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Abstract: In shale oil/gas exploration, using the Brittleness Index to identify sweet spots has become standard.
This practice may incur inaccuracies when done inappropriately. This work used basic statistics and scatterplot
analyses to identify trends and performance of four brittleness indexes. In the results, the indexes seemed
similar in the well-logs with higher values in sandstone lithologies. The sensitivity to the parameters such as
Total Organic Carbon, Porosity and Mineralogy, and fluid content varied among the indexes. The relation of
the brittleness to the rock properties is mostly linked to the design features of the indexes. Brittleness Index
selection should be done considering that some properties can affect the values positively or negatively. This
work explains the brittleness index application more practically regarding the basic considerations to be
included in shale plays evaluation.
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Resumo: Na exploracéo de petroleo/géas de lutito o uso do indice de Fragilidade para identificar pontos-ideais
tornou-se padrdo. Esta pratica pode ser imprecisa feita inapropriadamente. Este trabalho usou estatisticas
bésicas e graficos de disperséo para identificar tendéncias e desempenho de quatro indices de fragilidade.
Nos resultados, os indices pareceram similares nos registros e com valores mais altos em litologias de
arenitos. A sensibilidade para parametros como o Carbono Orgéanico Total, Porosidade, Mineralogia e fluido,
variou entre os indices. A relagéo da fragilidade com as propriedades da rocha esta principalmente ligada as
caracteristicas de desenho dos indices. A sele¢éo do indice de fragilidade deveria ser feita considerando que
algumas propriedades podem afetar de maneira positiva ou negativa. Desde este trabalho, a aplicacdo do
indice de fragilidade é entendida em uma forma mais pratica com respeito as considera¢des basicas a incluir
na avaliacdo de Plays de lutitos.
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1. Introduction

In the last decade, different factors have contributed to energy instability and
uncertainty. Lately, the denominated shale 3.0 has been called out to be an alternative to
salvage the panorama (Wright, 2012; Feder, 2020; Pefia, 2022a). In unconventional
exploitation, undoubtedly more challenging and complex than the conventional reservoirs
(Zoback & Kohli, 2019), different methodologies are used to screen these plays (Zou, 2017).
Since the early stages of shale oil/gas, a widely used method has been the evaluation of the
Brittleness Index (Zhang et al., 2016), which is assumed to be linked to the rock properties
favourable for stimulation, i.e., hydraulic fracturing, and in some cases is taken as one of
the six main parameters for defining the “sweet-spots” (Zou, 2017).

Using the Brittleness Index as an indicator of sweet spots requires assumptions to be
adopted. Therefore, this implies inspecting to what extent the Index reflects the likelihood of
intervals promising for stimulation (Rickman et al., 2008; Chen et al., 2014; Jin et al., 2015;
Pan et al., 2020). In this sense, an investigation into the controlling factors of the Brittleness
Indexes should be carried out, specifically, its relationship with the mineral and fluid content,
porosity, and the sync with the Total Organic Carbon. Previous works done on the subject
have handled this analysis; nevertheless, with no detail in the relation of Brittleness to all
those parameters mentioned beforehand (Chen et al., 2014; Pan et al., 2020). This work is
intended to evaluate five Brittleness Indexes (Altindag, 2003; Rickman et al., 2008; Chen et
al., 2014; Jin et al., 2015; Pan et al., 2020), with well-log data on a mudstone source rock
interval (ConocoPhillips, 2011a; 2011b), and to present relative comparations amongst the
indexes using statistics and scatterplots analysis (Bonamente, 2017).

2. Study Area
2.1 Geological Context

The location of the study area is in the Browse Basin, offshore of the Northwest Shelf,
Australia, in the Caswell Sub-Basin (ConocoPhillips, 2011b) are shown in Figure 1.

