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ABSTRACT

The objective of this work is to discuss the paleoenvironment and age of the Los
Monos Formation, in outcrop and subsurface, along a regional transect (west-east)
in the southern sector of the Tarija basin. The lithofacies and ichnofacies of the
Alarache, Angosto del Pescado and Balapuca outcrops and core-intervals of the
Aguas Blancas xp-13, Ramos x-12, Tartagal x-1 and Tonono x-1 boreholes were
analyzed. The definition of lithofacies and ichnofacies allowed us to interpret a
shallow to outer shelf paleoenvironment (from the offshore-transition, offshore
and shelf). Towards the top of the Tonono Formation, the equivalent of the Los
Monos Formation in the Chaco-Saltefio was defined as a brackish-waters marginal-
marine paleoenvironment. The mineralogy of the mentioned sections plus the
Vespucio x-1 borehole was analyzed by X-ray diffraction (XRD) and scanning
electron microscopy (SEM), thus the majority elements in clay minerals were
also determined from EDAX. Authigenic and detrital clays from SEM-EDAX were
recognized. Four clay mineral assemblages were defined (I4+Ch; Ch+I; I+K; K+1),
where I+K and K+I assemblages characterize the transgressive events within
the basin. The palynofacies of the Balapuca, Alarache and Angosto del Pescado
outcrops and samples from the Ramos xp-1002, Ramos xp-1011 and Ramos xp-
1012 boreholes were defined, the dominance of terrestrial palynomorphs was
identified with variable participation of marine palynomorphs, according to a
shallow marine paleoenvironment with shoreline shifts. Two transgressive events
were recognized during the late Eifelian-early Givetian and the late Givetian-
early Frasnian, which are characterized by an increase in marine components and
clay assemblages of I+K and K+1. The palynological associations point to a late
Eifelian-early to middle Givetian age for the Los Monos Formation in the study
area. The analysis of illite crystallinity and expansive layers in the mixed-layer
IS indicated advanced diagenesis for the unit, from late mesodiagenesis (Tonono
x-1 and Vespucio x-1) to telodiagenesis (Balapuca and Ramos), according to the
final stage of oil generation window to gas generation window, respectively.
Finally, based on the mineral composition with a predominance of quartz (>70%
in average) and low content of clays (<20% in average), thermal maturity in oil
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and gas window, the important thickness in the subsurface (700-1000 meters) and
significant lateral continuity (>100 km2), the unit has some of the attributes to be
considered as a potential shale-type unconventional reservoir.

INTRODUCTION

The Los Monos Formation (Middle Devonian)
is the main source rock of the Paleozoic area of
the Tarija Basin, Argentina and Bolivia. This unit
was named and described for the first time by
Matter (1922) in the creek with the same name,
it comprises black shales with very fine-grained
sandstone intercalations. The formation constitutes
a siliciclastic unit of great continuity (>100 km) and
thickness (700-1000 meters) in the subsurface of the
basin, in northern Argentina and southern Bolivia
(Disalvo and Villar, 1999).

The previous stratigraphic and sedimentological
studies of the Silurian-Devonian units propose
basin models, sedimentary processes and genetic-
stratigraphy models (Montemurro, 1994; Suarez and
Diaz, 1996; Starck, 1996; Fernandez Seveso et al.,
1998, 2000; Miranda et al., 2003, among others). The
most recent studies present lithofacies and biofacies
developed in a shallow marine paleoenvironment
(siliciclastic ramp), with some continental and
littoral lithofacies; framed in genetic-stratigraphic
sequences, as a consequence of eustatic variations
within timelines that are defined by paleontology
and palynology (Albarifio et al., 2002; Alvarez et al.,
2003).

