), the Kamath
model (Kamath, 1992), the Huet et al. model (Haiet ., 2005), and the Berg Fontainebleau
model (Berg, 2014).

The remaining eight models, which are describethéurin this paper are the Katz-
Thompson model using hydraulic length models (Kated Thompson, 1986; 1987,
Thompsonret al., 1987), the Berg generic model (Berg, 2014),Whaland (Comiskyet al.,
2007; Guntert al., 2014) and Pittman models (Pittman, 1992), theceand approximate
forms of the original RGPZ model, a generic formtleéd RGPZ/SSJ model (Glover al.,
2006), and finally the model developed in this papéich is a modification of the RGPZ
model for carbonate rocks, and which we have caledRGPZ Carbonate model.

Figure 6 shows how well each of the models predteéssmeasured permeability for
each sample of the Kometan limestone dataset. gathof Figure 6 contains a 1:1 line that
indicates a perfect prediction as well as high lamdbounds representing a variancetgf5
(i.e., upper and lower bounds representing 2.5gigreater or less than a perfect prediction,
respectively). A simple judgement concerning theodyeess of prediction is that the
prediction falls between the variante®.5 limits.

Percolation-type models tend to perform better thaiseuille-type models, with ony
two of the Poiseuille-based models performing vexlbugh to be discussed in the main
paper. These are the models of Pittman and of Wihl®f the percolation models that did
not perform well, two only failed marginally — tleetical length and electrical length models
of Katz and Thompson (Katz and Thompson, 1986; 198dmpsoret al., 1987), while the
Berg (2014) model specific to Fontainebleau samastansurprisingly failed in carbonates.

The best performance was that of the Generic maddl occurred for a value of
88<b<100. The new RGPZ empirical carbonate model alsiopeed well with 1.7%<1.76.
Both the exact and approximate forms of the stahB&PZ model (Glovest al., 2006) also
performed creditably, but produced a tendency &restimate the permeability occasionally
by as much as an order of magnitude. Since thediom factors of tight carbonate rocks are
so high we might expect the two forms of the mddgbroduce very similar results. This is
borne out by Figure 6. Calculation of the mearorafi the permeability predicted using the

approximate form of the model to that using thecexarm gives 0.9780.0023, showing
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how close the predictions are, and that the appraté form produces slightly lower
predicted permeabilities.

Of the Katz and Thompson (Katz and Thompson, 19887; Thompsost al., 1987)
models, the hydraulic conductivity model producée tbest match with the measured
Klinkenberg-corrected permeability for these tiglrbonates. However, while the general
trend of the permeability predicted with this tecjug matches the measured permeability
well, there is a large scatter and individual sasphay have permeabilities up to an order of
magnitude larger or smaller than the real permesgbil

The two best Poiseuille-based models were thosePitfman (Pittman, 1992;
Kolodzie, 1980; Comisky et al., 2007; Gunter et a014) and of Winland (Guntet al.,
2014), with the majority of the predictions fallimgthin the £2.5 variance criterion. The
Winland model is one of the simplest that we hawe] it is instructive that it was calibrated
using Klinkenberg-corrected permeabilities. Nevelghs, the success of the Winland model
for our data and possibly other tight carbonateghiniely on a happy coincidence that its use
of a mercury saturation of 35% upon which to b&geléngth scale is close to the value for
rocks which share the texture (porosity and coretewtss) of tight carbonates.

The Pittman model (Pittman, 1992) is a modificatadrthe Winland model using a
length scale corresponding to the threshold pressistead oR3s. For the rocks studied in
this work the Pittman model provided predictions mérmeability that were a slight
improvement on those from the Winland model, owstmgating permeability by about half
an order of magnitude. The use of the thresholdsae instead d®s5 led, in our study to an
increase in the predicted permeability by a fatchat was greater than unity in all but 3
samples and had an arithmetic mean of 21621 using standard deviation to express the
uncertainty. It is clear from a comparison of thése models that, at least for the tight
carbonate rocks in our data, the length scale whattrols the permeability of the rock
sample is closer to that associated with the thtdghi@ssurahan that associated with the
Rss point, and is larger than the length scale aststwaith theRss point.
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694 Figure6. The performance of the 8 best models in predidtiegoermeability of a suite of
695 Kometan limestone samples, together with a 1:lepedgreement and variance lines set at
696 +2.5. For (ep=94, (d)n=1.73, and (fIC<=3.4.
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Figure 6. —cont.