120°0'0"E 124°0'0"E 1°5722°€ 139°5643E
o ol
<% ro | s a
& 9 &g i
Caswell Sib-basifi 45,38 B
Scott Plateau aidn
g Yampi'Shelf / 4% 2 LEGEND
Barc/%)o Sub-tgw ‘
U) - “h 25 w .
2 / Levequé Shelf % 2 ® Poseidon 2
o L Sy o e [ Browse Basin
120°0'0"E 124°0'0"E Poseidon 2 well
| and Browse
1:10 000 000 0 200 400 km Basin Location
WSG84 [ —

Figure 1. Location of the Poseidon 2 well within the Browse Basin with basemaps from OpenStreetMaps
(https:/iwww.openstreetmap.org/copyright). Well data from ConocoPhillips (2011b). Basin Features adapted
from Raymond et al. (2018).

Figura 1. Localizagdo do poco Poseidon 2 dentro da Bacia Browse com mapas base de 'OpenStreetMaps
(https://www.openstreetmap.org/copyright). Dados de poc¢o de ConocoPhillips (2011b). Caracteristicas da
bacia adaptadas de Raymond et al. (2018).
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The structures limiting the basin are: It is side-to-side to the Yampi and Leveque
Shelves; has continuous frontiers to the Southwest, Roebuck Basin with the Rowley Sub-
basin and also to the Northeast, Bonaparte Basin with the Vulcan Sub-basin. To the
Southeast, The Kimberly Block to the Norwest, the Scott Plateau, and the Argo Abyssal
Plain (ConocoPhillips, 2012). The well has a total depth of 5356.0mMDRT (5334.2mTVDSS)
with reservoir objectives Plover and Montara formations (sandstones). (ConocoPhillips,
2011b).

The interval of study it is within the plover formation is divided into two distinct
geological units, the Plover Top Volcanics and the Plover Top Reservoir (ConocoPhillips,
2011b). The Plover Formation, Lower — Middle Jurassic age sediments, is mainly composed
of sandstone, mudstone, and coal and these materials were accumulated in a deltaic and
coastal plain environmental setting (Geoscience Australia, 2021a). This interval of study, in
the Poseidon 2 well, which is at depths of 5119.43 m to 5220.6 m, was classified into 10
OBMI lithofacies, divided mainly into mudstones and sandstone lenses, and the facies
associations into two, FA1 — A and FA1 — B ConocoPhillips, 2011b. The FALl facies
association is for thick argillaceous successions interpreted as marine mudstones from a
shelf environment and the suffixes A and B refers to carbonate content differentiation, the B
having a higher load than A (ConocoPhillips, 2011b).

The source rocks in the Plover Formation are mainly gas-prone with a maturity in the
Caswell Sub-Basin that goes over 2 Vitrinite Reflectance (%Ro0), presenting a median Total
Organic Carbon (TOC) of 1.8% (Palu et al., 2017).

3. Materials and Methods

The data for this work was obtained from two sources, the raw data from the National
Offshore Petroleum Information Management System (NOPIMS) from Geoscience
Australia, which is © Commonwealth of Australia and is provided under a Creative
Commons Attribution 4.0 International License (Geoscience Australia, 2021b); and the pre-
processed data by e-mail to the authors by Occam Technology Pty. Ltd. (2022). For the
statistical analysis, the software R v.4.2.0 (R Foundation for Statistical Computing, 2022);
and for the well-log data processing the software Interactive Petrophysics (IP) (Geoactive
Limited, 2022).

In Figure 2, the general workflow applied in this research is shown. The first major
step was to estimate the petrophysical parameters to evaluate the interval and the TOC,
which was used as a reference to indicate organic richness. The second major step was to
obtain Young’s and Poisson’s elastic modules, and in the last part, the calculations of the
different brittleness indexes were done. In the brittleness evaluation section of the workflow,
the indexes marked by a red shadow were normalized and cross-plotted against TOC,
Porosity and Mineral Content, and fluid saturation. Also, a possible relation between OBMI
Lithologies and the previous analyses. In addition to this, there were created and discretised
ranges of TOC and fluid saturation into four sections and the arithmetic means (Bonamente,
2017) of the brittleness in those ranges were evaluated in order to understand deeply the
characteristics presented.

Conventions in Figure 2 are as follows: Blue ellipses, start and end; blue circle with
vertical and diagonal cross, joint and division of action flow; grey circle, in-page connector;
grey parallelogram, input data; blue and red rectangles, process.
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Figure 2. Methodology flowchart.