The paleontological studies based on the distri-
bution of benthic fauna and palynological taxa were
carried out throughout the basin, but with little or no
relation to facies analysis and sequential-stratigraphy
(Suédrez Soruco, 1988; Lépez and Lépez, 1975;
Limachi et al., 1996, among others). The studies of
the last twenty years describe palynomorphs and
invertebrates (trilobites and brachiopods) of the
Eifelian-Frasnian period and their relationship with
paleoenvironmental and paleoecological conditions
within a stratigraphic-sequential scheme (Dalenz-
Farjat, 2000; Grahn, 2002; Alvarez et al., 2003; Melo,
2005; di Pasquo, 2005, 2007a, b; Noetinger, 2010;
Noetinger and di Pasquo, 2011; Noetinger et al.,
2015; Noetinger, 2018; Garcia Muro et al., 2020).

The objective of this work is to discuss the

palecenvironment and age of the Los Monos
Formation, in the outcrop and subsurface, in a
regional transect (west to east) of the south part
of the Tarija Basin. From a multi-methodological
analysis were defined lithofacies, ichnofacies,
palynofacies and clay mineral assemblages. The
analysis of the clay assemblages allowed discussing
the source areas, eustatic changes and paleoclimatic
conditions. The analysis of the crystallinity of the
illite and the quantification of expansive layers in
the mixed-layer IS allowed to define the diagenetic
degree of the unit and the potential for hydrocarbons
generation. The study of the mineral composition of
the unit, the determination of the thermal maturity
and the analysis of the geochemical antecedents
allowed us to discuss their implications for the
exploration of unconventional reservoirs (shale gas
and shale oil). Finally, the study of palynological
assemblages allowed us to discuss the age of the Los
Monos Formation in the study area.

GEOLOGICAL SETTINGS

The  Siluro-Devonian  sedimentary  basin
developed to the east of the Puna and the Eastern
Cordillera comprises part of a large basin that
extends into the territory of Bolivia and Paraguay. Its
outcrops are present in the sub-Andean ranges and
the Eastern Cordillera as well as in the Santa Barbara
System, and in the subsurface, it is present in the
Chaco-Saltefio in the province of Salta, Jujuy and
Santiago del Estero (Fig. 1).

The Siluro-Devonian basin was located in the
Western Gondwana and developed in paleolatitudes
higher than 60° temperate-cold sea
conditions (Albarifio et al., 2002; di Pasquo et al.,
2009; Noetinger et al., 2018), with an estimated
paleobathymetry < 200 m (Dalenz-Farjat et al.,
2019). The sedimentary fill is made up of several
overlapping sedimentary basins that comprise most
of the Phanerozoic. Starck (1995) defined four main
sequences delimited by unconformities: Cambrian-
Ordovician, Silurian-Jurassic, Cretaceous-Early

under

2 LAJSBA | LATIN AMERICAN JOURNAL OF SEDIMENTOLOGY AND BASIN ANALYSIS | VOLUME 28 (1) 2021, 1-35



Paleoenvironment and age of Los Monos Formation (Devonian), Tarija Basin, Argentina and Bolivia

Pacific Ocean

e Tonono

o Aguas Blancas

Figure 1. Location of study
localities within the Tarija

Basin.
160—

Aenbeied

0 100Km
—

REFERENCES

o Alarache o Ramos - Pampeano arc
o Angosto del Pescado e Vespucio - Puna arc

o Balapuca o Tartagal | I s&?ﬁrr?:?eﬁ:?us

l:l Arequipa arc
|C Probable connections

Tertiary, and Early Tertiary-Recent. Each sequence
represents different stages of the basin. During the
Upper Cambrian-Lower Ordovician, a convergence
or proto-subduction stage was activated (Sanchez
and Salfity, 1999) and Famatinian magmatism began
(Acefiolaza et al., 1999), the region comprises a back-
arc basin passive margin, open to the west. Towards
the Late Ordovician, a tectonic inversion occurred
due to the Ocloyic orogeny, where the Arequipa-
Antofalla craton collided with the Pampean terrain
(Ramos and Coira, 2008). After the accretion of the
terrain, intracratonic phase of the basin is registered
and two intervals can be recognized, divided by an
unconformity. The earliest interval comprises the

Silurian and most of the Devonian periods, and
the last interval is from the Carboniferous up to the
Jurassic (Starck, 1995).

