
lable at ScienceDirect

Marine and Petroleum Geology 66 (2015) 764e790
Contents lists avai
Marine and Petroleum Geology

journal homepage: www.elsevier .com/locate/marpetgeo
Research paper
Composition of the Lower Cretaceous source rock from the Austral
Basin (Río Mayer Formation, Patagonia, Argentina): Regional
implication for unconventional reservoirs in the Southern Andes

Sebasti�an Richiano a, b, *, Augusto N. Varela a, b, Lucía E. G�omez-Peral a, b,
Abril Cereceda a, b, Daniel G. Poir�e a, b

a Centro de Investigaciones Geol�ogicas, Universidad Nacional de La Plata-CONICET, calle 1Nº 644 (1900) La Plata, Argentina
b C�atedras de Sedimentología y Rocas sedimentarias, Universidad Nacional de La Plata, calle 60 y 122 s/n, La Plata, Argentina
a r t i c l e i n f o

Article history:
Received 8 January 2014
Received in revised form
17 July 2015
Accepted 19 July 2015
Available online 22 July 2015

Keywords:
Clay assemblages
Petrographic analysis
SEM-EDAX
Shale-oil/gas
* Corresponding author. Centro de Investigacion
Nacional de La Plata-CONICET, calle 1Nº 644 (1900) L

E-mail addresses: richiano@cig.museo.unlp.edu.ar
cig.museo.unlp.edu.ar (A.N. Varela), lperal@cig.mus
Peral), acereceda@cig.museo.unlp.edu.ar (A. Cereceda
ar (D.G. Poir�e).

http://dx.doi.org/10.1016/j.marpetgeo.2015.07.018
0264-8172/© 2015 Elsevier Ltd. All rights reserved.
a b s t r a c t

The importance of the Río Mayer Formation (Lower Cretaceous, prodelta to marine outer shelf) in the
hydrocarbon development of the Austral Basin (Patagonia, Argentina) has been recognized by several
authors. This unit plays a key-role as source rock and caprock in the “Inoceramus inferior-Springhill”
petroleum system, the most important in the basin. In this work we demonstrate that the composi-
tion of the Río Mayer Formation highly matches with the requirements to be considered for shale-oil/gas
exploitation. The unit studied mainly consists of laminated black siliciclastic mudtones and shales with
interbedded marlstones and sandstone levels, and in subsurface shows TOC values up to 3% and kerogen
types between II and III. Compositional studies from outcrops of this unit are almost absent and
constitute the main focus of this contribution. A total of ten detailed sedimentological logs were
measured from the field and X-ray diffraction analysis (XRD), standard petrography, scanning electron
microscopy (SEM) and determination of major elements in clay minerals by EDAX were carried out in
order to characterize the composition of the Río Mayer Formation. XRD analyses (in fine-grained sedi-
ments) indicate a composition dominated by quartz and calcite, with minor proportions of feldspars and
clays. Marine sediments are dominated by illite and chlorite, and commonly accompanied by mixed
layered illite-smectite (IS), while the prodelta is smectite-dominated with more than 90% of this clay.
Both, authigenic and detrital clays were identified using SEM-EDAX. Sandstones of the Río Mayer For-
mation are generally lithic and feldspar graywackes. Provenance analyses in sandstones make possible
the discrimination of four groups of samples differentiated by their ages and palaeoenvironments. In
comparison with other important shale-reservoirs from North America (Barnett, Marcellus, Woodford,
Haynesville and Doig), the composition of the unit studied have more quartzitic composition, reflecting
in a high brittleness index (BI) that result in a clear brittle pattern.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Compositional studies are often useful for analysing the evolu-
tion of sedimentary basins, revealing temporal and space variations
in the participation of different sediment source areas, tectonic
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settings and degree of diagenesis, among others (Dickinson and
Rich, 1972; Ingersoll, 1983; Critelli and Ingersoll, 1995; Ingl�es and
Ramos-Guerrero, 1995; Cavazza and Ingersoll, 2005; Do Campo
et al., 2010; G�omez-Peral et al., 2011; Varela et al., 2013). Tradi-
tionally, for oil-basins, these kinds of studies were developed in the
sandstone reservoirs, particularly the provenance analysis (quan-
titative petrography, heavymineral analysis, mineral chemistry and
isotopic determinations) (De Rossi Fontanelli et al., 2012). There are
examples of provenance analysis as a tool for many different as-
pects in oil-exploration, such as an alternative method for reservoir
correlation, for the analysis of sedimentary dispersal patterns, for
the definition and modelling of reservoir geometry, and for the
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recognition of diagenetic patterns (Morton, 1987; Hurst and
Morton, 1988; Allen and Mange-Rajetzky, 1992; Mearns, 1992;
Morton and Hallsworth, 1994; Morton et al., 2002, 2003, 2005;
Rossi et al., 2002; De Rossi Fontanelli et al., 2012). In recent years
the investigations of fine sediments have increased dramatically
mainly since compositional studies are using for the mineralogical
and petrophysical characterization of unconventional resources
(Chalmers et al., 2012; Hammes and Fr�ebourg, 2012; Kohl et al.,
2014; among others).

For the Austral Basin (Santa Cruz province, Patagonia Argentina)
few compositional papers are only registered, most of them
developed in sandstones (Manassero, 1988; Macellari et al., 1989;
Spalletti et al., 2006; Varela et al., 2013) and one work that only
refer the fine sediments (I~niguez Rodriguez and Decastelli, 1984).
This work constitutes the first outcrop compositional study of the
Lower Cretaceous Río Mayer Formation in the Austral Basin based
on X-ray diffraction (XRD), standard petrography and SEM-EDAX of
fine sediments (siliciclastic mudstones, shales and marlstones)
combined with standard petrography of sandstones.

The importance of the Río Mayer Formation in the hydrocarbon
development of the Austral Basin has been recognized long ago by
several authors (Pittion and Gouadain, 1992; Pittion and Arbe,
1999; Rodríguez and Cagnolatti, 2008; Belotti et al., 2013; Zanella
et al., 2013). This unit is considered as source rock and caprock in
the “Inoceramus inferior-Springhill” petroleum system, which is
the best documented and which has expelled large quantities of oil
to the basin (Rodríguez and Miller, 2005; Argüello et al., 2005). The
Río Mayer Formation is a proven hydrocarbon source rock with
high TOC content ranging between 0.5 and 3%, kerogen types II and
III and diagenetic conditions place it in the oil window in the study
area (Rodríguez and Cagnolatti, 2008; Legarreta and Villar, 2011;
Richiano, 2012; Richiano et al., 2012; Belotti et al., 2013; Richiano,
2014). The important thickness and its wide areal distribution
over the basin, together with the characteristics mentioned above,
indicate that this unit possesses all the attributes needed to join the
new exploratory horizon in South America, the shale-oil/gas
paradigm.

The aim of this contribution is to provide original compositional
data of the mudstones and shales (detrital and authigenic compo-
nents); and the sandstones provenance of the Lower Cretaceous Río
Mayer Formation in the Austral Basin. Shale plays are geologically
much more complicated than typically described (Binnion, 2012),
so the detailed analyses here presented constitute a powerful tool
for a better mineralogical definition of unconventional resources.
Furthermore, it provides highly valuable information in the inter-
pretation of the factors controlling the evolution of this basin and in
particular the development of the hydrocarbon source rocks.

2. Geological background

The Austral Basin is located in the South-western Patagonia and
constitutes one of the most important oil-basins in Argentina,
having a maximum thickness of 8000 m in the subsurface with
excellent thermal maturity (Fig. 1AeB). The geological history of
the Austral Basin in the study area is characterized by three main
tectonic stages (Biddle et al., 1986; Rodríguez and Miller, 2005;
Varela et al., 2012), a rift stage, a stage of thermal subsidence and,
finally, a foreland stage.

Rift Stage (Middle Jurassiceearliest Cretaceous): In the Andean
Cordillera is recognized as El Quemado Complex, Iba~nez and
Tobífera formations (Biddle et al., 1986; Pankhurst et al., 2000). In
this initial stage, grabens and half-grabens were developed and
filled with volcaniclastic and volcanic rocks intercalated with some
epiclastic sediments (Biddle et al., 1986).

Thermal Subsidence Stage (Berriasian to Albian): Once the
tectonic activity had ceased and thermal subsidence stage began,
the characteristic continental to shallow marine transgressive
succession of the Springhill Formation was deposited. The Spring-
hill Formation broadly overlaps the margins of the initial half-
graben, and it is overlain by a thick marine succession, character-
ized by alternating black mudstones, shales and marlstones of the
Río Mayer Formation, which extends to the Albian (Richiano, 2012;
Richiano et al., 2012). Towards the end of this stage (early Aptian e

Albian), a large passive-margin delta system, recorded in the Piedra
Clavada Formation, developed in the northern and eastern sectors
of the basin.

Foreland Stage (Albian/Cenomanian to recent): A regional
change from extensional to shortening deformation took place in
the Late Cretaceous and shortening continued to the Neogene
(Biddle et al., 1986; Wilson, 1991; Spalletti and Franzese, 2007;
Fosdick et al., 2011). The shortening associated with the early
stages of the orogeny caused the development of a retroarc fold-
and-thrust belt along the PatagonianeFueguian Andes (Biddle
et al., 1986; Fildani et al., 2003; Fildani and Hessler, 2005; Fosdick
et al., 2011; Varela et al., 2012). This fold-and-thrust belt is asso-
ciated along its eastern margin with a foreland basin (Austral
Foreland Basin/Magallanes Basin). The onset of the shortening
phase in the northern sector of the Austral Basin took place about
100 Ma ago and it is characterized by the west to east progradation
of the fluvial-estuarine facies of the Mata Amarilla Formation
(Varela, 2011; Varela et al., 2012).