Figura 2. Fluxograma da metodologia.
3.1. Total Organic Carbon Estimation

To estimate the TOC in the well under study, the closest available laboratory TOC
data was used as an input to create a multilinear regression model (Huang et al., 2015).
This data came from the Poseidon 1 well, which was determined by Rock-Eval Pyrolysis,
and is located approximately 6 km in the Northeast direction (ConocoPhillips, 2010).
Correlation between wells is implemented using the zonation identified by ConocoPhillips
(2011a, 2011b), where similar facies are identified along well intervals. Considering their
shared sedimentary paleoenvironment setting (Rollet et al., 2018), log curve combinations
sharing the same patterns are interpreted as homologous lithofacies between the reference
well and the studied well.

Table 1 shows the parameters used for Multiple Linear Regression Analysis (MLRA)
with data from Poseidon 1 (ConocoPhillips, 2010). The Total Organic Concentration is given
in weight percentage, i.e., the mass of organic carbon fraction over the total mass of the
rock in the interval evaluated. The parameters were: Measured Depth from Rotary Table
(MD), 26.40 MAMSL — meters above mean sea level, TOC, Uranium Content (U), Bulk
Density (BD), Compressional Wave Slowness (DTC), Gamma Ray (GR).

Table 2. Data for multilinear regression from Poseidon 1 well. Adapted from ConocoPhillips (2010).

Tabela 1. Dados para a regressao linear multipla do poco Poseidon 1. Adaptada de ConocoPhillips (2010).

MD (m) TOC (wt%) U (mol/m3) BD (kg/m3) DTC (us/m) GR (gAPI)
4684 2.11 0.01607 2576.98 303.35 172.75
4702 2.1 0.01555 2691.86 215.81 92.62
4726 1.44 0.0007933 2647.68 226.74 12.60
4831 1.25 0.009849 2701.70 200.55 82.40
4924 1.62 0.007024 2729.30 233.90 111.34
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The total Organic Carbon estimation for the well under this study, Poseidon 2, was
done using a MLRA with a previous screening using a Pearson correlation discrimination
step (R Foundation for Statistical Computing, 2022). The linear resulting models were
subjected to ANOVA testing and the final model was tested in a t-welch two tails model with
a 95% confidence interval (R Foundation for Statistical Computing, 2022). Figure 3 shows
the well composite of Poseidon 1 with the laboratory data of TOC.
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Figure 3. Well-log composite in the Poseidon 1 well with TOC data.
Figura 3. Registro do perfil composto do poco Poseidon 1 com dados de COT.

3.2. Elastic Moduli, Unconfined Compressional and Tensile Strength

The Elastic moduli were estimated using formulations for the dynamic Young’s
Modulus and the Poisson’s Ratio (Fjeer et al., 2008). The static Young’'s Modulus correlation
implemented was the one from (Chang et al., 2006). For the estimation of the Unconfined
Compressional Strength correlations to Young’s Modulus were used (Chang et al., 2006;
Pefia, 2022b), as they were established to have a good fit for the relatively high volumes of
guartz in and for the low quartz content, e.g., high clay/shale per correspondent lithology

intervals (Pefa et al., 2023). The Tensile Strength was estimated using the formulation
found by (Ribeiro et al., 2016).
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3.3. Brittleness Estimations

The brittleness indexes evaluated in this work were the ones shown in: B13 in
equation (1) (Altindag, 2003), with Unconfined Compressional Strength (UCS) and Tensile
Strength (BTS).

__ UCS*BTS

Biy = 2 ()

B19 in equation (2) (Rickman et al., 2008; Jin et al., 2015), with Normalised Young’s
Modulus (En) and Normalised Poisson’s Ratio (vn);

ETl n
B9 = ;U (2)
B22 in equation (3) (Jin et al., 2015), with the Weight Fractions of Quartz, Feldspar,
and Micas (QFM), Calcite (Cal), and Dolomite (Dol).

