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The Goldwyer Formation of the Canning Basin has been regarded as a highly prospective shale play. This
study assesses the potential prospectivity of this source rock as an unconventional hydrocarbon resource.
Considering the sparsity of wells penetrating the Middle Ordovician Goldwyer across the vast under-
explored area of the Canning Basin, a basin-wide study of the source rock is not warranted. Goldwyer
assessment of the Barbwire Terrace, a subdivision of the Canning Basin, is carried out instead.

This assessment includes the estimation of key shale play properties, such as, total organic carbon,
total porosity, water saturation, and brittleness index. Each property was estimated from available well
data by testing multiple estimation methods. TOC values were derived from multiple regressions of
different well data. A simplified Archie's equation was used to estimate water saturation. Density
porosity method was primarily used for total porosity estimations. Sonic data along with density were
utilized to estimate brittleness index.

Each property was then modelled across the Goldwyer Formation within the terrace. This provided
geostatistical estimates on the propagation of such properties. In order to generate sweet spot maps for
the Barbwire Terrace, averaged maps of different properties were combined in a weighted manner. This
approach attempts to simplify the complexity of unconventional resource assessment, which therefore
has provided a single product evaluating the prospectivity of the Goldwyer as a hydrocarbon resource.

Results have shown that TOC and porosity are mostly the deciding factors for the prospectivity of this
source rock, given that their values can be too small where the Goldwyer is deemed non-prospective.
Nonetheless, sweet-spot maps show that most prospective zone is the Upper Goldwyer (Goldwyer I),
followed by the upper parts of the Lower Goldwyer (Goldwyer III). More specifically, southern flanks of
north-western and middle regions of the Barbwire Terrace tend to be more prospective. A stricter
approach where cut-off values were applied for each property showed that sweet-spot maps are only
prospective in the southern flanks of the middle Barbwire Terrace of Goldwyer I.
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1. Introduction

The Canning Basin is a broad intracratonic rift basin. It is the
largest sedimentary basin in Western Australia where it occupies a
massive area of more than 595,000 km2. About one third of the area
of the Canning Basin is offshore with water depths that can get as
high as 1000m. The onshore part of the basin is bounded by the
Pilbara and Musgrave Blocks in the south and the Precambrian
Kimberley Block in the north. An arch of Upper Proterozoic sedi-
ments define the eastern boundary of the Canning Basin with the
Amadeus Basin, Fig. 1 [1,2]. The onshore part of the basin covers a
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Fig. 1. Boundaries and subdivisions of the Canning Basin (Cadman et al., 1993).
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distance of about 800 km from north to south, and 950 km from
east to west. It has an area of about 430,000 km2 [3].

The underexplored Canning Basin has increasing unconven-
tional resource potential. The Goldwyer Formation is considered to
be one of the most prominent source rocks in the basin [2]. The
average thickness of the Goldwyer Formation is about 400m and
predominantly consists of carbonate and mudstone. Different
lithological build ups and distributions occur across the basin [4].
Given the vast area of the scarcely explored Canning Basin, an
assessment of the Goldwyer Formation across the whole basin is
not feasible. A focused look into the Goldwyer Formation of the
Barbwire Terrace was carried out instead.

The Goldwyer Formationwas deposited in an open marine shelf
conditions. The facies of the formation indicate alternating depths
of water column. Some parts of the section indicate quiet subtidal
shelf or lagoon conditions, and other parts suggest higher energy
shoal and intertidal conditions. In general, the Goldwyer Formation
goes through two broad deepening and shallowing trends [4].

Based on the source rock lithofacies, the Goldwyer Formation
can be divided into different zones. One common division identifies
three zones; upper shale (Goldwyer I), middle limestone (Goldwyer
II), and lower shale (Goldwyer III). The middle limestone zone can
vary in development in different part of the basin. Much greater
carbonate content can be observed in the Goldwyer section of
platforms and terraces of the basin [4,5]. This study utilizes the
same three-zone division.

Although various studies have been published on different
conventional prospects in the Canning Basin, limited research has
provided adequate assessment of the Goldwyer Formation as a
potentially prospective shale play. Maturity data is commonly
mapped for the Goldwyer Formation to provide an understanding
of the maturity distribution across the basin [6]. The US Energy
Information Adminstration EIA [2] published a regional assessment
of the Goldwyer Formation in the Canning Basin making it poten-
tially one of the most prospective Ordovician shale plays in the
world [2]. Similarly, Triche and Bahar [5] provided a more detailed
assessment of the shale gas volumetrics of the Goldwyer Formation
mainly using data of thermal maturity, kerogen type, hydrocarbon
generation potential, rock mineralogy, and fluid analyses. This
study, however, carries out a more detailed formation evaluation of
the Goldwyer and incorporates sweet spot mapping of key prop-
erties the define the reservoir and completion quality of the shale
play.We evaluatedmajor properties that define the prospectivity of
most shale plays; maturity, TOC, porosity, saturation and brittle-
ness. Such an evaluation across the basin requires an adequate well
distribution, and hence, this study was limited to the Barbwire
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Terrace, a subdivision of the Canning Basin.

2. Maturity of the Goldwyer

Maturity data from Rock-Eval pyrolysis were analyzed from five
wells in the Barbwire Terrace. Cross-plots of Tmax and HI (hydrogen
index), Fig. 2, suggest the Goldwyer Formation, in this terrace, is in
the early to peak oil generation window. This is generally in
agreement with the maturity model provided by Brown et al. [6].
All available Rock-Eval data can be accessed individually in the
Western Australia Petroleum and Geothermal Information Man-
agement System (WAPIMS) website [7].

3. Property estimation methods

3.1. Total organic carbon TOC

This property is a key factor in determining the prospectivity of
any shale play. It significantly influences hydrocarbon production
[8]. TOC is traditionally measured in a laboratory from core data,
sidewall plugs, and cuttings. Such measurements are relatively
more accurate methods in TOC estimation. However, it provides
non-continuous measurements of the source rock section as it has
limited samples and is usually associated with higher costs and
longer measurement time. To overcome these limitations, different
continuous wireline data are often utilized to derive TOC.