The Río Mayer Formation was deposited during the sag stage of
the Austral Basin, it is composed of siliciclastic mudstones, shales
and marlstones interbedded with scarce fine-grained sandstones
deposited in fully marine shelf environments. It overlies the El
Quemado Complex in paraconcordance and the Springhill Forma-
tion in concordance or paraconcordance (Kraemer and Riccardi,
1997). In the study area the upper limit of the unit shows a tran-
sitional pattern with two formations: to the north, the Piedra
Clavada Formation (¼Kachaike) and the Cerro Toro Formation to-
wards the south (Riccardi, 1968, 1971; Riccardi and Rolleri, 1980;
Arbe and Hechem, 1984; Kraemer and Riccardi, 1997; Marinelli,
1998; Richiano et al., 2012) (Fig. 2). The Río Mayer Formation in
the subsurface stratigraphy partially matches with the Lower and
Middle Palermo Aike Formation (Fig. 2).

At the Seccional Río Guanaco locality (Fig. 1) the Río Mayer
Formation was divided in three informal sections from a sedi-
mentological point of view (Fig. 3; Richiano et al., 2012). The lower
section is mainly composed of laminated black shales with both
tabular and concretional marlstone levels. Trace fossils were not
observed in this section, but ammonites and belemnites are
abundant. The high proportion of fine sediments containing an
open marine fauna suggests that the lower section was accumu-
lated in an outer shelf setting (Richiano et al., 2012). Two fossilif-
erous levels were recorded by Kraemer and Riccardi (1997)
assigned to this section, corresponding to early Berrasian and early
Valanginian ages. TOC values from this section ranging between
0.07 and 2.81% (Richiano, 2014).

The middle section has 40 m thickness and is composed of
intensely bioturbated black marlstones and siliciclastic mudstones.
This section is characterized by the Zoophycos ichnofacies consist-
ing of Bergaueria, Chondrites and Zoophycos ichnogenera (Richiano
et al., 2013; Richiano, 2015). Body fossils are common, especially
belemnites. These fossils represent a Belemnopsis fauna that
correspond to Valanginian-Hauterivian age (Aguirre Urreta, 2002;
Richiano, 2012). In this section TOC values are from 0.07 to 0.58%
(Richiano, 2014).

Finally, the upper section (HauterivianeAlbian) reach
150e200 m of thickness, it is characterized by massive black sili-
ciclastic mudstones with intercalations of very fine-to fine-grained
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Fig. 2. Stratigraphic chart. Cretaceous of the Austral Basin (Argentina) in the study area, their comparison with the Rocas Verdes þ Magallanes Basin from Chile and the subsurface
names. Modified from Riccardi, 1971; Arbe, 2002; Fildani et al., 2003; Fildani and Hessler, 2005; Rodríguez and Miller, 2005; Varela et al., 2012; Richiano et al., 2012.
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sandstones and less frequent conglomerates. The sandstones levels
are generally between 0.05 and 0.5 m of thickness, massive or
laminated, and occasionally with ripple cross-lamination (Richiano
et al., 2012). This section presents similar body and trace fossil
content that the previous sections described. In the last meters of
the outcrops of this section were recorded Chondrites, Ophiomor-
pha, Palaeophycus, and Zoophycos associated with transported
wood fragments containing Teredolites (Richiano et al., 2013;
Richiano, 2015). The frequent intercalation of sandstone in the
uppermost part of the unit is related to the distal influence of a
deltaic system recorded in the Piedra Clavada Formation (Richiano
et al., 2012). Two fossiliferous levels were described from the top of
this section showing an age of AlbianeCenomanian times (Kraemer
and Riccardi, 1997; Arbe and Hechem, 1984). TOC values from this
section ranging between 0.67 and 1.81% in the beginning and very
poor values towards the top (Richiano, 2014).

By contrast, the Río Mayer Formation at Lago San Martín locality
(Fig. 1) is divided in two informal sections. The lower section is
composed of laminated black shales and marlstones developed in
outer shelf palaeoenvironments, associatedwith high abundance of
ammonites of HauterivianeBarremian age (Riccardi, 1971;
Richiano, 2012). The upper section of the unit in the study area is
characterized by the fine-grained aptian prodeltaic deposits,
marking the transition to the Piedra Clavada (delta front) deltaic
system (Fig. 3; Richiano et al., 2012). No TOC measurements where
obtain from this locality.

In the subsurface the Río Mayer Formation corresponds to the
Lower and (partially) Middle Palermo Aike members (Valanginian
to Aptian), where the main source rock of Austral Basin is located.
An average thickness of this interval is 250 m deposited over an
approximate 20 My and it is composed by calcareous mudstones
(Belotti et al., 2013). According to these authors, the beginning of
the oil window start at about 2100 m depth in the transition be-
tween the forebulge and the foredeep of the basin (10,000 sq km),
wet gas window is reached at 3500 m (5000 sq km), and dry gas
Fig. 1. Location of the Austral Basin in South America and position of the sedimentary
thickness in subsurface (modified from Zanella et al., 2013). B. Thermal maturity of the subs
Cruz Province. D. Detail geologic map of the Lago San Martín locality and the sedimentary lo
locality. F. Detail geologic map of the Seccional Río Guanaco locality at Los Glaciares Nation
window at 4300 m, basinward to the west (10,500 sq km), both in
the foredeep basin (Belotti et al., 2013). Lower andMiddle members
of the Palermo Aike Formation have TOC values between 0.5 and 3;
while kerogen types ranging from II, II/III to III (Belotti et al., 2013).

3. Sampling and methods

3.1. Fine-grained sediments

For this study we use the terms mudstone for siliciclastic (less
than 15% of calcite) muddy sedimentary rocks without structure
and shale for fissile/laminated rocks (Lundegard and Samuels,
1980; Potter et al., 2005). Limestones are considered as sedimen-
tary rocks with more than 80% of calcite. On the other hand, for
mix-composed rocks which are constituted by siliclastic material
(quartz, feldspars, clays, etc.) and calcite components (bioclasts,
micrite, calcite cements, etc.) we propose the terms marly-
mudstone (between 15 and 30% of calcite), marlstone (30e70% of
calcite) and marly-limestone (70e80% of calcite), in which abun-
dances are taken from XRD results.

A total of 117 fine-grained rock samples from Río Mayer For-
mation were collected and analysed by XRD from three sedimen-
tary sections in the Río Guanaco region (103 samples) and three
sections at Lago San Martín (14 samples). Sampling was concen-
trated in the Río Guanaco region due to the better quality and more
complete outcrops. Few samples from Springhill and Piedra Clavada
Formations were also analysed by XRD in order to establish a
comparative compositional analysis between the different units.
Samples for XRD analysis were subjected to soft grinding with a
rubber mortar, and repeatedly washed in distilled water until
deflocculation occurred. The <2 mm fraction was separated by
gravity settling in suspension, and oriented mounts were prepared
on glass slides. Clay mineralogy was determined from diffraction
patterns obtained using samples that were air-dried, ethylene
glycol-solvated and heated to 550 �C for 2 h (Brown and Brindley,
logs in the study area. A. Location of the Austral Basin in Patagonia, Argentina, and its
urface of the Austral Basin (modified from Zanella et al., 2013). C. Study areas in Santa
gs position. E. Distribution of outcrops located at Bahía de La Lancha, Lago San Martín
al Park and position of the sedimentary logs. Modified from Richiano et al., 2012.



Fig. 3. Sedimentary logs from the Río Mayer Formation. References: P: pelite; M: marlstone; fS: fine-grained sandstone; mS: medium-grained sandstone; cS: coarse-grained
sandstone; C: conglomerate. Log names as in Fig. 1.
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Table 1
Results of X-ray diffraction for the lower section of the Río Mayer Formation at Seccional Río Guanaco locality. Samples names are linked to stratigraphic section names shown
in Fig. 1F. Py: pyrite; I: illite; IS: illite-smectite mixed layer; Cl: chlorite; K: kaolinite; S: smectite; CMA: Clay mineral association.

IG 1 11 2 78 1 8 64 24 6 6
IG 2 23 5 69 0 3 77 18 3 2
IG 3 23 1 67 0 9 37 29 29 4
IG 4 90 0 0 0 10 60 19 21 0
IG 5 79 0 0 1 20 46 33 21 0
IG 6 78 0 0 3 19 57 28 15 0
IG 7 73 0 8 2 17 46 32 15 7
IG 8 70 0 10 2 18 59 26 15 0
IG 9 72 0 9 2 17 48 39 13 0

IG 10 - 11 77 1 6 1 15 64 23 11 3
IG 12 - 13 73 1 6 2 18 47 28 25 0
IG14 - 15 80 1 0 2 17 46 36 16 2

IG 16 19 0 78 0 3 38 30 21 11
IG 17 52 1 32 1 14 34 42 20 4 CMA ISa

IG 18 - 19 75 1 5 2 17 50 32 17 2 CMA Ia

IG 20 - 21 77 1 5 1 16 31 42 24 4 CMA ISa

IG 22 80 3 0 0 17 41 37 20 2
IG 23 79 1 4 0 16 42 30 25 3

IG -24-25 78 2 6 0 14 29 40 21 10 CMA ISa

IG 26 81 1 0 0 18 44 37 15 4
IG 27 - 28 78 2 4 0 16 40 39 17 4

IG 29 9 1 87 0 3 52 31 12 6
IG 30 - 31 79 2 7 0 12 35 44 18 3
IG 32 - 33 83 3 1 0 13 36 43 21 0
IG 34 - 35 73 3 10 1 13 36 51 13 0

IG 36 81 3 0 1 15 45 39 13 4
IG 37 - 38 63 3 21 1 12 46 37 16 0

IG 39 77 1 0 0 22 38 50 9 3
IG 40 72 0 15 1 12 34 44 15 7
IG 41 35 0 53 3 9 48 34 12 6
IG 42 85 2 2 0 11 41 35 20 4
IG 43 76 3 6 0 15 34 40 20 6
IG 44 79 3 0 1 17 37 40 20 3
BP 1 71 2 18 2 7 41 27 23 9
BP 2 67 5 14 1 13 26 29 41 4
BP 3 34 25 20 1 20 6 17 76 0
BP 4 74 3 9 1 13 40 32 28 0
BP 5 71 2 15 1 11 55 27 16 2

sample Quartz Py ISCalcite Association

Whole rock

ClayFeldspar Cl

Clay fraction
Clay 
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1980). Diffractograms were run on an X PANanlytical model X'Pert
PRO diffractometer (CIG), using Cu/Ni radiation and generation
settings of 40 kV and 40 mA.

