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ABSTRACT. The fissility is the ability of some rocks to split along relatively smooth surfaces parallel to the bedding.
This property observed mostly in fine-grained rocks is particularly expressed in outcrops, where rocks are subjected to
weathering processes. Most authors associate the fissility to the abundance of clay minerals and their orientation parallel
to the bedding. The horizontal fabric can be promoted by depositional conditions such as sediment composition, quantity
of total organic carbon content (TOC) and depositional mechanisms, giving rise to a primary fissility. Alternatively, the
alignment of platy minerals can be linked to the burial history of the rock, by processes such as mechanical compaction
or secondary mineral growth, resulting in a secondary fissility. The present study aims to identify the main controls of
fissility development at the micro- and macroscopic scale in rocks of the Vaca Muerta Formation exposed in the Cerro
Mulichinco area and in a 121-meter-long core extracted from a well within the Neuquén Basin. In outcrops, fissility is
related to fine-grained laminated facies with low carbonate content, revealing the strong control exerted by lithology.
The TOC measurements allow establishing a positive correlation between organic matter content and fissility intensity.
Moreover, the analysis of the transgressive-regressive cycles shows that fissility is higher around the maximum flooding
surfaces. Regarding their mechanical characteristics, the different interfaces observed in core are classified into first and
second-order, the last one including fissility planes. Some of these interfaces evolve from potential (partially open) to
effective (totally open) discontinuities in response to changes of stress conditions during the core extraction and due to
the stress relaxation through time: weeks (T1), months (T2) and years (T3) after extraction. The time evolution of the
effective core discontinuities points out rock intervals that are variably broken and core segments that remain intact.
The Drying Alcohol Discontinuities (DAD) methodology reveals potential discontinuities within apparently intact core
segments. By using this technique, a 4-class index is established as a proxy for fissility degree. When integrated with
geological, petrophysical and geomechanical data, this index enables characterizing the main mechanisms controlling rock
fissility that express through discontinuities promoting the loss of competence of a rock. Consequently, this mechanical
property is considered to influence the efficiency of hydraulic fracture in shale reservoir completion.
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RESUMEN. Relacion entre fisilidad, composicion, fabrica de la roca y propiedades de reservorio en la Formacion
Vaca Muerta (Cuenca Neuquina, Argentina): del afloramiento al subsuelo. La fisilidad es la capacidad de algunas
rocas de partirse a lo largo de superficies suaves paralelas a la estratificacion. Es una propiedad observada principalmente
en rocas de grano fino, particularmente en afloramiento, donde las mismas se encuentran sujetas al intemperismo. La
mayoria de los autores asocian la fisilidad con la abundancia de minerales arcillosos y su orientacion paralela a la
estratificacion. La fabrica horizontal puede ser generada por condiciones depositacionales tales como la composicion
del sedimento, el contenido de carbono organico total (COT) y mecanismo de depositacion, dando lugar a una fisilidad
primaria. Alternativamente, el alineamiento de minerales laminares puede relacionarse a la historia de soterramiento, por
procesos tales como la compactacion mecanica o el crecimiento de minerales secundarios, resultando en una fisilidad
secundaria. El presente estudio tiene por objeto identificar los principales controles en el desarrollo de la fisilidad a una
escala micro- y macroscopica en la Formacion Vaca Muerta, expuesta en el area del Cerro Mulichinco y en una corona
de 121 m de longitud extraida de un pozo ubicado en la Cuenca Neuquina. En superficie la fisilidad se asocia a facies
de grano fino con bajo contenido de carbonato de calcio, revelando un fuerte control litologico. Los valores de COT
muestran una correlacion positiva entre la riqueza de materia organica y la intensidad de la fisilidad. Analizando los
ciclos transgresivo-regresivos, se observa que la fisilidad es maxima cerca de las superficies de maxima inundacion.
Basadas en sus caracteristicas mecanicas, las interfaces naturales encontradas en la corona se clasifican en interfaces de
primer y segundo orden, siendo la fisilidad integrante de esta tlltima clase. Parte de estas interfaces naturales evolucionan
de discontinuidades potenciales (parcialmente abiertas) a efectivas (totalmente abiertas), en respuesta a cambios en las
condiciones de estrés durante la extraccion de la corona y por descompresion a lo largo del tiempo: semanas (T1), meses
(T2) y afios (T3) luego de su extraccion. La evolucion de la integridad fisica de la corona a lo largo del tiempo permite
reconocer intervalos de roca que tienden a romperse de manera variable y otros segmentos que permanecen intactos
y analizar la evolucion de las discontinuidades efectivas. La metodologia de Discontinuidades al Secado del Alcohol
(DAD, por sus iniciales en inglés) permite revelar las discontinuidades potenciales dentro de los segmentos aparentemente
intactos de roca, dando origen a un indice de 4 clases que funciona como un proxy del grado de fisilidad de la roca.
Estos resultados se integran con datos geologicos, petrofisicos y geomecanicos a fin de caracterizar los mecanismos que
controlan la fisilidad. La fisilidad se expresa como discontinuidades promoviendo la pérdida de integridad de la roca.
En consecuencia, esta propiedad mecanica debe influir en la eficiencia del fracturamiento hidraulico de un reservorio
no convencional de tipo shale.

Palabras clave: Fisilidad, Formacion Vaca Muerta, Discontinuidad, Heterogeneidad, Cuenca Neuquina, Argentina.

1. Introduction

Over the last decade, the prolific organic-rich
mudstone of the Vaca Muerta Formation has become the
main source of unconventional hydrocarbon production
in Argentina. It represents the first unconventional
self-sourced reservoir that produces “shale gas” and
“shale oil” with satisfactory commercial results outside
North America (Minisini ef al., 2020). The reservoir
consists of fine-grained siliciclastic and carbonate
rich marine deposits commonly characterized by
milimeter-to-centimeter thick laminations. This latter
is expressed as an evident bed parallel anisotropy
in subsurface and could constitute fissility planes at
outcrops. Fissility is the ability of fine-grained rocks
to split into slightly uneven flakes, thin chips and
wedge-like fragments approximately parallel to the
bedding (Lewis, 1924; Ingram, 1953; Pettijohn, 1975,
Bates and Jackson, 1987; Sintubin, 1994; Potter et
al.,2005). Lewis (1924) referred to this property as
a structural characteristic and Ingram (1953) stated
that it is more conspicuous on weathered surfaces.

The primary cause of fissility has been attributed to
a variety of factors and its origin is still in debate.
Fissility has been largely described at different
scales in numerous mudstone outcrops. Some authors
proposed that this rock anisotropy derives from
mineralogical variation and textural complexity
(O’Brien and Slatt, 1990; Slatt, 2011; Ilgen et al.,
2017), associated with the diverse sedimentary
and diagenetic processes involved in their genesis
such as the depositional mechanisms, composition
and amount of sedimentary input, redox condition,
among many others (Bennett et al., 1991; Potter
et al., 2005; Rezaee et al., 2015). Nevertheless,
studies analyzing this property in subsurface and
their link with the petrophysical properties and the
geomechanical behavior of mudstones are scarce.
The stratigraphy of the Vaca Muerta Formation
is mainly conformed by mudstones (>85%). The
remaining rocks, such as carbonate concretions and
tuffs, characterized by a strong rheological contrast
with the surrounding mudrock are considered as first
order heterogeneities (1 to 6 in Fig. 1). Second order
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FIG. 1. Classification and nomenclature of the natural mechanical interfaces (black lines) described along the core of well A. All rock
volumes/intervals other than mudstones are considered heterogeneities, from meter to millimeter scales. This also includes
filled natural fractures: mainly those bed-parallel fractures (BPF or “beefs”) and other such as tectonically related oblique
fractures. All boundaries between two rock bodies with contrasting mechanical properties (first-order) and all planes that act
as mechanical interfaces by themselves (second-order) are considered as natural mechanical interfaces.

mechanical interfaces correspond to the interface
itself that generates a local mechanical contrast within
a rock presenting the same mechanical properties
such as compacted fossils (or their imprint) and
fissility planes (7 and 8, respectively in Fig.1). Both
heterogeneities and interfaces manifest along a wide
range of scales, from outcrop observations, cores,
laboratory tests, as far as to the scale of nanometers
(Tlgen et al., 2017). These natural interfaces may evolve
as an effective discontinuity that splits the rock, or
a potential discontinuity within a rock that has not
been entirely broken yet. Artificial discontinuities,
such as cuts and induced fractures developed during
core extraction and preservation are removed from
this analysis.