Petrophysical properties of kerogen and TOC vary greatly than
those of the hosting source rock matrix. The presence of TOC
generally leads to higher gamma-ray (higher uranium content),
lower density, higher resistivity, and slower sonic [9,10]. Conse-
quently, different methods and approaches were introduced to
estimate TOC from well log data.

Schmoker method is a widely used approach, and it estimates
TOC from formation density logs. In general, a shale mineral matrix
Fig. 2. Maturation of the Goldwyer Formation in the Barbwire Ter
density has an average of about 2.7 g/cc whereas the density of
organic matter is within the range of 1.2e1.4 g/cc. Thus, the pres-
ence of organic carbon will highly influence the formation bulk
density and hence TOC can be calculated from density log when
other factors for density variation are taken into consideration [11].

Passey et al. [12] is another method that was proposed as an
advanced technique to estimate TOC compared to the simple esti-
mation from density or gamma-ray logs [13]. The DlogR technique
of Passey et al. [12] includes estimating TOC from three methods;
sonic/resistivity, neutron/resistivity, and density/resistivity logs.
The approach evolves around the log separation that occurs be-
tween the resistivity and the other logs, due to the presence of
organic matter [10].

Another common approach in TOC estimation is data regression.
Given there is sufficient TOC measurements, single and multivar-
iate regressions are plotted to derive TOC from various wireline log
data. This was also widely utilized and validated in this study.
3.2. Fluid saturation

Estimating the resistivity values of water-filled porous rocks is
the key step of estimating the water, oil, and gas saturations of a
given formation. Accordingly, Archie [14] introduced such a rela-
tionship using sandstone samples.

Ro ¼ FRw (1)

Where Ro is the resistivity of the sand when all pores are filled with
water, Rw is the brine resistivity and F is the formation resistivity
factor.

F is generally a function of the type of the formation and its
characteristics. Changes in permeability and porosity of the for-
mationwill influence the value of F. Hence, the formation resistivity
factor and porosity have the following relationship:
race appear to be in the early to peak oil generation window.
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F ¼ 1
∅m (2)

By combining Eq. (1) and Eq. (2).

Ro ¼ Rw
∅m (3)

Where Ф is porosity and m is the cementation exponent which is
the slope of the line representing the relationship. For consoli-
dated/unconsolidated sandstones, m is generally in the range from
1.3 to 2.0.

In the case of the presence of oil or gas in the formation, Archie
[14] derived an equation to estimate the water saturation (Sw).

Sw ¼
ffiffiffiffiffi
Ro
Rt

n

s
(4)

Substituting Eq. (3) into Eq. (4) gives.

Sw ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
Rw

∅mRt
n

s
(5)

Where Rw is the brine resistivity, Rt is the log resistivity and n is the
saturation exponent, whose value is ~2 for consolidated
sandstones.

It is very difficult to estimate Rw from shales. They are not water
producing formations, and shale salinity tends to be highly variable
and hence substituting a value for Rw might be unreliable [15,16].
Archie's method assumes one value for water resistivity and does
not account for different electrical contributions from different
types of water partially filling the pores of shale. Therefore, this
simplified model can be a source of error when used for shales as
we can't account for the different electrical contributions coming
from free water and clay-bound water in shale source formations
[17].

In a conventional sense, electrical current flows in the rock using
the formation water as pathways. In shales, the abundance of clay
and the associated clay-bound water increase these pathways and
hence increase the ease of the electric current flow. This would lead
to a reduction in the formation factor and, consequently, a reduc-
tion in m (cementation exponent) to a value smaller than 2
[15,18,19].

Eq. (4) is a simplified form of Archie's method and can be used to
quantify water saturation of a shale interval. Ro is the resistivity of a
lean shale in the interval, where it represents a shale rock with
water-filled pores [15]. Rt is simply the deep resistivity log along
that shale interval. Saturation exponent n can be given the value of
1.7 as proposed by Luffel and Guidry [20] as it provides a good
match to water saturation derived from core data. With the water
saturation estimated, the hydrocarbon saturation Sh can be calcu-
lated using Eq. (6) [17]:

Sh ¼ 1� Sw (6)
3.3. Porosity

There are different techniques used to measure porosity and
permeability in petroleum shales in a laboratory. Sample crushing
was one technique introduced by Luffel and Guidry [20] to increase
surface area. Porosity estimations of this method require bulk
density, dry matrix density, bulk volume, and grain volume mea-
surements. However, removal of capillary and clay bound water,
pore access difficulties to gas, adsorption, sample size, crushing
methods, crushed sample weight, and effect of pore pressure and
overburden on microfractures are all different factors affecting the
validity of those measurements [16].

There are other direct porosity measurements of shales but they
are still affected by some of the factors mentioned earlier. Those
measurements include nuclear magnetic resonance NMR and high-
pressure mercury injection capillary pressure MICP. NMR total
porosities are validated with those of core measurements and they
both agree for a wide range shale plays [21]. MICP measurements
were typically done for shales to assess seal capacity [22]. None-
theless, this method has recently become popular for estimating
porosity for shale plays [23].

Shale gas reservoirs have typically low porosities. They usually
have a range of 3e10%. Reliable porosity estimations from petro-
physical logs in shale gas is an important tool for economic shale
evaluation. Different methods were developed for porosity mea-
surements in the conventional reservoirs. However, porosity in
shale reservoirs has more complexity in the estimation of variable
mineralogy, kerogen low-density and distribution, fluid types, and
complex nano-to micropore volumes [16,24].

Total porosity is commonly derived from density log for a given
formation. Eq. (7) shows the density porosity (DPHI) relationship
[15].