For the whole-rock analysis semi-quantification was obtained
from the intensity of the main peak for each mineral (Schultz, 1964;
modified with own patterns; Moore and Reynolds, 1997). The
estimation of the mineralogical components has a methodologi-
cally error ca. 10%. Crystallinity of clay minerals was deduced from
the shape and sharpness of the XRD peaks (Brown and Brindley,
1980). Semi-quantitative estimations of the relative concentra-
tions of the clay minerals were based on the peak area method
following the methodology from Biscaye (1965). The response of
the mineral species to sedimentation depends on the form of the
particles (Pierce and Siegel, 1969); for that reason each mineral
proportion is not directly proportional to the areas defined. Relative
percentages of each clay mineral were determined by applying
empirical factors (Moore and Reynolds, 1997). The abundance of
different clay minerals in the <2 mm fraction is summarized in
Tables 1e4.

Samples with illite and mixed-layer illite-smectite the Kubler
index (KI) was measured from air-dried samples (Kubler, 1966). KI
values were calibrated to the Crystallinity Index Standard (CIS)
scale using the procedure and standards of Warr and Rice (1994).
However the scarcity of this clay mineral in samples analysed here
does not allow making a detailed analysis on it. The identified IS
mixed layers, following the criteria of Moore and Reynolds (1997),
were R0 (>50% smectite expandable layers) with (001) reflection
near 14e15 Å in air-dried samples and 17 Å in ethylene-glycol
solvated specimens, and R1 (40e20% smectite expandable layers)
with reflections near 12e14 Å in ethylene-glycol solvated speci-
mens. The relative abundance of illite and smectite in the IS mixed
layers was determined bymeans of the D�2q parameter (Moore and



Table 2
Results of X-ray diffraction for themiddle section of the RíoMayer Formation at Seccional Río Guanaco locality. Samples names are linked to stratigraphic section names shown
in Fig. 1F. References as in Table 1.

PG 1 62 2 30 0 6 39 37 18 5
PG 2 70 5 18 0 7 60 21 17 2
PG 3 68 2 23 0 7 26 40 34 0 CMA ISa

PG 4 65 3 26 0 6 59 26 11 3
PG 5 53 4 38 0 5 71 19 11 0
PG 6 65 4 24 1 6 50 26 18 6
PG 7 57 1 37 0 5 37 34 19 10
PG 8 66 2 26 0 6 62 23 15 0
PG 9 51 5 38 0 6 51 29 10 10
PG 10 65 6 21 0 8 52 27 21 0
PG 11 61 4 27 1 7 72 13 13 2
PG 12 63 2 29 0 6 33 40 28 0 CMA ISa

PG 13 60 6 28 0 6 61 26 10 4
PG 14 55 2 37 0 6 69 13 14 4
PG 15 39 5 49 1 6 61 20 11 8
PG 16 71 4 17 0 8 64 23 13 0
PG 17 50 2 40 0 8 85 12 3 1
PG 18 62 2 34 0 2 43 47 9 1 CMA ISa

PG 19 42 3 50 0 5 68 20 11 0
PG 20 64 2 28 0 6 57 27 16 0
PG 21 68 3 24 0 5 59 24 17 0
PG 22 69 3 22 1 5 65 15 20 0
PG 23 74 2 18 0 6 27 25 48 0 CMA CLa

PG 24 58 5 26 1 10 66 18 16 0 CMA Ia

PG 25 69 1 25 0 5
PG 26 67 2 26 0 5 33 30 36 0 CMA CLa

PG 27 65 4 23 0 8
PG 28 60 2 34 0 4 36 27 35 2 CMA CLa

PG 29 53 4 37 0 6 61 17 23 0 CMA Ia

PG 30 30 2 63 0 5 20 37 43 0
PG 31 69 2 22 0 7 41 22 37 0
PG 32 60 13 21 0 6 22 27 51 0
PG 34 83 5 2 0 10 29 6 65 0
PG 35 74 10 7 1 8 38 23 39 0
PG 36 79 7 4 0 10 37 12 51 0
PG 37 61 17 0 0 22 71 0 29 0 CMA Ia

PG 38 77 9 0 0 14 22 0 78 0 CMA Cla

sample Quartz Py ISCalcite Assoc.

CMA Ia

CMA Ia

CMA Ia

CMA Cla
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Reynolds, 1997). The empirical measure of the crystallinity of
smectite was estimated from the measurement of the height of the
(001) peak above the background (P) and the depth of the valley (V)
on the low angle side on the glycolated sample, and then calcu-
lating the V/P in samples with higher smectite contents. A theo-
retical perfectly crystallized montmorillonite would have a V/P ~1
and poorer crystallinities would be represented by V/P values be-
tween 0 and 1 (Biscaye, 1965).

Conventional petrography was conducted in mudstones (3
samples), shales (6 samples) andmarlstones (4 samples) in order to
determine authigenic and diagenetic components of each type of
lithology.

On the other hand, unprocessed chips of selected mudrocks
(higher clay contents) were analysed by SEM in order to study the
mineralogical micromorphology of clay and non-clay minerals.
Samples were air-dried to constant weight before testing and
coated with Au. Each sample was studied at several magnifications
(12000, 15000 and up to 25000� in some cases) for optimal
determination of both major and minor mineralogical components
in order to show the microstructure details. Samples was analysed
with a FEI Quanta 200 SEM and an EDAX Phoenix 40 (accelerating
voltage 20 Kw, spot size from 3 to 4 mm, Facultad de Ingeniería, La
Plata, Argentina).

Finally, for brittle analyses the following brittleness-indexes
were applied:

BI Jarvie et al (2007): Qz/Qz þ Ca þ Cly, and,
BI Wang and Gale (2009): Qz þ Dol/Qz þ Dol þ Ca þ Cly þ TOC



Table 3
Results of X-ray diffraction for the upper section of the Río Mayer Formation at Seccional Río Guanaco locality. Samples names are linked to stratigraphic section names shown
in Fig. 1F. References as in Table 1.

PG 39 26 44 6 0 24 85 0 15 0
PG 40 75 7 2 0 16 61 11 28 0
PG 41 37 40 5 0 18 66 2 32 0
PG 42 84 3 7 0 6 22 21 57 0 CMA Cla

PG 43 14 43 34 0 9 56 0 44 0 CMA Ia

PG 44 25 15 46 0 14 20 20 60 0
PG 45 84 8 1 1 6 34 13 52 0
PG 48 79 2 10 3 6 25 24 51 0
PG 50 66 3 23 2 6 24 40 36 0
PG 51 75 4 11 2 8 22 34 44 0
PG 52 75 2 5 6 12 26 34 40 0
PG 54 73 12 4 2 9 45 14 41 0 CMA Ia

PG 55 70 14 5 2 9 39 23 38 0 CMA Cla

PG 59 84 7 0 2 7 41 31 27 0 CMA Ia

PG 60 65 7 16 3 9 34 21 45 0
PG 64 67 10 13 3 7 41 24 35 0

PEVP1-1 76 13 1 0 10 30 24 46 0
PEVP1-2 69 16 0 0 15 32 9 58 0
PEVP1-3 67 18 1 0 14 36 5 59 0
PEVP1-5 64 24 0 0 12 30 19 51 0
PEVP1-6 78 10 5 0 7 29 30 41 0
PEVP1-8 76 11 4 0 9 28 20 51 0
PEVP1-9 68 15 8 0 9 38 14 48 0

PEVP1-10 72 14 7 0 7 28 21 51 0
PEVP1-11 69 14 6 0 11 30 15 55 0
PEVP1-13 74 15 3 0 8 39 11 49 0
PEVP1-14 74 12 6 0 8 35 16 49 0
PEVP1-15 78 14 1 0 7 32 19 49 0
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Where, Qz is quartz content, Ca is calcite, Cly is total clay con-
tent, Dol is dolomite (all measures from XRD) and TOC is total
organic carbon. These formulas were applied to the samples where
TOC values were obtained. For graphic purpose only the Wang and
Gale index was showed because dolomite is inexistent or just a
trace component (less than 1%) in the XRD data from Río Mayer
Formation.
3.2. Sandstones

Considering that sandstones of Río Mayer Formation represent
no more than the 5% of the outcrops, petrographic analyses were
limited to a few samples (Richiano, 2012; Richiano et al., 2012).
Conventional petrographic thin-sections (30 mm of thickness) were
applied for textural and compositional analysis over 13 sandstones
samples from Seccional Río Guanaco locality and four from Lago
San Martín locality. Additionally, five sandstones samples of
Springhill Formation and three from Piedra Clavada Formation
were also analysed. These analyses were made using a polarization
microscope Nikon Eclipse E-200 of the Centro de Investigaciones
Geol�ogicas, La Plata, Argentina (CIG). A detailed description of both
detrital and authigenic components was carried out for each thin-
section. Detrital components were used to classify the sandstones
(according to Folk et al., 1970). Monocrystalline clasts were
differentiated considering standard criteria of distinction (extinc-
tion, interference colour, cleavage, type of twinned, zonation, etc.)
and rock fragments were distinguished. Modal composition was
determined on a total of 13 thin-sections of sandstones and gray-
wackes from Springhill, Río Mayer and Piedra Clavada formations
(Table 5). The clast-counting in each thin section was made
following Gazzi-Dickinson's methodology (Ingersoll et al., 1984) in
which 400 points were assessed using a Swift points counter. When
rock fragments have monomineral crystals bigger than 0.062 mm,
they were considered as crystal clasts (method of Gazzi-Dickinson,
Ingersoll et al., 1984). Samples with grain sizes greater or less were
discarded for compositional classification although they were
considered for the initial description of the detrital components.
Considering that glauconite grains are sedimentary lithic frag-
ments, in PG44, PELL11 and WVP11 samples of glauconitic sand-
stone facies, they do not be taken into account for the
discrimination of source areas (Amorosi, 1995, 1997).
4. Compositional studies in fine grained-sediments

4.1. X-ray diffraction

4.1.1. Seccional Río Guanaco locality
Lower section (28 shales, 3 marly-shales, 4 marlstones, 2 marly-



Table 4
Results of X-ray diffraction for the Springhill, Río Mayer and Piedra Clavada formations at Lago San Martín locality. Samples names are linked to stratigraphic section names
shown in Fig. 1D. References as in Table 1.