Discontinuity and heterogeneity studies in the
Vaca Muerta Formation at different scales have been
published by Sagasti ez al. (2014), Stinco and Barredo
(2014), Ortiz et al. (2016), Gonzalez Tomassini
et al. (2017), Boitnott et al. (2018), Casala et al.
(2019). However, few studies address the role of the
fissility planes in mudstones, the main rock type of

Vaca Muerta Formation. King (2010), Walton and
McLennan (2013) among others, report that several
production anomalies in self-sourced reservoirs are
associated with discontinuities and natural fractures,
suggesting that these features influence the efficiency
of hydraulic fracturing. Vernik and Milovac (2011)
propose that bedding-subparallel microcracks may
develop in subsurface in overpressured shales. The
presence of fissility planes may generate a mechanical
decoupling between adjacent blocks, affecting fracture
propagation and dissipating additional energy or,
conversely, fissility planes may enhance the volume
of connected pores by the fracturing process.

This work aims to identify and characterize the
main fissility-development controlling factors in
the Vaca Muerta Formation mudstones. A synthesis
of the current knowledge on fissility in mudrocks,
together with the anisotropic mechanical properties,
is presented. In the literature, there is a common
agreement that fissility in fine-grained rocks only
becomes apparent at surface outcrops and is not
always evident in fresh core samples (e.g., Lundegard
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and Samuels, 1980). Depending on the in-situ local
state of stress, the rate of core recovery may induce
horizontal fractures (Xing et al., 2020). This process
defined as core disking (Jaeger and Cook, 1963) occurs
in places where mechanical flaws are present. The
fissility appears to be time-dependent, arising as a
response to weathering (Ingram, 1953; Lundegard and
Samuels, 1980; Hurst, 1987). Dewhurst et al. (2011)
showed that recovery of shale cores from depth causes
microfracturing and gaseous exsolution from pore
fluids that enhance the anisotropy in the shale fabric.
For this reason, the study of well-developed fissility
in outcrops exposures, where this property develops
clearly, is fundamental. Nevertheless, as the main
objective is to understand how fissility affects Vaca
Muerta Formation mudstones as an unconventional
shale oil and gas play, the focus of this work is the
study of this property on core samples. We propose
a new methodology to establish a fissility index in
relationship to well log and micro resistivity image
information. The relationship between fissility and
geomechanic rock properties highlights their influence
in rock anisotropy.

2. State of the art on mudrock fissility

There are two main contrasting ideas to explain
the development of fissility in fine-grained rocks.
Most authors (e.g., Ingram, 1953; Gipson, 1965;
O’Brien, 1970; O’Brien and Slatt, 1990) argue that
fissility is the result of parallel arrangement of platy
mineral grains. In contrast, other studies (Pirsson,
1920; Spears, 1976; Curtis ef al., 1980) indicate that
in some mudstones, particles’ parallel orientation is
overestimated, whereas lamination and/or stratification
are key in fissility development.

Numerous factors can be involved in fissility
development (Table 1). These are separated into
(i) those processes or conditions governing at the
moment of sediment deposition, linked with the
sedimentary environment, such as the depositional
mechanisms and sediment composition, and
(ii) those developed after mud deposition, such as
bioturbation, and during diagenesis such as mechanical
compaction, mineral alteration and secondary
minerals growth. According to Lewis (1924) in the
first case, the fissility would be primary (associated

TABLE 1. CLASSIFICATION OF THE DIFFERENT CONTROLLING FACTORS PROPOSED FOR FISSILITY

DEVELOPMENT IN THE LITERATURE.

Fissility type

Controlling factors for fissility development

Authors

Floculation
Depositional mechanism

Individual particle settling

Geikie (1903); Mohr (1932); Kerr (1937); Keller (1946);
Krumbein (1947); O'Brien (1970)

Equidimensional minerals

Sediment composition

Primary fissility Platy minerals

Lewis (1924); Peterson (1944); Grim and Cuthbert
(1945); Ailing (1945); Keller (1946); Campbell (1946);
Ingram (1953); Hurst (1987); Day-Stirrat et al. (2010);
Fawad et al. (2010); Day-Stirrat ef al. (2011); Cripps
and Czerewko (2017)

Lamination

Pirsson (1920); Spears (1976); Curtis et al. (1980)

Disorientation
Weak currents
Orientation

Lewis (1924); Weller (1930); Keller (1946)

Bioturbation

Byers (1974); Potter et al. (2005)

Mechanical compaction

Secondary
fissility

Grabau (1913); Lewis (1924); Pettijohn (1949);
O’Brien (1970); O’Brien and Saltt (1990); Lash and
Blood (2004); Fawad et al. (2010); Crispps and
Czerewko (2017)

Pervasive mineral growth in

. random directions
Secondary mineral growth

Illite-smectite transformation

Lewis (1924); Keller (1946); Twenhofel (1939); Payne
(1942); Ingram (1953); Pettijohn (1949); Ho et al.
(1999); Carpentier et al. (2003); Day-Stirrat et al.
(2010)

NN YNNIV

Primary fissility includes all the conditions and processes involved at the sediment deposition time, while secondary fissility is governed

by the processes occurring after sedimentation.



Martin et al. / Andean Geology 49 (3): 345-381, 2022

with depositional factors), whereas in the second
case, the fissility would be secondary (associated
with post-depositional processes).

2.1. Primary fissility

Several studies (White, 1961; Van Olphen, 1963;
O’Brien, 1970, Table 1) suggest that fissility is
favored by the settling of individual platy minerals,
parallel to the bedding, while flocculation generates
random orientation of clay with poor or no fissility
development. The main parameters that promote
flocculation, are the type of salt and its concentration
(White, 1961), clay content (Rosenqvist, 1966;
O’Brien, 1970), absence of organic matter (Van
Olphen, 1963; O’Brien, 1970), iron oxides (Peterson,
1944; Ingram, 1953) and stream load (White, 1961).

Grain size and mineral composition affect the
development of fissility. In general, the silt content
is directly related to the random arrangement of clay
minerals (Ho et al., 1999; Olarte and Ruge, 2020).
Day-Stirrat ef al. (2010) showed that illite-smectite
bedding-parallel orientation is inversely proportional
to the whole-rock quartz content. Experimentally
compressed clay-silt mixtures (Fawad ef al., 2010)
show that (i) clay mineral alignment increases with
the amount of clay and the effective stress and (ii) the
alignment of the Illite-smectite fabric is systematically
higher than that of kaolinite. Several authors state that
organic matter promotes the generation of a parallel
clay particles arrangement (Ingram, 1953; Odom,
1967; Hurst, 1987; Cripps and Czerewko, 2017).

In some fine-grained rocks the mineral segregation
into thin laminae appears to be the main factor
that controls fissility development (Spears, 1976;
Curtis et al., 1980). However, the depositional
and diagenetic conditions necessary to form and
preserve laminations (e.g., absence of bioturbation
or pervasive equidimensional secondary minerals
growth), enhance the generation of a horizontal-
oriented clay fabric parallel to the bedding (Pettijohn,
1975). The preservation of the lamination implies
the lack of bioturbation and/or physical reworking
(Spears, 1976), suggesting an indirect relationship
between lamination and well-oriented fabrics.

Some authors propose that weak currents modify
the clay fabric while the sediments are still in
contact with the water (O’Brien and Slatt, 1990).
Weller (1930) proposes that the random orientation
of clay minerals is generated by the stirring wave
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action. Keller (1946) and O’Brien and Slatt (1990)
also suggest that weak currents could reorient platy
minerals and promote well-oriented fabric.