Although the present limits of the basin are
erosive, the western basin border could have
coincided with the eastern front of the Ocloyic
orogen and Sierras Pampeanas (Puna and Pampeano
arc), it has high relief and comprises main source-
rocks of the largest volume of sediments deposited
in the basin (Albarino et al., 2002; Dalenz-Farjat et
al., 2002; Alvarez et al., 2003; Astini and Marengo,
2006; Aparicio Gonzélez et al., 2020). The basement
is made up of granitic, volcanic, and high-grade
metamorphic rocks (gneiss and migmatites) (Ramos
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and Coira, 2008). While the Brazilian shield and the
Las Breias high could constituted the borders of the
eastern and southeastern basin, respectively (Vistalli,
1999; Vistalli et al., 2005), it has low relief with a
lower contribution of sediments. The Arequipa
massif was largely sialic (Dalmayrac et al., 1980).
The Puna plateau is composed of Upper Ordovician
magmatic igneous rocks (Ramos and Coira, 2008).
The Brazilian shield has a composition similar to the
Arequipa massif (Dalmayrac et al., 1980).

STRATIGRAPHY

The sedimentary column in this region is
represented by clastic sediments from the Lower
Paleozoic to the Cenozoic, the oldest rocks in this
area correspond to Precambrian to Silurian deposits
(Escayola et al., 2011) that represent the substrate of
the basin. Starck (1995) postulated a Phanerozoic
tecto-stratigraphic scheme for northern Argentina
and southern Bolivia, in which the Silurian-Jurassic
period is divided into two intervals separated by a
regional unconformity. Within the Silurian-Devonian
interval, three coarsening-upward supersequences
are defined, in ascending stratigraphic order are
Cinco Picachos, Las Pavas and Aguaragiie (Fig. 2).

The Supersequence Cinco Picachos has in
the base a bank of diamictites approximately 50
meters thick corresponding to the Zapla Formation
(Upper Ordovician-Silurian) and is interpreted as a
product of the Hirnantian glaciation (Diaz-Martinez
and Grahn, 2007; Acefiolaza et al., 1999; Boso and
Monaldi, 1987; Rubinstein, 2005; de la Puente and
Rubinstein, 2013; Benedetto et al., 2015); above it is
the Kirusillas Formation consisting of a sequence of
monotonous shales and sandstone (Starck, 1995).

The Las Pavas Supersequence is separated from
the previous one by a maximum flooding surface.
This supersecuence has a thickness of approximately
900 meters in total, which are divided into coarsening
and thickening-upward cycles. It is composed of the
Icla Formation that corresponds to shales deposited
in a distal platform paleoenvironment (Starck, 1995).
Above is the Huamampampa Formation, which
corresponds to sandstone deposited in a proximal
platform paleoenvironment as well as continental-
fluvial paleoenvironments (Ulrich, 1892; Aramayo
Flores, 1989), these rocks are hydrocarbon reservoirs
in some sectors of the basin.

The Aguaragiie Supersequence has thicknesses of

around 1000 meters and is mainly formed by the Los
Monos Formation. It comprises dark shales with thin
sandstone intercalations, representing storm events,
deposited on a distal platform. This unit constitutes
the main source-rock of the petroleum system. Above
is the Iquiri Formation that comprises sandstone
with a coarsening-upward pattern deposited in a
more proximal paleoenvironment, overlying the
pelitic facies of the Los Monos Formation. This unit
has recurrent storm characteristics (hummocky)
(Bossi, 1983). In Argentina, these units have a
good development in the subsurface, because pre-
Carboniferous erosion eliminated a large part of
the Devonian deposits that are now exposed on the
surface (Starck, 1995).

The Devonian deposits are separated from the
Upper Carboniferous stratigraphic units by an
erosive surface, in the Sub-Andean ranges and
the subsurface of the Bolivian Chaco and the
northern Chaco-Saltefio (Starck, 1995). The Upper
Carboniferous of this basin is made up of the
Machareti and Mandiyuti Groups. In some sections
of southern Bolivia, the Itacua or Saipurt formations
(Famennian-Lower Carboniferous) (Suarez Soruco,
2000) are found above the Devonian levels described.
The Carboniferous stratigraphic succession has been
reinterpreted by Starck (1995) as composed of two
supersequences separated by an unconformity,
represented in Argentina by the Machareti Groups
(Tupambi, Itacuami and Tarija formations) and
Mandiyuti (Escarpment and San Telmo formations).

