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Abstract The Late Ordovician glacio-fluvial Sarah
Formation is an important tight gas reservoir target in Saudi
Arabia. This study uses statistical methods to characterize the
petrophysical heterogeneity of the paleovalleys of the Sarah
Formation that crop out in central Saudi Arabia. Four
paleovalleys were studied: Bukayriyah, Hanadir, Sarah, and
Khanasir Sarah. Several lithofacies were identified in each
that vary in texture, porosity, permeability, and facies abun-
dance that reflect periods of ice advance and retreat. The het-
erogeneity analysis is based on three statistical measures,
namely, the coefficient of variation, the Dykstra-Parsons co-
efficient, and the Lorenz coefficient. The coefficient of varia-
tion values is in the 0.62—1.94 range, indicating an extremely
heterogeneous distribution. The Dykstra-Parsons coefficient
values are in the 0.56-0.88 range, suggesting very high to
extremely high heterogeneity in the reservoirs. The Lorenz
coefficient correlates well with the Dykstra-Parsons coeffi-
cient for paleovalleys of the Sarah Formation. The heteroge-
neity parameters studied here indicate that the outcrops of
Sarah Formation paleovalleys represent heterogeneous to very
heterogeneous reservoirs, which may be attributed to complex
depositional and diagenetic variations that have affected the
porosity and permeability distribution.
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Introduction

Petrophysical properties such as porosity and permeability are
important indicators of oil or gas reservoir quality, and study-
ing them enhances understanding of the reservoir and poten-
tial to predict subsurface characteristics (Morton-Thompson
and Woods 1993; Sahin and Saner 2001; Selley 1998;
Wilson 1994). Various factors control the properties and dis-
tribution of porosity and permeability within clastic reservoir
rocks. These include texture, fabric, depositional environ-
ment, sorting, packing, amount of matrix, degree of cementa-
tion, and other post-depositional diagenetic changes. It is this
relatively large number of factors, each of which can vary
considerably, that result in the complexity of porosity and
permeability evident in sandstone reservoirs (Abdulkadir
et al. 2010; Ali et al. 2010; Boggs 20006; Fitch et al. 2015;
Gier 2000; Kassab et al. 2015; Ketzer et al. 2002; Sun et al.
2007; Surdam et al. 1989).

This study investigates the Late Ordovician Sarah
Formation that crops out in the Qassim region in central
Saudi Arabia (Fig. 1). The Sarah Formation in this region is
exposed in several glacial paleovalleys in central and northern
Saudi Arabia. A stratigraphically equivalent formation to the
Sarah Formation is the Late Ordovician Sanamah Formation,
which is exposed in the Wajid basin in southwestern Saudi
Arabia. The Sarah Formation and its equivalents occupy sev-
eral sub-basinal areas and represent important subsurface tight
gas exploration targets in northern and central Saudi Arabia,
and in the Rub’ al Khali basin to the southeast (Abdullatif
2011; Evans et al. 1991; Konert et al. 2001). Subsurface
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Fig.1 Geological map showing the Late Ordovician glacio-fluvial paleovalleys (denoted by P.V.) of the Sarah Formation, central Saudi Arabia. Note the
positions of the Bukayriyah, Hanadir, Sarah, and Khanasir Sarah paleovalleys (Senalp and Al-Laboun 2000)

exploration of the Paleozoic succession has revealed a com-
plexity of facies, paleoenvironments, and paleogeography
(Al-Mahmoud and Al-Ghamdi 2010; Briner et al. 2010;
Khalil 2012). However, very little data are available
concerning quantitative assessment of the porosity and perme-
ability properties in the Sarah Formation in these paleovalleys.
This study describes and evaluates sedimentological hetero-
geneity and its impact on porosity and permeability in the
Sarah Formation that is exposed in the glacial paleovalleys
of the Qassim region of central Saudi Arabia.

Geological background

Late Ordovician glaciation resulted in the formation of uncon-
formities and overlying glacial, glacio-marine, and glacio-

@ Springer

fluvial deposits laid down as influxes into deeply incised
paleovalleys (McClure 1978; Senalp and Al-Laboun 2000).
The Sarah Formation is characterized by low porosity and
very low permeability, and considered an important tight gas
reservoir target in northwestern Saudi Arabia and the Rub’ al
Khali basin (McGillivray and Husseini 1992).

Vaslet (1987, 1989, 1990) carried out mapping projects in
the Sarah paleovalleys, while Senalp and Al-Laboun (2000)
studied the sedimentological significance of the Late
Ordovician Zarqa and Sarah Formations in the Qassim and
Hail regions of Saudi Arabia. Paleovalleys of the Sarah
Formation were thoroughly investigated by Clark-Lowes
(2005) with extensive image-based and sedimentological
work. In addition, Moscariello et al. (2009) studied the sedi-
mentology and paleogeography of the Sarah Formation based
on well data and outcrop observations. Several recent studies
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Fig. 2 Representative lithofacies sections of the glacio-fluvial
paleovalleys of the Sarah Formation. a Interbedded trough cross-bedded
sandstone. b Laminated siltstone overlain by pebbly cross-bedded
sandstone. ¢ Stacked horizontally bedded sandstone and laminated

Table 1  Facies types recognized in the Sarah Formation paleovalleys;
facies codes modified after Miall (1996)
Facies Facies Sedimentary Interpretation
code structures
Sh Sand, very fine to Horizontal Plane-bed flow
very coarse, lamination (critical flow)
may be pebbly parting or
streaming
lineation
St Sand, fine to very Solitary or grouped Sinuous-crested and
coarse, may be  trough cross-beds  linguoid (3-D)
pebbly dunes
S1 Sand, fine to Low-angle (< 15°)  Scour fills, humpback
coarse, may be cross-beds or washed-out
pebbly dunes, antidunes
Sm Sand, fine to Massive or faint Sediment-gravity
coarse lamination flow deposits
Ss Sand, fine, may  Broad, shallow Scour fills
be pebbly scours
Sp Sand, medium to  Solitary planar Transverse and
coarse, pebbly cross-beds linguoid bedforms
(2D dunes)
Fl Silt Fine lamination, Overbank, abandoned
very small ripples ~ channel, or waning
flood deposits
Fr Silt Massive, roots, Root bed,

bioturbation

incipient soil

siltstone. d Horizontally bedded sandstone interbedded with minor
trough cross-bedded sandstone and diagenetic hematite (H) and
limonite (L) concretions (millimeters in size)

of the Sarah Formation have dealt with the facies,
paleoenvironments, and sandstone composition in the Wajid
basin of southwestern Saudi Arabia (Abdullatif 2011,
Abdullatif et al. 2013), while Al-Zayer et al. (2013) carried
out well testing analysis on Sarah Formation reservoirs in the
subsurface. Other works have studied reservoir heterogeneity
and diagenesis (El-Deek and Abdullatif 2013; El-Deek et al.
2013; El-Deek et al. 2014a), integration of sedimentology,
petrophysics, heterogeneity and statistics (El-Deek et al.
2014b), and sedimentological and petrophysical heterogeneity
of a glacial paleovalley of the Sarah Formation in the Hail
region of central Saudi Arabia (Razzaq et al. 2014).