2.2. Secondary fissility

Byers (1974) addresses the relationship between
the absence of bioturbation and rock fissility,
suggesting an early origin dependent on the first stages
of mud deposition. In agreement, Sintubin (1994)
suggests that stable clay fabrics develop in the early
stages of diagenesis, remaining unchanged during
the subsequent burial history. Potter et al. (2005)
established relationships between dissolved oxygen,
benthic organisms, sedimentary structures, color,
organic matter and pyrite content. Pyrite, commonly
present in mudrocks, is formed by the interaction
between reactive iron and H_S after bacterial sulfate
reduction in anoxic water column or in sediment
pore waters (Berner and Raiswell, 1983). When the
redox front is above the water-sediment interface,
the resulting mudstone is a well-laminated, dark in
color, organic matter rich, commonly with pyrite
and scarce bioturbation. On the contrary, when the
redox front is below the water-sediment interface,
the bioturbation caused by benthic fauna promotes
the generation of lighter colored mudstones, with
low organic matter content in which the original
fabric of the rock has been destroyed.

Mechanical rearrangement during early stages of
compaction is one of the main controls on fine-grained
fabrics (cf. O’Brien, 1970; Lash and Blood, 2004;
Fawad et al., 2010; Cripps and Czerewko, 2017).
This process flattens soft particles promoting the
collapse and dewatering of floccules, thus producing
arotation and reorientation of the laminar constituents
parallel to the bedding.

Growth of secondary phyllosilicates under load
have been proposed to explain fissility (Lewis, 1924;
Twenhofel, 1936, 1939; Payne, 1942; Pettijohn, 1975).
Secondary minerals tend to grow in the direction
of minimum stress, commonly parallel to bedding.
The smectite-illite transformation, that develops at
a narrow range of temperatures, may increase the
fabric intensity by a reorientation of phyllosilicates
(Ho et al., 1999; Charpentier et al., 2003; Day-Stirrat
et al., 2010). However, other diagenetic minerals
grow in random directions generating massive rocks,
typically carbonates or clay minerals growing in clay
gels (Keller, 1946; Ingram, 1953).
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3. Geological setting
3.1. Neuquén Basin

The Neuquén Basin (Fig. 2A) extends over
an area of approximately 120,000 km? in west-
central Argentina (Yrigoyen, 1991) and presents
a characteristic triangular shape (Legarreta and
Gulisano, 1989; Howell et al., 2005; Ramos et al.,
2020). The sedimentary sequence is ~7,000 m thick,
comprising continental and marine rocks of Late
Triassic to Paleogene age.

The origin of the Neuquén Basin is associated with
the evolution of the western margin of Gondwana
during Late Paleozoic to Early Mesozoic (Uliana and
Biddle, 1988; Uliana and Legarreta, 1993; Mpodozis
and Kay, 1990; Vergani et al., 1995; Mosquera et al.,
2011). Its evolution can be divided into three stages
(Fig. 3). The first one corresponds to a Late Triassic-
Early Jurassic rifting, in which a series of narrow
isolated depocenters developed and were infilled
mainly with continental volcanic red-bed facies
(Fig. 3A; Manceda and Figueroa, 1993; Vergani et
al., 1995; Giambiagi et al., 2008). The rifting stage
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FIG. 2. A. Location of the Neuquén Basin (Argentina), well A (red star) and Vaca Muerta Formation outcrops (SR: Sierra de Reyes;
PC: Puerta Curaco; RH: Rahueco; CM: Cerro Mulichinco; CS: Cordon del Salado; VM: Sierra de la Vaca Muerta; PL: Picin
Leufu). Colored lines represent the shelf-breaks of the Vaca Muerta-Quintuco system. Modified from Dominguez ez al. (2017),
using the main seismic horizon nomenclature according to Desjardins et al. (2016). A-A’: northwest seismic section analyzed
by Dominguez et al., 2016. B. Subdivision of Vaca Muerta Formation: T1 to TS are seismostratigraphic 1 horizons regionally
defined (Desjardins et al., 2016) correlated to well A, subdividing the shale play into 2 principal units (Unit 1: Lower Vaca
Muerta; Unit 2: Upper Vaca Muerta) and 4 subunits (Ula, Ulb, U2a and U2b) based on well logs response. Blue and red
triangles represent the transgressive-regressive cycles. Black vertical bar: cored interval. GR: gamma ray log; DT: sonic log;
RT10: resistivity log. C. Seismic section A-A’ displaying the location of the surfaces defined by Desjardins ez al. (2016) and
the extension of the studied core (in red). Modified from Sattler et al. (2016).
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FIG. 3. General stratigraphic chart showing main stages of Neuquén Basin evolution (A-C) and the studied interval (gray arrow).
Modified from Howell et al. (2005) and Marchal et al. (2020).

was followed by a widespread thermal subsidence
accompanied by the development of an Early Jurassic
to Early Cretaceous back-arc basin (Fig. 3B; Vergani
etal., 1995). In this period the Neuquén embayment
consisted in a partially closed basin, limited to the
west by a low-topography volcanic arc, connected
to the Paleopacific Ocean only through few narrow
marine passages (Spalletti ez al., 2000; Macdonald
et al., 2003; Howell et al., 2005). The sedimentary
deposits resulted from the combination of eustatic
oscillations, subsidence rate variations and tectonic
movements that allowed the accumulation of thick
sedimentary deposits, including evaporite sequences

and non-marine clastic sediments, frequently under
fast marine flooding events (Legarreta and Uliana,
1991; Legarreta, 2002; Legarreta and Villar, 2015).
From Late Cretaceous to Cenozoic, the tectonic
regime became compressive, leading to the uplift of
the foreland thrust belt, although extensional events
had been recorded (Fig. 3C; Ramos and Folguera,
2005; Ramos, 2010; Legarreta and Uliana, 1991;
Ramos, 1999). During this last period, over 2,000 m
of continental syn-orogenic sediments were deposited
due to flexural subsidence towards the east of the
tectonic front (Legarreta and Uliana, 1991; Ramos,
1999).
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3.2. Vaca Muerta Formation

The Vaca Muerta Formation (Weaver, 1931) is
part of the sedimentary infill of the Neuquén basin. It
corresponds to the most distal facies of Lower Mendoza
Group Mesosequence (Legarreta and Gulisano, 1989:
Fig. 3), developed by a rapid and widespread marine
transgression from the Paleopacific Ocean during
early Titonian-early Valanginian (Mutti et al., 1994).
It is mainly composed of dark bituminous and
calcareous mudstones and limestones (Legarreta
and Uliana, 1991, 1996; Kietzmann et al., 2008,
2014) deposited in a mixed siliciclastic-carbonate
ramp environment favorable for the accumulation
of organic matter type I/Il (Legarreta and Villar,
2012). The Vaca Muerta Formation lies over the
Tordillo Formation or the Lotena Group (towards
the north of the basin) or even directly on top of
the Cuyo Group towards the south of the basin
(Garcia et al., 2013). The Vaca Muerta Formation
grades eastward into shoreface deposits (Quintuco
Formation) and sabkha deposits (Loma Montosa
Formation, Mitchum and Uliana, 1985; Gulisano et
al., 1984; Carozzi et al., 1993; Krim ef al., 2017).
The top of the Vaca Muerta Formation is diachronous
and becomes younger towards the northwest of the
basin (Legarreta and Gulisano, 1989; Lazzari et al.,
2015; Krim et al., 2017).

The studied outcrop is at Cerro Mulichinco
area, ~20 km northeast of Loncopué, about 270 km
NW of Neuquén city (CM in Fig. 2A). This area,
belonging to the Loncopué Through, corresponds
to the thickest stratigraphy (~1,100 m) of the
Vaca Muerta Formation, where the base and roof
contacts with the Tordillo and Quintuco formations
are respectively exposed (Fig. 4). In this locality
the Vaca Muerta Formation is composed of dark
laminated and massive fossiliferous claystones and
siltstones with calcareous mudstone intercalations.
Bedding parallel fractures filled with fibrous calcite,
commonly referred to as ‘beefs’ or ‘bedding parallel
fractures (BPF)’, are up to 5 cm thick (Rodrigues
et al., 2009; Ukar et al., 2017, 2020). Layers with
carbonate concretions are conspicuous, displaying
spherical or ellipsoidal forms that vary from 5 to
70 cm length along their major axis (exceptionally
reaching 1 m, Otharan et al., 2020; Rodriguez Blanco
etal., 2022). Friable volcaniclastic levels are frequent
towards the bottom of the Formation, commonly
orange in color due to pervasive ferric oxides and

clay content, frequently referred to as bentonites
(Lejay et al., 2017; Minisini, 2017).