_ WorMtWeai+Wao1
By, = (3

Wrot

B25 in equation (4), with Dynamic Young’s Modulus (E) and the First Lamé Parameter
(A) (Chen et al., 2014);

E
Bys = 1 (4)

B25u in equation (5) (Pan et al., 2020), with the Normalised Young’s Modulus — First
Lamé Parameter (E/A)_n and the Normalised Poisson’s ratio.

(E/M)n+vp
Bysy = —10 (5)
The brittleness denominated here as B13, B22, and B25 were normalised in order to
be compared to the other indexes, which can be considered already normalised, i.e., B19
and B25u. The new denominations for normalised brittleness have the suffix “n”, e.g., B22n.
The units resulting from this processing, and for all the indexes were dimensionless [DN].

4. Results and Discussion
4.1. Total Organic Carbon (TOC) from Multiple Regression Analysis

The TOC Multiple Regression Analysis resulted in a model as in the equation (6) for
the Poseidon 1 well. The results of the Pearson Correlation implemented are shown in Table
2. The selection of the linear model was done considering that the variables physically linked
to other properties rather than TOC were excluded. To fit the TOC to an appropriate model
it takes into account the recommendations according to Huang et al. (2015), where high
values of Ro make the model based upon Alog R imprecise, as the Caswell Sub-Basin has
values of %Ro over 2.

Table 2. Pearson Correlation for the TOC evaluation in the Poseidon 1 well.

Tabela 2. Correlacéo de Pearson para a avaliacdo do COT no poco Poseidon 1.

TOC U BD DTC GR

TOC 1 0.75 -0.46 0.62 0.63
U 0.75 1 -0.28 0.39 0.8

BD -0.46 -0.28 1 -0.82 -0.36

DTC 0.62 0.39 -0.82 1 0.71
GR 0.63 0.8 -0.36 0.71 1
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Multi-collinearity between Uranium logging (U) and Gamma Ray curve (GR) from
Table 2 excluded these two variables into the model. The chosen variables were the sonic
(DTC) and Bulk Density (BD), and after a control step by the ANOVA one was eliminated
from the model. The chosen variable was the Bulk Density, because as a TOC indicator the
Bulk Density is correlated and this curve is also good indicator, which decreases with the
increase of TOC (Huang et al., 2015). The equation (6) was applied for the estimation of the
TOC in the interval of the Poseidon 2 well.

TOC(BD) = —3.01BD + 9.74, R? = 0.2121 (6)
4.2. Well-log composite

In Figure 4, all the Brittleness curves, the TOC, Porosity and OBMI Lithologies with
the Facies Association in the Poseidon 2 well are shown. In general, all the brittleness curves
follow a similar trend, higher in the upper section of FA1 — A and lower at the bottom. The
Brittleness values for FA1 — B are lower relative to the first facies associations. In this second
lower interval, the B22n decreases with deep whilst the other keeps steady values. All the
brittleness seems to experience changes in porosity and gas saturation, having greater
value with their increments; nevertheless, the brittleness in regard to the TOC, apparently,
does not experience big changes.
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Figure 4. Well-log composite in the Poseidon 2 well.

Figura 4. Registro do perfil composto do poco Poseidon 2.
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4.3. Brittleness and TOC

In the Table 3 is summarised the results of the calculations done on the Brittleness
Indexes evaluated in this work with respect to the estimations of the ranges of TOC, in the
Poseidon 2 well. The 4 ranges chosen were numbered from 1 to 4, starting at 0 and ending
in 2.5 of TOC, totalling 600 logging curve sample points from the mudstone lithofacies; the
TOC is indicated in weight percentage, wt%, and the Brittleness in dimensionless units, DN.

Table 3. Brittleness arithmetic means and TOC ranges.

Tabela 3. Médias aritméticas do indice de Fragilidade e intervalo de COT.