Heterogeneity

Heterogeneity in a sandstone reservoir depends on various
controlling factors, such as geometry, reservoir structural pa-
rameters, facies distribution, sedimentary structures, lamina-
tion, and bedding, as well as the effects of diagenesis on both
porosity and permeability (Ahmed 2010; Higley et al. 1997;
Milliken 2001; Morad et al. 2010). The diagenetic factors,
such as compaction, cementation, leaching, and dissolution,
may affect the petrophysical parameters either by preserva-
tion, destruction, or enhancement. Thus, heterogeneity occurs
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Fig. 3 Photographs showing the
lithofacies sections of the glacio-
fluvial paleovalleys of the Sarah
Formation. a Horizontally
stratified sandstone (Sh). b Low-
angle cross-stratified sandstone
(SI). ¢ Planar cross-stratified
sandstone (Sp). d Trough cross-
stratified sandstone (St), planar
cross-stratified sandstone (Sp),
and massive rootlet siltstone (Fr).
e Glacial diamictite (Dm). f
Finely laminated (F1) and rippled
(Fr) siltstone facies

at different scales: (1) a megascopic scale (basin-scale paleo-
geography), (2) a macroscopic scale (formation-scale deposi-
tional environments and relationships with other Paleozoic
formations), (3) a mesoscopic scale (the lithofacies variabili-
ty), and (4) a microscopic scale (the factors controlling the
variation of petrophysical properties, e.g., textural, composi-
tional, depositional, and diagenetic factors) (Adams et al.
2011; Jennings Jr and Ward 2000; Pranter et al. 2006; Sahoo
et al. 2016; Tiab and Donaldson 2004).

Heterogeneity can be measured as a geostatistical charac-
teristic that provides numerical values for studying the

Table 2 The lithofacies within the Sarah Formation paleovalleys with
their codes and percentage abundances

Lithofacies code Thickness (cm) Abundance (%)

Horizontally stratified sandstone (Sh) 6420 61.38
Trough cross-stratified sandstone (St) 1760 16.83
Massive sandstone (Sm) 1430 13.67
Laminated siltstone (FI) 780 7.46
Glacial diamectite (Dm) 50 0.48
Horizontal imbricated gravels (Gh) 20 0.18
7Total thickness 10,460
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distribution thereof, and these values can be used for compar-
ing heterogeneity with other distributions or in other

Dm; 0.48
Gh; 0.18

Fig. 4 Pie chart showing the lithofacies abundances in the Sarah
Formation outcrops which indicates the predominance of stratified
sandstone (Sh), cross-stratified sandstone (St), and massive sandstone
(Sm). Fl1 finely laminated siltstone, Dm glacial diamictite, Gh
horizontally imbricated gravels
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Fig. 5 Microphotographs
showing a thin section image (in
plane polarized light) of
moderately sorted, sub-angular to
sub-rounded clasts in quartz
arenite (¢ = 22.8%,

K =9.45 mD); b thin section
image (in plane polarized light) of
grain dissolution and presence of
ferruginous cement between the
quartz grains (¢ = 30.21%,

K =26.81 mD); ¢ SEM image of
quartz arenite with primarily
rounded to sub-rounded quartz
grains (p = 32.24%,

K =1056.5 mD); and d SEM
image of quartz arenite with
kaolinite cement blocking pore
spaces between quartz grains

(p =27.69%, and K = 1.87 mD)

reservoirs (Jensen 2000; Lake and Jensen 1991). The hetero-
geneity of the sandstone reservoir of the Sarah Formation is
discussed in this study on the basis of the three most common
statistical measures: coefficient of variation, Dykstra-Parsons
coefficient, and Lorenz coefficient.

Methods and data set

This study is based on field and laboratory investigations. The
field investigation involves lithofacies descriptions and anal-
ysis of the four paleovalleys (Bukayriyah, Hanadir, Sarah, and
Kanasir Sarah) of the Sarah Formation in the Qassim region.
The outcropping sections were studied in the field, and rock
samples were collected.

The laboratory investigations included thin section petrog-
raphy, X-ray powder diffraction (XRD), and scanning electron
microscopy (SEM) analysis. Porosity and permeability mea-
surements were also performed on the sandstone lithofacies.

Lithofacies description and analysis

Lithofacies descriptions, analysis, and classification were car-
ried out on vertical and lateral outcrop sections in each of the
paleovalleys. The lithofacies identified in these sections in-
clude trough cross-stratified sandstone, horizontally and low-
angle stratified sandstone, planar cross-stratified sandstone,

massive sandstone, shallow scour sandstone, finely laminated
rippled siltstone, massive siltstone, and stratified glacial
diamictite (Fig. 2). With the exception of the stratified glacial
diamictite, all facies represent periods of ice retreat that is
reflected in the glacial braided plain outwash facies within
channels and overbank sub-environments. The glacial
diamictite represents periods of ice advance. The lithofacies
characteristics within the Sarah Formation paleochannel are
summarized in Table 1.

Grain sizes vary from silt to very fine sand and ultimately
very coarse sand. Pebbles also occur locally. The measured
porosity is in the 17-56.7% range, with an average value of
28%. Permeability values are in the 0.1 mD to 2.27 Darcy
range, with an average value of 0.25 Darcy. Porosity and per-
meability values for the Sarah Formation show variation at the
outcrop scale (Fig. 3). Lithofacies within the Sarah Formation
and their abundances are shown in Table 2 and Fig. 4. The
sandstones are classified as quartz arenites, with angular to
sub-rounded clasts that are poorly to moderately sorted, or
well sorted (Fig. 5).

Statistical measures of heterogeneity
Cocfficient of variation

The coefficient of variation (CV) is used as a measure of
heterogeneity and is calculated by dividing the standard
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Fig. 6 Dykstra-Parsons plot of permeability for Bukayriyah paleovalley (ko so = 7.2, ks4.; = 3.2) (a); Hanadir paleovalley (koso = 95, kg4, = 11) (b);
Sarah paleovalley (kg so = 34.05, kg4 = 9.56) (¢), and Khanasir Sarah paleovalley (ko so = 147.47, kg4 =31.72) (d)
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Fig.7 Schematic illustration of a Lorenz plot showing the Lorenz curve,
and line of perfect equality where Lc = 0 (after Fitch et al. 2013)
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deviation of a set of samples by the mean of those samples,
provided that the mean does not equal zero.

g
(O\Y p (1)
where, CV is the coefficient of variation, o is the standard
deviation, and p is the mean.

The CV of permeability values is < 0.5 in a homogenous
medium, between 0.5 and 1.0 in a heterogeneous medium, and
> 1.0 in a medium that is very heterogeneous (Lake and
Jensen 1991).