We have quantified the performance of the predictising three measures. These
are: (i) the percentage of samples with predictifating within £2.5 times the measured
permeability, to which we give the symHdgl(ii) the root mean squared residual of log values
(RMSLR), and (iii) the Pearson product-moment datren coefficient (PPMCC). The
RMSLR is calculated using the equation

RMSLR = \/i 57 [log(Kyi) — log(Kest,)] (13)

wheren is the sample population siz€ is the value of the predicted permeability, &ag
is the measured Klinkenberg-corrected permeability.

Table 2 shows the prediction performance statisfias all 16 models, for
completeness. This table also gives a rank valuedoh test and an overall rank which is the
rank of the unweighted sum of the three individaealks. On this basis the best two models
are the generic percolation model and the new RG&Bonate model, and the worst two are
the Berg (2014) Fontainebleau model which is agation-based model calibrated for this

sandstone, and the Hwettal. model which is a Poiseuille-based model.
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Table 2. Quantitative measures of permeability predictitiaaiveness.

Rank Rank

£ (%) F;?]nzk RMSLR on  PPMCC OrV;r:E” Per meability model Type

RMSLR PPMCC
81.818 1 0.402 1 0.923 1 1 Generic modeliq. (4) Percolation
68.182 2 0.576 3 0.917 4 2 RGPZ empirical carbonate model Percolation
54.545 = 0.609 4 0.920 2 3 RGPZ approximate theoretical model Percolation
54545 5= 0.618 5 0.915 5 4= RGPZ exact theoretical model Percolation
59.091 = 0.654 6 0.903 6 4= Winland model Poiseuille
40.909 7 0.576 2 0.872 7 6 Pittman model Poiseuille
59.091 = 0.696 7 0.858 10 7 Berg (2014) generic model Percolation
31.818 9 0.969 9 0.918 3 8 Katz and Thompson-Electrical length model Percolati
36.364 8 0.724 8 0.575 14 9 Katz and Thompson-Hydraulic length model Percotatio
27.273 10 1.066 10 0.683 12 10  Katz and Thompson-Critical Length model Percolation
4545  13= 1.358 11 0.827 11 11 Wells and Amaefule model Poiseuille
13.636 11= 1.605 12 0.613 13 12 Dastidaret al. model Poiseuille
0.000 15= 1.976 13 0.866 9 13 Kamath ‘model’ Poiseuille
0.000 15= 2.204 15 0.868 8 14 Swanson model Poiseuille
13.636 11= 2.003 14 0.485 15 15 Berg (2014) Fontainebleau model Percolation
4.545 13= 2.277 16 0.174 16 16 Huetet al. model Poiseuille

¢: Percentage of samples whose prediction is walkactor oft2.5 of the real permeability.
RMSLR: Root mean squared log residuals,see(13).
PPMCC: Pearson product-moment correlation coefficie
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TESTING THE NEW MODEL

Although the new RGPZ Carbonate model performedy weell when predicting the
permeability of the Kometan limestone samples, @ethat it was necessary to validate the
new model by testing it against an independenthaiabd dataset. Consequently, we used a
dataset of 42 samples of Solnhofen limestone, whate already been described in an
earlier section of this paper. We did not restitiet permeability prediction to solely the new
RGPZ Carbonate model, but also carried out prexfictiith the two original RGPZ models
and the generic model. This was done so that gien¢eon the new RGPZ Carbonate model
could be viewed in the context of other well-peniorg models. It was particularly
interesting to us to see whether the modificatioragle to the existing RGPZ models made

any significant improvements when used in predictirgpermeability of tight carbonates.
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Figure7. The performance of (a) the RGPZ approximate mddethe RGPZ exact model,
(c) the new RGPZ carbonate model and (d) the genawdel, in predicting the permeability
of a suite of 42 Solnhofen limestone samples, tageawith a 1:1 perfect agreement and

variance lines set aR.5. For (c)7=1.5, and (d}p=100.
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Figure 7 shows the results of the modelling. Alifonodels performed creditably, but
once again the two original RGPZ models have aetiecylto overestimate the permeability
in a subset of the samples. The Pearson productemooorrelation coefficient (PPMCC)
was 0.801 and 0.797, respectively. Both the new RG&tbonate model (PPMCC=0.799)
and the generic model (PPMCC=0.840) produced veog dits considering how small these
permeabilities are.

It should be noted that Figure 7 was produced liynger7=1.5, andb=100 for the
new RGPZ carbonate model and the generic modgbectsely. These values could be
considered as fitting parameters, and varied to thedbest fit for a particular rock type. We
have not attempt to do so, but doing so might imgrthe fit marginally in each case. The
value of these parameters depends upon how th@ giaé and pore throat sizes are
interrelated. Consequently, there is the poteftiafinding a physical control behind these

parameters in tight carbonates which would theswathem to be calculated independently.