The studied well A is located within the
morphostructural region of the embayment of the
Neuquén Basin (Fig. 2). The Vaca Muerta Formation
in this region is in the oil window and is composed of
fine-grained sediments (mainly calcareous mudstone)
deposited in a basin-external ramp environment. The
studied stratigraphic interval includes rocks from
the middle and lower part of unit 2 (between TS
and T3 seismostratigraphic horizons, according to
Desjardins et al., 2016; Fig. 2B) and the upper part
of unit 1 (between T3 and T1 in Fig. 2B) defined by
Sattler et al. (2016). Unit 2 includes two intervals:
U2b, known informally in the industry as ‘Organico
superior’ one of the main targets in the basin center,
and U2b, named as ‘Organico inferior’ between
T4 and T3 surfaces. Unit 1 is subdivided into Ulb,
informally denominated as ‘Parrilla’ between T3 and
T2, and Ula known as the ‘Cocina’, an important
target included between T2 and T1 (see Fig. 2B).

4. Materials and methods
4.1. Outcrop

In a first field campaign, a general sedimentary
section of the Vaca Muerta Formation was elaborated
at the locality of Arroyo Mulichinco (east side of the
Cerro Mulichinco area, Zavala ef al., 2015; Otharan
et al., 2020) (Fig. 4). This section was studied
sistematically with 1 Kg rock samples every meter
obtaining more than 350 specimens. A subsequent
field campaign focussed on mudstones fissility and
concentrated on the lower 500 m of the column. The
mudstones were classified visually into five fissility
classes (following O’Brien, 1970) depending on how
they fracture when broken. The first one represents
a well-developed fissile mudstone that splits into
very thin slabs with smooth surfaces parallel to
the bedding whereas the fifth class corresponds to
massive rocks. Mudstones with moderate to poor
fissility split into thicker slabs with undulatory
fracture surfaces.

The fissility degree from each sample was
quantified by measuring the fragments width with
a digital caliper. All samples were analyzed by Total
Organic Carbon (TOC) content and a petrographic
description was carried out, for the different fissility
classes, to characterize their composition and fabric.
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In a well-exposed outcrop with contrasted rock
fissility intervals, a detailed 6 m long profile was
elaborated, measuring the fissility density every 5 cm
(Fig. 4). The carbonatic and siliciclastic facies were
described considering lithology, sedimentary structures
and bedding geometry. A two letter facies code was
used: the first one represents lithology and the second
one sedimentary structures or fabrics. Sedimentary
environments subdivisions follow Burchette and
Wright (1992). Sedimentological interpretations and
thin section descriptions of samples were used to
establish the relationships between sedimentological
processes and fissility development.

4.2. Subsurface datasets

The analysis of the subsurface information was
performed on a 121 m long core from well A, located
at the center of the Neuquén Basin (Fig. 2).

The study describes all effective and potential
discontinuities. Effective discontinuities are those
that split the rock into different pieces, while the
potential ones do not separate the core into distinct
blocks (Fig. 1) at the time of the different measurement
and description.

Effective discontinuity planes distribution was
recorded at three different times (from core extraction
to present). The initial state at time T1 corresponds
to the effective discontinuity planes expressed after
seven weeks of core extraction and transportation.
Core state at time T2 comprises the additional
effective discontinuity planes developed after the
slabbing and description of the core, approximately
fourteen months after core extraction. Lastly, time
T3 corresponds to the distribution of the effective
discontinuity planes after five years of core storage.
The comparison of effective discontinuity frequency
at the three different times allowed the recognition
of intervals that tend to break over time and core
intervals that remain unbroken.

A new methodology is presented to estimate
the potential fissility grade of rock in a core, based
on the observation of evaporation on core surfaces
sprayed with alcohol. This procedure highlights small
discontinuities within the apparently intact rock. The
fluid tends to concentrate within the rock discontinuities
(many imperceptible to the naked eye), thus during
evaporation process they are the last to dry (Fig. 5A).
Those discontinuities exhibit a variable frequency
along the interval and are considered as potential

fissility planes. To classify the rock intervals as a
function of the mean discontinuity spacing, 262 photos
were taken and used to elaborate a semi-quantitative
frequency scale. All photos were taken with a tripod,
at 30 cm from the camera and 15 seconds after the
sample was sprayed with alcohol. The pictures were
subsequently classified according to the potential
discontinuities spacing into 4 classes that define a
Drying Alcohol Discontinuities (DAD) index as a
proxy for fissility tendency (Fig. 5B). The first class
corresponds to the maximum fissility and the fourth
class to a massive rock. Thin sections, X-ray diffraction
(XRD), calcimetry and total organic carbon (TOC)
measurements, together with X-ray fluorescence (FRX)
measurements allow the geochemical, mineralogical
and fabric characterization of each DAD index class.
The DAD index is finally upscaled using a sample
rate of 0.1 m for correlation to well logs.

The microresistivity logs are processed in
conjunction with the fissility data, in which two
parameters were evaluated: (i) the lamination
density obtained from the customized and controlled
automatic dip picking, at a sample rate of 0.1 m, and
(ii) a mean resistivity obtained from the averaged
pads calibrated with the shallow resistivity log that
provided a higher resolution porosity log. This curve
is calibrated with other porosity logs and subsequently
compared with the DAD index.

The study of the fissility property on the electric
logs is based on a supervised classification that
generates four electrofacies to reproduce the DAD
clases along the well. An electrofacies is defined as
the set of log responses which characterizes a rock
interval and permits it to be distinguished from the
others (Doveton, 1994). This methodology consists
in providing to the software the input information (in
this case the DAD index) in order to build a model
where each electrofacies corresponds to a DAD
class. By using the Facimage analysis tool from
Geolog™ Formation Evaluation software (based on
Multi-Resolution Graph-based Clustering: MRGC)
numerous combinations of well logs were run to
reproduce the DAD index along the cored interval.
The best combination obtained from this classification
consists of gamma ray and photoelectric absorption
factor that represents lithology, shallow resistivity
that includes texture information and compressional
slowness as a proxy of geomechanical properties.

The relationship between the mechanical
behavior of the fissility classes was established by
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FIG. 5. Drying Alcohol Discontinuities (DAD) method for fissility planes identification in well A core. A. Drying sequence on a slabbed
and polished core showing several discontinuities along time. Optimum time to estimate the higher density of discontinuities
is 15 seconds after spraying. B. The 4 DAD classes defined by the spacing (s) between potential discontinuities revealed by

the alcohol drying.

correlation with geomechanic laboratory testing. The
rock mechanic data includes uniaxial compressive
strength (UCS), multistress compressive testing and
elastic parameters, as Young modulus, Poisson ratio
and static and dynamic shear modulus.

5. Results
5.1. Outcrop study

Following Kietzmann et al. (2021), nine
lithofacies representing sedimentary processes were
grouped into four facies associations, corresponding
to subenvironments representing different energy
sedimentary conditions (Fig. 6):

Facies association F1: poorly laminated medium
gray mudstones (Mn) with a characteristic nodular
texture (Fig. 6A). The beds are tabular with sharp
and planar contacts. Occasional orange patches
are observed, probably corresponding to ferric
oxides and hydroxides.

Facies association F2: alternation of laminated
dark gray mudstones (Ml) and laminated
wackestones (W1), normally under 5 centimeters
thick (Fig. 6B). Subordinated centimeter thick
tuffs (Tm/1) and laminated calcareous mudstones
(Mcl) also occur.

Facies association F3: dominated by wackestones
usually laminated (W) and laminated calcareous
mudstones (Mcl). Occasionally occur centimetric
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beds of laminated packstones (Pl) and hummocky
cross-stratified packstones (Phcs) and scarce fine
sand levels with poor horizontal lamination (Sh).
The biodiversity observed in these rocks is low,
mainly radiolarians, scarce foraminifers and
indeterminate fragments of bivalves. Towards
the top are ammonoids lying parallel to bedding.
Intercalations of orange volcanic levels are
common, pervasively altered to clays and ferric
oxides that hinders the identification of their
original structure, although horizontal lamination
can be locally determined. These facies commonly
include levels rich in carbonate concretions that
vary from 15 to and 30 cm long (Fig. 6C).

» Facies association F4: massive packstones (Pm),
hummocky cross-stratification (Phcs, Fig. 6D)
and laminated calcareous mudstones (Mrl). This
facies association includes the thickest volcanic
levels of approximately 15 cm. The beds are
tabular, approximately 20 cm thick, with sharp
planar bases and tops. The carbonate concretions
levels of larger diameter are associated with the
packstones lithofacies, displaying up to 50 cm
thick beds (Fig. 6B).