Range
1 2 3 4
Lower Bound 0 0.54 1.08 1.61
TOC range [wt%]

Upper Bound 0.54 1.08 1.61 2.15

B13n 0.47 0.37 0.34 0.19

B19 0.46 0.40 0.36 0.28

Mean [DN] B22n 0.03 0.22 0.28 0.35
B25n 0.18 0.19 0.16 0.18

B25u 0.23 0.23 0.20 0.23

From Table 3, major trends identified based upon the arithmetic means of the ranges
in B19 and B13n indicates that are inversely correlated to the TOC, which is sharply
observable in B13n. These results are in concordance with the basic design definitions of
the B13n (Zhang et al., 2016; Altindag, 2003) and B19 (Zhang et al., 2016; Rickman et al.,
2008; Jin et al., 2015) that were focused on the mechanical properties of the brittleness
rather than the organic matter content; moreover, the reduction is because TOC in terms of
mechanical behaviour is similar to clays in unconventional reservoirs (Zoback & Kohli,
2019). The rest of the indexes, B22n, B25n, and B25u are proportional to TOC, and in the
case of B22n, it shows a stepped increase as the TOC augments in richness. In B25n and
B25u there are slight increments that becomes more apparent after 1.6 wt% in TOC. In the
case of B22n, the strong climbing can be explained by the quality of the source rock, in the
upper FA1 — A section where the QFM content fraction is bigger along with porosity in
shallower sections, indicating a correlation between the Quartz, Feldspar, and Mica fraction
and TOC. This correlation has been identified in shale gas, but is not always present (lbad
& Padmanabhan, 2022).

The Figure 5 shows the brittleness versus the TOC concentration in weight
percentage. These scatterplots were depicted to analyse visually the brittleness of the
mudstone intervals, which totaled 600 logging curve sample points. In Figure 5a, B13n index
presents a similar behaviour to B19 with respect to TOC; moreover, it is clear for any
percentage of Total Organic Carbon the inverse relation of B13n and TOC, with a negative
sharp trendline. B19 (Fig. 5b) has a less pronounced negative trendline.

In the case of B22n (Fig. 5c), the relation to TOC is directly proportional and it is
positive contrary to the B13n and B19, confirmed by a very steep trendline. B22n presents
preference to be correlated directly to the laminated muds lithofacies, olive green in colour,
rather than the other facies as for example muds poorly stratified (green colour). Also, with
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the gain in clay minerals, and reduction of QFM within the intervals of calcareous mudstones
(Fig. 4, zone FA1-B) B22N shrinks, indicated by a mild slope compared to the other
lithofacies trendline slopes in this index.

In Figure 5d and Figure 5e, B25N and B25U, both are directly linked to TOC; however,
with far weaker slope trendlines than the one presented in B22N. A notable difference is the
preference of these two indices to preferentially be directly correlated to calcareous
mudstones (opposed to what B22N indicates), independently of clay mineral content. B25N
and B25U does not present remarkable differences rather than slightly more positive
correlation to TOC in the latter.

|E| Poseidon 2 |£| Poseidon 2 Poseidon 2
B13N B19 B22N
1 O 1 1
tl
2 0.75 * » 0.75| 2 0.75
@ w .. 2
= “~ &L . =
S . .. = ‘. Tt 5
T 05 X -:'- g 0.5{; $:.--'*:: T 05
= o AR o * | z
m ~—
o MY . @ b= o
0.25 a--..:} ob 0.25| ‘s | 0.25
0 0 2 oL R rIE
0 0.54 1.1 1.6 2.2 0 0.54 1.1 1.6 2.2 0 0.54 1.1 1.6 2.2
TOC - wtpercent TOC - wtpercent TOC - wtpercent
@ Poseidon 2 |E| Poseidon 2
B25N B25U
1 1
a 2
£0.75 £0.75
5 E .
= 0.5 b 2 05 "
= . i . .l
2 4 S Aéh

o e
T VER

-0

. ¢ a
0.25 . a.w_ 0.25 - .‘;_‘1&
0 0 W

0 0.54 1.1 1.6- 2.2 0 0.54 1.1 1.6 2.2
TOC - wtpercent TQC - wtpercent

poines piceted
Crested in Interactive Petrophysics eracte Petroghpes

Figure 5. Brittleness vs TOC in mudstones from 600 logging curve sample points. (a) B13N (b) B19 (c) B22N
(d) B25N and (e) B25U.