Permeability distributions in the Bukayriyah, Hanadir,
Sarah, and Khanasir Sarah paleovalleys have CV values of
0.62, 1.24, 1.94, and 1.17, respectively. These values indicate
heterogeneous to very heterogeneous permeability
distributions.
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Fig. 8 Lorenz plot showing normalized porosity values (3@) plotted as a function of the normalized cumulative permeability values (3 K) for a

Bukayriyah, b Hanadir, ¢ Sarah, and d Khanasir Sarah paleovalleys

Dykstra-Parsons coefficient

The Dykstra-Parsons coefficient (Dykstra and Parsons 1950)
is also known as the “coefficient of permeability variation” or
the “Reservoir Heterogeneity Index”. It is the most common
measure of heterogeneity. Tiab and Donaldson (2004) de-
scribed it as an excellent tool for characterizing the heteroge-
neity of a reservoir. It is based mainly on permeability varia-
tions, and is calculated as follows:

Vop = 20507 7t84.1 (2)

where, kg 5o is the median permeability and kg4 is the
permeability value at one standard deviation above &y 5o on a
log-permeability probability plot. The value of Vpp is equal to
zero for an ideally homogeneous reservoir, 0—0.25 for a slight-
ly heterogeneous reservoir, 0.25-0.5 for a heterogeneous res-
ervoir, 0.5-0.75 for a very heterogeneous reservoir, 0.75-1 in
an extremely heterogeneous reservoir, and > 1 for a perfectly
heterogeneous reservoir (Tiab and Donaldson 2004).

The Dykstra-Parsons coefficient has been calculated from a
set of permeability values from the Sarah Formation
paleovalleys. The permeability measurements from each out-
crop are sorted in descending order, followed by computation
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Table 3  Heterogeneity parameters for the Sarah Formation paleovalleys

Paleovalley Bukayriyah Hanadir Sarah Khanasir Sarah
Lithofacies Sh, St, Sm, Dm Sh, St, Sm Sh, St, Gh Sh, St, F1

No. of core plugs 44 44 100 100 97 97 21 21
Petrophysical properties 9 (%) K (mD) 9 (%) K (mD) a (%) K (mD) 9 (%) K (mD)
Mean 26.81 9.66 28.06 459.89 27.77 106.88 26.36 398.45
Median 26.68 10.41 29.01 237.70 23.36 26.99 27.87 172.76
Standard deviation 2.24 6.00 3.36 570.78 10.77 207.81 3.05 465.23
Coefficient of variation 0.08 0.62 0.12 1.24 0.39 1.94 0.12 1.17
Dykstra-Parsons coefficient 0.56 0.88 0.72 0.78

Lorenz coefficient 0.30 0.59 0.58 0.54

Heterogeneity Heterogeneous to very heterogeneous reservoirs

of the percent of permeability values greater than each perme- For Sarah paleovalley:

ability value in the distribution (Tables 4, 5, 6, and 7). Finally,

the results are plotted on a log-probability curve (Fig. 6). The

Dykstra-Parsons coefficient of permeability variation is then

calculated for each of the four paleovalleys, as described below:
For Bukayriyah paleovalley:

koso = 7.2,ksa1 = 3.2;Vpp = (kso*k84.1)/k50

ko.so = 34.05, kg4 = 9.56; Vpp = (kSO_k844l)/k50

— (34.05-9.56) / 72=0.72 (5)
For Khanasir Sarah paleovalley:
koso = 147.47, ka1 = 31.72; Vpp = (kso—k84‘1)/k50
- (147.47—31.72)/7.2 =0.78 (6)

The range of Dykstra-Parsons coefficients indicates that the
Sarah Formation reservoir is very heterogeneous to extremely
heterogeneous (0.56—0.88). The Bukayriyah and Sarah
paleovalleys represent very heterogeneous reservoirs,
whereas the Hanadir and Khanasir Sarah paleovalleys are
extremely heterogeneous.

R?=0.7831

- (7.2—3.2)/7.2 ~0.56 (3)
For Hanadir paleovalley:
koso =95, ksay = 11;Vpp = (kso*k84A1)/k50
= (95-1 1)/95 —0.88 (4)
Fig. 9 Graphical illustration of 10
the correlation between the 0.9
Lorenz and Dykstra-Parsons
coefficients for the Sarah 2 0.8
Formation paleovalleys 8 07 -
(R*=0.7831) £
g 06
(]
E 0.5
5 04
g
g 03
-
>
8 02
0.1
0.0
0.0 0.1
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Fig. 10 Schematic model illustrating the heterogeneity of the Sarah Formation in terms of vertical and lateral facies variability and relationships with

other Paleozoic formations

Lorenz coefficient

Lorenz (1905) developed the Lorenz coefficient (Lc) as a
measure of the concentration of wealth. It was later introduced
to geostatistics as an important parameter for characterizing
the heterogeneity of porosity and permeability within a reser-
voir (Schmalz and Rahme 1950).

Generally, the Lc is obtained by plotting cumulative flow
capacity (F,) against cumulative thickness (H,,). The values
of F,,, and H,, are calculated from the following equations
(Ahmed 2010; Lake and Jensen 1991; Peters 2012; Schmalz
and Rahme 1950; Tiab and Donaldson 2004):

= Tty -
Zi:lkihi
i
Zi:l i

However, Fitch et al. (2013) developed an alternate version
of the Lc in the event that there are pairs of variables that are
all positive, and every pair is measured at the same location
and the thickness (%) is not known. The alternate version takes
the cumulative sums of the first variable “A”, sorts them in
descending order, and then these values are plotted against the
cumulative sums of the other variable “B” (Fig. 7). Thus, the
Lc can be calculated directly from porosity and permeability.

The Lc, which is twice the area between the Lorenz curve
and the diagonal line in Fig. 7, ranges from zero in a homo-
geneous reservoir to one in a heterogeneous reservoir.

The total area below the Lorenz curve is calculated as fol-
lows:

i=n
Area below Lorenz curve = ). (chm, i+1™Deum, i)
i=1

Kcum i Kcu.m i
% s +2 , i+l (9)

The area of the plot below the line of perfect equal-
ity in Fig. 7 is equal to half the total area of the plot (a
square), and so the area between the Lorenz curve and
the line of perfect equality is equal to the total area
below the Lorenz curve minus the area of the plot be-
low the line of perfect equality.

In this study, the values of Lc, &, and K were calculated for
each paleovalley of the Sarah Formation and arranged in de-
scending order. Then, the cumulative sums were calculated and
normalized to 1 Tables 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, and
18), after which the normalized porosity values (3 0) were
plotted as a function of the normalized cumulative permeability
values (3 K) (Fig. 8).

The Lc values for the Bukayriyah, Hanadir, Sarah, and
Khanasir Sarah paleovalleys are 0.30, 0.59, 0.58, and 0.54,
respectively, indicating high variability in the distribution of
porosity and permeability.