Cyclicity and eustatic curve

The sedimentation and cyclicity observed
during the Devonian period were mainly subject to
variations in sea level (eustatic control), in addition
to the physiography of the basin margins, subsidence
and climate (Albarino et al., 2002). The eustatic
curve and the Palaeozoic cyclicity of the basin
generally coincide with the eustatic curve presented
by Johnson et al. (1985) for the Devonian sequences
of Euroamerica (Albarifio et al., 2002; Alvarez et
al., 2003). In this way, following the criteria of the
Genetic-Stratigraphy by Galloway (1989), within
the Silurian-Devonian, three coarsening-upward
supersequences were defined called Cinco Picachos,
Las Pavas and Aguaragiie (Starck, 1995), previously
described. Besides, during the Devonian, second-
order regressive and transgressive sequences and
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third-order sequences were recognized (Albarifio et
al., 2002).

In general, prograding regressive events are
observed, represented by forced and normal
regressions such as Forced Regression system track
(FR), Highstand system track (HST) and Lowstand
system track (LST), where the latter is poorly
preserved or not identified (Albarifio et al., 2002).
Regressive processes are associated with most of
the sandstone levels (hydrocarbon reservoirs) of
upper Lochkovian, upper Pragian, middle to upper
Emsian and lower-upper Givetian to Frasnian ages
(Santa Rosa, Huamampampa and Iquiri formations,
respectively). On the other hand, transgressive
events and maximum flooding surfaces are observed,
identified as Transgressive system track (TST) and
synchronous lines respectively, with the transgressive
onlap over the Highstand and Lowstand system track
(Albarino et al., 2002). The transgressive processes
are associated with the main hydrocarbon generating
rocks, during the Lower Lochkovian, Lower Emsian
and Eifelian (Albarifio et al., 2002; Dalenz-Farjat et
al., 2002; Alvarez et al., 2003).

The lower limit of the Emsian is defined by a
maximum flooding surface (base SG VII, seismic
“marker” 4), and then the development of a
regressive sedimentary episode consisting of three

genetic-sequences of third-order (SG VII, VIII, IX)
is recognized, with a normal prograding pattern.
Towards the end of the Emsian, a new third-order
sequence (SG X) is recognized due to a relative
sea-level fall (Forced or Normal Regression). The
lower limit of the Eifelian is defined by a flooding
surface (base SG XI and seismic marker 5), then
four transgressive-regressive cycles are recognized
(SG XI, XII, XII, XIV), with a prograding pattern,
corresponding to a normal regressive episode. The
lower limit of the Givetian corresponds to a new
cycle of relative sea-level fall and the development
of two regressive-transgressive cycles (SG XV, XVI)
(Forced Regression). Towards the end of the Givetian,
scarce data permit to inferring a new transgressive
stage (Albarifio et al., 2002).

MATERIALS AND METHODS

Lithofacial analysis

For the lithofacial analysis, the outcrops of the
Los Monos Formation in the locality of Alarache,
Angosto del Pescado and Balapuca were studied,
overlying is the Tupambi Formation and at the base
the Huamampampa Formation. In the subsurface,
the following core intervals extracted from different
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sections the Los Monos Formation were studied: in
the Aguas Blancas xp-13 borehole, core intervals
from the middle-section of the 2810-2813 and 3056-
3060 mbgs (meters below ground surface); in the
Ramos x-12 borehole, core intervals of the basal-
section of the 2713.4-2719 mbgs; in the Tartagal x-1
borehole, core intervals of the basal section of the
4030-4032 and 4052-4054 mbgs; in the Tonono x-1
borehole, core intervals of the upper section 3285-
3289 mbgs and a middle part of the formation 3365-
3368 mbgs and 3638-3640.5 mbgs. Besides, two core
intervals extracted from the overlying unit (Jollin
Formation) 3073-3077 mbgs and 3133-3134 mbgs
and the underlying unit (Michicola Formation) 3945-
3946.8 mbgs were studied (Fig. 3).