Figura 5. indice de Fragilidade vs COT em lamitos de 600 pontos de amostragem de curvas de perfilagem.
(a) B13N (b) B19 (c) B22N (d) B25N e (e) B25U.

4.4. Brittleness, mineralogy, and porosity

Figure 6 shows the relation of the two brittleness indexes B19 (Fig. 6a) and B25u
(Fig. 6b) with reference to the porosity, total porosity (DMRP), and the WQFM mineralogy,
Weight fraction of Quartz, Feldspars, and Micas obtained from the Elemental Capture
Spectroscopy (ECS) tool. The WQFM fraction is coloured from cold to a warm colour, with
the highest values in the warm spectra. In B19, there is a correlation between the increase
of the porosity and the WQFM, where their joint increase is paired with brittleness B19 rise,
this trend is more easily seen over porosities of 2%. This relationship is consistent in the
sandstone-related lithologies and less even in the mudstone group, where the laminated
mudstone lithologies still maintain, seemingly, the relation of Porosity-WQFM-Brittleness
behaviour. B25u, shows an identifiable confident relation of Brittleness to porosity and
WQFM and this trend disperses a bit with higher porosities. The B25u in this interval shows
a better fit in the mudstones to grow in porosity with WQFM than the other indexes; the
Porosity-WQFM-Brittleness connection is held. The B25n has a similar trend to B25u, but a
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lesser magnitude, as is seen in the TOC behaviour between B25n and B25u. Red arrows in
Figure 6 indicates the overall increase in Brittleness along with WQFM and porosity, with
more consistency in Figure 6b (B25U).
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Figure 6. Brittleness vs Porosity with WQFM fraction in colour (a) B19 (b) B25u.

Figura 6. indice de Fragilidade vs Porosidade com 'fracdo em peso de Quartzo-Feldspatos-Micas' WQFM
em cores (a) B19 (b) B25u.

Overall, in the B13n, there is no correlation of brittleness to porosity and QFM. In the
case of the B22n, there is no relation between the porosity and Brittleness; however, it can
be seen that the rise of WQFM is paired to the Brittleness: larger WQFM results in larger
B22n. By lithofacies groups, the sandstone lithologies showed a proportional relationship,
but only for porosities major than 6% and with great WQFM content.

To investigate deeper into the influence of mineralogy on the Brittleness Indexes
evaluated in this work, the Brittleness’s were plotted against the WQFM, with colouring the
WCLA (Weight Fraction of the Clay Minerals, warmer colour for higher values) and with the
size of every point to the constitutive WCAR (Weight Fraction of Carbonate Minerals)
(Figureb); considering the fact that these three minerals are the most abundant, as seen in
Figure 4, track 5 ECS mineralogy. In Figure 5a and Figure 5b, blue polygon encircle the
calcareous muds and red polygon encircles sandstone lithofacies; the rest of the dots
corresponds to the other lithofacies, mostly laminated and poorly stratified muds, found in
the interval studied.

In Figure 7a, the B19 has a distinguishable relationship with the WQFM presence and
also with the WCAR, their increase signifies a gain in B19 values; on the contrary, the clay
diminishes it. For the sandstone lithologies (red dashed polygon), the index is positively
related to the WQFM and for the mudstones this relationship is not present, it is just linked
in a minor way to the carbonate presence. The B25n, is highly correlated to the presence of
Quartz, Feldspar, and Micas, with growing B25n as the WQFM rises. Its relationship is low
in carbonate presence and in the clay materials the B25n is reduced.

In the mudstones B25 presents more consistency, even showing a oppose relation
between clay and brittleness, more clay percentage represents more brittleness. As it was
witnessed in the results beforehand with the TOC, B25u exhibits the same behaviour as the
B25n, but with bigger differences in the magnitude range.
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Figure 7. Brittleness vs WQFM, with WCLA in colour and with WCAR in size point (a) B19 (b) B25n.

Figura 7. indice de Fragilidade vs WQFM, com WCLA em cores e com ‘fracdo em peso de carbonatos'
WCAR em tamanho de ponto (a) B19 (b) B25n.