Summary of the heterogeneity parameters

Table 3 provides a comparison of the heterogeneity parame-
ters for the Sarah Formation paleovalleys. The coefficient of
variation values for permeability distributions is in the 0.63—
1.93 range, indicating extremely heterogeneous distributions.
The Dykstra-Parsons coefficient values are in the 0.56-0.88
range, suggesting very heterogeneous to extremely heteroge-
neous reservoirs (Tables 4, 5, 6, and 7). The Lorenz coeffi-
cients correlate well with the Dykstra-Parsons coefficients
(Fig. 9 and Tables 8,9, 10, 11, 12, 13, 14, 15, 16, 17, and 18).

Overall, the parameters indicate that the Sarah Formation
paleovalleys represent heterogeneous to very heterogeneous
reservoirs, and variations in porosity and permeability can be
attributed to textural variation, compaction, cementation, dis-
solution, replacement, quartz overgrowth, and pore size dis-
tribution (El-Deek et al. 2014b).
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Interpretation and discussion

Analysis of rocks exposed in paleovalleys of the Sarah
Formation reveals approximately six lithofacies. The li-
thologies range from sandstone to siltstone to diamictite,
some with a pebbly component. Horizontally laminated
sandstone is the most common lithofacies, occupying
approximately 60% of the total composite section.
Petrographic analysis indicates that the sandstones are
predominantly fine- to medium-grained, moderately to
well-sorted quartz arenites. Alkali feldspars and plagio-
clase are the main detrital components of the samples.
The grains are mainly sub-angular to sub-rounded. Mud
is the predominant matrix type, but constitutes < 2% of
the total rock volume. The cementing materials (5—10%)
include clay and iron oxides, while SEM and XRD
analyses show kaolinite to be the predominant
cementing material. The abundance of kaolinite and fer-
ruginous cement is responsible for the critical reduction
in permeability, while the coating of quartz grains by
kaolinite retards compaction, inhibits quartz overgrowth,
and hence plays a significant role in preserving the ini-
tial porosity and permeability. Such preservation of po-
rosity allows the dissolution of feldspar grains by pore
fluids (e.g., meteoric water), which creates secondary
porosity and subsequently enhances the permeability.

The heterogeneity of the Sarah Formation reflects the
complexity of facies, paleoenvironments, and paleogeog-
raphy of the Late Ordovician deposits, which makes the
prediction of reservoir quality difficult, especially rely-
ing on insufficient borehole data. While the borehole
data cannot resolve the relationship of such multiple
closely spaced rock bodies, the outcrop analog of the
Sarah Formation helps to investigate such complexity,
as it provides information about rock body dimension,
size, and orientation, thus revealing details on the res-
ervoir continuity and connectivity within the glacio-
fluvial environments and their vertical and lateral rela-
tionships with other Paleozoic formations at a resolution
unavailable from the subsurface (Fig. 10). Such infor-
mation is useful as it fills the gap in knowledge within
the interwell spacing (Abdullatif and Makkawi 2010;
Al-Ajmi et al. 2011; Grammer et al. 2004; North and
Prosser 1993; Thurmond et al. 2005; Tye 2004).

Based on field observations and laboratory analyses, the
heterogeneity of the Sarah Formation paleovalleys occurs at
different scales. At the megascopic and macroscopic scales,
the Late Ordovician glaciation resulted in the formation of
unconformities and overlying glacial, glacio-marine, and
glacio-fluvial deposits laid down as influxes into deeply
incised paleovalleys cutting through various depositional
environments, e.g., the storm-dominated, shallow marine
depositional system of Hanadir and Kahfah, and the upper
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progradational sequence of the offshore marine Ra’an shale
and the tide-dominated Quwarah sandstone. In addition, the
Sarah Formation cuts further into the fluvial and shallow
marine sandstones of the Saq Formation in Khanasir Sarah
paleovalley (Clark-Lowes 2005). This indicates the basin-
scale heterogeneity in terms of depositional environments
that may be detected in a single borehole. At the
mesoscopic scale, the depositional environments have im-
pacted the lithofacies variability within the glacio-fluvial
paleovalleys where several lithofacies were identified
(e.g., Figs. 2, 3, and 4, Table 2). At the microscopic scale,
these lithofacies vary in terms of texture (grain size, shape,
roundness), composition of detrital mineralogy, and all
superimposed diagenetic changes. This might eventually
reflect on porosity and permeability variation within the
paleovalleys.

Therefore, all these aspects discussed earlier collectively
might be responsible for the heterogeneities as revealed from
the statistical parameters (Table 3). Understanding the differ-
ent scales of heterogeneity that occur in the Sarah Formation,
from pore-scale to basin-scale, might help in better evaluating
and predicting the reservoir quality and architecture in the
subsurface.

Conclusions

The heterogeneity of the Sarah Formation reservoirs may be
attributed to complex depositional and diagenetic variations
that have affected the porosity and permeability distributions.
Understanding the geologic controls on the variation of reser-
voir quality increases the understanding of reservoir heteroge-
neity in the subsurface and is a key factor for predicting the
distribution of the potential reservoir facies, and their
petrophysical properties.

The reservoir heterogeneity analysis conducted using the
three statistical measures, coefficient of variation, Dykstra-
Parsons coefficient, and Lorenz coefficient, shows that the
Sarah Formation represents a heterogeneous to very heteroge-
neous reservoir. The integration of outcrop analog data with
subsurface information may provide a better understanding of
the glacio-fluvial reservoir quality and architecture.
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Appendix 1 Calculations of the Dykstra-Parsons coefficient ~ Table 5 (continued)

Table 4  Frequency distribution for the permeability measurements in Layer no. Probability K (mD) Layerno. Probability X (mD)