PSCH 4 71 0 0 0 29 5 0 4 0 91
PEF 4 56 16 5 1 22 11 0 56 33 0
PEF 5 4 5 88 1 2 0 0 0 0 0

PEF 10 45 15 17 5 18 6 0 45 49 0
PEF 11 5 22 67 3 3 18 0 22 60 0
PEF 12 74 6 7 1 12 9 0 50 41 0
PEF 15 64 12 3 2 19 15 0 32 53 0
PEF 17 55 4 31 1 9 17 0 39 44 0
PEF 20 16 40 6 12 26 0 0 16 84 0
PEF 21 48 8 33 2 9 19 0 28 53 0
PEKA 1 57 4 0 2 37 0 99 0 0 1

PEKA 11 62 11 2 1 24 0 94 0 0 6
PEKA 14 76 4 2 0 18 0 96 0 0 4
PEKA 17 64 12 5 2 17 0 98 0 0 2

CMA Cla
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Table 5
Detritic modes of sandstones from the Springhill (FSp), Río Mayer (FRM) and Piedra Clavada (FPC) formations.

Region Unite sample Qm Qp F LV LG Matrix Palaeoenvironment
WVP2 62.28 3.51 12.28 21.93 0.00 68.75
WVP3 74.22 1.74 1.74 22.30 0.00 28.25

BP3 90.61 3.87 4.42 1.10 0.00 28.75
PG39 69.53 3.00 18.88 8.58 0.00 7.25
PG44 12.85 1.12 7.82 3.35 74.86 30.25

WVP11 24.57 0.00 9.00 2.08 64.36 27.50
PEVP1 7 4.81 1.92 91.83 1.44 0.00 33.25 outer shelf with deltaic influence

PELL7 78.14 21.86 0.00 0.00 0.00 0.00
PELL8 73.47 12.24 0.00 14.29 0.00 56.25
PELL11 17.87 6.76 8.21 4.83 62.32 47.00
PEKA20 39.01 34.98 12.11 13.90 0.00 25.00 prodelta

PEKA22 25.32 12.03 16.46 46.20 0.00 43.00
LV29 15.82 8.54 4.43 71.20 0.00 14.50

delta front

inner shelf

outer shelf

inner shelf
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limestones and 1 limestone samples; Table 1). Whole-rock
compositional data shows that quartz is the prevalent mineral
(between 9 and 90%; 65.7% in average); followed by calcite in varied
abundance (0e87%; 22.9% in average), while clay (3e22%; 13.6% in
average) and feldspar (0e25%; 2.9% in average) are less frequents
(Fig. 4). Clay-fraction (<2 mm), XRD analysis show that this section
is characterized by illite, chlorite and mixed-layer illite-smectite
(IS) in relatively similar abundances (Table 1), with a slight domi-
nance of illite over the other two is observed. Although kaolinite is
almost absent, it occasionally can appear in lower concentrations
(<5%) (Fig. 4).

Middle section (5 shales, 21 marly-shales and 10 marlstone
samples; Table 2). Whole-rock compositional data of this section is
characterized by calcite occurrence (20e30%) however quartz is
still the main component (62% in average). In the last 5 m of the
section clays and feldspars increase while calcite decreases (sam-
ples PG34 to PG38) (Fig. 4). In clay-fraction illite prevalence is
observed (50%) accompanied by lower contents of chlorite (25%)
and IS (23%) (Fig. 4).
Upper section (24 mudstones, 2 marly-mudstones and 2 marl-
stone samples; Table 3). In this section the whole-rock data in-
dicates the prevalence of quartz (between 14 and 84%, average
66.6%), accompanied by feldspar (2e44%, 14% in average) and clays
(6e24%, 10% in average). Calcite is less frequent than in the other
studied sections (9% in average ranging from 0 to exceptionally
46%). In clay-fraction chlorite (43% in average) predominates over
illite (39% in average) and IS (18% in average) (Fig. 4).

4.1.2. Bahía de la Lancha in lago San Martín locality (Fig. 5; Table 4)
Whole-rock analysis shows that a sample of a siliciclastic

mudstone obtained from flood plain of Springhill Formation has
abundant quartz proportions (71%) and moderate clays (29%)
(Fig. 5). The marine facies of the Río Mayer Formation can be sub-
divided into two different compositional segments. The lower part
of the succession (samples PEF 4 to PEF 11) presents calcite con-
centrations ranging from 5 to 88% (average 44%), the quartz content
is very variable between 4 and 56% (average 27.5%), feldspars and
clays are present in similar proportion (14% and 11% in average



Fig. 4. X-ray diffraction. Results of the Seccional Río Guanaco locality and the main mineralogical associations recognized (AeD). TOC values from Richiano, 2014.
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respectively) (Table 4, Fig. 5). On the other hand, the upper segment
(samples PEF 12 to PEF 21) is dominated by quartz (16e74%, 51.4%
in average), while calcite proportions are generally moderate
(3e33%, 16% in average) (Fig. 5). Feldspar is present between 4 and
40% (average 14%) and clay minerals vary generally from 9 to 26%
(15% in average). Samples from the prodelta deposits of the Río
Mayer Formation are mainly composed by quartz (57e76%, 64.75%
in average) with less feldspar (7.75% in average) and clay



Fig. 5. X-ray diffraction. Results of the Lago San Martín locality.
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Fig. 6. SEM microphotographs and EDAX results. A, B. illites, photos show high fragmented clays of illite with variable size, irregular borders and without a preferential order. C.
Authigenic chlorites appear as stacked sheets with border dissolution (white arrows). D. IS mixed layers ordered regarding 001 plane (black arrows). E. branched organic matter
intergrown with detrital and removed clays. F. elongated biofilms of organic composition over a clay-micrite mixture (marlstone). The cross indicates the point measured by EDAX
analysis of mayor elements.
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Fig. 7. X-ray diffractograms of the clay assemblages from Río Mayer Formation. A. Illite assemblage (Ia). B. IS mixed layer assemblage (ISa). C. Chlorite assemblage (Cla). D.
Smectite assemblage (Sa).
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proportions (24% in average); calcite is almost absent (0e5%)
(Fig. 5).

Clay-fraction shows a strong difference between the clay min-
eral compositions of the three formations. In Springhill Formation
kaolinite is clearly dominant (91%), with illite and IS in scarce
contents (Fig. 5). On the other hand, chlorite prevalence (46% in
average) in Río Mayer Formations outer shelf sediments is associ-
ated with IS mixed-layers (32%) and illite in less proportion (11%)
(Fig. 5). Finally in the fine sediments form the prodelta (transition
to Piedra Clavada Formation) smectite is the predominant (97% in
average) accompanied by scarce kaolinite (Fig. 5).

4.2. XRD and SEM characterization of clay minerals

XRD analysis allow to recognize the illite crystallinity (KI) which
varies between 0.2 and 0.65 which make possible to suggest the
presence of at least two different polytypes, the 1M with crystal-
linity indices >0.4 related to diagenetic origin and the 2M1 type
with high crystallinity which is thought to have a metamorphic
origin (Fig. 7A).

On the other hand, the position of main peaks of chlorite is in
agreement with iron rich chlorite type, and polytypes observed are
similar to those of low temperature during diagenesis.

The difference in 2�q between peaks (002 and 003) of mixed-
layer illite-smectite in glycolated samples vary from 7.8 to 5.6
which indicates that proportion in smectite is between 20 and 80%
(Moore and Reynolds, 1997). Particularly in the Section 5 (IG) the
smectite proportion in IS varies from 30 to 60%, in Section 6 (PG)
from 40 to 70% and in Section 9 (EVP1) from 50 to 70%.
Smectite has well-defined reflections and V/P ratios ranging

between 0.8 and 0.5. Variable basal reflection of smectite (between
12.4 and 14.7 Å) (Fig. 7D) suggests that interlayer occupancy is not
uniform in the prodelta facies.

Clay mineral micromorphology recognized by SEM analyses
shows that mostly of the clays are non-oriented, detrital, with
irregular borders and with basal sections (001) lower than 5 mm
(Fig. 6). EDAX analysis of clays of illitic composition (illite and IS;
Fig. 6A, B) show a dominance of Si, Al and K with lower proportions
of Fe, Mg and Na, and occasionally Ca and Ti. Chlorite is identified in
crystals of 2 or 3 mm, in which the contents of Fe and Mg are much
higher, where Fe the dominant (Fig. 6C).

Additionally, SEM analyses reveal that IS clays show thin flakes
as themainmicromorphologywhich are ordered according the 001
faces. Flakes show equidimentional subhedral forms with defined
borders in crystals with less than 3 mm. EDAX shows Si and Al as the
majority cations, followed by K, Mg and Fe, (Fig. 6D). These results
are consistent with the XRD analysis.

Organic matter was also identified by SEM (Fig. 6EeF) and
shows intergrown with illite and IS with characteristic morphol-
ogies of branched and twisted fibbers (Fig. 6E) or as elongated
fibbers also known as biofilms (Fig. 6F). In both cases the EDAX
analysis show peaks of C of high intensity accompanied by other
peaks from the clays of the rock (Al, Si, K, etc.; Fig. 6EeF).