4 5. Brittleness and Gas Saturation

In Table 4 is summarised the arithmetic means of the Brittleness in relation to the
Gas Saturation per range, gas saturation estimated with the methodology use in Pefia
(2022b, Appendix B) and considering a porous system of gas-water; this in four ranges
starting in 0% and ending at 62% in volume. In total 38 points were analysed, which existed
in the interval. From this table, it is seemed that the best performance is held by the B22n
and the lowest for the B13n, with intermediates B25n, B25u, and B19. This last one is the
second-best regarding gas sensitivity.

Table 4. Brittleness arithmetic means and ranges of Gas Saturation.

Tabela 4. Médias aritméticas do indice de fragilidade e intervalos de saturacdo de gés.

Range
1 2 3 4
Lower Bound 0.00 0.16 0.31 0.46
Sg range [v/V]

Upper Bound 0.16 0.31 0.46 0.62

B13n 0.31 0.34 0.35 0.47

B19 0.42 0.60 0.64 0.84

Mean [DN] B22n 0.45 0.65 0.80 0.89
B25n 0.24 0.43 0.52 0.71

B25u 0.29 0.50 0.57 0.76

In Figure 8 is shown the different Brittleness respect to the decreasing water
saturation (increasing gas saturation). The water mentioned here is no Water Bound into
the porous space (in this study, the threshold is 100% in water saturation, Sw). The interval
has been identified as gas/water saturated (ConocoPhillips. 2011b).
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Figure 8. Brittleness vs Water Saturation (a) B13n (b) B19 (c) B22n (d) B25n (e) B25u.
Figura 8. indice de fragilidade vs Saturacéo de agua (a) B13n (b) B19 (c) B22n (d) b25n (e) B25u.

The B13n, in Figure 8a, is high with high water saturation, a trend that follows a
parabolic-like relationship with the vertex over 0.5 in Sw (v/v) and to the peak at 40% of
liquid saturation reaches a B13n of 0.6. This positive parabolic shape is held in both
sandstone and mudstone lithofacies groups. In Figure 8b, B19 exhibits a clear inverse
relation to Sw. The B19 starts with an average of 0.42 in 99% of Sw and ends with an
average of 0.84 B19 at 40% Sw (60% Sg) and this linear like tendency is present in
mudstone and sandstone groups in the facies association of the interval FAL. The maximum
standard deviation all over the 4 interval ranges of Sw is 0.17. In Figure 8c, the B22n shows
a proportional relationship like B19, but the points are more dispersed, especially in the high-
water saturation zones. By lithofacies groups, in the mudstone group the trend is highly
dispersed for high Sw and this lithofacies group presents values that range from 0.05 to 0.8
in brittleness in high Sw. The total standard deviation of Brittleness reaches 0.3.

The B25n in Figure 8d, like B19, shows a positive a clear relationship to the increase
of the gas saturation. The difference is the magnitude of the values: for high water saturation,
the B25n is almost 0.15 lower in normalized brittleness value and at the limit of the water
saturation, approximately 0.62 in volume, the brittleness is 0.2 approximately. In Figure 8e,
the B25u still follows the same path described in the previous B25n index, only augmenting
the total value of Brittleness between 5% to 13% throughout saturation. The trend is
maintained for the two lithofacies groups, and also the B25n and B25u show less dispersion
in the high-water saturation (more than 70%) with values between 0.12 — 0.16 than B22n;
the total standard deviation for B25n and B25u is almost equal for the two of them to 0.21.

Taking into account all the indexes, there is no ideal model that regards all the
variables here mentioned, as stated by Zhang et al. (2016). The B19 utilizes the Young’s
Modulus and Poisson’s Ratio in an arbitrary manner, normalizing them and taking 50/50 in
percentage per elastic modulus (Rickman et al., 2008; Jin et al., 2015; Zhang et al., 2016).
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As it was seen in the section of the Total Organic Carbon, this index has no positive
correlation, implying that using solely an analysis with B19 for identifying a pay-zone in an
unconventional reservoir may ignore the organic matter presence and richness. A similar
phenomenon is seen in B22n, as was previously discussed, the relationship to the organic
richness must be demonstrated beforehand or simultaneously to have a better
understanding of the section evaluated [30]. In Zhang et al. (2016), the limitations of the B22
index is also mentioned, as it was witnessed previously in the section about porosity and
mineralogy, the index does not necessarily reflect consistency. This may be caused by
different lithologies and sections that can have the same mineralogy and different porosity,
also compaction and diagenesis effects that are not detected by the index (Zhang et al.,
2016): in this study, this was observed by the widely scattered interaction with porosity and
the high correlation to the TOC.