Figure 6E synthetizes the different lithofacies
present in this section, discriminated between low
and high-energy facies. The low energy lithofacies
represent sedimentation in fair-weather conditions,
dominated by settling of fine-grained suspended
material. On the contrary, high-energy lithofacies
suggest a deposition dominated by tractive flows,
associated with storm events that result in hummocky
cross-stratification. Vertical arrangement of these
facies allows the recognition of small fluctuations
in water depth and environmental energy. These
small variations can be assimilated to high frequency
transgressive-regressive cycles (Fig. 7) in an outer
to mid ramp environment (Kietzmann et al., 2016).

The 4 different facies associations are all interpreted
to be deposited in a poorly oxygenated outer ramp
below the storm wave base: facies association 1 and 2
are more distal (with facies association 1 slightly
deeper than facies association 2) than facies association
3 and 4, which are close to the storm wave base.

The fissility classification of the Cerro Mulichinco
rock samples is shown in figure 8, together with a picture
illustrating their fabric and their respective petrographic
interpretation. In general, massive mudstones without
fissility are also massive under the microscope or
might have a poorly defined lamination. Their fractures
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are usually conchoidal, discontinuous and with a
random orientation with respect to the bedding. In
contrast, high fissility rocks under microscope show
platy particles (minerals, bioclasts, organic matter)
oriented parallel to the bedding, frequently showing
higher fissility when their components are discretized
in layers. Their well-developed fissility planes are
straight, smooth and fine-spaced.

The visual classification of the samples displays
a good correlation between fissility and the average
width of the fragments as well as with their TOC
values (Fig. 9). The more fissile the sample, the
thinner their fragments and higher their TOC. Almost
all the samples with high fissility (classes 1 and 2)
have a TOC over 4%, whereas the rest of the classes
have a wide range of TOC, except for the massive
samples (class 5) that exhibit TOC under 4%.

5.2. Subsurface data

The analyzed core interval includes mainly
calcareous and mixed mudstones, occasionally
laminated, constituting 75% of the core (Fig. 10).
Around 18% of the rocks are siliciclastic mudstones
that tend to concentrate towards the bottom of the
core. There are minor quantities of carbonate intervals,
mostly associated with microbial precipitation or
diagenetic processes. Subordinated tuffs represent
about 2% of the lithologies.

5.2.1. Core analysis

The study of effective discontinuity planes (EDP)
distribution through time (Fig. 10) was performed
identifying 4 different types (Fig. 1): (i) first-order
interfaces occur at lithologic contacts (carbonate
concretion and tuffs) with the surrounding mudstone
and at bed-parallel fracture borders and (ii) second-
order interfaces correspond to fossil imprints and
fissility planes. Figure 10 displays the evolution of
these discontinuities along the core through time (T1,
T2 and T3). Most of the mapped discontinuities are
fissility planes and their proportion remains almost
constant (55 to 60%) through time. The discontinuities
associated with lithologic contacts represent 17% at
T1, decreasing until 12% at T3. Those discontinuities
associated with bed-parallel fractures show a similar
trend, decreasing from 14% at T1 to 9% at T3.
Discontinuities associated with the presence of fossil
imprints show the opposite tendency, increasing from
14% to 20%.
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FIG 8. Visual fissility classification based on O’Brien (1970) displaying the main characteristics for each class at outcrop and microscope
scales. Note that the spacing between horizontal discontinuities (interpreted as fissility planes) becomes narrower towards the
first class (very well-developed fissility) while the massive samples (class 5, none fissility) lack horizontal discontinuities. The
samples corresponding to the very well developed fissility class present discontinuities that often truncate each other.
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FIG 9. Fissility class characteristics at Arroyo Mulichinco outcrop. A. Average fragment width for each fissility class of O’Brien
(1970). B. TOC content in sedimentary rocks according to fissility class, showing the tendency of high fissility rocks to be

organic richer than massive-ones.

The analysis of the density of EDP through
time shows that they develop preferentially in
high fissility intervals (DAD I or II, Figs. 10 and
11A, T1 to T3). The evolution through time of the
different discontinuity types (Fig. 11B) reveals that
the greatest increment occurs from T1 to T2, where
all types of discontinuities in T2 almost double
and triple the amount of EDP in T1 (increment
factor of 1.9 to 3.8, Fig. 11B). In general, the rate
of generation of EDP at this time is greater for
second order discontinuities (fissility planes and
discontinuities associated with fossils) than for first
order discontinuities (associated with lithologic
contacts and BPF). From T2 to T3 the EDP displays
a growth of approximately 50% (incremental factor

about 1.5), except for the EDP associated to BPF,
with a quantity only about 7% in T3 more than the
previous T2. Finally, the ratio of first order to second
order EDP diminishes through time (Fig. 11C).
In the studied core interval, a strong correlation
between the evolution of the natural discontinuity
density and the DAD fissility index is observed.
The comparison between the 3 frequency curves
(Fig. 10) shows that rocks which tend to break with
high density correspond mainly to the high fissility
classes (DAD I and II), whereas core intervals that
remained mostly unbroken correlate with none or
low fissility classes (DAD III and IV).

Regarding the DAD index and rock properties,
the same relationships are observed in subsurface
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FIG. 10. Relationship between DAD index and well A core information. Transgressive-Regressive (T-R) cycles represented in blue and red
triangles, respectively. Discontinuity plane density at three different times: T1: 7 weeks after core extraction (entire core); T2:
14 months after core extraction (slabbed); T3: 5 years since core extraction (slabbed). First order discontinuities: interfaces at
lithologic contacts (principally mudstones-tuffs and minor quantities of mudstones-carbonate concretion) and interfaces between
bed-parallel fractures (BPF) and their surrounding rocks. Second order discontinuities are associated with fossil imprints and
fissility planes. Depth in meters below ground level (mbgl). Lower rectangle indicates the interval included in figure 13. The
sequencial interpretation and the bioturbation index are based on Otharan (2020) and Otharan et al. (2022).
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samples and in outcrop exposure concerning the
TOC and carbonate contents (Fig. 10). In general,
the rock intervals with higher fissility (DAD I and II)
are fossiliferous siliciclastic mudstones and massive
to poorly laminated siliciclastic mudstones that are
more conspicuous towards the base of the Vaca
Muerta Formation (Fig. 10). Some calcareous and
mixed mudstones correspond also to high fissility

classes. These rocks display high TOC values (>4%)
and low carbonate content (<40%, with an average
around 18%).

The rocks that remain massive (DAD III and
IV) are mainly calcareous and mixed mudstones,
volcaniclastic mudstones, diagenetic calcareous
levels and microbial bindstones (Fig. 10). The
lithofacies 4 and 5 (Fig. 10) univoquely correspond
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to the DAD class IV and display a low TOC average
content (3%), with noticeable variance. As expected,
carbonate content is higher, especially in DAD class
IV rocks, with an average of around 50%.

When present, bed-parallel fractures (BPF or
“beefs”) show a variable relationship with the fissility
index (Fig. 10). Especially towards the upper part
of the core the BPF occurrence is mostly associated
with high fissility mudstones (DAD classes I or II).
Nevertheless, there are some high fissility rocks
where no BPF are visible as well as massive rocks
(DAD classes III or IV) with high frequency of
bed-parallel fractures.

The degree of bioturbation is mapped following
Lazar et al. (2015) scale, where 0 corresponds
to absence of bioturbation and 5 indicates total
bioturbation and was extracted from Otharan (2020)
and Otharan et al. (2022) (Fig. 10). As expected
(Byers, 1974; table 1), a strong correlation between
the medium to high bioturbated mudrocks (>3) with
the massive intervals is observed (DAD IV; Fig. 12).

From a sequence stratigraphy point of view,
the DAD index shows a good correlation with the
transgressive-regressive cycles. Regressive intervals
frequently start with rocks corresponding to DAD
classes I or II, becoming more massive (DAD Il or [V)
towards its end. The opposite occurs at transgressive
sequences, where the rocks begin as low or none
fissile, becoming highly fissile towards the end of the
hemicycle (Fig. 13A). A relationship between the DAD
index and the sequences is clearly established, even at
the parasequence scale (Fig. 13B). Shallowing upward
parasequences commonly start with high fissility
intervals (DAD I or II) and become more massive
towards to its top (DAD IV). The parasequences
displayed at figure 13B are included in a transgressive
sequence; consequently, each parasequence is more
massive with respect to the older one.