4.2.1. Clay mineral assemblages
In the Río Mayer Formation four clay mineral assemblages are



Fig. 8. Distribution of the clay mineral assemblages recognized in the studied sections.
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characterized on the basis of the presence, type and relative
amount of the clayminerals. These assemblages are present in all of
the analysed sections (2, 3, 5, 6 and 9).

Illite-dominated assemblage (Ia; 51 samples; Fig. 7A): is char-
acterized by presence of illite in more than 40%, varying from 40 to
85% and accompanied by illite-smectite mixed layers (11e39%) and
in less proportion chlorite (3e29%) and kaolinite (0e11%).

Illite-smectite mixed layers assemblage (ISa; Fig. 7B): is differ-
entiated of Ia assemblage by the higher proportions of IS (>40%),
recognized in 13 samples which also have illite (30e40%), chlorite
(9e24%) and less common kaolinite (0e10%).

Chlorite dominated clay mineral assemblage (Cla; 35 samples;
Fig. 7C) shows the higher contents of chlorite (>35%) which reach
up to 84% accompanied by variable IS contents (6e50%), illite
(6e41%), and kaolinite is almost absent with the exception of two
samples with less than < 4%.

Smectite dominated assemblage (Sa; 4 samples; Fig. 7D): is
characterized by high abundance of this clay mineral (Sm> 90%)
and scarce kaolinite (1e6%).
4.2.2. Distribution of the clay mineral assemblages of Río Mayer
formation

Ia and ISa assemblages are closely associated and both are
concentrated in the basal portion of the lower section of the Río
Mayer Formation. ISa occurs interlayered with Ia assemblage in a
spaced way (Fig. 8, Tables 1 and 2).

Cla is concentrated in the upper 15 m of the middle section and
widespread in all the upper section of the Río Mayer Formation in
the Seccional Río Guanaco locality. Some interlayers with the Ia
assemblage is also recognized, and also occurs in the section 2 of
Lago San Martín locality (Fig. 8; Tables 2e4).

Sa is only identified in the Section 3 (Fig. 8; Table 4) which
characterizes the prodelta facies which dominates in this section.
4.3. Petrography of shales, mudstones and marlstones

4.3.1. Shales
Shales are characterized by fine clay minerals (few microns)

intergrown with undifferentiated material and organic matter in



Fig. 9. Petrology of fine-grained sediments. AeD. Black shales. A: Shows detrital fine grains of quartz, feldspars, clays, opaques which are surrounded by undifferentiated material
with high content of organic matter; a pseudostylolite is observed orientated according lamination. B: a detail of quartz grain with dissolution, calcite cement associated. C:
Foraminifer fragmented with recrystallized walls in a base of fine grained mudstone with seams of organic matter. D: a detail of the shale with organic matter and framboidal
pyrites grouped. In pictures AeC the white arrows show that lamination is commonly an interlayer between organic-rich and mineral-rich laminae. EeH. Mudstones. E: Bioclasts,
clacispheres, and other calcite fragments without recognizable texture are surrounded by mudstone with some detrital micas. F: calcite fragments without recognizable texture,
some sectors show organic matter concentrated and pyrite crystals. G: feldspar with carsbald twin partially altered to calcite. H: mudtone with a recrystallized bioclast. I-L.
Marlstones. I: bioclastic marly-packestone with fragments of equinoderms and bivalves. J: marly wackestone with abundant calciespheres and bioclasts, the base is micritic mixed
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variable proportions from scarce to moderate (Fig. 9A). Mono-
crystaline quartz grains are rare and show angular forms with
corroded boundaries, usually of less than 60 mm (Fig. 9B), fragments
of plagioclase (20e30 mm), which eventually preserve their poly-
synthetic twinning, are very scarce to sporadic and show
commonly dissolution in crystal boundaries. The carbonate frag-
ments are rare and consist of very fragmented bioclasts with poor
recognizable micromorphology (Fig. 9C). Opaque minerals include
pseudocubic crystals of pyrite which appear as aggregates or as
individual crystals (Fig. 9D).

The most common cement is composed by chert filling micro-
veins or as replacement of carbonate fragments, and also filling
pore cavities. Argillic cements are scarce and usually appear sur-
rounding quartz clasts (coatings; Fig. 9A). Lamination is commonly
very penetrative and shows an interlayer between organic-rich and
mineral-rich laminae (white arrows in Fig. 9B, C). Dissolution seams
are common and show irregular layers with organic matter and
undifferentiated fine material concentrated in these micro-
stilolytes. Organic matter also occurs dispersed or filling irregular
pores (Fig. 9A, D).

4.3.2. Mudstones
Muddy rocks are characterized by clay minerals of fine-to very

fine-grained size with an irregular to ondulouse lamination where
organic matter and undifferentiated fine material is concentrated
(Fig. 9E, F). Opaque minerals are also abundant and diseminated in
muddy rocks. Silt and sand clasts are very rare and composed by
very fine angularmonocrystalline quartzs of tens of microns (30 mm
in average) with border dissolution. Feldpars are very scarse and
occur with carsbald twin (orthoclase FK) which are commonly
altered and replaced by calcite; some crystals show up to 600 mm
(Fig. 9G). Pseudo-intraclasts (Flügel, 2004) (�500 mm) are common
showing rounded and diffuse borders. The carbonate fragments are
scarce and some of them show non-recognizable skeletal mor-
phologies, and with high replacement by siliceous cements in
which chert and microquartz predominates (Fig. 9H). These silica
cements are recognized mostly as patches. Incipient irregular
lamination associated with dissolution surfaces is also observed.

4.3.3. Marly-mudstones, marlstone and marly-limestones
The components of these lithologies are divided into carbonate

and terrigenous, the former are generally more abundant although
they vary between 15 and 80%. The three lithologies consider grade
between each other.

Carbonate fragments: are moderate to abundant and consist
mostly of skeletal fragments (bivalves, gastropods, spicules, echi-
noderms, foraminifera and coccoliths, Fig. 9IeL) some of which are
highly recrystallized and with partial replacements by siliceous
cements. Non skeletal fragments consist mainly of calcispheres,
pseudo-intraclasts and micritic peloids (Fig. 9J, K). Pseudo-
intraclasts, as in the mudstones, appear associated to intense bio-
turbated levels.

Terrigenous: in order of abundance are constituted by very
scarce potassic feldspar with subhedral to anhedral crystals, small
and very angulous monocrystalline quartz and very scarce micritic
pseudo-intraclasts (Fig. 9K).

Matrix: micrite is the most common component in the matrix
(Fig. 9JeL), which can be mixed with clays (mostly detrital illite;
Fig. 9L), opaques, organic matter and undifferentiated fine material.
Some sections in the matrix show recrystallization of calcite to
microsparite and sparite (Fig. 9L) and partial replacements by chert.
with clays and very fine grained detrital minerals. K: marlstone with peloids, altered lithocla
micrite and clayminerals intergrouded with scarse bioclasts and calcite fragments. Reference
peloid; PI: pseudo-intraclast; Cc: calcite cement (sparite); Cs: calcisphere; Ca: esparite; Ch:
In some cases marlstones show bands of light and dark col-
ourations with more carbonate or more organic matter content
respectively. Cements are generally very scarce and constituted by
calcite and chert. Calcite appears filling small pores or veins with
anhedral crystals of sparite andmacrosparite. Siliceous cements are
very scarce and are recognized in pores, small cavities or as partial
replacement of skeletal fragments and calcispheres (Fig. 9J, K).
Recrystallization of calcite (by aggradation) is observed in some
parts of the matrix associated to intermittent pseudostylolites (by
pressure-dissolution during chemical compaction). Organic matter
is also observed disseminated or forming an irregular mottled
(Fig. 9JeL).

5. Sandstone petrography

The sandstones of Río Mayer Formation (N ¼ 7; Table 5) are
matrix supportedwith 31.7% in average of protomatrix. Samples are
graywackes, except for one sample (PG39; Table 5) which is clast-
supported. The grain size of detrital components varies between
very fine-to fine-grained sand (62e250 mm), and exceptionally
some grains are as coarse as 500 mm. Petrographic analysis allows
to recognize that detrital mode is represented by nine main com-
ponents, in order decreasing of abundance: monocrystalline quartz
(Qm), polycristalline quartz (Qp), potassium feldespar (Fk),
plagioclase (Pl), biotite (Bt), opaque grains (Op), volcanic lithics
(Lv), bioclasts (B) and glauconite lithics.

5.1. Detrital components

Monocrystalline quartz (Qm): this component is the main
component of The Río Mayer Formation in most cases being in
proportions of up to 90%, with an average of 37%; although it can
occasionally be very scarce (5% in the sample PEVP1-7). Crystals
have straight extinction, commonly with embayments and occa-
sionally with negative inclusions of volcanic glass associated with a
volcanic origin. The grains are subrounded to subangular, and less
commonly, subhedral clasts are present. In some cases, crystal
clasts are elongated and show undulating extinction related to a
metamorphic origin. The grain size of this component varies be-
tween 1000 and 200 mm (Fig. 10A, B).

Polycrystalline quartz (Qp): these grains are scarce to moderate,
ranging between 0% and 20%, with an average of 4%. Grains are
subangular to subrounded and range from 200 to 400 mm. Indi-
vidual crystals are anhedral, elongate to ribbon-shaped, with un-
dulating extinction and sutured boundaries (indicating a
metamorphic origin, Fig. 10C, D). Sporadically, polycrystalline
quartz shows equidimensional crystals with straight boundaries;
the latter could have both a sedimentary or metamorphic origin.

Plagioclase (Pl): this component are very scarce to scarce,
ranging from 0.2 (PELL11) to 16.7% (PA7), with an average of 4%.
Grains are subhedral and subangular, and occasionally subrounded.
The grain size is 200 mm on average. They are twinned according to
the albite (Fig. 10E, F) and, less commonly, Carlsbad laws. The
plagioclase composition determined byMichel-Levy method varies
from oligoclase to andesine. They frequently show alteration to clay
minerals which are concentrated both in twin planes and fractures.