Six sedimentary facies were defined (facies 1 to
6) based on lithology, sedimentary structures, the
content of trace fossils and the bioturbation index
(Table 1). The estimation of the bioturbation index
(BI) follows the scheme of Taylor and Goldring
(1993). In this scheme, BI = 0 is characterized by
not presenting bioturbation (0%) and BI = 6 (100%)
is for fully bioturbed and reworked sediment, related
to repeated overprinting of trace fossils.

X-ray diffraction (XRD)

The mineral composition of the Los Monos
Formation was analyzed by X-ray diffractometry
(XRD) in 126 samples. Balapuca outcrop samples
(48), samples from the core intervals of the Aguas
Blancas xp-13 borehole (7 samples) and Ramos
x-12 (10 samples) and cutting samples from the
Ramos xp-1012 borehole (6 samples), Vespucio x-1
borehole (26 samples) and Tonono x-1 borehole (29
samples). The sampling was throughout the entire
formation and systematic in the 140-meter-thick
Balapuca outcrop, in the 900-meter-thick Vespucio
x-1 borehole and the 985-meter-thick Tonono x-1
borehole. Samples of the underlying formations
such as the Huampampa and the Michicola and
overlying units such as the Tupambi Formation and
the Jollin Formation were also analyzed to establish
a comparative compositional analysis between the
different units.

Samples for XRD analysis were subjected to soft
griding with a rubber mortar and repeatedly washed
in distilled water until deflocculation occurred.
The <2 mm fraction was separated by suspension
and gravity decantation, and oriented mounts were

prepared on glass slides. Clay mineralogy was
determined from diffraction patterns obtained using
samples that were air-dried, solvated with ethylene
glycol, and heated to 550 °C for 2 hours (Brindley and
Brown, 1980). The diffractograms were performed in
an X PANalytical model X'Pert PRO diffractometer
(CIG), using Cu/Ni radiation and 40 kV and 40 mA
generation settings.

The weighting (semi-quantitative) of the minerals
present in the whole rock was carried out from the
intensity of the main peak for each mineral (Schultz,
1964; modified with own standards; Moore and
Reynolds, 1997). The estimation of the mineralogical
components has a methodological error ca. 10%. The
crystallinity of clay minerals was deduced from the
shape and sharpness of the XRD peaks (Brindley and
Brown, 1980). The semi-quantitative estimations
of the relative concentrations of clay minerals
were based on the peak area method following the
methodology from Biscaye (1965). The response of
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 defined areas. The relative
percentages of each clay mineral were determined
by applying empirical factors (Moore and Reynolds,
1997). The abundance of the different clay minerals
in the <2 mm fraction is summarized in Tables 2-7.

In samples with illite (I) and interstratified illite/
smectite (IS), the crystallinity index or Kubler index
(KI) was measured from air-dried samples (Kubler,
1966). The KI values were calibrated according
to the Crystallinity Index Standard (CIS) scale
using the procedure and standards of Warr and
Rice (1994). This index expresses the approximate
overburden conditions to which the sediment was
exposed. For illite, values greater than 0.42 are
interpreted as diagenetic, between 0.42 and 0.25
as anchymetamorphism, and less than 0.25 are
metamorphic. On the other hand, the Esquevin Index
(ED) (Esquevin, 1969) was calculated, which measures
the division between peak 002 and 001 of the illite in
the natural sample, when the values are greater than
0.40 the samples are aluminous, and values less than
0.25 indicate ferromagnesian samples.