∅density ¼
ðrma � rbÞ þ rb

�
wTOC � rma

wTOC
rTOC

�
rma þ rf

(7)

Ødensity¼ density porosity
rma¼matrix density
rb¼ bulk density
rf¼ fluid density
wTOC¼ TOC weight fraction
rTOC¼ kerogen density

Fluid density can be assumed to be 0.5 g/cc for gas (rg) and 0.8 g/
cc for oil (ro). However, when considering multiple fluid types in
the rock, fluid density in the case of shale gas can be estimated as
shown in Eq. (8).

rf ¼ rgð1� SwÞ þ rwSw (8)

rw¼water density.
Total porosity can also be derived from sonic data, giving what is

known as sonic porosity (SPHI). A different measurement is
neutron log which is a downhole log thatmeasures porosity (NPHI).
In fact, it is a direct measurement of hydrogen in the formation.
Since hydrogen is typically abundant in pore spaces which are filled
with water, oil, or gas, hydrogen measurement provides a direct
indication of porosity. In shales, however, the relationship is not
quite straight forward as hydrogen occurs in multiple other places,
like in clay minerals, organic matter, and water/hydrocarbon in the
formation [15].

This entails that NPHI reading can increase due to an increase of
clay minerals, or it can decrease due to the increase of gas (gas has
lower HI). It is also noted that NPHI generally decreases with the
increase of the thermal maturity of shale gas. Thus, NPHI reading in
shale can suggest misleading interpretation if analyzed indepen-
dently. Alternatively, analysis of all available logs, such as gamma
ray, resistivity, and density should provide a better understanding
of the behaviour of NPHI log [15].



Fig. 3. Young's modulus and Posson's ratio cross-plot indicating brittle and ductile
areas (Grieser & Bray, 2007).

Fig. 4. A cross-plot showing TOC estimated values from all wells in the Barbwire
Terrace plotted against TOC measurements. Both methods overestimate TOC.

M. Alshakhs, R. Rezaee / Petroleum 5 (2019) 13e29 17
3.4. Brittleness

It is a measure of the ability for a rock to fracture and is
commonly expressed in brittleness index. It is a function of mul-
tiple and complex factors; lithology, mineral composition, TOC,
effective stress, reservoir temperature, diagenesis, porosity, ther-
mal maturity, and fluid type [15,25]. According to Jarvie et al. [26],
brittleness of a rock is primarily related tomineralogy. For example,
the variable contents of quartz, clay, and carbonate in the Barnett
Shale result in variable brittleness and hence variable fracture
gradient of the source rock interval.

Generally, brittleness in shales increases with the increase of
quartz content and decreases (more ductile) with the increase of
clay. Carbonate-rich source rocks are usually moderate in brittle-
ness. Thus, brittleness index can be expressed in terms of the
mineral composition of a shale rock [15].

BImineralogy ¼ Quartz
Quartzþ Carbonatesþ Clays

� 100 (9)

BImineralogy is the brittleness index derived from mineralogy
composition.

Those mineralogy compositions can be determined by using
different methods; X-ray powder diffraction (XRD), Fourier trans-
form infrared transmission spectroscopy (FTIR), X-ray fluorescence
(XRF), energy-dispersive X-ray spectroscopy setting on the scan-
ning electron microscopy (EDS-SEM), or thin section analysis (TS).
In general, XRD, FTIR, and XRF are the most common methods of
mineral composition analysis in the oil and gas industry [15].

Alternatively, brittleness index can be defined using the geo-
mechanical elastic properties of the source rock. According to
Grieser and Bray [27], the elastic properties of Young's modulus and
Poisson's ratio are key geomechanical parameters and are used to
identify the brittle/ductile intervals of a shale source rock [28].

BIsonic ¼
Ebrittle þ nbrittle

2
� 100 (10)

BIsonic is simply the brittleness index estimated from sonic data.
Ebrittle and nbrittle are the normalized Young's modulus and Poisson's
ratio, respectively. Young's Modulus (E), and Poisson's Ratio (n) can
be estimated using the following equations.

E ¼
rV2

s

�
3V2

p � 4V2
s

�
V2
p � V2

s
(11)

n ¼ V2
p � 2V2

s

2
�
V2
p � V2

s

� (12)

A cross-plot of the two parameters (Young's Modulus and
Poisson's Ratio) showing brittle and ductile areas can be seen in
Fig. 3 [27]. Whenever a hydraulic stimulation is required for com-
mercial production, brittle areas are preferable to frac into as they
are prone to instigate a larger and more complex fracture geometry
than those of ductile nature. A brittle interval would have high
Young's modulus and low Poisson's ratio values [29].

BIsonic approach is dependent on the sonic well data, of both
compressional and shear velocities. In many instances, shear ve-
locity is not available in the well data. Therefore, shear wave ve-
locity is typically estimated from compressional wave velocity.
Castagna et al. [30] derived an empirical linear relationship be-
tween Vs and Vp. This relationship was derived from worldwide
data and became known as the mudrock equation or the ARCO
mudrock line [15,30,31].
Vs ¼ 0:862Vp � 1:172 (13)

Both Vp and Vs are in km/s.

4. Results

4.1. TOC

4.1.1. Schmoker and DlogR methods
TOC was initially estimated using Schmoker and DlogR ap-

proaches. Calculated values of both methods overestimate TOC
when validated against TOC measurements from Rock-Eval. This
misfit is clearly observed in Fig. 4, a cross-plot between all esti-
mated TOC values of both methods against TOC measurements
from Rock-Eval.