Bukayriyah paleovalley
SR-9-V1 0.15 1000.5 RC-1-V7  0.65 18.867
Sample no. Probability K (mD)" Sample no. Probability K (mD) SR-2-V2 0.16 996.48 RC-1-V2  0.66 17.761
SR-4-H2 0.17 963.76 RC-4-H1 0.67 16.755
S2H3 0.00 27.10 S2H8 0.50 1029 SR-3-V2-A 0.18 939.52 RC-4-H2 0.68 16.249
S2Hl 0.02 23.02 SIHI 0.52 9.98 SR-3-V2-B 0.19 89746 RC-4-H3 0.69 15.399
S2H7 0.05 18.26 S2v4 0.55 919 SR-3-H3 0.2 870.87 RC-1-V1 0.7 14.893
S2v3 0.07 17.46 SIH6 0.57 9.03 SR-3-H1 0.21 839.26 RC-2-H3 0.71 14.6
S2v2 0.09 1688 STH4 0.59 8.56 SR-3-V1 0.22 832.58 RC-2-V2 0.72 14.489
S2V6 (©) 011 1575 SIV2 0.61 8.28 SR-3-H2 0.23 814.86 RC-4-V4  0.73 13.385
S2H5 0.14 1521 SIH2 0.64 821 SR-4-H3 0.24 810.52 RC-2-H1 0.74 13.044
S2H4 0.16 1493 SIVI2 0.66 4.68 SR-5-H4 0.25 78722 RC-2-H2 0.75 11.719
S2H11 0.18 1388 SIVI3 068 437 SR-7C-H2  0.26 780.64 RC-2-V1 0.76 11.442
S2H10 0.20 13.53 SIHI3 0.70 3.82 SR-9-V2 0.27 736.7 RC-2-H4 0.77 10.821
S2v10 0.23 1331 STHS 0.73 344 SR-7C-V3  0.28 736.01 RC-4-V1 0.78 10.354
SIVS 0.25 1327 STVl 075 3.38 SR-7C-V2  0.29 689.37 RC-5-H2  0.79 10.099
SIv4 0.27 12.65 STH9 0.77 3.3 SR-7C-V1 0.3 635.54 RC-3-H1 0.8 9.4909
S2H9 0.30 1241 SIH7 0.80 3.27 SR-1-V1 0.31 597.56 RC-5-H6  0.81 8.3195
S2v1l 0.32 11.97 SIH12 082 3.22 SR-1-V2 0.32 592.18 RC-3-H2 0.82 7.7348
S2v9 0.34 11.93 SIHI 0.84 2.32 SR-5-V4 0.33 58446 RC-3-V1 0.83 7.6898
SIV6 0.36 11.84 SIVO 0.86 2.38 SR-5-H3 0.34 584.15 RC-4-V3 0.84 7.5434
S2V6 @) 0.39 11.82 SIv7 0.89 191 SR-1-H1 0.35 515.57 RC-4-V2 0.85 7.4648
SIH3 041 112 SIHI0 091 1.89 SR-6-V1 0.36 504.9 RC-5-H1 0.86 7.3419
S2V6 (b) 043 11.10 SIV8 0.93 1.87 SR-5-H1 0.37 501.24 RC-5-H3 0.87 7.3026
S2V5 045 1065 SIV10 0.95 181 SR-5-H2 0.38 458.22 RC-5-H5 0.88 6.9235
SIHS 048 1054 SIV3 098 1.00 SR-5-V3 0.39 455.56 RC-4-V5 0.89 6.4892
* millidarcy SR-1-H2 04 4372 RC3-H3 09 6.0436
SR-6-H1 0.41 436.4 RC-5-V5 0.91 5.3379
SR-6-V2 0.42 401.25 RC-5-V2 092 5.1234
SR-7A-H2 043 399.23 RC-5-VI 0.93 4.9794
Table 5  Frequency distribution for the permeability measurements in SR-6-H3 0.44 332.12  RC-5-V4 094 49101
Hanadir paleovalley SR-5-V1 045 32871 RC-3-V2 095 43656
Layer no. Probability K (mD) Layerno. Probability K (mD) SR-5-V2 0.46 32751 RG3-V3 096 4.1178
SR-7A-H3 047 326.83 RC-3-H4 097 3.8329
SR-2-V3 0 2252 SR-7A-H4 0.5 232.07 SR-6-H2 0.48 297.63 RC-5-V3 0.98 2.8056
SR-2-H4 0.01 2160.1 SR-7A-V3 0.51 229.69 SR-7A-H1 0.49 24333 RC-3-V4 099 2.7902
SR-2-H5 0.02 2040.8  SR-3-V5 0.52 40.178
SR-2-H1 0.03 2004.2 RC-1-H3 0.53 29.905
SR-2-H2 0.04 1857.6 RC-1-H1 0.54 28.018
SR-3-V2-C 0.05 1585.1 RC-1-H2  0.55 27.677
SR-7C-H3  0.06 1576.6 RC-1-H6  0.56 26.805
SR-4-V2 0.07 1503.7 SR-7B-H1 057 24.733 Table 6  Frequency distribution for the permeability measurements in
SR4-VI  0.08 14853 RC4-H4  0.58 23498  Sarah paleovalley
SR-4-V3 0.09 12402 RC-1-H8  0.59 2228 Layerno.  Probability K (mD) Layerno. Probability K (mD)
SR-7B-H2 0.1 1193.2 RC-1-V4 0.6 21.719
SR2-H3 011 11472 RC-1-V3 061 20763  SQIB-VI 0 75748  SQ4-HL 049 26.99
SR9-V3  0.12 11115 RC-1-V5  0.62 20622  SQIB-V5 0.0l 7556 SQ-7-V3 051 26.57
SR-4-HI 0.3 1055.1 RC-1-V6  0.63 20.521 SQ-1B-V6  0.02 75041 SQ-6-H4 052 26.15
SR-3-V4 0.14 1003 RC-1-VS 064 19.562 SQ-1B-V2 0.03 723.88 SQ-4-H2 0.53 26.04
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Table 6 (continued) Table 7  Frequency distribution for the permeability measurements in
Khanasir Sarah paleovalley

Layerno.  Probability K (mD) Layerno. Probability K (mD)

Layer no. Probability K (mD)