XRD analysis, TOC and S1 pyrolysis results for
each DAD class are presented in figure 14. According
to fine-grained rock classification proposed by
Passey et al. (2012), core intervals presenting high
potential fissility are mainly siliceous mudstones
whereas massive (i.e., low fissility) rocks are mainly
calcareous and mixed mudstones (Fig. 14A). A general
characteristic of Vaca Muerta Formation rocks is its
low percentage of clay (e.g., Marchal et al., 2018).
XRD clay analysis shows a slight predominance of
illite-smectite over the illite and kaolinite (Fig. 14B).
The comparison of the XRD results with the DAD
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index shows a clear correlation between low fissility

classes and high carbonate content, no apparent

relationship between fissility degree and clay

content and mineralogy is found (Fig. 14A and B).

In concordance with outcrop observations, the TOC

values show a slight increase towards DAD classes

with a high fissility potential (Fig. 14C). This trend
becomes more conspicuous for the S1 average where
the mode decreases towards the massive rocks

(DAD 1V) (Fig. 14D).

The relationship between DAD index classes
and microscopic microfacies (Fig. 15) highlights
the following trends:

(i) Rocks with high potential fissility (DAD I and II)
correlate with silty and/or peloidal siliciclastic
mudstones and occasionally calcareous bioclastic
and silty mudstones. These microfacies exhibit
the lowest values of carbonate and the highest
percentage of silica, clay and pyrite according
to XRD measurements.

(ii) Low fissility and massive rocks (DAD III and
IV) corresponds to partially calcitized tuffs
and microbial levels and, to a lesser extent,
calcareous silty mudstones. These rocks
display higher values of carbonate content and
lower percentages of silica, clay and pyrite.
Tuffs intensively replaced by carbonates and
bindstones corresponds uniquely to the DAD
class IV. Likewise, calcimetry measurements
exhibit a similar relationship with higher values
for DAD classes I1I and I'V. Figure 16 shows an
example of each DAD classes at both core and
petrographic section with a description of their
discontinuity planes.

Petrographic studies display a relationship between
the matrix and the diagenetic processes that affect the
rock and the DAD index: matrix in rocks that have
high fissility potential are argillaceous or a mixture
between siliceous, argillaceous and carbonatic.
Rocks that tend to remain massive generally have a
calcareous matrix (Fig. 16). Samples with evidence
of matrix recrystallization or dolomitization are
invariably massive (DAD IV).

Analysis of the DAD index regarding principal
petrophysical parameters shows that rock samples
corresponding to high potential fissility present low
density and high porosity and permeability values.
Massive and low fissility samples are characterized
by higher densities and lower values of porosity and
permeability (Fig. 17).
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(in red) for each DAD class.
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FIG 15. Microfacies identified at petrographic thin sections studies from the core samples indicating their average carbonate, silica,
clay and pyrite DRX content and the proportion of DAD classes. Sillty/peloidal mudstones present the highest fissility and are
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are invariably massive and present the maximum carbonate content and the lowest values of silica, clay and pyrite content.

5.2.2. Well logs analysis

Figure 18A shows lamination density plotted
against fissility density where dots are colored
according to their DAD index. High lamination
density rocks correlate with high fissility intervals,
especially the first DAD class. In general, high fissility
DAD classes (I and II) represent a narrow range of
high lamination density values. Rocks with poor or
none fissility (DAD III and IV) show a wide range
of lamination density values reaching the lowest
lamination density intervals, but also can include
highly laminated rocks.

Porosity values compared with the DAD index
(Fig. 18B) shows a positive correlation with fissility
intensity: DAD class [ shows mean porosity of 9.2%
and a markedly unimodal distribution; DAD class
IT and III display lower porosity values (means of
8.3 and 7.6% respectively) and an incipient bimodal
distribution; DAD class IV presents the lowest porosity
values (mean of 7.5%) with a unimodal distribution.

The correlation between the mineralogical
analysis and the DAD index shows key components
related to the depositional environment (e.g., redox
conditions). The dry weight percentage of the iron
(Fig. 14E) and pyrite (Fig. 14F) contents are higher
for fissile rocks (DAD I and II) and decrease towards
the massive intervals (DAD III and IV). Similar trends
appear in the XRD pyrite content. The calcite content
(Fig. 14G) shows an opposite behavior. Comparable

variations in the calcite content are also observed in
outcrop and core.

The synthetic DAD index obtained from the
supervised classification of the electric well logs
reproduces the logged DAD index with a confidence
between 60 and 70 % (Fig. 19A, B). DAD classes
I and II intervals, representing high fissility rocks
display high gamma ray values, narrow range of transit
times and low values of photoelectric absorption
factor and resistivity. In contrast, DAD classes I1II
and IV intervals with poor or no fissility show low
gamma ray responses, wide range of transition
times and high values of photoelectric absorption
factor and resistivity. Analysis of the crossplots in
figure 19C shows that the resistivity log is the most
important parameter to discriminate between all the
DAD classes as it exhibits the widest dispersion.
The shallow resistivity log is used in this model
as a proxy for rock fabric, since it measures small
variations at the first few millimeters of the borehole
wall, similar to image logs (Linek ef al., 2007). This
parameter is key for discrimination between DAD
classes, highlightting the relevance of the textural
control on fissility.

5.2.3. Geomechanical laboratory tests

The results of the geomechanical measurement
tests of rock strength and stiffness show a good
correlation with the DAD index (Fig. 20). Samples
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FIG 16. DAD index displaying a representative example of each DAD class and the characteristics of the horizontal discontinuity

planes interpreted as potential fissility planes. Note that both the average spacing between discontinuities at core sample and
at petrographic thin sections are smaller in the case of DAD class I and II (high fissility intensity). In the case of the sample
corresponding to the DAD class IV no discontinuities are observed. The matrix of low fissility to massive mudstones (DAD=III
and IV) usually are calcareous, while those samples corresponding to high fissility intensity (DAD=I and II) normally exhibit
a clayey, siliceous or mixed matrix.
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FIG 18. Electromagnetic interference image (EMI) analysis. A. Relationship between fissility (points colour according to DAD index),
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points) correlate with high lamination density rocks. B. EMI porosity frequency histogram for each fissility class indicating
their main statistical parameter. High fissility intervals (DAD=I and II) show higher porosity values than low fissility rocks
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with low or no fissility have higher values of Young
and Shear modulus and Poisson ratio than samples
with high fissility (DAD I and II, Fig. 20A-C). The
peak strength measurements performed parallel,
perpendicular and at 45° degrees from bedding
display an increase in strength towards DAD classes
III and IV (Fig. 20D), implying that the rocks with
a high fissility are the weakest.

Geomechanical laboratory measurements display
a significant anisotropy in the studied rocks (Table 1
in Varela et al., 2016), being horizontal plugs (parallel

to the bedding) much stiffer than the vertical ones
(perpendicular to the bedding). The anisotropy
increases with fissility intensity (separation of the
“v” and “h” trend lines, Fig. 20A-C). Both static and
dynamic anisotropy parameters (€ and y, Thomsen,
1986) show that high fissility rocks (DAD=II) are
significantly more anisotropic than massive samples
(DAD=I1V). Even if most DAD class I rocks were
undertested due to the difficulty to sample these
highly fissile rocks, the few results obtained for this
class confirm the general trends (Fig. 20).
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FIG 19. Comparison between synthetic and logged fissility (DAD) indexes in well A. A. Composite log displaying depth (track 1),
measured DAD on the core (track 2), electric logs used in the supervised classification (track 3) and predicted DAD (track 4).
B. Percentual correlation between the recorded DAD index and the DAD index predicted by the model. C. Cross plots of
the electric log responses regarding the fissility (DAD) index. GR: gamma ray; RT10: shallow resistivity; PEF: photoelectric
absorption factor; DT: sonic log. Note that the shallow resistivity (RT10) is the electric log with a wider dispersion among
the crossplots, implying that it constitutes the best factor to discriminate between the DAD classes.
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FIG 20. Geomechanical laboratory tests realized on the core samples: parameter results according to DAD index. A. E, static Young
modulus. B.V, static Poisson ratio. C. G, static Shear modulus. D. Peak strength. E. Static anisotropy parameters. F. Anisotropy
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6. Discussion

At the studied outcrop scale coexist both massive
and fissile mudstones, suggesting inherited control
on the rock response to weathering. This control is
exerted by weakness planes that preexist underground
and have been recognized in well core by the
DAD methodology proposed in the present study.
Numerous factors that depend both on depositional
conditions and diagenetic processes control those
second order discontinuities (Lewis, 1924; Ingram,
1953; O’Brien, 1970; Byers, 1974; Sintubin, 1994;
Cripps and Czerewko, 2017).