It is noteworthy that applying DlogR method has been suitable
in other parts of the Canning Basin. This method has yielded
acceptable TOC values in some areas of the Goldwyer Formation.
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However, such results mainly require manipulation of different
DlogR parameters that does not necessarily have any scientific ba-
sis. For example, available maturity data are not analyzed and
interpolated. They are often disregarded and simple manipulation
of LOM is carried out instead. This simply entails changing the value
of LOM for the whole section until the resultant log agrees the most
with the TOC measurements. Such manipulations are not neces-
sarily incorrect approaches, but they are not usually backed by
sufficient scientific reasoning. For the purpose of this study, it was
decided to prioritize exploring other TOC estimation options over
the parameters manipulation of the pre-definedmethods to deliver
an adequate TOC solution of the Goldwyer Formation in the Barb-
wire Terrace.
Fig. 5. Estimated TOC values cross-plotted against Rock-Eval TOC measurements. For a
perfect TOC estimation, the cross-plot trend line would be overlaying the diagonal
solid line, where line slop is one, y-intercept is zero, and R2 is one.
4.1.2. Single and multivariate regressions
Multiple approaches were utilized to test TOC estimation,

starting from simple linear regression between Rock-Eval TOC
measurements and density (RHOB). Poor correlation was observed
from this regression. It was then improved by applying data depth
matching of TOC samples coming from cuttings, and removing few
data points that were identified as outliers.

Once good correlation of single regression was established,
various multiple regressions were tested. Best TOC estimating
approach was identified to be the one derived from gamma-ray
(GR) and density (RHOB). This conclusion took into account data
availability, where such derivation can be applied to most number
of wells in the terrace.

For better analysis of the Goldwyer, the formation was divided
into three main zones. One TOC equationwas derived for each zone
from gamma-ray (GR) and density (RHOB).

TOCzone1 ¼ 0:0076$GR� 3:165$RHOBþ 7:96 (14)

TOCzone2 ¼ 0:0034$GR� 2:28$RHOBþ 6:18 (15)

TOCzone3 ¼ 0:0029$GR� 2:3$RHOBþ 6:09 (16)

Where zones 1, 2, and 3 are upper zone (Goldwyer I), middle
limestone (Goldwyer II), and lower zone (Goldwyer III) respec-
tively. These equations were applied to all wells in the Barbwire
Terrace for TOC estimation. Derived TOC shows lowest estimation
in Goldwyer II, where bottom Goldwyer I and top Goldwyer III
generally show highest TOC estimation. The resultant TOC values
correlate very well with TOC measurements in Fig. 5 and Fig. 6.
4.2. Water saturation (Sw)

Water saturation estimation uses Eq. (4) as a simplified form of
Archie's equation to calculate saturation for a prospective source
rock. The approach solely depends on resistivity log, and hence,
water saturation is estimated for all wells with resistivity logs
across the Goldwyer Formation. There are four wells in the Barb-
wire Terrace with resistivity logs covering the whole Goldwyer
interval.

Equation (4) requires an estimate value for the resistivity of a
lean shale. Such a value can be estimated from TOC Rock-Eval
measurements and resistivity cross plots. However, The variations
of water depths during the deposition of the Goldwyer Formation
from high energy conditions to quiet subtidal shelf or lagoon as
noted by Haines [4], has resulted into alternating facies across the
Goldwyer Formation. Lumping those facies altogether and using
one Ro value to represent them all would warrant unreliable esti-
mations. Alternatively, the Goldwyer Formation was broken down
into different facies using the volume of shale log derived from
gamma ray. For example, the facies breakdown of Acacia 2 and the
assignment of Ro for each facies is illustrated in Fig. 7.

The limestone intervals that are predominantly in Goldwyer II
cannot be considered shaly with volume of shale that is less than
15%. Therefore, a simplified Archie's equation will not yield reliable
saturations. A resistivity of a lean shale (Ro) cannot be estimated
from a lean non-shale interval. Full Archie's equation should be
applied instead (Eq. (5)). Nonetheless, identifying the resistivity of
formation water is challenging for non-conventional reservoirs as
water samples are very difficult to retrieve andwater salinity can be
variable across the tight rock interval. Since those sections have
very low porosities and with effectively zero TOC, they are expected
to be fully saturated with water. Hence, tight limestone intervals
with volume shale less than 15% were simply given water satura-
tion of one (fully water saturated). This step was only carried out
after mudlog data and all other available hydrocarbon tests indi-
cated no gas/oil traces are present across such intervals.

The saturation exponent n, was given the value 1.7 for shales as
proposed by Luffel and Guidry [20]. Consequently, water saturation
was calculated for each facies using the corresponding estimated Ro
value. Water saturations for individual facies were later combined
to form Sw log across the whole Goldwyer. Treating each facies
individually has provided more reliable estimations. The estimated
Sw logs correspond to TOC changes appropriately (Fig. 8). Water
saturation decreases as total organic carbon increases, and vice
versa. Additionally, the resultant water saturation values show
encouraging values of generally less than 30% across the shaly
Goldwyer intervals.
4.3. Total porosity (PHIT)

Total porosity was estimated using density porosity method (Eq.
(7)). Porosity values were derived for wells with available density
logs across the Goldwyer section in the Barbwire Terrace. Water
saturation and TOC information were also utilized for this porosity
estimation.

This approach, however, requires assigning values of certain
parameters to properly estimate porosity. A value needs to be
assigned for the matrix density of the Goldwyer Formation. Avail-
able eight-well study of Goldwyer core analysis from WAPIMS



Fig. 6. TOC log derived from gamma-ray and density individually for each Goldwyer zone. Wells Acacia 2 and Solanum 1 are shown as an example.
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database indicated that the Goldwyer Formation is limestone-
dominated in different parts of the Canning Basin, including the
Barbwire Terrace. It has also locally undergone a significant sec-
ondary dolomitization. Another study had looked into Goldwyer III
core of a well in the Canning Basin and reported an average matrix
density of 2.73 g/cc. This value was implemented as the matrix
density of the Goldwyer in our density porosity estimation. Water
density is 1.1 g/cc, oil density is 0.8 g/cc, and density of kerogen
ranges between 1.2 and 1.4 g/cc [32e35]. Density of kerogen (rker-
ogen) is sensitive to its maturity. Ward [36] illustrated how we can
derive kerogen density from vitrinite reflectance (Ro), Eq. (17)
[15,36]. Average Tmax values of samples of the Goldwyer Forma-
tion in the Barbwire Terrace is 435 �C. According to Jarvie et al. [37],
this is equivalent to 0.7 %Ro, which results into kerogen density of
1.2 g/cc once calculated from Eq. (17).