SQ-1B-HI 0.04 72137 SQ-7-H4 054 25.82
SQ-1B-V4 0.05 71709  SQ-7-V4 055 25.37 KS-3C-H4 0.00 1628.70
SQ-1B-V3 0.06 713.88  SQ-5B-V3 0.56 25.28 KS-3C-V3 0.05 1056.50
SQ-1B-H2 0.07 67506 SQ-6-H5  0.57 25.19 KS-3C-H3 0.10 1047.10
SQ-1A-HI 0.08 55927 SQ-5A-H2 0.58 24.56 KS-3C-HI 0.14 910.64
SQ-1A-V6 0.09 49363 SQ-1A-V3 059 22.94 KS-3C-H2 0.19 910.42
SQ-1A-H2 0.1 44312 SQ-7-H2 06 22.78 KS-3C-v2 0.24 825.51
SQ-1A-H3 0.1 43228 SQ-7-H1  0.61 22.68 KS-3C-Vl 0.29 706.26
SQ-1C-v4 0.12 9922  SQ-6-H2  0.62 22.67 KS-9-H3 0.33 206.60
SQ-1C-v2 0.13 9481  SQ-4-V3  0.63 22.46 KS-9-H6 0.38 191.46
SQ-1C-V3 0.14 9193 SQ-7-H3  0.64 21.59 KS-9-H4 0.43 180.36
SQ-1C-V1 0.15 90.11  SQ-5B-H7 0.65 20.92 KS-9-H5 0.48 172.76
SQ-1C-V7 0.16 90.01  SQ-5A-H4 0.66 20.32 KS-9-v3 0.52 89.73
SQ-1C-V5 0.18 84.6 SQ-5B-H8 0.67 20.27 KS-9-v4 0.57 88.68
SQ-1C-V6  0.19 7592 SQ4-V2 0.8 18.86 KS-9-H2 0.62 70.50
SQ2A-H2 0.2 6279  SQ-5B-H2 0.69 18.59 KS-9-HI 0.67 60.61
SQ-1C-H1 021 6222  SQ-5A-H3 0.7 18.47 KS-1-v1 0.71 46.62
SQ-1C-H4 0.2 6046  SQ4-Vl 071 1835 KS-9-Vl 0.76 46.29
SQ-1C-H3 0.23 56.64  SQ-5A-HI 0.72 18.09 KS-1-v4 0.81 42.39
SQ2A-V3 024 5261  SQ-5B-V5 0.73 17.87 KS-2-v2 0.86 39.53
SQ-1C-H2 0.25 5258  SQ-5B-V2 0.74 16.1 KS-1-V3 0.90 39.42
SQ-2C-V1 0.6 5233 SQ-5B-H5 0.75 14.48 KS-9-V2 0.95 7.41
SQ-2A-V4 027 4933  SQ-6-H1  0.76 14.4
SQ-2C-V2  0.28 4927  S3H6 0.77 11.63 ) ) .
SQ2C-V3 029 492 SQ-SB-H6 078 1153 Appendix 2 Calculations of the Lorenz Coefficient
$Q2A-V2 03 48.84 S3H4 0.79 1141 Table 8 Calculation of Lorenz coefficient for porosity and
SQ-2A-V1 031 45.6 S3H3 0.8 11.17 permeability measurements from Bukayriyah paleovalley
SQ-2B-H2 0.32 4431  S3H7 0.81 11.05
SQ-3-V3 033 3784 $3V8 082 11.03 © Cumulative % cumulative K Cumulative % cumulative
SQ-5B-H4 0.34 375 S3H5 0.84 11.01 3427 0.00 0.00 2710 0.00 0.00
8Q3-v4 035 3736 S3H2 0.85 10.89 29.87 3427 0.03 23.02 27.10 0.06
SQ-3-H4 036 3677 S3V5s 0.86 10.74 2073 6414 0.05 1826 50.11 012
SQ-3-HI 037 3598 S3V6 0.87 9.98 29.66 93.87 0.08 17.46 68.37 0.16
SQ-3-vz 038 3393 S3HI 0.88 9.89 29.58 123.53 0.10 16.88 85.84 0.20
SQ-5B-V1 0.39 3275 S3v4 0.89 9.62 29.16 153.11 0.13 1575 10271 0.24
SQ-7-V2 04 3242 S3VIO 09 9.52 2847 18228 0.15 1521 118.47 0.28
SQ-5B-H3 041 3204 83Vl 091 945 28.13 210.75 0.18 14.93 133.68 031
SQ-5B-HI  0.42 3188 S3V7 092 9.24 28.08 238.88 0.20 13.88 148.60 0.35
SQ-7-Vl 043 3145 S3vil 093 9.08 27.82 266.96 023 13.53 162.49 0.38
SQ-IA-VL 0.4 3068 S3V9 0.94 8.63 27.69 294.78 025 1331 176.02 0.41
SQ-5B-V4  0.45 2979 S3VI3 0.95 8.6 27.67 32247 027 1327 189.33 0.45
SQ-6-H6  0.46 2921 S3V3 0.96 8.33 2758 350.14 0.30 12.65 202.60 0.48
SQ-1A-V2 047 2891 SQ-1A-V4 0.97 5.07 2722 37172 032 1241 21525 0.51
SQ-4-H3 048 2761 SQ-3-VI 0.98 23 2722 404.94 034 11.97 227.66 0.54

SQ-1A-V5 099 1.26 27.10 432.16 0.37 1193 239.63 0.56
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Table 8 (continued)

Table 10 (continued)

© Cumulative % cumulative K Cumulative % cumulative
27.06 459.26 0.39 11.84 251.56 0.59
26.99 486.32 0.41 11.82 263.40 0.62
26.95 513.31 0.44 11.12 27522 0.65
26.93 540.26 0.46 11.10 286.34 0.67
26.79 567.18 0.48 10.65 297.43 0.70
Table 9 Calculation of Lorenz coefficient for porosity and

permeability measurements from Bukayriyah paleovalley (continued)

o) Cumulative % cumulative K Cumulative % cumulative
26.70 1.00 0.00 10.54 0.00 0.00
26.67 27.70 0.02 10.29 10.54 0.02
26.62 54.37 0.05 998 20.83 0.05
26.60 80.99 0.07 9.19  30.80 0.07
26.50 107.59 0.09 9.03  39.99 0.09
26.35 134.09 0.11 8.56 49.03 0.12
2631 160.44 0.14 828 57.59 0.14
2629 186.75 0.16 821 65.87 0.15
26.03 213.04 0.18 4.68 74.08 0.17
25.90 239.07 0.20 437 78.76 0.19
25.89 264.98 0.22 382 83.13 0.20
25.89 290.87 0.25 344 86.95 0.20
2579 316.76 0.27 3.38  90.39 0.21
25.69 342.54 0.29 333 93.76 0.22
25.66 368.24 0.31 327 97.09 0.23
25.61 393.90 0.33 322 100.37 0.24
2541 419.50 0.36 252 103.59 0.24
2526 444.92 0.38 238 106.11 0.25
24.87 470.17 0.40 191 108.49 0.26
24.72 495.05 0.42 1.89  110.40 0.26
24.70 519.77 0.44 1.87 112.29 0.26
24.58 544.47 0.46 1.81 114.15 0.27
17.56 569.05 0.48 1.00  115.97 0.27
586.62 0.50 116.97 0.28
Table 10 Calculation of Lorenz coefficient for porosity and

permeability measurements from Hanadir paleovalley

%) Cumulative % K Cumulative %
cumulative cumulative

35.13 0.00 0.00 2252.00 0.00 0.00
34.62 36.13 0.01 2160.10 2252.00 0.05
32.84 70.75 0.03 2040.80 4412.10 0.10
32.70 103.58 0.04 2004.20 6452.90 0.14
31.74 136.28 0.05 1857.60 8457.10 0.18
31.67 168.02 0.06 1585.10 10,314.70 0.22
31.67 199.69 0.07 1576.60 11,899.80 0.26

%) Cumulative % K Cumulative %
cumulative cumulative

31.52 231.36 0.08 1503.70 13,476.40 0.29
31.37 262.88 0.09 1485.30 14,980.10 0.33
31.27 294.25 0.10 1240.20 16,465.40 0.36
30.98 325.53 0.12 1193.20 17,705.60  0.38
30.98 356.51 0.13 1147.20 18,898.80 0.41
30.83 387.48 0.14 1111.50 20,046.00 0.44
30.81 418.31 0.15 1055.10 21,157.50 0.46
30.81 449.13 0.16 1003.00 22,212.60 0.48
30.78 479.93 0.17 1000.50 23,215.60 0.50
30.74 510.71 0.18 99648 24,216.10 0.53
30.65 541.46 0.19 963.76  25212.58 0.55
30.62 572.10 0.20 939.52  26,176.34 0.57
30.56 602.72 0.21 89746 27,115.86 0.59
3045 633.28 0.23 870.87 28,013.32 0.61
3041 663.73 0.24 839.26 28,884.19 0.63
30.32 694.14 0.25 832.58 29,72345 0.65
3031 724.46 0.26 814.86 30,556.03  0.66
Table 11 Calculation of Lorenz coefficient for porosity and

permeability measurements from Hanadir paleovalley (continued)