6.1. DAD index

First order mechanical interfaces (i.e., strong
mechanical contrasts: contact of mudstones with
concretions, tuffs and bed-parallel fractures) are
weaker (Suarez-Rivera et al., 2016) and less numerous
than second order interfaces (i.e., fossils imprints
and fissility planes) since their relative proportion
decreases from time T1 (31%) to T3 (21%) (Fig. 11B).

Part of these interfaces evolve into effective
discontinuities related to core extraction processes
such as core disking, (Jaeger and Cook, 1963) and
anelastic strain recovery (gradual rock expansion over
time, Blanton, 1983; Warpinski and Teufel, 1989).
Both mechanisms result in discontinuities mostly
parallel to stratification that tend to concentrate at
the high fissility intervals through time (DAD I and
11, Fig. 11A).

The evolution of potential into effective
discontinuity planes (EDP) reveals the fissility in
a subsurface (unmeteorized) rock (Fig. 10). EDP
may develop by manipulation processes (e.g.,
handling, slabbing) as well as decompression
mechanisms through time: from T1 to T2 both
mechanisms are involved whereas from T2 to T3
only the decompression is acting. The contrasting
value of proportional increment between EDP
associated with bed-parallel fractures (BPF) and
the other discontinuities after five years of storage
at atmospheric pressure and temperature (T3) can
be explained by the low mechanical cohesion
between BPF and the surrounding mudstone (Lee
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et al., 2015), which causes those interfaces to split
due to the differential pressure in core handling and
slabbing (T2). Fissility planes are the most abundant
anisotropies throughout the whole core over time,
implying that fissility constitutes the most pervasive
second order interface. The DAD index is a simple and
accessible tool to estimate high fissility intervals in
cored fine-grained rocks where the numerous fissility
planes are not already effective discontinuities. This
index shows a close relationship with mineralogical
composition and organic matter content and texture
characteristics, being the main controlling factors in
fissility development (Fig. 21). Moreover, determining
the fissility degree in unconventional reservoir rocks
is key due to the influence in the mechanical behavior
of the rock (see the following section 6.5).

6.2. Primary fissility controls

O’Brien (1970) stated that solely mudstones
formed by the settling of individual particles could
exhibit a very well-developed fissility, whereas
rocks formed by flocculation only can achieve a low
fissility degree. Clay flocculation may be promoted
by absence or low content of iron oxides (Peterson,
1944; Ingram, 1953) and organic matter (Van Olphen,
1963; O’Brien, 1970). This inference is supported, in
this work, by the slight decreasing trend in the iron
content displayed by the chemical log (Fig. 14E) as

well as the small decreasing trend of the TOC and
the S1 values shown by the pyrolysis result towards
the massive intervals (Fig. 14C and D, respectively).
These observations indicate the slight influence that
flocculation may have on fissility development.

Fine-grained siliciclastic mudstones are prone to
present a well-developed fissility whereas calcareous
and mixed mudstones tend to be more massive.
However, some of the calcareous mudstones develop
good fissility (Figs. 8 and 16). In contrast, tuffs
commonly replaced by carbonate and diagenetic
calcareous levels are unequivocally massive (Figs. 10
and 15), with a DAD index of class I'V. Thus,
carbonate content is an important control on fissility
development (Ingram, 1953). Carbonates present as
bioclastic particles interrupt the parallel arrangement
of platy particles, and, when present in the matrix
as recrystallized micro-sparite and dolomite, the
rocks tend to be massive. These trends are consistent
with XRD and the mineralogical log values that
indicate that massive rock intervals display higher
carbonate content (Fig. 15), defining a relatively
strong correlation between mudstone composition
and fissility intensity (Fig. 21).

Spears, (1976) and Curtis et al. (1980) proposed
that the primary control on fissility is related to the
development of weakness planes at fine lamination
interfaces. In agreement, mudstones with well-
developed fissility and high lamination density
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FIG. 21. Main factors controlling fissility development organized by depositional factors (inducing a primary fissility) and post-depositional
factors (generating a secondary fissility). Based on our observations, the gray scale indicates the relevance that each factor has
in the case of Vaca Muerta Formation rocks. In the case of the primary fissility, the main factors are the abundance of organic
matter and carbonate content, while for the secondary fissility, the main controlling factors are the bioturbation and carbonatic
pervasive diagenesis. Moreover, the environmental conditions and the sequential cycles related to each factor are indicated.
Transgressive-Regressive (T-R) cycles represented in blue and red triangles, respectively.
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are found both in outcrop (Fig. 7) and in well data
(processed microresistivity images, Fig. 18). However,
high lamination density values also occur in massive
and poor fissility intervals, suggesting that it is not a
unique factor. Furthermore, petrographic thin sections
studies of rocks with a high fissility potential show
that fine lamination does not always display horizontal
discontinuity planes at the laminae interface. The effect
of lamination in rocks of the Vaca Muerta Formation
seems to be related to the cohesion between layers.
Hence, the nature of the contacts is an important
aspect to consider, as net contacts would exhibit a
lower cohesion than the gradational contacts.

6.3. Secondary fissility controls

There is a strong correlation between moderate to
high bioturbated rocks and massive intervals (DAD 1V,
Fig. 12). This observation is supported by XRD
analysis where well-developed fissility rocks display
higher pyrite content than their massive counterparts
(Fig. 15). Pyrite is commonly used as an indicator of
reducing conditions (Wilkin ef al., 1997; Wignall et
al., 2005; Zhou and Jiang, 2009), as it is stable only
in suboxic to anoxic environments, where benthic
live and bioturbation is scarce. The destruction of the
syn-depositional structures by bioturbation and the
resulting massiveness suggests that the rock fabric
(and therefore, the subsequent fissility of the rock)
is highly dependent on early stages of sediment
lithification (Byers, 1974).

The role of mechanical compaction of sediments on
fissility development was addressed by petrographic
analyses. The parallel to bedding flattening of soft
peloids (Figs. 8 and 16) does not appear to have a
significant influence on rock fissility, since elongated
peloids are present in massive and fissil mudstones.
Although well A (Fig. 2) does not have information
to evaluate clay fabric changes with depth, there
is vast evidence that shows reorientations of platy
components (clay minerals and organic matter particles)
by mechanical compaction during the initial burial
stages (O’Brien and Slatt, 1990; Sintubin, 1994;
Alpin et al., 2006). O’Brien and Slatt (1990) state
that bedding oriented clay fabric generates during the
first stages of burial, by a combination of overburden
pressure and pore water expulsion, for tens of meters.
Similarly, Sintubin (1994) suggests that a steady
clay fabric develops once the clay particles have
achieved a stable orientation distribution, which is