Potassium feldspar (Fk): the potassium feldspars are more
abundant than plagioclases; and are, following quartz, the most
abundant component in sandstones. These crystals range from 0.2%
(PG44) to 31% (PEVP1-7) (~9% on average). They are equidimen-
sional and varies between 100 and 200 mm. Grains are twinned
sts, pseudo-intraclasts, calciespheres and framboidal pyrite. L: marlstone constituted by
s: Qm: monocrystaline quartz; F: feldpar; Py: pyrite; B: bioclast; M: micrite; C: clay; P:
chert; Mqz: microquartz; Psy: pseudostylolite.
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according to the Carlsbad law and occasionally show oscillatory
zonation. Feldspars usually show different degrees of alteration
(Fig. 10G, H).

Biotite (Bt): is present in very scarce proportions (<3%). The
grains are green in colour, have perfect cleavage and pleochroism;
and show high interference colors and parallel extinction in cross-
polarized light (Fig. 10I, J, K). The crystals are angular to subangular
with long prismatic shapes and vary between 50 and 300 mm in
size. Biotite frequently shows different degrees of compaction
strain deformation. Generally is concentrated in lamination planes,
although eventually are scattered throughout the sandstone
sample.

Opaque grains (Op): they are present in scarce proportion,
ranging from 1 to 5 %. The grains are subrounded to rounded and
frequently constitute speckles (Fig. 10L). Among these, a common
component is pyrite crystals.

Other detrital components: this group includes the volcanic
lithics (Lv), the bioclasts (B) and glauconitic lithics (Lg). The bio-
clasts are rare, and only fragments of shells are recorded in some
sandstones of profile 1 (Fig. 11A, B; PELL). Volcanic lithics are rare
(generally less than 4%) and are concentrated in prodelta deposits
in the Lago San Martin and Estancia La Vega localities (Figs. 1 and
11CeJ), where can reach up to 14%. The volcanic lithic clasts of the
Río Mayer Formation are distinguished by their microtexture and/
or composition in four different types: with pilotaxitic texture
(Lvp), with spherulitic texture (Lve), with trachytic texture (Lvt)
and rhyolitic lithics (Lvr).

The volcanic lithics with pilotaxitic texture (Lvp) are docu-
mented by the presence of small plagioclase crystals, euhedral to
subhedral, immersed in an aphanitic groundmass (Fig. 11C, D). This
pilotaxitic texture is characteristic of intermediate volcanic
groundmass (Best and Christiansen, 2001).

The volcanic lithics with spherulitic texture (Lve) are sub-
rounded with pale yellow to brown colours. They are characterized
by the presence of recrystallized volcanic glass, which sometimes
generates a typical spherulitic texture (Fig. 11E, F). Their origin
could be pyroclastic, although there have been no glassy shards to
confirm this hypothesis. Another source would be from recrystal-
lization of volcanic aphanitic groundmass.

Volcanic lithics with trachytic texture (Lvt): these volcanic
lithics are characterized by small crystals of plagioclase with their
major axes oriented parallel, immersed in an aphanitic groundmass
(Fig. 11G, H). This texture is typical of the intermediate to acid
volcanic rocks, especially trachytes, though is also present in an-
desites and dacites (Best and Christiansen, 2001).

Finally volcanic rhyolitic lithic fragments (Lvr) consist of crystals
of quartz and feldspar immersed in an aphanitic groundmass
(Fig. 11I, J).

The four types of volcanic lithics are characterized by sub-
rounded shapes and grain sizes ranging from fine to coarse-grained
sandstone. They are concentrated in the samples of the region
between the Viedma and SanMartín lakes (Figs.1 and 3) both in the
upper section of the Río Mayer Formation as in Piedra Clavada
Formation.

Glauconite lithics (Lg): this particular type of sedimentary lithic
is present as abundant components at three levels of glauconitic
sandstones (PG44, WVP11 and PELL11) with proportions varying
between 62 and 75%. They are very well rounded to rounded with
clay coatings; they are recognized by the typical greenish colour
(Fig. 11K, L).

5.2. Cements

The predominant type of cement in the sandstones of the Río
Mayer Formation is carbonate sparitic-type with a blocky
distribution (Fig. 12A, B). It is composed of coarse mosaics of calcite
with poikilotopic texture that completely closes the pore spaces.
Occasionally dissolution of clasts can be observed by pervasive
calcite cementation (Fig. 12C). In lower proportion some samples
shows a subordinate ferruginous cement (iron oxides cement),
which is shown surrounding the clasts as coating or as filling pores
and patches (Fig. 12D). It has also been recognized clay cement
associated with dissolution of clasts (Fig. 12E). On the other hand,
quartz cement is the most common in sandstones of Springhill
Formation. It shows the secondary growth in optical continuity
with the quartz grains (Fig. 12F).

6. Sandstone classification

As shown in Fig. 13, the sandstones of the Río Mayer Formation
are predominantly lithic and feldspathic graywackes (6 samples)
and one sample corresponds to a subarkose arenite (Fig. 13A).
Following compositional diagram of Folk et al. (1970), these sam-
ples are litharenites (4), sublitharenite (1), arkose (1) and lithic
arkose (1) (Fig. 13B).

The sandstones of the Springhill Formation are two from the
Seccional Río Guanaco and two from Lago San Martín localities, of
which three are lithic graywackes and one is a sublithic arenite (Fig
13A). In the ternary diagram of Folk et al. (1970), these sandstones
are classified as sublitharenites (2), feldspathic litharenite (1) and
litharenite (1) (Fig. 13B).

The two samples of sandstones from the Piedra Clavada For-
mation at Lago San Martin and Estancia La Vega localities (Fig. 1)
correspond to a lithic graywacke and lithic arenite (Fig. 13A). Ac-
cording to Folk et al. (1970), they are classified as litharenites
(Fig. 13B).

7. Discussion

7.1. X-ray diffraction

In Seccional Río Guanaco locality, RíoMayer Formation rocks are
almost entirely composed of variable proportion of quartz (9e90%),
feldspar (0e44%), calcite (0e87%) and clays (3e24%). Clay minerals
are mostly constituted by illite, chlorite and IS in order of abun-
dances. Whole-rock mineral assemblages show the same compo-
sition with variable contents along the section (Fig. 4).

Assemblage A in whole-rock is characterized by quartz as the
main component (65% in average), scarce feldspar (3%) and scarce
clays (13.6%). Calcite is concentrated in certain levels in the lower
part of this assemblage (A1), while in the upper part quartz is the
main component (A2). In the clay-fraction (<4 mm) illite is the main
component (43% in average) with IS (34% in average), both
constitute near of 80% of the total clays, while the remaining 20%
corresponds to chlorite (Fig. 4; Table 1).

Assemblage B in whole-rock is characterized by the occurrence
of calcite (30% in average), the minor proportions of clays (6%), and
quartz that remains abundant (60%). Clays recognized in clay-
fraction are similar in type and proportion to the previous assem-
blages (Fig. 4; Table 2).

Assemblage C in whole-rock is characterized by quartz domi-
nance (65% in average) with an increase in clays (11%) and feld-
spar (12.8%) while calcite decreases (11%), which refocuses in
specific intervals (PG43, 44). In clay-fraction chlorite is the prev-
alent (40% in average) compared with previous assemblages
(Fig. 4; Table 3).

Finally, D assemblage in whole-rock shows abundant quartz
contents (72% in average) and increases in feldspar (15%).
Clay percentages is constant (10%) and calcite decreases regarding
previous assemblages (4%). In clay-fraction chlorite proportions



Fig. 10. Detrital components identified in sandstones thin sections. AeB. Monocrystalline quartz (Qm). CeD. Policrystalline quartz (Qp). EeF. Plagioclase (Pl). GeH. Potassic
feldspar (FK). IeK. Biotite (Bt). L. Opaque minerals (Op). Photos A, C, E, G, I, K and L are without polarizer. Photos B, D, F, H and J with polarizer. Scale bar is 200 microns.
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Fig. 11. Detrital components observed in sandstones thin sections. AeB. Bioclast. C-D. Volcanic lithic with pilotaxic texture (Lvp). EeF. Volcanic lithic with esferulitic texture
(Lve). G-H. Volcanic lithic with traquitic texture (Lvt). I-J. Volcanic riolithic clast (Lvr). KeL. Glauconitic lithic (Lg). Photos A, C, E, G, I and K are without polarizer. Photos B, D, F, H, J
and L with polarizer. Scale bar is 200 microns.
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Fig. 12. Sandstone cements. A,B,C. Carbonate cements. D. Ferruginous cements. E. Argillic cement. F. Siliceous cement. Photo D without polarizer. Photos A, B, C, E and F with
polarizer. Scale bar is 200 microns.

Fig. 13. Detrital modes of sandstones from Río Mayer Formation. A. Classical Qm-F.Lt diagram for sandstone classification taken from Dott, 1964 (modified for Pettijohn et al.,
1972). B. Qm-F-Lt ternary diagram of Folk et al., 1970.
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(51% in average) confirmed the increased vertical trend tendency
initiated in assemblage C (Fig. 4; Table 3).

Transition from illite-rich shales of Río Mayer Formation from
the lower section to chlorite-rich mudstones towards the upper
section at Seccional Río Guanaco locality is clearly noticed in the
clay assemblage ternary graph (Fig. 14) and in the areal distribution
graph (Fig. 8).