rkerogen ¼ 0:342Ro þ 0:972 (17)

Similar to the estimation of water saturation, the limestone
(non-shaly) intervals that predominantly occur in the Goldwyer II
zone, had their porosities calculated differently. Typical limestone
matrix density (2.71 g/cc) was used to estimate density porosity,
where kerogen density was irrelevant as TOC is effectively zero in
these intervals. In theory, density porosity values and neutron
porosity readings should be the same in a limestone interval that is
fully saturated with water [38,39]. Hence, an average between the
two porosities is taken as the total estimated porosity. This
approach was applied for all intervals with volume of shale less
than 15%.

The resultant total porosity (PHIT) is fairly stable with reason-
able values. Porosity is lowest in the Middle Goldwyer Zone
(Goldwyer II), which is thought to be the zone of lowest TOC
richness and predominantly consists of tight carbonate rock.
Porosity estimation generally increases in the other two zones of
Upper and Lower Goldwyer (Fig. 9).
4.4. Brittleness index (BI)

Brittleness can be simply described as the measurement of the
ability for a rock to fracture. This property is dependent on various
rock factors, including mineralogy, porosity, and effective stress. It
is generally expressed in terms of brittleness index (BI) which can
be calculated by using the geomechanical elastic properties of the
shaly source rock, BIsonic (Eq. (10)).



Fig. 7. Graphs show the breakdown of the Goldwyer into three facies using Vsh log in Acacia 2. Ro values were then estimated for each facies using the shown cross plots.
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Prior to estimating BIsonic, calculating both Young's modulus and
Poisson's ratio is required, (Eq. (11)) and (Eq. (12)), respectively.
Shear velocity (Vs) data are not available in wells of the Barbwire
Terrace. Vs data were therefore derived from the Vp/Vs relationship
proposed by Castagna et al. [30] in Eq. (13).

The resultant Young's modulus and Poisson's ratio are then
normalized before undergoing the estimation of the brittleness
index. The normalization, however, uses minimum and maximum
values that are only extracted from parts of the Goldwyer where Vsh
is 0.5 or greater, to ensure that the normalization process is tailored
around the shaly sections of the Goldwyer Formation.

Awell section of some key wells in the Barbwire Terrace with BI
data is shown in Fig. 10. The middle Goldwyer zone is the most
brittle. Lower brittleness index values are observed in the top and
lower Goldwyer zones.

5. Analyses of estimated properties

With all four properties estimated (Fig. 11), a better analysis of
the Goldwyer Formation in the Barbwire Terrace can be carried out.
Original log information is always valuable for formation evalua-
tion. However, porosity, TOC, water saturation, and brittleness are,
in this case, key properties for evaluating the prospectivity of the
Goldwyer as a shale play.

Derived TOC data across wells in the Barbwire Terrace show
lowest values in Goldwyer II. This is expected as this middle zone is
known to be lean and mainly consist of tight limestone. Goldwyer I
and III, however, contain varying quantities of TOC and certainly
appear to be more prospective than Goldwyer II. Zones with
highest TOC values can slightly vary from one well to another.
Overall TOC values tend to be highest at the bottom of Goldwyer I
and top of Goldwyer III. The Goldwyer Formation may have gone
through deposition of relatively abundant amounts of organic
matter in anoxic conditions, interrupted by the deposition of the
middle limestone zonewhere very limited organic matter had been
deposited and preserved. Nevertheless, the TOC values of the
Goldwyer Formation in the study area are generally quite low. All
TOC measurements and estimated values are less than 2.5%.

The derived properties are often influenced by one another. A
clear example is the TOC and porosity logs. They both have similar
signatures across the whole Goldwyer section. Density was the
main input for the estimation of both properties, which will result
in both logs being highly influenced by the same property, and
hence some similarities can be observed. However, the porosity of
shale plays, in many cases, tends to mimic TOC regardless of the
derivation approach. As TOC increases, there is a higher chance of
hydrocarbon generation which will be hosted in pore spaces.
Furthermore, kerogen-hosted porosity would increase as there is
more TOC, and hence more kerogen in the rock. Consequently, a
strong agreement between porosity and TOC logs is often regarded
to porosity being abundantly hosted in the organic matter. This is
often verified by scanning electron microscope (SEM) imaging.

Subsequently, porosity values tend to be highest in the top of
Goldwyer III and the bottom of Goldwyer I. Slightly lower porosity
appears in the remaining parts of the two zones. The Goldwyer II,
however, mainly consists of tight limestone with porosity values
close to zero. Density porosity values of the Goldwyer Formation
are overall below 10%.

In theory, Water saturation should somewhat be related to TOC
as well. An increase in TOC could potentially increase hydrocarbon
generationwhich by definitionwould decrease water saturation. In
general, estimated Sw shows reasonablewater saturation quantities
across the shaly Goldwyer intervals of values that range around
15e30%. High water saturation values are found in the lean tight
carbonate intervals that are predominantly in Goldwyer II and
sometimes in Goldwyer III. This was manually edited after



Fig. 8. Water saturation behaviour relative to TOC changes. Sw decreases as TOC increases, and vice versa. Well Acacia 2 is shown here as an example.
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confirming the lack of any hydrocarbon traces from mud gases and
other hydrocarbon tests across such intervals, as discussed earlier.