no longer sensitive to overburden pressure, remaining
unchanged during the subsequent burial history.
Studies on the diagenetic burial history of clay-rich
sediments focus on the illitization of smectite, where
transformation is mainly governed by temperature
(e.g., Pytte, 1989). Original phyllosilicate fabrics
can be preserved to considerable burial depths
(>5,000 m) before diagenesis imparts a preferred
orientation (e.g., Day-Stirrat et al., 2008, 2011). If
fissility is promoted by the parallel arrangement of
platy minerals (e.g., O’Brien and Slatt, 1990) and
illite to smectite transformation favors a well-aligned
phyllosilicates fabric, a high illite content should
indicate a high fissility index (DAD I and II). The lack
of correlation between the clay types and the DAD
index (Fig. 14B) can be attributed to the incomplete
illitization of the smectite at the studied interval of
the core. Therefore, in this case the clay type and
abundance cannot be used to track the fissilty, most
probably related to the overall low clay content of
the Vaca Muerta Formation rocks (Askenazi et al.,
2013; Marchal et al., 2018; Spalletti ef al., 2019).
Bed-parallel fractures (BPF) are late diagenetic
features (Rodrigues et al., 2009), probably associated
with fluid overpressure due to water release and
hydrocarbon genesis within low-permeability source
rocks (e.g., Cosgrove, 1995; Cobbold et al., 2013; Gale
et al., 2014; Ravier et al., 2020). Cerro Mulichinco
outcrops of Vaca Muerta Formation contain one of
the most abundant (~10% of the formation’s volume,
Rodrigues et al., 2009), thickest, and most laterally
continuous BPF in the world (Ukar et al., 2020).
Aditionally, in this site, numerous tectonic (non-bed
parallel) fractures are also present due to the influence
of the Agrio fold-and-thrust belt deformation (Valcarce
et al.,2006). The different fracture analysis existing
at this location do not discriminate bed-parallel
fractures from the rest, therefore an analysis of the
vertical distribution of BPF was not possible. Ukar
et al. (2020) observed that many BPF are localized
at first order interfaces (carbonate concretions
and tuffs-mudstone contact) and some at second-
order interfaces (fossils-mudstone contacts). The
relationship between fissility and BPF occurrence is
variable in the studied core: the upper part of the core
shows a positive correlation between high fissility
and high BPF density, while towards the bottom of
the core the relationship is negative. On the other
hand, the distribution of the BPF in the Vaca Muerta
Formation, both in outcrops (Rodrigues et al., 2009;
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Larmier, 2020; Ravier et al., 2020) and subsurface
(Dominguez et al., 2016; Hernandez-Bilbao, 2016;
Marchal et al., 2016; Martinez et al., 2017; Palacio
et al., 2018), shows an overall positive relationship
with the TOC content, in which the base of the Vaca
Muerta Formation (Ula, Figs. 2 and 9) displays
the highest BPF frequency and the highest TOC
(Fig. 10). Unfortunately, the main part of the basal
unit of Vaca Muerta in well A is not cored (Fig.2). As
shown previously, fissility has a positive correlation
with TOC thus an overall positive correlation with
bed-parallel fractures should be also expected. The
variable correlation between fissility (second-order
interfaces) and BPF (first-order interfaces) found
by the DAD analysis scale could be originated by
the nature of the interfaces. As shown previously
(Fig. 11), first-order interfaces tend to convert in
discontinuities prior to second order. Wang (2016)
reported that about 75% of clear, mechanical interfaces
were associated with BPV development in core.

6.4. Sequence stratigraphy and fissility

Core and detailed outcrop profile analysis show
that high fissility mudrocks in the studied section
of Vaca Muerta Formation, occur within the low
energy environments. Low energy environments
tend to contain more siliciclastic and finer grained
material probably developed in less oxygenated
waters, promoting the preservation (absence of
bioturbation) of primary depositional features in the
sediments and later on fissility development in the
sedimentary rocks. Sequence stratigraphy analysis can
be used for predicting the depositional environment
and the rock fissility potential, as fissility intensity
maintains a close relationship with the energy
environment, at the transgressive-regressive cycles
and at a parasequence scale in outcrop as well as in
core data (Figs. 7 and 13). Fissility intensity is low
in rocks formed at the beginning of the transgressive
intervals, increases towards the maximum flooding
surface and fades away at the end of the regressive
intervals. At the parasequence scale, they usually
begin with high fissility intensity that decreases
towards the top (Fig. 13B). In general, the intervals of
highest fissility develop near the maximum flooding
surface at the peak of the transgressions, where an
enrichment of organic matter occurs associated with
terrigenous and clays inputs, depletion of carbonates
(Kietzmann et al., 2016) and bioturbation absence
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(Almon et al., 2002). According to Almon et al.
(2002) and Kietzmann et al. (2016), an increase of
the carbonate content together with a decrease of
the terrigenous input is observed in the highstand
system tracts of the Vaca Muerta Formation (Fig. 22).
During the regressive periods, the carbonate ramp
progrades towards the basin and the sediment
exportation increases, promoting the dilution and
oxidation of the organic matter (Hedges and Keil,
1995), increasing the proportion of equidimensional
components and the benthonic organism’s activity,
giving rise to massive rocks (Fig. 21).

6.5. Petrophysical quality and geomechanical
behaviour of the Vaca Muerta Formation
sedimentary rocks

The positive correlation between fissility and
porosity/permeability values (Fig. 17) relates with
high organic matter content and large porosity values
due to kerogen maturation (Sone and Zoback, 2013).
Moreover, the slight increase in clay content within
rock intervals with high fissility (Fig. 15) may be
indicative of a relatively high porosity associated
with pore space within clay minerals.

As all shale reservoirs, Vaca Muerta Formation
rocks exhibit vertical transverse isotropy (VTI
rock type: Thomsen, 1986; Ejofodomi et al., 2014;
Varela et al., 2020) where the elastic parameter
changes with the plug orientation with respect to
bedding (i.e., Ramos et al., 2019; Sosa Massaro et
al., 2020), generating a variable anisotropy of the
rocks. The studied rock samples characterized by
high fissility index are more anisotropic than their
massive counterparts (Fig. 20). Elastic anisotropy of
fine-grained rocks is a function of their anisotropic
fabric generated by the preferred orientation of platy
minerals and the anisotropic elastic properties of the
clay minerals (Sone and Zoback, 2013).

The Vaca Muerta Formation rocks with high fissility
index are weaker (low elastic parameters, Fig. 20)
than the massive mudstones due to their components
and fabric. Sone and Zoback (2013) show that, in
mudstones, the static and dynamic elastic parameters
decrease with clay and kerogen content in the rocks
since those are the most compliant constituents.
However, due to sampling difficulties with highly
fissile rocks, there could be a bias related to the low
representation of DAD classes I and II both in the
petrophysical and geomechanical measurements.
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FIG. 22. Relationship between composition and transgressive (blue) -regressive (red) cycles observed at Vaca Muerta Formation. Modified
from Almon ef al. (2002) and Kietzmann et al. (2016). During the last periods of the Transgressive System Tract (TST), near
the maximum flooding surface, the conditions for fissility development are the most favorable (high TOC, high terrigenous
and clay input, low carbonate content and lack of bioturbation). Towards the end of the Highstand System Tracts (HST) the
opposite conditions prompt massive and low fissile rock. Modified from Almon ez al. (2002) and Kietzmann et al. (2016).

7. Conclusions

The present study proposes a new and
straightforward methodology (DAD index) to
estimate the degree of potential fissility of a cored
fine-grained rock. This semi-quantitative methodology
defines four fissility classes that can be predicted by
using electrofacies generated from well logs that are
frequently available in a well log set.

Among the parameters that contribute to fissility
development, the rock composition, particularly
the siliciclastic/carbonate ratio and TOC content,
appear to be the most relevant. In the Vaca Muerta
Formation highly fissile rocks display higher TOC,
lower carbonate content and higher clay minerals
participation than their massive counterparts.
Furthermore, rock lamination can increase the fissility
intensity, although not always the interfaces between
different layers act as effective discontinuitiy planes.

The most favorable environmental conditions for
enhancing rock fissility development in the studied
core interval are associated with the maximum flooding
surfaces, characterized by low carbonate, high clay
minerals content and moderate to high TOC content.

Biologic processes, as bioturbation and variations
of the carbonate content, generate important differences
in the composition and rock fabric. Bindstones can
be either massive or moderately fissil, depending on
the biogenic components and clay participation. The
correlation between massive intervals and highly
bioturbated rocks allowed us to conclude that the
fissility property is conditioned by syn-depositional
and post-depositional processes from a very early
stage of the burial history.

With respect to the petrophysical reservoir
properties of Vaca Muerta Formation, the positive
correlation between fissility and porosity/permeability
values, indicate that high fissility intervals present
a better petrophysical quality than those with none
or poor fissility. These petrophysical properties are
strongly related to the organic matter content. On
the other hand, fissility increases the anisotropy of
the rock, which also becomes more compliant, and
may affect the efficiency of the hydraulic fracture
treatment. The understanding of the generation
mechanisms and the indirect prediction of this property
can be beneficial for enhancing unconventional
hydrocarbon production.
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