The IS interlayers identified, following the
criteria of Moore and Reynolds (1997), were R1 (40-
20% expandable layers of smectite) with reflection
(001) close to 12-14 A in samples solvated with
ethylene-glycol. The relative abundance of illite
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Facies Lithology Sedimentary structures Bloi?lzl;itlon Traces fossils Paleoenvironment
. .. Locally, 4Asterosoma
1 Black shale Massive to locali}lllglirallel lamination Oal isp. Chondrites isp. Shelf
Zoophycos isp.
Siltstone interbedded with very fine- N
. . Planolites isp.
Dark grey siltstone grained sandstone. The sandstone L .
. . . Teichichnus isp.
2 and very fine- layers are continuous to discontinuous, 1-2 . Lower Offshore
. . . . Zoophycos isp.
grained sandstone also lenticulars. Locally with micro- Chondrites is
hummocky. Gradational contact. P
Interbedded grey, bioturbed siltstone, . Planolites isp.
. . . Variable: :
Sandy siltstone and light grey, very fine-grained . Palaeophycus isp.
. . . . Silstones L
and sandstone with sandstone. Higher bioturbation and Taenidium isp.
3 . . . 3 and L Upper Offshore
micro-hummocky sandstone beds. Locally with micro- Scolicia isp.
. . ; sandstone .
cross-stratification ~ hummocky and wave ripples towards 0al Escape trace fossils
the top. Gradational contact. (fugichnia)
Interbedded light grey, very fine- .
. ght grey, very Planolites isp.
grained sandstone and light to dark . .
Very fine sandstone . . Skolithos isp.
. grey, bioturbed siltstone. Sandstone . . ..
4 and bioturbed la2 Ophiomorpha isp. Offshore transition
. beds have hummocky cross- .
siltstone . . . Escape trace fossils
stratification and very thin parallel- S
.. (fugichnia)
lamination
. . . Planolites isp.
Sandstone Yery finely 1nterla}m1nated light grey Palaeophycus isp.
silty sandstone with dark grey shale. .o .
and finely . . Teichichnus isp. .
5 . . Locally, occur thinly dark laminae of la3 o Distal bay
interlaminated . . . Rosselia isp.
. organic debris, mud-drapes, syneresis L.
pelites o Gordia isp.
cracks and siderite bands. . .
Treptichnus isp.
6 Sandy siltstone Massive 1-2 Chondrites isp. Transgressive lag

Table 1. Description and interpretation of the sedimentary facies defined for the Los Monos Formation.

and smectite in the IS interlayers was determined
by the parameter A°26 (Moore and Reynolds, 1997).
Based on the values obtained, the diagenetic degree
of the unit was determined following the scheme of
Féscolos et al. (1976).

Scanning Electron Microscopy (SEM)

Fifty-three from the Los Monos
Formation were analyzed by scanning electron
microscopy (SEM) to study the mineralogical
micromorphology of clay and non-clay minerals.
The samples were air-dried to constant weight and
then plated with gold (Au). Each sample was studied
with different magnifications (12000, 15000 up to
25000x in some cases) to determine the majority and
minority mineralogical components and to observe

the microstructure. The samples were analyzed with

samples

an FEI Quanta 200 SEM microscope and an EDAX
Phoenix 40 (acceleration voltage 20 Kw, spot size 3
to 4 mm, Faculty of Engineering, La Plata, Argentina).