%) Cumulative % cumulative K Cumulative % cumulative
3031 754.77 0.27 810.52 31,370.89 0.68
30.29 785.07 0.28 78722 32,181.41 0.70
30.23 815.36 0.29 780.64 32,968.63 0.72
30.21 845.59 0.30 736.70 33,749.27 0.73
30.20 875.80 0.31 736.01 34,485.97 0.75
30.18 906.00 0.32 689.37 3522198 0.77
30.12 936.18 0.33 635.54 3591135 0.78
30.02 966.30 0.34 597.56 36,546.89 0.79
29.93 996.32 0.36 592.18 37,14445 0.81
29.89 1026.25 0.37 584.46 37,736.63 0.82
29.86 1056.14 0.38 584.15 38,321.09 0.83
29.82 1086.00 0.39 515.57 38,905.24 0.85
29.77 1115.82 0.40 504.90 39,420.81 0.86
29.74 1145.59 0.41 501.24 39,925.71 0.87
29.70 1175.33 0.42 45822 40,426.95 0.88
29.68 1205.04 0.43 455.56 40,885.17 0.89
29.67 1234.71 0.44 43720 41,340.73 0.90
29.66 1264.38 0.45 436.40 41,777.93 091
29.54 1294.04 0.46 401.25 42,21433 092
29.47 1323.58 0.47 399.23 42,615.58 0.93
29.37 1353.06 0.48 332.12 43,014.81 094
29.29 1382.42 0.49 328.71 4334693 0.94
29.20 1411.72 0.50 327.51 43,675.64 0.95
29.17 1440.92 0.51 326.83 44,003.15 0.96
29.13 1470.09 0.52 297.63 44,329.98 0.96

@ Springer



400 Page 14 of 17

Arab J Geosci (2017) 10: 400

Table 12

Calculation of Lorenz coefficient for porosity and

permeability measurements from Hanadir paleovalley (Contd.)

® Cumulative % cumulative K Cumulative % cumulative
29.02 1499.23 0.53 243.33 44,627.61 097
29.00 1528.25 0.54 232.07 44,870.94 0.98
28.72 1557.25 0.56 229.69 45,103.01 0.98
28.61 1585.97 0.57 40.18 45,332.70  0.99
28.60 1614.59 0.58 2991 45372.88 0.99
28.58 1643.18 0.59 28.02 45,402.78 0.99
28.54 1671.76 0.60 27.68 45,430.80 0.99
28.42 1700.30 0.61 26.81 45,458.48 0.99
28.40 1728.72 0.62 24.73 4548528 0.99
28.24 1757.11 0.63 23.50 45,510.02 0.99
2822 1785.35 0.64 22.28 45,533.51 099
28.20 1813.57 0.65 21.72 45,555.79  0.99
28.15 1841.77 0.66 20.76 45,577.51  0.99
28.11 1869.92 0.67 20.62 45,598.28 0.99
28.09 1898.02 0.68 20.52 45,618.90 0.99
28.05 1926.11 0.69 19.56 45,639.42  0.99
2797 1954.16 0.70 18.87 45,658.98 0.99
27.79 1982.13 0.71 17.76 45,677.85 0.99
27.76 2009.92 0.72 16.76 45,695.61 0.99
27.62 2037.69 0.73 16.25 45,712.36  0.99
27.61 2065.31 0.74 15.40 45,728.61 0.99
27.58 2092.91 0.75 14.89 45,744.01 0.99
27.02 2120.50 0.76 14.60 45,75891 0.99
27.00 2147.52 0.77 14.49 45,773.51 1.00
2723 2174.52 0.78 32.75 45,787.99 1.00
Table 13 Calculation of Lorenz coefficient for porosity and

permeability measurements from Hanadir paleovalley (Contd.)

@® Cumulative % cumulative K Cumulative % cumulative
26.79 2201.75 0.78 13.04 45,820.74 1.00
26.55 2228.54 0.79 11.72 45,833.78  1.00
26.45 2255.09 0.80 11.44 4584550 1.00
26.02 2281.53 0.81 10.82 45,856.94 1.00
2598 2307.55 0.82 10.35 45,867.77 1.00
2531 2333.53 0.83 10.10 45,878.12  1.00
2531 2358.84 0.84 9.49 45888.22 1.00
24.84 2384.15 0.85 8.32 45,897.71 1.00
24.77 2408.98 0.86 7.73 45,906.03 1.00
24.76 2433.76 0.87 7.69 45913.76 1.00
2421 2458.51 0.88 7.54 4592145 1.00
24.10 2482.72 0.88 746 45929.00 1.00
24.09 2506.83 0.89 7.34 4593646 1.00
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Table 13 (continued)

© Cumulative % cumulative K Cumulative % cumulative

23.62 253091 0.90 7.30 4594380 1.00

2291 2554.53 091 6.92 45951.11 1.00

22.58 2577.44 0.92 6.49 45958.03 1.00

22.37 2600.02 0.93 6.04 4596452 1.00

22.06 2622.40 0.93 534 45970.56 1.00

21.53 2644.46 0.94 5.12 4597590 1.00

21.37 2665.99 0.95 498 45981.02 1.00

21.12 2687.36 0.96 491 45986.00 1.00

21.06 2708.49 0.97 437 4599091 1.00

19.93 2729.55 0.97 4.12 4599528 1.00

19.37 2749.48 0.98 3.83 45999.40 1.00

19.10 2768.85 0.99 2.81 46,003.23 1.00

19.05 2787.95 0.99 2.79 46,006.03 1.00
2807.00 1.00 46,008.83  1.00

Table 14 Calculation of Lorenz coefficient for porosity and

permeability measurements from Sarah paleovalley

© Cumulative % cumulative K Cumulative % cumulative
56.71 0.00 0.00 757.48 0.00 0.00
5574 57.71 0.02 755.60 757.48 0.07
5570 113.45 0.04 750.41 1513.08 0.15
5522 169.15 0.06 723.88 2263.49 0.22
55.09 224.37 0.08 721.37 2987.37 0.29
54.47 279.46 0.10 717.09 3708.74 0.36
53.68 333.93 0.12 713.88 4425.83 0.43
53.42 387.61 0.14 675.06 5139.71 0.50
53.13 441.02 0.16 559.27 5814.77 0.56
52.86 494.16 0.18 493.63 6374.04 0.61
52.39 547.02 0.20 443.12 6867.67 0.66
51.13 599.41 0.22 43228 7310.79 0.71
38.32 650.54 0.24 99.22  7743.07 0.75
37.47 688.85 0.26 94.81 7842.29 0.76
36.88 726.32 0.27 91.93 7937.10 0.77
35.08 763.21 0.28 90.11 8029.04 0.77
3322 798.29 0.30 90.01 8119.15 0.78
33.17 831.51 0.31 84.60 8209.16 0.79
33.10 864.68 0.32 75.92 8293.75 0.80
33.08 897.77 0.33 62.79  8369.67 0.81
32.90 930.85 0.35 62.22 843246 0.81
32.64 963.75 0.36 60.46  8494.68 0.82
30.45 996.39 0.37 56.64 8555.14 0.83
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Table 15