DISCUSSION

All of the models considered in this study use MIGPasurements to provide a length scale
from which a permeability can be calculated. In tre@ses, it is a single length scale that is
defined on the assumption that the pore throatatizegiven mercury saturation is special in
that it represents the length scale that eithetrolmnor represents the permeability of the
rock. Different definitions are used by differenvdels. However, given the great complexity
of rocks, it is unlikely that a length scale baseda single length measurement is likely to be
effective in describing the permeability of a rarmdelifferent rocks.

Another approach calculates a single effectivetlersgale from a weighted (usually
geometric) mean of all pore or pore throat sizde RGPZ method has been applied in this
approach fairly effectively (Glovest al., 2006a; 2006b; 2006c), and the method is used in
the method of Dastidaat al. (2007).

Whatever the method used to obtain the single, fabpeepresentative, value that is
to be used as a length scale, the fact remains ithiat a single value, and much of
effectiveness of the prediction process depends upb choosing a model, we are choosing
which definition of the length scale we think wgtoduce the most accurate permeability

predictions.
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Fourteen of the 16 models studied in this work awntoefficients that must be
obtained empirically. These models need to be @il against a typical dataset where the
permeability has been measured and is accuratekyriknlt is important that these calibration
measurements are made on the same type of matamihlander the same conditions as the
model will be applied. Consequently, the calibrationa tight carbonate should be carried
out on tight carbonates using Klinkenberg-corregielde decay gas pressure measurements
at a well-defined overburden pressure. These iiterere not fulfilled for any of the
empirical models tested. There were few calibratlatasets that contained any carbonates
and there were no tight carbonates, while soméreaion sets included tight clastic rocks.
Some calibration sets used gas permeabilities witthefined flow pressures, while others
used steady-state liquid permeabilities and a tgnalp used unsteady-state pulse decay
measurements. In some of these measurements thefessures were not controlled, and
only a few calibration datasets had Klinkenbergetted their calibration data. Some
measurements were made at low equivalent overbupdessures, while others used a
consistent high value. In summary, the qualitylhef prediction depends upon the quality of
the calibration, and that was often very poor.

We associate the relative success of the Winlanthodewith the fact that it was
calibrated with a suite of cores that containedgaiicant number of carbonates, that the
pulse decay permeability measurement was used &at dll measurements were
Klinkenberg-corrected. In all of these respectsWialand model approaches the conditions
under which we measured our rock samples. It nbghinferred, therefore, that the Winland
model’s use of a pore throat radius being fillecewl35% of mercury saturation is attained is
particularly valid for these tight carbonates. Thghtly better predictions provided by the
Pittman approach might suggest that the threshddspre is an even better characteristic
point upon which to base the pore throat scaletkenhe Katz-Thompson hydraulic length
characteristic method also provides acceptable eabitity predictions for our tight
carbonate samples which implies that the highestrawjic conductance of the Katz-
Thompson model is close to thesRpoint for tight carbonate rocks. A cross-plot bet
permeability predicted using the Katz and Thompswuel as a function of that predicted
with the Winland model shows a remarkable correfatvith only a few samples not falling
on a 1:1 straight line.

The Dastidaet al. (2007) model is one of the more complex modedtete It applies
the weighted geometric mean approach that was lmg&loveret al. (2006a; 2006b; 2006c¢)
with the RGPZ model. The concept in using this apph is that the permeability of the rock
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is defined not by a single length scale, but byeasemble of length scales from the very
largest to the very smallest according to how m@ores of each size compose the rock. The
geometric mean is chosen because it representsetineeability of a random ensemble of
sub-volumes of the sample that have individual gaforities. Consequently, using a
weighted geometric mean of the MICP pore throa¢ssizefore applying the permeability
prediction equation is equivalent to calculating thermeability with the permeability
prediction equation for each pore throat size droh taking a weighted geometric mean of
the resulting permeabilities, providing the permegigbprediction equation is linear. All of
the models investigated in this study fulfil thrgerion.

Despite its complexity, the Dastidatral. (2007) model did not perform well for tight
carbonates. This may be due partly to their ussaofistones, but the previously mentioned
averaging process may also be invalid in this appbn. It is interesting to note that the
weighted geometric mean length scd®gqf,) that we calculated for each sample was always
significantly larger than R and Rs, which was the cause of the general overestimaifon
permeability resulting from this model. This woulten imply that the weighted geometric
averaging procedure was taking too much accountheflargest pores in the rock. The
corollary is that the largest pores in tight cares do not contribute much to the overall
permeability of the rock, an observation that hasnbmade previously by Rashel al.
(2015). The implication is that the weighted geamethean approach might work in tight
carbonates providing that the calculation was notedover the entire range of MICP data,
but ignores the largest pores. One might also na@mkargument for restricting the range of
the weighted geometric mean calculation to exchhgevery smallest pores on the basis that
these small pores would have a capillary pressawenhtgh for the pores to transmit fluids
under normal reservoir pressures.