As was observed in the Río Guanaco region, the Río Mayer
Formation composition at Lago San Martín locality (Fig. 5; Table 4)
contains variable proportions of quartz, feldspar, calcite, illite and
IS, besides smectite (only in the transition towards the overlying
Piedra Clavada Formation). Although detail analysis of this area are
only complementary of the previous, four different compositional
segments are clearly recognized (Fig. 5). The sample derived from
Springhill Formation shows the higher kaolinite proportion (91%)
which is practically absent in the rest of the samples (Fig. 5;
Table 4). Profile 2 (PELF), entirely corresponding to marine deposits
of Río Mayer Formation, can be divided in two segments according
to its whole-rock composition. One characterized by high calcite
participation (44% in average) with variable quartz (27.5%) and
moderate feldspar (14.5%) and clays (11%) (Fig. 5; Table 4). The
second segment with higher quartz contents (51% in average) but



Fig. 14. Triangular compositional diagram of clays from Río Mayer Formation at
Río Guanaco locality. Ill: illite; Cl: chlorite; IS: illite-smectite mixed layer; K: kaolinite.
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with less noticeable in feldspar contents (7%; except for sample
PEF20 with 40%) (Fig. 5; Table 4). The clayemineral composition in
the profile 2 shows the dominance of chlorite (46% in average).
Finally, the transitional section to the overlaying Piedra Clavada
Formation shows higher quartz proportions in whole-rock (64% in
average) while in clay-fraction smectite prevails (97% in average)
(Fig. 5; Table 4).

Results of clay-fraction analysis obtained for this unit are
correlated with the clay zone C defined by I~niguez Rodríguez and
Decastelli (1984), where the authors mentioned the highest
abundance of mixed-layered illite-smectite associated with chlo-
rite. Río Mayer Formation outcrops display higher amounts of illite
than documented on subsurface data. In turn this study confirmed
the assumption of these authors that the diagenesis grade reached
for this unit (based in mixed-clay expansive layers study) was an
intermediate mesodiagenesis. The congruence between the results
here presented and the data from the subsurface (using logs) is the
evidence that the oil thermal maturity pattern presented for the Río
Mayer Formation in the outcrops was reached before being uplif-
ted. They also mentioned the presence of kaolinite in Springhill
Formation and smectite prevalence in the Río Mayer Formation
units (i.e. Piedra Clavada Formation). These results match with
observed at Lago San Martín locality.

SEM-EDAX analyses allows to identify that most of the clays
observed in the study units have a detrital origin, illite shows
morphologies and dispositions that may indicate they were trans-
ported (Fig. 6AeB). The recognition of the 2M1 as themain polytype
of illite (regarding the peaks of non-oriented clay-fraction XRD)
(Fig. 7A), make possible to confirm its origin for this clay mineral.

On the other hand, Fe-rich chlorite recognized filling pores with
moderate crystallinity growth (Fig. 6C), as well as IS in staggered
arrangements according to a predominant orientation of the IS
flakes in pores (Fig. 6D). In these cases it suggested that Cl as IS had
an authigenic origin during burial diagenesis although the exis-
tence of detrital chlorite and IS may not be discarded.
7.2. Sandstone provenance analysis

Provenance analysis of sandstones from the Río Mayer, Spring-
hill and Piedra Clavada Formations are shown in the traditional
ternary graphs (QmFLt and QtFL of Dickinson and Suczek, 1979 and
Dickinson et al., 1983). These methods are accepted and used by
many authors (Suczek and Ingersoll, 1985; Packer and Ingersoll,
1986; Manassero, 1988), though they were also discussed by
others (Ingersoll, 1990; Ingersoll et al., 1993; Critelli et al., 1997;
Varela et al., 2013). Several factors as climate, agent of transport,
distance to the source area, tectonic and subsidence of the basin
controlled the distribution of detrital modes, and they also depend
on the diagenetic processes (Dickinson and Suczek,1979; Marsaglia
and Ingersoll, 1992; Ingersoll et al., 1993; G�omez-Peral et al., 2011).

According to QmFLt diagram samples from the Springhill For-
mation are located in the field of quartzitic recycled orogen
(Fig. 15A). The Río Mayer Formation samples present a more
disperse distribution, for the Seccional Río Guanaco locality they
are near the Qm-F line, corresponding to the interior craton, tran-
sitional continental and up-lift basement fields (Fig. 15A). On the
other hand, samples of this units belonging from the Lago San
Martín locality are mainly developed into the mixed and recycled
orogen-transitional fields (Fig. 15A). Sandstones from the Piedra
Clavada Formation are situated at the lithic recycled and transi-
tional arc fields (Fig. 15A).

Taking into account the QtFL diagram the samples from the
Springhill Formation are located in the recycled orogen and interior
craton fields (Fig. 15B). For the Río Mayer Formation the recycled
orogen prevail (4 samples), while in minor proportion the interior
craton, transitional continental and up-lift basement are present
(Fig. 15B). Finally, in the Piedra Clavada Formation one sample is
plotted in the recycled orogen field and another one in the transi-
tional arc field (Fig. 15b).

With regards to the sample distribution four different groups of
samples were discriminated in the QmFLt diagram while three
were identified in the QtFL diagram (Fig. 15). In this diagram is
possible to establish a clear differentiation between two groups of
samples, one pre-Aptian and one AptianeAlbian (Fig. 15A). In the
pre-Aptian group there are two populations, the first one (A) is
made by sandstones and graywackes from the middle and the
beginning of the upper sections of the Río Mayer Formation at
Seccional Río Guanaco locality (Fig. 15A). The second population (B)
corresponds to four (4) samples of the Springhill Formation and the
glauconitic sandstones of the initial Río Mayer Formation at Lago
San Martín locality (Fig. 15A). Both populations are composed by
more than 60% of monocrystalline quartz (Qm). The differentiation
between these two populations is by the percentage of feldspars (F)
and the lithics (Lt), which predominates in the population B
(Table 5; Fig. 15A).

Since the Aptian there is registered an important change in the
composition of the sandstones, generating two other populations
(C and D), both with low percentage of Qm and high proportion of
Lt þ F (Fig. 15A). The first population (C) includes the prodelta
samples of the Río Mayer Formation and two (2) samples of the
deltaic Piedra Clavada Formation (Fig. 15A). Lastly, one sample
recovered from the top of the Río Mayer Formation at Seccional Río
Guanaco locality is considerably different to the others analysed, for
this reason is considered one separated population (D), even when
it has only one sample (Fig. 15A).

It is possible to determine two main controlling factors as the
origin of the four populations identified: the percentage of volcanic
lithics and the final depositional environment. The first one is the
responsible for the differentiation in two major groups, the pre-
Aptian and AptianeAlbian assemblages. The highest participation
of volcanic lithics is registered at the north of the study area in the
Río Mayer and Piedra Clavada Formations. Moreover, this is directly
related to the increase in the proportion of feldspars observed by
petrography and XRD. The second factor to be considered is the
depositional palaeoenvironment, which generates the division of
each major assemblage into two populations. In the pre-Aptian
samples is possible to distinguish one population (B) that



Fig. 15. Triangular diagram of provenance of sandstones from Río Mayer Formation. A. Provenance of the sandstone samples from the Río Mayer Formation in the Qm-F-Lt
triangle. B. The same samples plotted into the Q-F-L diagram (After Dickinson et al., 1983).
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correspond to the littoral marine palaeoenvironments and the
other one is represented by the sandstones deposited by distal
turbidity currents in a outer shelf palaeoenvironment (population
A). Similar situation could be observed for the AptianeAlbian
assemblage, due to the population C correspond to the prodelta and
delta front samples while the population D is associated with the
turbiditic deposits of the outer shelf palaeoenvironment.

A similar situation to the here described was observed in the
Appalachian by Walker et al. (1994). These authors identified a
compositional variation in the sandstones originated from the same
source rock as a consequence of the different palaeogeographic
position into the basin. In that study, the authors analysed both
continental and marine sedimentary rocks developed in a transi-
tion between rifting and passive margin settings. Furthermore, the
Fig. 16. Block diagram of the Austral Basin in the study area showing the compositional trend
at two different stages. A. Valanginian-Hauterivian context. B. AptianeAlbian context. WR: W
field as in Fig. 1.
study documented the change from modal compositions repre-
sented in the recycled orogen and volcanic continental fields to
temporarily coeval units plotted in the continental block. This
transition records the movement from lithic sandstones to rich
quartz-feldspar compositions as a result the effect of sediment
transport (Walker et al., 1994).

The populations A and D may have evolved from the pop-
ulations B and C respectively if it is considered the long distance of
transport between the proximal and distal palaeoenvironments.
This transport generates the concentration of cristaloclasts against
the lithics (Fig. 15A), causing that the outer shelf sandstones have a
continental block signature, while the inner shelf sandstones are
related to recycled orogen and volcanic arc (Fig. 15A).

On the other hand, the QtFL diagram results less informative and
from inner (Springhill and Piedra Clavada Fms.) to outer (Río Mayer Fm.) shelf deposits
hole rock from XRD; Clay: Clay content from XRD. 1e10: Sections recovered from the



Fig. 17. Implicancies of the Río Mayer Formation composition in the hydrocarbon exploration of the Austral Basin. A. Ternary diagram (CalciteeClayeQuartz) of the outcrops studied
of the Río Mayer Formation. B. Comparison of the average compositional values from the Río Mayer Formation and some important shale reservoirs in North America (modified
from Chalmers et al., 2012). 1e3 correspond to Río Guanaco locality. C. Wang and Gale (2009) brittleness index (BI) of the Río Mayer Formation in the Río Guanaco locality.
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only registered three populations that partially match with the
previous ones defined (Fig. 15B). The sample PEKA 20 (prodelta
facies) is located in a different position than previously was, and
now it is located between the pre-Aptian samples (population A).
This population develops in the continental block and recycled
orogen fields, but it is not clear a division between their samples
(Fig. 15B). Finally, the populations B and C are equivalents to
populations C and D respectively from the QmFLt diagram (Fig. 15).
The most conspicuous diagenetic component of the Río Mayer

Formation is the pervasive calcite cement which produces irregular
and corroded borders over the siliciclastic grains (Fig. 12C), this
cement present poikilotopic texture in which crystals are anhedral
and with sutured contacts. These features are in agreement with a
deep burial stage (Fig. 12AeC; Flügel, 2004; Morad, 1998; among



Table 6
Brittleness index (BI) of the Río Mayer Formation in the Río Guanaco locality using Jarvie et al. (2007) and Wang and Gale (2009) indexes.