Calculation of Lorenz coefficient for porosity and
permeability measurements from Sarah paleovalley (continued)

o) Cumulative % cumulative K Cumulative % cumulative
28.17 1026.84 0.38 52.61 8611.78 0.83
27.98 1055.01 0.39 52.58 8664.38 0.84
27.73 1082.98 0.40 52.33 8716.96 0.84
27.19 1110.71 0.41 49.33 8769.29 0.85
26.31 1137.90 0.42 49.27 8818.62 0.85
25.07 1164.21 0.43 49.20 8867.88 0.86
25.07 1189.28 0.44 48.84 8917.08 0.86
2493 1214.34 0.45 45.60 8965.92 0.86
24.64 1239.27 0.46 4431 9011.52 0.87
24.45 1263.91 0.47 37.84 9055.83 0.87
2433 1288.36 0.48 37.50 9093.67 0.88
2428 1312.68 0.49 37.36 9131.17 0.88
2426 1336.96 0.50 36.77 9168.53 0.88
24.11 1361.22 0.51 35.98 9205.30 0.89
24.04 1385.33 0.51 33.93 9241.28 0.89
24.02 1409.37 0.52 32.75 9275.21 0.89
24.01 1433.39 0.53 32.42 9307.97 0.90
23.94 1457.40 0.54 32.04 9340.39 0.90
23.89 1481.34 0.55 31.88 9372.43 0.90
23.79 1505.23 0.56 31.45 9404.31 0.91
23.76 1529.02 0.57 30.68 9435.75 0.91
23.48 1552.78 0.58 29.79 9466.43 0.91
2347 1576.27 0.59 29.21 9496.22 0.92
23.38 1599.74 0.59 2891 952543 0.92
2337 1623.12 0.60 27.61 9554.33 0.92
Table 16 Calculation of Lorenz coefficient for porosity and

permeability measurements from Sarah paleovalley (continued)

© Cumulative % cumulative K Cumulative % cumulative
23.36 1646.49 0.61 26.99 9581.94 0.92
23.30 1669.85 0.62 26.57 9608.93 0.93
23.24 1693.15 0.63 26.15 9635.50 0.93
2323 1716.38 0.64 26.04 9661.65 0.93
2321 1739.62 0.65 25.82 9687.69 0.93
23.11 1762.83 0.65 2537 9713.51 0.94
23.04 1785.93 0.66 2528 9738.88 0.94
23.00 1808.98 0.67 25.19 9764.16 0.94
2292 1831.98 0.68 24.56 9789.35 0.94
22.89 1854.90 0.69 22.94 9813.92 0.95
22.87 1877.79 0.70 22.78 9836.85 0.95
22.82 1900.66 0.71 22.68 9859.64 0.95
22.81 1923.48 0.71 22.67 9882.31 0.95
22.56 1946.29 0.72 2246 9904.98 0.96

Table 16 (continued)

%) Cumulative % cumulative K Cumulative % cumulative
2241 1968.85 0.73 21.59 9927.45 0.96
22.17 1991.25 0.74 20.92 9949.04 0.96
22.15 2013.42 0.75 20.32 9969.96 0.96
22.03 2035.57 0.76 20.27 9990.28 0.96
21.97 2057.60 0.76 18.86 10,010.55 0.97
21.97 2079.57 0.77 18.59 10,029.41 0.97
2190 2101.54 0.78 18.47 10,048.00 0.97
21.85 2123.44 0.79 18.35 10,066.47 0.97
21.82 2145.30 0.80 18.09 10,084.81 0.97
21.76 2167.12 0.80 17.87 10,10291 0.97
21.67 2188.88 0.81 16.10 10,120.78  0.98
Table 17 Calculation of Lorenz coefficient for porosity and

permeability measurements from Sarah paleovalley (continued)

© Cumulative % cumulative K Cumulative % cumulative
21.32 2210.55 0.82 14.48 10,136.88  0.98
21.31 2231.88 0.83 1440 10,151.36  0.98
21.22 2253.19 0.84 11.63 10,165.76  0.98
21.10 2274.40 0.84 11.53 10,177.40 0.98
20.90 2295.50 0.85 11.41 10,188.93 0.98
20.88 2316.40 0.86 11.17 10,200.33  0.98
20.81 2337.28 0.87 11.05 10,211.50 0.98
20.70 2358.09 0.88 11.03 10,222.55 0.99
20.69 2378.79 0.88 11.01 10,233.59 0.99
20.65 2399.48 0.89 10.89 10,244.60  0.99
20.65 2420.13 0.90 10.74 10,255.49  0.99
20.23 2440.79 091 998 10,266.23  0.99
2021 2461.02 091 9.89 10,276.21  0.99
20.10 2481.23 0.92 9.62 10,286.11  0.99
20.08 2501.32 0.93 9.52  10,295.73  0.99
19.82 2521.41 0.94 945 10,305.25 0.99
19.71 2541.22 0.94 924 10,314.70  0.99
19.66 2560.93 0.95 9.08 10,323.95 1.00
19.50 2580.59 0.96 8.63 10,333.02 1.00
19.37 2600.09 0.97 8.60 10,341.66 1.00
19.34 2619.46 0.97 8.33 10,350.25 1.00
19.31 2638.80 0.98 5.07 10,358.58 1.00
19.26 2658.11 0.99 230 10,363.65 1.00
16.92 2677.37 0.99 126 10,365.95 1.00
2694.29 1.00 10,367.22  1.00
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Table 18 Calculation of Lorenz coefficient for porosity and
permeability measurements from Khanasir Sarah paleovalley

© Cumulative % K Cumulative %
cumulative cumulative

32.24 0.00 0.00 1628.70 0.00 0.00

29.60 32.24 0.06 1056.50 1628.70 0.19

2930 61.84 0.11 1047.10 268520  0.32
29.13 91.14 0.16 910.64 373230 045
29.06 120.27 0.22 91042 464294  0.55
28.73 149.33 0.27 825.51 555336 0.66
2845 178.06 0.32 70626 6378.87  0.76
28.42 206.51 0.37 206.60 7085.13 0.85
28.37 23493 0.42 19146 7291.73 0.87
28.17 263.30 0.48 180.36  7483.19 0.89
27.87 291.47 0.53 172.76  7663.55 0.92
24.82 319.34 0.58 89.73 7836.31 0.94
2479 344.16 0.62 88.68 7926.04 0.95
2476 368.96 0.67 70.50 8014.72 0.96
24.04 393.71 0.71 60.61 808522  0.97
23.54 417.75 0.75 46.62 814583 097
23.36 44129 0.80 4629 819245  0.98
23.17 464.65 0.84 4239 823873 098
23.12 487.82 0.88 39.53  8281.12  0.99
21.60 510.94 0.92 3942 832065  0.99
20.95 532.54 0.96 741 8360.07 1.00

553.49 1.00 8367.48 1.00
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