Many of the more successful models that have bkenstibject of this paper use
electrical data in the form of the formation factorthe cementation exponent, or both. It is
interesting to ask the question whether theseredattata are accurate when made on tight
rocks. It is notoriously difficult to fully saturata tight carbonate. The formation factor
measured on such a saturated tight carbonate withdtewhich relates to the pore network
that is saturated with pore fluid. If the entire@@oetwork is not saturated with pore fluid the
measured formation factor will be higher than ifvias completely saturated. It will be that
higher formation factor which will be used to pradpermeability, and consequently the
predicted permeability will be lower than if theckowas fully saturated. The extent of this

problem is difficult to gauge, and it would be afus subject to further study. One would
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expect that there would be a systematic differeheaveen the Klinkenberg-corrected
permeability measured on a tight carbonate rock wigas like helium, which can percolate
through all of the pores no matter how small andpégmeneability measured with a liquid, and
one would expect the permeability predicted usinmethod that require the use of the
measured formation factor to also be smaller tihennheasured Klinkenberg-corrected gas

permeability.

CONCLUSIONS

There are many models that purport to be ablettmate or predict the permeability of rocks
for the purposes of reservoir characterisation,oatnall of which were developed for high
porosity and high permeability conventional clasgservoirs. However, the current need is
for models that will work in unconventional tightservoirs which are often in carbonate
lithologies, with low permeabilities, and have @i of heterogeneity and anisotropy.

A common approach to permeability prediction udatsa from mercury injection
capillary pressure (MICP) measurements. We haventaixteen MICP-based models and
have tested how well they predict the permeabditya suite of tight carbonate core plugs
from the Kometan formation in the north-east ofjlirdhese include 7 existing percolation-
based models, 8 Poiseuille-based models, and alpgon-based model that we have
developed in this paper. We have included thednélysis of 8 of the models which show
the best performance in this paper, and have maalable the full analysis of the remaining
eight in supplementary material which may be dowéabfrom the publisher's website.

All the permeability measurements presented inghjger were made by pulse decay
permeametry. All measurements were Klinkenbergeobed, and were carried out at a fixed
overburden pressure of 800 psi for the Kometan dioree samples and 725 psi for the
Solnhofen limestone samples. Mercury injection kay pressure measurements were made
on all samples. The permeability prediction methoften require supporting data such as
formation factor, and these were made independently

It was expected that many of the models that wieneeloped for high permeability
clastic rocks would fail badly when asked to prethe permeability of tight carbonates, and
this was indeed the case. In general percolatieedanodels performed much better than
Poiseuille-based models, though the Pittman maatMdinland model performed creditably.
The best performing model was the simplest, beiggraeric model of the percolation type
upon which both the SSJ and RGPZ models are basddyoth versions of the RGPZ model
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also performed well. Consequently, we are led éoctbnclusions that (i) the blind application
of conventional permeability prediction techniquescarbonates, and particularly to tight
carbonates, will lead to gross errors, and (ii) tevelopment of new methods that are
specific to tight carbonates is unavoidable.
There are many reasons why the predictions for nwrtye models are so bad. They
include:
1. The models were designed for high porosity and pability clastic rocks.
2. The models were calibrated only in the high poyos$itgh permeability range.
3. The models were calibrated with data that had sehiKlinkenberg-corrected.
4. The models were calibrated with data made at zeranzontrolled overburden
pressures.
5. The models were calibrated using a mixture of pabigy measurement approaches
including methods that are irrelevant to tight rocks
6. Carbonate rocks do not have the same relationslegifygeen grain size, pore size and
pore throat size as clastic rocks due to their pazostructure and particularly their

pore connectedness being affected by post-depaalitibggenesis.

Consequently, we developed a new model based oR@#Z theoretical model by
adding an empirical parameter to account for thatiomship between grain size and pore
throat size in carbonates in an attempt to prosithetter model for use with tight carbonates.
We have tested this new RGPZ Carbonate model,tegetith the generic model, and the
two original RGPZ models have been tested agaaisiratory permeability measurements
made on a suite of 42 samples of tight Solnhofeharmte. In this dataset, the permeability
was measured using a Klinkenberg-corrected pulsmydeéechnique at an overburden
pressure of 725 psi. These samples were also sedjer helium porosimetry, and electrical
measurements in order to obtain the formation faatat cementation exponents. Finally,
each sample was submitted to Mercury Injection [agiPressure measurements to obtain a
modal pore throat size, and modal pore sizes aaid gizes were calculated, providing a full
set of measurements required to predict the permitgalsing the four chosen methods.