Río Mayer Formation

Sample Lithofacies TOC % Quartz Calcite Clay BI index (Wang and Gale, 2009) BI index (Jarvie et al., 2007)

IG 4 Shale 0.07 90 0 10 0.90 0.90
IG 9 Shale 1.59 72 9 17 0.72 0.73
IG 12 Shale 1.52 73 6 18 0.74 0.75
IG 17 Marl 2.81 52 32 14 0.52 0.53
IG 23 Shale 1.43 79 4 16 0.79 0.80
IG 27 Shale 1.56 78 4 16 0.78 0.80
IG 35 Shale 1.65 73 10 13 0.75 0.76
IG 38 Marly-mudstone 1.88 63 21 12 0.64 0.66
IG 39 Shale 2.09 77 0 22 0.76 0.78
IG 40 Shale 2.44 72 15 12 0.71 0.73
IG 42 Shale 1.59 85 2 11 0.85 0.87
IG 44 Shale 1.49 79 0 17 0.81 0.82
BP 1 Marly-mudstone 0.31 71 18 7 0.74 0.74
BP 5 Shale 0.17 71 15 11 0.73 0.73
PG 5 Marl 0.13 53 38 5 0.55 0.55
PG 9 Marl 0.09 51 38 6 0.54 0.54
PG 15 Marl 0.07 39 49 6 0.41 0.41
PG 19 Marl 0.09 42 50 5 0.43 0.43
PG 24 Marly-mudstone 0.17 58 26 10 0.62 0.62
PG 30 Marl 0.09 30 63 5 0.31 0.31
PG 35 Mudstone 0.58 74 7 8 0.83 0.83
PG 42 Mudstone 0.62 84 7 6 0.86 0.87
PG 50 Marly-mudstone 1.81 66 23 6 0.68 0.69
PG 55 Mudstone 0.6 70 5 9 0.83 0.83
PG 60 Marly-mudstone 1.48 65 16 9 0.71 0.72
PEVP1- 1 Mudstone 0.09 76 1 10 0.87 0.87
PEVP1- 6 Mudstone 0.09 78 5 7 0.87 0.87
PEVP1- 9 Mudstone 0.09 68 8 9 0.80 0.80
PEVP1- 14 Mudstone 0.09 74 6 8 0.84 0.84
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others).

7.3. Regional implications of the compositional analysis

From the compositional analysis of the Río Mayer Formation in
the Río Guanaco locality two independent sectors with different
composition were identified. Firstly, during the Berria-
sianeHauterivian (lower and middle sections) the unit presents in
XRD high amounts of quartz and illite associated with low pro-
portion of feldspars (Fig. 16A). Secondly, during the Hauter-
ivianeAlbian (the last five meters of the middle section and the
entire upper section) the Río Mayer Formation shows in the XRD an
increase in feldspar content and the chlorite occur in higher pro-
portions; while feldspars and volcanic lithics are present in the
sandstones (Fig.16B). All of these changes are slightly noticed in the
Valanginian-Hauterivian but they are clearly identified in the
AptianeAlbian (Fig. 16).

The transition between the Río Mayer and Piedra Clavada for-
mations in the northern region (Lago Viedma- Lago San Martín
localities) is characterized by high amounts of volcanic lithics
(Fig. 16B). This situation is correlated with the increase in feldspars
in the Seccional Río Guanaco locality during the AptianeAlbian
(Fig. 16B). The volcanic lithics recovered at Estancia La Vega locality
(Fig. 1), display many feldspar phenocrystals, many of which are
unaltered (very well preserved) and they are up to 10 times the size
of the feldspars found in graywackes from the Seccional Río Gua-
naco locality. Due to weathering and transport which have been
exposed near the edge of basin sediments, evolution would favour
the freedom of such phenocrystals, which subsequently deposited,
with very small sizes, about 85 km towards the south in the upper
section of the Río Mayer Formation at Seccional Río Guanaco lo-
cality (Fig 16B).

Furthermore, the exclusive participation of Sa assemblage in
fine-grained sediments and volcanic components in sandstones
and graywackes from the Río Mayer Formation at Lago San Martin
locality with respect to samples of the same age in the Seccional Río
Guanaco locality are related to the development of the volcanic arc
proposed for the Neocomian, which was located at the north
(latitude 47� S) and corresponds to the early stage of the Austral
Patagonian Batholith (Ramos et al., 1982; Su�arez et al., 2010)
(Fig. 16B). This arc was called Ba~no Nuevo Volcanic Complex,
developed from the Hauterivian to early Aptian, and consists of
tuffs associated with surtseyans eruptions (Su�arez et al., 2010).

Different lines of evidence suggest that the deposition of the Río
Mayer Formationwas coeval with the development of a volcanic arc
at least from the Valanginian. This volcanic arc had the most in-
fluence on the unit in the northern region of the study area (Lago
San Martín locality) compared with the Seccional Río Guanaco lo-
cality at the south.

7.4. Applicability of the compositional analyses in unconventional
reservoir characterization

The composition of sedimentary rocks has generated great in-
terest in recent studies of black shales reservoirs. In this regard,
most of the successful shale plays are mostly composed of quartz
and carbonate minerals that create the conditions required for
brittle exploitation (Binnion, 2012). A mineralogical composition
mainly composed by quartz, calcite and feldspars promotes brit-
tleness in the rock, while clay minerals, in general terms, tend to
facilitate ductile behaviour (Binnion, 2012). The Río Mayer Forma-
tion is almost entirely composed by quartz and calcite, with low
proportion of clays (Fig. 17A). Compared with one of the most
famous shale-gas in the world, the Barnett shale, the Río Mayer
Formation has a composition richer in quartz and calcite than the
reservoir mention. Moreover, in comparison with other important
shale-reservoirs from North America (Barnett, Marcellus, Wood-
ford, Haynesville and Doig; Fig. 17B), the compositional average
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values of the unit studied have better (more quartzitic) composi-
tion. This aspect is very important for the brittleness behaviour of
the rocks. In this sense, applying the brittleness index (BI) proposed
by Jarvie et al. (2007) andWang and Gale (2009) the samples of the
Río Mayer Formation from the Seccional Río Guanaco locality
shows a clear brittle pattern according to Perez and Marfurt (2014)
classification (Fig. 17C, Table 6).

In general, a good approach to understand the mudrock system
is to develop a shelf-to-basin transect (similar to the presented in
this study), in order to determine the best facies for reservoir
development (Hammes and Fr�ebourg, 2012). Best shale-gas reser-
voirs were deposited distal, low-oxygenated, high-organic low-clay
settings (Hill et al., 2007; Loucks and Ruppel, 2007; Hammes and
Fr�ebourg, 2012).

One important topic to be considered for future studies in this
region of South America is the relationship between diagenetic
processes and natural fractures. In this regard, recent studies have
focused on modelling target shales from analogue field data or
theoretical models to evaluate the possibility of predicting the
distribution of fractures (Gale et al., 2007). If shear fracturing due to
diagenesis has occurred, it can fundamentally alter the magnitude
and anisotropy of permeability in these low permeability sedi-
ments (Cartwright, 2011).

The composition of the Río Mayer Formation in the study area
highly matches with the requirements to be considered for shale-
oil/gas exploration. In this respect, the lower section of the unit is
the interval that has reservoir potential because of the excellent
compositional qualities and high TOC values. The long transport
suffered by the sediments from the littoral to the outer shelf in a
trangressive context, together with an interplay between anoxic
conditions and low sedimentation rates (Richiano, 2015) generates
that the deposits recovered at the lower section of the unit at
Seccional Río Guanaco locality comprise the best potential play to
be wanted in the subsurface.

8. Conclusions

XRD analyzes of whole rock from the Río Mayer Formation in
the study area indicate a composition dominated by quartz and
calcite, withminor amounts of feldspar and clayminerals. The clay-
fraction shows a shift from illite-dominated to chlorite-dominated
sectors in the marine sedimentary environment. In the prodelta
facies smectite dominates over 90%. Authigenic clays and detrital
origin were identified using SEM-EDAX and standard petrography.
The fine sediments were grouped into four clay assemblages (I, IS,
Cl, Sm), which are distributed with a clear pattern of both strati-
graphic and areal arrangement.

From a petrographic point of view, sandstones of the Río Mayer
Formation are mostly feldspathic or lithic graywackes. Respect to
their provenance, taking into account the Qm-F-Lt diagram four
populations were defined, two corresponding to the pre-Aptian
deposits and two from the AptianeAlbian assemblages. The
compositional differences found in each temporal group are
attributed to changes in palaeoenvironments where rocks finally
were deposited. Thus, the sediments carried in the inner shelf
correspond with a recycling orogen and volcanic arc, while samples
developed by turbidity currents deposited in the outer shelf are
from a continental block field. The Río Mayer Formation in the
Seccional Río Guanaco locality displays more stable components
than contemporaneous rocks at Lago San Martín locality. Such
variation is explained by the concentration of stable crystalline
clasts as a consequence of a selective transport from the proximal to
distal environments.

The sediment contribution during the sedimentation of the Río
Mayer Formation was clearly influenced by volcanic activity in the
arc associated with the Southern Patagonian Batholith. The pattern
observed in the plutonic/volcanic development related to this
batholith left its stamp on the mineralogical composition of the
rocks of the unit analysed.

Finally, the Río Mayer Formation possesses all the attributes
needed to enter in the new exploration horizon: Unconventional
Hydrocarbon Reservoirs. The contents of TOC, the compositional
aspects (mineralogy and BI), the degree of diagenesis reached, the
thickness and areal distribution of the focused facies make this unit
as a very conducive to the search of new hydrocarbon reserves in
the Austral Basin.
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