Brittleness index estimation was carried out as an attempt to
measure the ability of the rock to break. This indicates how the rock
would react to hydraulic fracturing process in a well completion
stage. The presence of clays and organic matter tends to influence
the brittleness index negatively. Such compositions are more
lenient to be ductile. On the other hand, the abundance of calcite or
silica in the rock commonly lead to a more brittle interval. Shales
often would have variable brittleness index based on the change of
composition of the shale interval. The Goldwyer Formation is no
exception, the low TOC, low porosity, and high calcite content zone
of Goldwyer II has the highest brittleness index values of the whole
Goldwyer section. In Goldwyer I and III where we have variable
compositions and changing amounts of TOC and porosity, brittle-
ness index would be variable accordingly. This does not indicate
that wherever there is high TOC, there is ductile rock. TOC is one
factor out of many that influence brittleness. Some wells show BI
average of about 35% in Goldwyer I and III, where others can go
higher than 50% while containing similar amounts of TOC.



Fig. 9. Estimated total porosity values for Acacia 2 and Solanum 1 as examples of wells in the Barbwire Terrace.
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Spiky behaviour and sudden variations in logs can be observed
in data of most properties of the Goldwyer. In most cases, such a
behaviour suggests a laminated shale. Those laminations represent
sudden changes in rock properties resulted by changes of condi-
tions during deposition. Those laminae appear to have relatively
low TOC, low porosity, high water saturation, and high brittleness
index. This reinforces the concept of cyclic sediments and thin
limestone interbeds stated by Haines [4].

The laminae-induced highly variable brittleness in some in-
tervals could act as a geomechanical barrier of hydraulic fracture
propagation. Furthermore, intervals with high lamina frequency
could also end up producing morewater than anticipated. This case
emphasizes the significance of well placement and how consid-
ering such occurrences along the process can decide how successful
a certain well is.

Goldwyer I and III generally show prospective values of different
key properties. However, the bottom section of Goldwyer I and the
top part of Goldwyer III are optimized shale intervals. They contain
the highest TOC and porosity, low water saturations, and
adequately high brittleness. The laminations are somewhat mini-
mized in those intervals in some wells but still exist, nonetheless.
As a result, laminations could be an occurrence that needs to be
analyzed and worked around, once they are confirmed to pose is-
sues in completed future wells in the area.

In most cases, the values of TOC and porosity are in the low-end
corresponding to borderline prospective shales. Therefore, the
generally low values of the two properties are believed to be the
most important factors in deciding the prospectivity of the Gold-
wyer in the terrace.
6. Property modelling

6.1. Surface generation

Formation surfaces are essential for building any model. In this
study, surfaces were generated using well tops data. Those surfaces
are the main structural inputs for the property models, which only
contains the Goldwyer Formation and assesses property estimation



Fig. 10. Brittleness Index derived for some wells in the Barbwire Terrace. Wells Barbwire 1 and Acacia 2 are shown here as an example.
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and distribution. Therefore, only surfaces necessary for building the
whole Goldwyer section were generated; Goldwyer I, Goldwyer II,
Goldwyer III, and Willara (base of Goldwyer Formation).

Given the limited well control and the uneven well distribution
across the Barbwire Terrace, a considerable amount of extrapola-
tion is undertaken in some parts of the terrace. In such case, surface
intersections and pinch outs can commonly occur in the surface
modellng. To resolve such issues, pseudo-well-tops are sometimes
utilized in areas that lack well control. Such data points help guide
the algorithm to generate conformable and geologically sound
surfaces. Needless to mention, this step can be destructive in
building any model if data was assigned prematurely. Careful
placement of formation tops and zone thicknesses is crucial step in
this process. Hence, a thorough geological understanding of the
formation extension and structure is necessary. In our study, this
approach has proven to be most effective in providing best
geologically estimated surfaces of the Goldwyer zone in the
Barbwire Terrace.

6.2. Model generation

With the surfaces of interest have been generated, building a
structural model is now feasible. This is a simple model that is only
considering the Goldwyer section. The grid increment of the model
was set to be 500� 500m. This is the lateral cell size of both x and y
directions.

More information can be added to the structural model, such as,
fault surfaces and layering. No fault information has been incor-
porated in this study. However, subzones were added to the model.
The model has three main zones as mentioned earlier. Goldwyer I
(Zone 1) was divided into two subzones. The two subzones are
identical in thickness. Goldwyer II (Zone 2) was split into three
subzones of identical thicknesses. Whereas Zone 3was divided into
six subzones that are also identical in thickness (Fig. 12).



Fig. 11. Well correlation of Barbwire Terrace key wells; Barbwire 1, Acacia 2, Solanum 1, Dodonea 1 and Percival 1 showing all four estimated properties, which are (from left to
right) total porosity (PHIT), TOC, water saturations (Sw), and brittleness index (BI).

Fig. 12. A cross section of the geometrical model illustrating the sub-zoning of the
model and the vertical resolution.
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The number of subzones for each zone was determined by the
resultant average thickness of the subzones. The average thickness
of each subzone is almost the same (~20m). This makes assessment
of different prospective subzones of the Goldwyer more reliable, as
average maps are calculated and compared from all subzones.

Layering was then defined into the model. It represents the
model's vertical resolution. Looking into facies changes andwell log
behaviour is important to decide the appropriate vertical resolution
for the model. Rock profiles with minimal change in characteristics
can afford to have coarse resolution. Similarly, Goldwyer II Zone has
consistent lithology with minimum change in rock properties and
thereforewas assigned a vertical resolution of about 5m in average.
Goldwyer I & II zones, however, have more alternating facies and
variable well log characteristics. Subsequently, they were assigned
a higher vertical resolution of about 3m in average.

6.3. Petrophysical modelling

Once all geometrical aspects of the model are finalized, property
modelling is carried out. The first step of this process is upscaling
well logs. TOC, PHIT, Sw, and BI logs are upscaled to the model's
vertical resolution. This is achieved by estimating a single property
value for each vertical resolution block through arithmetic aver-
aging method. Then a 3D petrophysical model for each property in
the Barbwire Terrace was calculated using a Gaussian Random
Function Simulations. The simulations used the default isotropic
lateral distribution with a spherical variogram type. Since there is
no evidence to assume large difference between neighbouring
samples [40], nugget value was kept to the small default of 1� 10�4

(Fig. 13).
Sieving through all petrophysical models and evaluating areas of

high and low potential is time consuming and often impractical. For
the purpose of this study, property average maps were generated
for each subzone in the 3D model. This is a common practice to
simplify the assessment of the prospectivity estimated by the
model.