All of the four models tested at this stage perfednvery creditably with the new RGPZ

Carbonate performing second beBPKICC = 0.799). Perhaps surprisingly the best two
models, the generic model and the new RGPZ Carbanatlel are also simplest, containing
only one empirical coefficient. It should also leenarked that the two original forms of the

RGPZ model, which also performed creditably, despiing strictly valid only for clastic
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rocks, were the only theoretical models in thedd$idd, and consequently did not need to be
calibrated with experimental data.

In the light of needing to develop new and différezays to predict the permeability
of tight carbonates, it has been suggested that appgoach might be to use multi-
dimensional imaging techniques such as CT scanffinigis were to be successful for tight
carbonates it would not only imply the use of extedy high-resolution CT scanning such as
that provided by NanoXCT imagers, but also the tgpraent of software that was capable
of reliably modelling fluid flow in the resulting gital pore microstructure model.
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Highlights

* The Kometan Formation classified as tight carboredervoir.

« 16 existing models of permeability prediction hénezn applied.

e The generic percolation model and the new RGPZ ecapare the two best
percolation model of permeability prediction.

e The Winland and Pittman methods are tive Poiseuille-based models that are provided

a good result.
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This document contains information about 9 permggiprediction models of the 16 which
were tested during the work described in Rashal.¢Permeability Prediction in Tight
Carbonate Rocks using Capillary Pressure Measursinénit which were found to be
sufficiently ineffective when applied to tight cartaie rocks to not warrant their inclusion in
the main paper.

The supplementary information is structured in paats. The first describes each of
the models. The second describes a comparisore afsi of these models with
independently measured pulse-decay gas permeabgiggurements. This data may be
merged with the data in the main paper to provideraparison of the effectiveness of all 16
models included in the study.

PERMEABILITY MODEL DESCRIPTIONS

This section describes the models which were faarie relatively ineffective in predicting

the permeability of tight carbonate rock samples.

Percolation-based models

Katz-Thompson models

The Katz and Thompson model is in fact three models of which are too ineffective in
carbonates to be described in the main paper ancehare described here. Since all three
models are related, all three models will be déscrin this section.

The Katz and Thompson models are based on pemoldteory, and consider flow
through a porous medium with random microstrucamd connectivity. Flow is considered
to be controlled by a length scale, one for eaaisioe of the model, and each is defined

differently.



The first model is the Critical Length.d) model, where the critical length is defined
as the critical pore diameter at which mercury ®@connected path through the sample, as
shown in_Figure 2 of the main paper. This occurghatthreshold pressure, which can be
determined from the inflection point on a MICP curvhis model was shown to be
ineffective in carbonates and is not included miain paper.

The second model uses a characteristic lengthdctike Maximum Hydraulic Length
(Lumax)- This is defined as the effective pore throatdiger corresponding to the highest
hydraulic conductance. The value bf.x is the length corresponding to the capillary
pressure at which the product of the mercury saturand the pore throat diamet&gxdy,
is maximum. This model was shown to perform reallynm carbonates and is included in
the main paper.

The third model uses a characteristic length called Maximum Electrical
Conductance LengthLfmx), Which is the effective pore throat diameter veheonic
conductance is maximized. It is evaluated as timgthe corresponding to the capillary
pressure at which the product of the mercury saturand the pore throat diameter cubed,
Sugxdy is maximum. This model was also shown to be imtiffe in carbonates and is not
included in the main paper.

One might think thalymx and Lenax Would be the same if the porosity and pore
connectivity remained the same. However, theret @ase spaces within the rock that are
patent to fluid flow but closed to electrical flaue to ionic exclusion processes, while others
conduct electrically but have a capillary presdoregreat for hydraulic flow. The efficacy of
the hydraulic model over the electrical model farbmnates might indicate that electrical
transport in carbonates and particularly in tightbonates is more effective than hydraulic
transport and consequently the electrical modeletextimates the permeability in such
rocks.