The index normalization of the B25 (B25n) produces trends similar to the B25u (Fig.
7d and Fig. 7e), the latter was specifically proposed to overcome the lack of sensitivity of
the B19 index to high porosity and the Total Organic Carbon (Pan et al., 2020), but here is
considered an improvement of the B25 for its fit. Despite this, in the low porosities presented
in the interval evaluated, the B19 demonstrated similar performance (with the exception of
the negative relationship to the TOC) to the B25u. In a wide interval, i.e., covering more than
one lithology type in several formations, the selection of the minimum and maximum values
of the index for normalization can have a drastic impact on the results of the indexes, as it
was seen in Pefia (2022b), where the indication of the B25n brittleness in potential pay-
zones was negligible whereas other indexes indicated target zones.

In Pefia (2022b), it was established that to get a better evaluation of intervals for
stimulation, more criteria additional to Brittleness should be added to improve the results.
These may be the in-situ stresses, other rock mechanics variables such as Unconfined
Compressed Strength and Tensile Strength, as well as Fracture Toughness, and the pre-
identification of pay-zones under different cut-offs (Jin et al., 2015; Pefia, 2022b).

5. Conclusions

The conclusions reached using the workflow described in the methodology section of
this work are the following:

The selection of a Brittleness Index in order to evaluate an unconventional play has
to be done with care, considering the following: data available, the quality of the data, and
the supporting methods in order to identify sweep-spots. There is some brittleness like B25n
and B25u designed to perform better in specific conditions rather than other more general,
like the B19.

The B13n index, as defined in this work, is the Index with the least performance and
is not recommended when evaluating an unconventional play considering TOC, porosity,
fluid saturation, and mineralogy.

The B22n is a good indicator of brittleness in terms of mineralogy and TOC, but it
cannot be linked necessarily to the sweet-spots in unconventional resources as there has
to be a positive relation of the WQFM and WCAR fraction to the TOC percentage, a condition
that is not always present. Besides, the relation with respect to the Porosity is not consistent,
and in regard to the gas saturation, there is a positive relation, but it is inconveniently
Scattered.

The B19 is overall the best indicator of Brittleness for sweet-spots; however, it fails to
account for the presence of TOC in a positive correlation. The porosity and the mineralogy
showed modest but consistent relationships with a positive trend between Brittleness and
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these two parameters. This is the index with the second-best performance in gas sensitivity
and taking into account the apparent lack of precision of B22n, the B19 index may be the
best option related to gas sensitivity in low porosity intervals.

The B25n index is a specialized index designed to account for the porosity, TOC,
mineralogy, and gas saturation and it shows a modest performance about all these
properties. The normalization of the B25n changes the ranges of the index, making it similar
to the one considered here, the updated version B25u, which was done to improve mainly
the sensitivity to high porosities. In relatively low TOC and porosities, the normalized B25n
and the B25u have equal trends, but in different magnitudes, also in low porosities, the
weighted performance of the B25u is better than the B19, because this includes the TOC as
a beneficial property for brittleness.

6. Recommendations

A similar analysis should be done on a well-characterized shale gas interval that may
possess high variation of TOC and porosities as well as fluid saturation, in order to evidence
in more detail, the benefits and pitfalls of the indexes presented here.

When implementing a shale play evaluation, i.e., brittleness index, it is highly
recommendable to use more than one index. This is practically important, even though the
one to be used is designed for such evaluation, the inclusion of other brittleness can give an
estimation of reference. Also, the Brittleness should not be the only property when identifying
sweet-spots, as the variables included may not be totally descriptive of the interval:
properties such as in-situ stress magnitudes and directions, fracture toughness, tensile and
compressive strength may help in this assessment.
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