6.4. Sweet-spot mapping

A practical approach of combining different analytical infor-
mation for a certain shale play is sweet-spot mapping. The process
aims to simplify the prospectivity evaluation of a shale play, where
property modelling is often involved. It is utilized to combine
whatever data or models deemed necessary to provide a critical
assessment of the unconventional resource. This could include a
wide range of information, such as petrophysical models,
geophysical attributes, structural information, geomechanical data,



Fig. 13. Property models for the Goldwyer Formation, Barbwire Terrace.
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and production history.
A main objective of this study is to look into the formation

evaluation aspects of the Goldwyer Formation. Consequently, the
associated sweet-spot mapping is combining the four key proper-
ties estimated earlier in the study; TOC, PHIT, Sw, and BI. For such a
combination to be valid, all properties are normalized so that
adding different petrophysicalmodels can bemeaningful. However,
normalizing property average maps should not be done indepen-
dently. Same normalization parameters of each property are
applied to all subzone average maps. This is essential to keep each
property comparable across the different zones and subzones.

Before combining the different properties together, analyzing
each one individually is required to see what the resultant values
would indicate. Higher values of TOC, PHIT, and BI all suggest higher
prospectivity of the Goldwyer Formation. However, higher Sw
values suggest the opposite. In order to make such property com-
bination meaningful, we replace Sw with Sh (Eq. (6)), so that higher
values of any property suggest higher prospectivity of the shale and
vice versa.

Thickness information was integrated into all generated petro-
physical models as part of the model's main structure. In the form
of average property maps, however, thickness and all other struc-
tural information are eliminated. There is an average thickness of
each map, which was fixed to be ~20m for every subzone, but no
actual thickness data across the map. Since thickness plays an
important factor in the prospectivity of the shale play, where
thicker prospective shale is favourable andmore prospective than a
thin one, thickness was also incorporated in the calculation of the
sweet-spot maps in addition to the other four estimated properties.
Thickness isochore maps for each subzone were normalized to be
implemented in the sweet-spot map estimation. Similar to the
other properties, the normalization process is not done indepen-
dently for each subzone isochore, same parameters are applied to
all thickness maps across the Goldwyer.

Properties are added in a weighted manner, each shale play has
some properties that are more important than others. For example,
a shale play could have relatively high TOC values all across the
formation, but the abundance of clay could deem the source rock
non-prospective for adequate hydraulic stimulation and sufficient
production. This example would entitle clay content or brittleness
index to have a higher weight than TOC in generating sweet-spot
maps.

In the case of the Barbwire Terrace, however, brittleness index
and hydrocarbon saturation of the shaly sections of the Goldwyer
Formation suggest overall consistent rock quality. On the other
hand, TOC and PHIT values tend to be too low in some areas where
they are considered non-prospective. As a result, BI and Sh average
maps were given relatively lower weights of 0.18 each, thickness
was given the same weight as well. TOC and PHIT were given
weights of 0.23 each, the sum of all utilized weights must be one.
The resultant sweet-spot map of each subzone can be expressed in
Eq. (18).



M. Alshakhs, R. Rezaee / Petroleum 5 (2019) 13e2926
Sweet Spot Map ¼ TOCð0:23Þ þ PHITð0:23Þ þ Shð0:18Þ
þ BIð0:18Þ þ Thkð0:18Þ (18)

Where TOC, PHIT, Sh, and BI are all normalized property average
maps of each subzone. Thk is the normalized thickness of each
subzone. Based on the aforementioned maturity information, the
Barbwire Terrace is generally considered to be mature in the oil
generation window and hence no maturity information was
incorporated in the sweet-spot approach.

The resultant maps represent the prospectivity of the Goldwyer
Fig. 14. Sweet-spot maps for all subzones of the G
expressed in the four combined properties plus thickness. The
values of the maps range between 0 and 1, where 0 is least pro-
spective and 1 is the highest estimated prospectivity of Goldwyer.
In further discussions, these values will be referred to as prospective
values.
6.5. Sweet-spot analyses

Eleven sweet-spot maps were generated, one for each subzone
in the Goldwyer. An overview of all sweet-spot maps can be seen in
Fig. 14. The least prospective section of the model is Goldwyer II
oldwyer Formation model, Barbwire Terrace.
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(Zone 2). This is expected as the middle Goldwyer is known to be
predominantly lean carbonate zone. Subzones in Goldwyer III have
varying potential, upper subzones seem to be more prospective.
This is especially highlighted in the top two subzones; GDWR3a
and GDWR3b. However, the most prospective zone in the model is
Goldwyer I, where both subzones appear to be relatively more
prospective than any other subzone in the model. Nonetheless, the
deeper GDWR1b shows more prospectivity than the shallower
GDWR1a subzone.

A common characteristic of sweet-spot maps of all subzones is
that prospective values tend to generally improve around the areas
of Acacia 2, and Solanum 1wells. Those wells have relatively higher
TOC and PHIT values. Other common high prospective values are
those that appear at the north-western end of the terrace and are
mainly caused by the anticipated thickness increase interpreted
from the surface generation model.

One sweet-spot map representing all zones of the Goldwyer in
the Barbwire Terrace was also produced (Fig. 15). It attempts to
provide a single solution for the Goldwyer assessment process and
it gives much broader overall analyses than that of the more
focused eleven-subzone sweet-spot maps. The resultant map
shows higher prospective values in the middle and northern parts
of the terrace than the southern portion. More specifically, the
southern flanks of northern and middle areas are more prospective
than others. This is rather consistent with the trend we have seen
from different maps of individual subzones.