Consequently, there are at least three possibtelndor calculating the permeability
using the Katz and Thompson approach (Katz and psom 1986; 1987; Thompsehal.,
1987). The first is using the critical charactecig¢ngthL., where
Gl

F
where the constar€; = 1013/226. The paramet& is the connectedness (Glover, 2009;

kLHc = C1L§G = (Sl)

2010), which is the ratio of the conductivity of theck fully saturated with a conducting
fluid to the conductivity of that fluid and is theverse of the formation factor defined by



Archie (1942). Consequentls=0,/0, =¢", wherem is the cementation exponent. The
cementation exponent in reservoir rocks can vasgnfabout 1 for fractured rocks to over 4
for some carbonates and should always be measattest than assumed because its presence
as an exponent makes the connectedness and fonfettor extremely sensitive to its value
(Glover, 2015). It is worth noting that the dimeorsility [L]* of permeability is accounted
for entirely by the length squared term in Eq. (B4gause all other terms are dimensionless.
Katz and Thompson showed that it was possible tailthe conductivity ratio from
a combination ot, Lemax and S emax Which is the fraction of connected pore voluméedil

with mercury atlgmax according toG = 0, /0, = L yac# Sie mac /L. » @llOwWing a new model for

permeability to be written

K_E :qLcLEmayS_Emax ’ (82)

where the termL¢ . provides the length-squared dimensions requiregiéomeability and

the termg s represents the fraction of the whole rock filledhwvmnercury algmax. This

LE max
is the Katz and Thompson electrical model.
Katz and Thompson also introduced a third modsétdan the hydraulic length scale

I—Hrmx

L3
kLH = CZ(%jwaH max ! (83)

C

where the terni_’,ﬂma/LC provides the length-squared dimensions requiregpédomeability,

S umax IS the fraction of connected pore volume filledhwimercury atl_pynax, and the term

? S, Fepresents the fraction of the whole rock filledhmmercury atl . In this case

the constanC, = 1013/89. It is this last model that performsthascarbonates and that is
included in the main paper.

Comisky et al. (2007) have noted that all of the Katz and Thamnpmodels are
analytically derived and do not depend upon cdiibnato a given dataset even though Katz
and Thompson did compare their models to experiatigrderived data over the rangeub

to 5 D with some success.

Berg Fontainebleau Sandstone Model

Berg implemented a version of their model as an iecap fit valid for Fontainebleau

sandstone (Berg, 2014). While it was not expechad this version of the model would



perform well for tight carbonates, and indeed doet we have implemented this model

under the name ‘Berg Fontainebleau model'. It \&giby

Keeraront =1329@— 0.05%° (- 0.03). (S4)

Poiseuille-based models

Swanson Model

Swanson (Swanson, 1981) proposed a permeabilityemuadhere the permeability is
controlled by a single point on the capillary presscurve that is characterised by the apex of
the plot of mercury saturation as a function of cney saturatior,, and which shares a great

similarity to the equation of Thomeer (1960). Tlengral formula used by Swanson is given

by
K =0{3j1 . (s5)

R e

c

whereCs; anda; are empirically-determined constants. Swanson ohéted the constants by
calibrating Eq. (S4) with data from 319 gas measer@s on sandstone and carbonate rocks
(203 clastic samples from 41 formations, and 1I®arzate samples from 330 formations)
with a range of permeabilities from RO to 2 D, and which were not Klinkenberg corrected,
to obtainC; = 399 anda;= 1.691. It was recognised that such a correlatimuld be
dependent on the sample set and that it would bcylarly prone to error in tight rocks
where slippage effects are more prevalent. ConsglgueSwanson (1981) carried out a
smaller calibration using 24 clean samples of damds upon which steady-state brine
permeability was measured under a net stress of A€§i0@ obtairC; = 431 andy= 2.109.

It should be noted that the general equation Use&wanson (1981) (Eq. (S5)) is
formally the same as the Katz and Thompson (Katz d&rompson, 1986; 1987; Thompson
et al., 1987) electrical length scale model (Eq. (St gives different values of
permeability when implemented because the Swansosion depends upon the Swanson

calibrations.

Wells-Amaefule Model

The method of predicting permeability from capylapressure proposed by Wells and
Amaefule (1985) represents a modification and exben® the approach of Swanson (1985)



with technical improvements to the approach foedwatning the apex value and a calibration
to tight sandstones. Wells and Amaefule (1985)pcaled the general Swanson equation with
35 samples of tight sandstone from two formatidreg varied between 20 nD and 70 mD,
making their measurements under pressures betwedh 8@l 4000 psi using a gas pulse
decay method with corrections for slippage and ostrburden effects, obtaining the
parameters in Eq. (S5) & = 30.5 andy= 1.56. The Wells-Amaefule is best regarded as the
same as the Swanson model but with some technmdifications and a different calibration
designed to perform better in tight gas sands.

Kamath ‘Model’

More recently Kamath (1992) has aggregated datan feo number of different datasets
including those of Katz and Thompson (1986), Swand®85) and Wells and Amaefule
(1985) as well as some newly measured values teiqegoa new dataset for calibrating
permeability models. The new dataset had 454 samaleering a very large range from 20
nD to 2 D. Despite the very large range of the messents, their varied measurement
methods; some being steady-state gas, some steddybsine, some pulse-decay, and the
awkwardness of some being corrected for slippagenah overburden while others were not,
Kamath (1992) propose their model as valid for tigas sands. After calibration with the
dataset the Kamath model is given by Eq. (S5) Wih= 413 anda;= 1.85. The Kamath
‘model’ is, in fact, a misnomer. It is simply thev&nson model but calibrated with a larger

dataset that is not self-consistent.

Dastidar et al. Model

Dastidaret al. (2007), have provided a model that looks venylainto that of Winland and is
given by

kDastidar:CG %nﬁ7 . (86)

The main difference is in the value Rfgm. Dastidaret al., (2007) followed the approach of
Glover et al. (2006a; 2006b; 2006c) in calculating the charastierlength scale from the
weighted geometric mean of a length scale distiobutin the case of Glovest al. (20064a;
2006b; 2006¢) it was the weighted geometric meahefrain diameter that was used in the
RGPZ model. Dastidaat al., (2007) calculated the weighted geometric meah®pore size

from MICP data. In both cases, the weighted geametrean describes the mixing of



randomly arranged arbitrary shaped sub-volumes@frock, each characterised by a single
size on the respective distribution, and each ofolume given by the weighting. The
weighted geometric mean is best computed in Idgaid¢ space in order to avoid runaway
inflation of the product, and is given by

In{x) :ZN:Wih’l xi/ZN:W, , (S7)

where<x>g is the weighted geometric mean value of a distidouof N values of, each with

weightingw;. In the case of Dastidat al. (2007) it is the pore radius distribution that is
being considered and the weighted geometric medR.gs In the case of Gloveet al.
(2006a; 2006b; 2006c) the distribution being coasad is the grain diameter.

The big difference between the Dastidaal. (2007) model and the geometric mean
implementations of the RGPZ model is that the RGMZdel requires no empirical
calibration, being derived analytically, while thait Dastidar et al. requires three empirical
constants which were obtained by calibration witisteady-state Klinkenberg-corrected gas
permeability measurements on 150 samples with pavititees ranging from microdarcies to
darcies and porosities ranging from 0.01 to 0.3@eyTobtainedCs= 4073,a5 = 1.64, andhy;
= 3.06.

Huet et al. Model

Dastidaret al. (2007) and some implementations of the RGPZ m(@kiveret al., 2006b;
2006¢) attempted to account for the full range m@irg sizes in the permeability prediction.
Huetet al. (2005) approached the same problem but from that pf view of the capillary
pressure. Their approach is to relate the predipgeztheability to a fit to the whole capillary
pressure curve using the Brooks-Corey methodoldine consequence is a permeability
prediction equation that requires knowledge of displacement pressui®, Brooks-Corey
parameterd and the irreducible water saturati8p as well as the porosity together with
five empirically determined coefficients. The coents were found by calibrating the
model against a dataset containing 89 sandstonglsamhich spanned a wide range of
permeability (4.1uD — 8340 mD) and porosity (0.003 — 0.34). Their sugaments were
made at 800 psi net confining pressure using algistate method and were Klinkenberg
corrected. The large number of fitting parametersueed that a good fit was possible to the
calibrating dataset, but makes the method moreitesenso errors arising from its use with



other rocks than some of the other models testdlisnpaper. The calibration with 89 data
points probably does not justify the quotation b tcoefficients to between 5 and 9

significant figures. The Huet al. (2005) model is given by

e L[ AY 2
kHB _CG Pda6 [/1 +2] (100_SNI) (”39 ) (88)

where,Cg = 81718.8669a = 1.7846,a; = 1.6575,a3 = 0.5475, anchy = 1.6498, withPy in

psi andS,; in percent.

PERMEABILITY MODEL ASSESSMENT

Figure S1 shows the performance of the eight mathalswere judged too ineffective to be
used for permeability prediction in carbonate sasgbgether with a 1:1 line indicating a
perfect prediction as well as high and low bourefgesenting a variance 62.5 (i.e., upper
and lower bounds representing 2.5 times greaterless than a perfect prediction,
respectively). A simple judgement concerning theodyeess of prediction is that the
prediction falls between the variante2.5 limits.

It is immediately clear that the permeabilitieggicted by this set of models range
over five orders of magnitude, commonly predictpggmeabilities that are hundreds of times
too large or too small.

Figure S1 shows that both the Katz and Thompsdicariength and electrical length
model provide good permeability predictions for abdalf of the samples, but badly
underestimate the other half, with some predictibasg up to 2 orders of magnitude to
small.

As we predicted above, the failure of the electrieagth model occurs because the
electrical connectivity of the rock differs sigmdintly from the hydraulic connectivity.
Although both hydraulic and electrical flow in tigtarbonates are confined to extremely thin
intercrystalline pathways, narrow pore throats tua electrically open are not necessarily
hydraulically patent due to the high capillary puw®s that need to be overcome for flow to
occur.