It is noteworthy that this specific sweet-spot mapping approach
can be misleading in the case of drastic value increases or de-
creases. For example, a relatively very high increase in thickness
can indicate an area to be quite prospective even if it had too low
TOC content for a sufficient hydrocarbon production. Therefore,
sweet-spot maps can be alternatively estimated after applying cut-
off values for each property. Those cut-offs eliminate all areas
where each property is deemed non-prospective for a successful
shale and the resultant sweet-spot maps only show areas where all
properties have prospective overlaps.

Assigning cut-off values is somewhat subjective. Nevertheless,
the TOC cut-off was given to be 1%, where all areas of TOC averages
less than 1%were eliminated. Similarly, porosity was given a cut-off
value of 3%. Whereas general cut-off values for brittleness index
and hydrocarbon saturations were considered to be 50% and 55%,
respectively. No cut-off value was applied for thickness but it was
Fig. 15. Sweet-Spot map of the whole Goldwyer Formation in the Barbwire Terrace.
analyzed for the resultant areas. In this case, the resultant average
maps are not normalized but instead converted to volume fractions
by dividing eachmap by its maximumvalue. Similar to the previous
approach, the volume fraction estimations are not done indepen-
dently for each subzone, a same maximum value is applied to all
maps across the Goldwyer. This is, again, significant to keep each
property comparable across the different subzones. Sweet-spot
maps are then calculated using Eq. (18), where TOC, PHIT, Sh, BI,
and Thk are all volume fraction maps instead of normalized ones.

All subzone average maps of Goldwyer II and III do not pass the
cut-off conditions, where TOC and PHIT maps generally do not pass
their cut-off values. In fact, only small areas of GDWR1a and
GDWR1b pass those conditions.

Based on the conditions applied, the resultant maps are only
showing the southern flanks in the middle Barbwire Terrace to be
prospective in the top two subzones of GDWR1a and GDWR1b
(Fig. 16). It is noteworthy that the thickness of those areas for each
subzone ranges between 14 and 22m. The same areas were also the
most prospective in the previous approach. However, the poten-
tially prospective areas of the northwest portions of the Barbwire
Terrace in the earlier sweet-spotmaps are deemed non-prospective
here.

Nonetheless, it is essential to note that lateral extensions of
prospective areas in the cut-off approach would vary based on the
thickness of the subzones. For example, if we treat the Goldwyer
section as a whole and produce one average map of each property
for the whole formation, no area across the Barbwire Terrace would
be considered prospective based on our cut-off conditions. The
reason is that the generally thin intervals of prospective shales are
masked by the thick non-prospective intervals. On the other hand,
if average maps were taken for thinner subzones, those prospective
intervals would be more prominent and hence prospective areas
would be more laterally extended, while being vertically reduced.
This emphasizes some limitations of the average maps and how
they should not be analyzed independently. Well data and 3D
property models should be incorporated into the assessment pro-
cess to provide a sufficient shale evaluation.

7. Conclusions

This study provided a prospectivity assessment of the Goldwyer
Formation as an unconventional resource. This was achieved by
sweet-spot mapping through formation evaluation and petro-
physical modelling of the shale play. Total organic carbon, total
porosity, water saturation, and brittleness index were considered
key properties of formation evaluation, and hence were all esti-
mated for wells in the Barbwire Terrace.

Property estimations provided valuable information about the
Goldwyer Formation as a potential unconventional resource. Water
saturation values have shown to be generally around 30% or less in
most non-lean shaly intervals. Brittleness index is quite variable
across the Goldwyer, but generally showing values of sufficient
brittleness for hydraulic stimulation. Total porosity values range
between 0 and 10%, where porosities tend to be lowest in the lean
carbonate intervals. Nonetheless, TOC can be considered the most
significant property of all four since it has the lowest range of values
of less than 2.5%. This low range of TOC can negatively affect the
potential of the Goldwyer as a hydrocarbon resourcemore than any
other estimated property. If future wells in the Barbwire Terrace
show no improvement in TOC, hydrocarbon production of such
intervals may turn out to be non-commercial.

Petrophysical modelling provided a geostatistical distribution of
properties in the Barbwire Terrace. The generatedmodels would be
improved if more wells were incorporated with better scattering.
Furthermore, such geostatistical distribution can be more



Fig. 16. The southern flanks in the middle Barbwire Terrace in the top two subzones of GDWR1a and GDWR1b.
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informative if more data were inputted in the modelling process.
For instance, fault models and 3D seismic attributes can uplift data
distribution if incorporated in the petrophysical modelling process
or even in a surface generation. Although such data were either not
available or outside the scope of this study, there is always a room
for improvement in any generated model as more data is acquired
and interpreted.

The resultant one sweet-spot map generated for the whole
Goldwyer provided a broad analysis of the shale play. It highlights
the most prospective geographical locations of the Barbwire
Terrace which are the southern flanks of the middle and north-
western part of the terrace. On the other hand, the generated
eleven sweet-spot maps provide a more detailed look into different
sections of the Goldwyer Formation, by which most prospective
intervals can be identified. Suchmaps have shown that the top zone
(Goldwyer I) is the most prospective zone of all three. Prospective
values are the highest in GDWR1b. GDWR1a is a close second,
where GDWR3a and GDWR3b come in third and fourth order,
respectively. Applying cut-off values for the sweet-spot mapping
process provided a more strict analysis of the Goldwyer Formation.
Only limited areas of the southern flanks of Barbwire Terrace of
GDWR1b and GDWR1a showed prospectivity that have met the
cut-off values conditions.

Sweet-spot mapping is a valuable tool that attempts to simplify
the complexity of shale play evaluation. The combination of
different properties into one map provides a robust assessment of
the shale play. Nevertheless, such maps should only be utilized as a
reference summary of the assessment and not to replace the
comprehensive interpretation of the individual properties. The
more data incorporated into a sweet-spot map, the more mean-
ingful it is.
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