The Berg (2014) implementation for Fontainebleandstone did not predict the
permeabilities of our tight carbonate samples wasllexpected, and should not be taken to

indicate the quality of this method in general. Heer, our implementation of the generic
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form of the Berg (2014) equation (Eg. (7) in theim@aper) using the constriction factog

as an adjustable parameter provided good permgggtmédictions.
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Figure S1. Predicted permeabilities as a function of meabpermeabilities for the poorly
calibrated models, together with a 1:1 perfect aigrent and variance lines set+&5. For

(Huet et al model))=0.2 andS,;=0.2.

The Poiseuille-based models generally performedybdespite the large number of
parameters and coefficients they often use witleption of the Winland and Pittman models
(Kolodzie, 1980; Comisky et al., 2007; Gunter et @&014). These models commonly
overestimated the permeability by between two dmeet orders of magnitude. Perhaps the
worst performance of all of the models was thatSvfanson (1981), which provided
overestimates of the permeability by between 2 Zrmdders of magnitude, and which saw
only one of the samples falling within tke2.5 variance limits.

The Wells-Amaefule model (Wells and Amaefule, 1985)erived from the Swanson
method and would be expected to perform similaviiells-Amaefule model does indeed
produce predictions which are similar to those aofaBson, but with a degree of

overestimation reduced to between one and two smlemagnitude. This, however, is still a

8



very significant error, and there was only one danfipr which the Wells-Amaefule model
produced a prediction within tRe£.5 variance criterion.

The Kamath ‘model’ (Kamath, 1992) uses the same apet as the Swanson model
differing only in the dataset that it used to calile the model. As expected, this model also
fails badly, performing very similarly to the Swamsmodel.

The Dastidaet al. (2007) model, as we have seen, is very similah&b of Winland
model (Kolodzie, 1980; Comisky et al., 2007; Gurgeal., 2014) that performs well and is
discussed in the main paper, differing only in Wireighted geometric mean that is used to
calculate the effective radius. One might, theref@xpect this model to produced similarly
good results. However, the Dastidhal. (2007) model did not perform well, over-estimating
permeability by as much as two orders of magnittatemost of the samples tested, and
obtaining a prediction within the 2.5 variance limits for only 18% of the samplefieT
reason for the difference between the Dasttlat. (2007) and the Winland (Kolodzie, 1980;
Comisky et al., 2007; Gunter et al., 2014) modey i@ important as it implies that not all of
the pore size distribution contributes to the ollggarmeability of the rock. That in itself is
not a revolutionary idea; after all the contribuatitm permeability made by very small pores
will be rather small as result of the operation cafpillary pressures and the Poiseuille
equation, while the contribution to permeability deaby very large pores might be rather
small if the only way to flow fluid between themss much smaller pores as was found in
the carbonates with moldic porosity by Rasktdal. (2015). The conclusion is that the
permeability will be overestimated if we incorpaggermeability contributions from the very
large pore sizes as well as the very small poressias occurs in the Dastidaral. (2007)
approach, and that a well-chosen characteristie patius would be more appropriate.

One of the worst predictions obtained in this stu@dg from the use of the Hueital.
(2005) model. Although this is a complex modetansistently provided predictions that fell
outside thet2.5 variance limits for all but one sample, oftenerestimating the permeability
by 3 to 4 orders of magnitude. Variation of the lala and irreducible water saturation has
little effect on the resulting permeabilities whiake strongly controlled by the displacement
pressure. Displacement pressures are very higiesettight carbonates and consequently the
predicted permeabilities are very low; much lowert the measured values. The Hetedl.
(2005) model takes the entire capillary pressumecunto account when predicting the

permeability. Unfortunately, entire capillary press curves are not available from downhole



measurements, so the model would be of limitedtalcutility even if it provided accurate
permeability predictions in tight carbonates.

Ironically perhaps, the Huedt al. (2005) model uses as many as four variable
parameters and five empirically determined coedfits. A model with a large number of
adjustable parameters should be capable of proglusiore accurate predictions. It is
instructive to note that with the exception of tHaet et al. (2005) model, those models
which perform best in the prediction of permeayiiit carbonate rocks are the simplest. The
Generic and RGPZ models require either no or ongirezal coefficient depending on how

they are used and account for 3 of the best 5 rmodel

CONCLUSIONS

In conclusion, all of the models described in gupplementary material do not perform well
in the carbonate rocks we tested. That does non tied they are bad models and each could
perform very well in other facies types. Often, lga of the reasons for their failure are as

instructive as the reasons why other models perfoeth
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