Palynological analysis

Palynological studies were perfomed on outcrops
and subsurface samples of the Los Monos Formation,
in the Alarache, Balapuca and Angosto del Pescado
sections and in the Ramos xp-1002, Ramos xp-1011
and Ramos xp-1012 boreholes (Perez Leytén, 2010
and Perez Leyton, 2014). The age determination is
based on the Biostratigraphic Reference Scale for
Bolivia proposed by Perez Leytén (2007) including
spores, chitinozoans and acritarchs/prasinophyceae.
Regarding spores, other regional zonations were
also used, such as those proposed for the Amazon
basin, Brazil, applicable to Western Gondwana
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Whole rock Clay fraction
Sample Q FK Pl Py | Clay | Formation| I IS Ch K | Claymineral
assemblage
Bal 70 2 4 0 24 55 26 14 5
Ba2 79 1 4 2 14 Tupambi 51 28 13 8 CMA [4IS
Ba3 75 2 4 3 16 51 22 24 3
Ba4 81 0 7 0 12 49 31 16 4
Ba5 84 0 8 0 8 34 42 19 5 CMA IS+
Ba 6 82 0 7 0 11 52 18 24 6
Ba7 73 0 9 0 18 49 20 26 5 CMA [+Ch
Ba 8 65 0 5 0 30 54 21 21 4
Ba 9 73 0 7 0 20 47 22 26 5
Ba 10 82 0 8 0 10 30 21 16 33 CMA K+
Ba 11 77 0 7 0 16 47 14 31 8
Ba 12 73 0 8 0 19 47 23 26 4
Ba 13 77 0 5 0 18 46 21 28 5
Ba 14 83 0 10 0 7 43 13 34 10
Ba 15 70 0 7 0 23 58 14 23 5 CMA 1+Ch
Ba 16 66 0 6 0 28 62 16 19 3
Ba 17 68 0 9 0 23 54 18 24 4
Ba 18 65 0 7 0 28 51 22 22 5
Ba 19 51 0 8 0 41 57 16 23 4
Ba 20 85 0 5 0 10 13 18 27 42 CMA K+Ch
Ba 21 60 0 6 0 34 56 16 25 3
Ba 22 67 0 7 0 26 43 23 24 5
Ba 23 50 0 8 0 42 53 22 19 6
CMA [+Ch
Ba 24 63 0 5 0 32 54 18 23 5
Ba 25 68 0 6 0 26 48 22 26 4
Ba 26 73 0 11 0 16 Los Monos 47 24 24 5
Ba 27 83 0 9 0 8 33 16 16 35 CMA K+
Ba 28 72 0 9 0 19 51 23 21 5
Ba29 75 0 10 0 15 49 22 24 5
Ba 30 66 0 12 2 20 58 18 18 6
Ba 3l 76 0 8 1 15 53 17 26 4 CMA [+Ch
Ba 32 75 0 8 0 17 54 18 25 3
Ba 33 73 0 7 0 20 59 12 24 5
Ba 34 66 0 6 0 28 62 13 23 2
Ba 35 69 0 7 0 24 56 18 25 1
Ba 36 63 0 8 0 29 47 24 18 11 CMA I+IS
Ba 37 72 0 6 0 22 40 18 25 17
Ba 38 71 0 14 0 15 38 22 24 16 CMA I+Ch
Ba 39 74 0 10 0 16 44 14 31 11
Ba 40 74 0 12 0 14 43 13 21 23 CMA I+K
Ba 41 82 0 7 0 11 18 8 36 38
Ba 42 83 0 7 0 10 21 24 13 42 CMA K+
Ba 43 33 0 11 0 6 13 32 12 43
Ba 44 73 0 8 0 19 50 20 24 6 CMA I+Ch
Ba 45 66 0 10 0 24 43 22 24 11
Ba 46 64 0 13 0 23 45 33 21 1 CMA IS
Ba 47 75 0 11 0 14 40 22 22 16
Ba 48 79 0 9 0 12 55 18 23 4 CMA 1+Ch

Table 2: Results of X-ray diffraction from the Los Monos Formation at Balapuca locality. Q: quartz; FK: potassium feldspar; Pl:

plagioclase; Py: pyrite; I: illite; IS: illite-smectite mixed layer; Ch: chlorite; K: kaolinite; CMA: Clay mineral assemblage.
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Whole rock Clay fraction
Depth Clay mineral
b .
(mbgs) Q FK Pl Py Clay | Formation 1 IS Ch K assemblage
3771 69 0 8 0 23 54 3 43
CMA I+Ch
3801 o4 0 4 2 30 50 5 45
3831 72 0 5 3 20 48 2 22 28
3861 73 0 4 0 23 42 5 21 32
CMA [+K
3891 78 0 5 0 17 47 3 20 30
3952 74 0 3 0 23 49 5 18 28
3984 83 0 5 0 12 33 8 24 35
CMA K+I
4020 86 0 6 0 8 31 10 26 33
4056 78 0 5 0 17 44 18 11 27
CMA [+K
4092 71 0 4 0 25 45 20 13 22
4214 74 0 5 0 21 45 22 15 18
CMAT+IS
4250 75 0 6 0 19 43 23 14 20
4286 73 0 8 0 19 44 20 15 21
Los Monos
4322 78 0 5 0 17 43 18 16 23 CMA I+K
4358 82 0 2 0 16 49 19 14 18
4400 76 0 5 0 19 41 17 42
4430 83 0 8 0 9 42 15 43 CMA Ch+I
4506 82 0 4 0 14 40 16 44
4542 77 0 3 0 20 50 14 15 21
CMA [+K
4572 82 0 0 0 18 52 15 13 20
4608 78 0 5 0 17 56 22 22 0 CMA I+Ch
4644 75 0 8 0 17 52 16 14 18 CMAT+K
4688 74 0 7 0 19 51 15 18 16
4722 79 0 4 0 17 49 17 22 12
CMA I+Ch
4746 81 0 5 0 14 54 13 20 13
4776 90 0 1 0 9 47 12 23 18

Table 3. Results of X-ray diffraction from the Los Monos Formation at Vespucio x-1 borehole. References as in Table 2.

(Melo and Loboziak, 2003) and for northwestern
Gondwana (Breuer and Steemans, 2013) including
local elements or endemic. These biostratigraphic
scales were defined by comparison with the two
major reference zonations for the Devonian spores of
Euroamerica and applicable to Western Gondwana
of Richardson and McGregor (1986) and Streel et al.
(1987). These two major zonations have independent
age control since they are calibrated with associated
marine faunas, such as conodonts, graptolites,
foraminifera among others.

In the case of chitinozoans, the scale proposed by
Perez Leytén (2007) has been defined and compared
with global zonations (Paris, 1981; Paris et al., 2000)
and with the Silurian and Devonian zonations of
Western Gondwana (Grahn, 2005; Grahn, 2006).

For the group of acritarchs/prasinophytes, the scale
proposed by Perez Leytén (2007) was developed
based on the synthesis of Molyneux et al. (1996) and
an operational zonation developed by the author.

In addition, a palynofacies analysis was carried
out distinguishing, according to Tyson (1995),
algal facies, which consists of amorphous organic
matter of algal origin and figurative elements of
the acritarchs/prasinophytes group and compatible
with type-I kerogen with high oleogenetic potential;
a liptinic facies, represented by pollen, spores,
cuticles, and compatible with the type-II kerogen
with lower oleogenetic potential than the algal
facies; a lignohumic facies, which includes the
tissues of higher terrestrial plants, compatible with
type-III kerogen, with low oleogenetic potential in
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Whole rock Clay fraction
Depth Clay mineral
b .
(mbgs) Q FK Pl Py Clay | Formation 1 1S Ch K assemblage
3098 67 5 3 0 25 43 6 43
Jollin
3133 68 0 2 0 30 40 5 48
3164 81 0 1 0 18 36 6 49
3194 78 0 5 1 16 41 10 5 44 CMA K+I
3236 78 0 4 0 18 42 7 43
3266 76 0 6 0 18 42 9 6 43
3290 82 0 7 2 9 39 11 5 45
3314 83 0 5 0 12 43 13 6 38
3352 77 0 4 0 19 50 18 9 23
3386 75 5 2 3 15 48 20 10 22 CMAT+K
3422 73 0 3 0 24 46 21 8 25
3458 72 0 7 2 19 44 22 10 24
3482 69 0 5 0 26 45 24 23 8 CMATHIS
3512 71 0 6 0 23 Tonono 45 22 10 23
3548 79 0 8 2 11 51 18 8 23
CMA I+K
3590 74 0 4 0 22 45 14 15 26
3620 83 0 3 0 14 39 15 23 23
3638 77 0 2 6 15 50 18 26 CMA I+Ch
3668 74 0 4 0 22 37 19 44 CMA Ch+I
3704 78 0 6 0 16 47 21 26
CMA I+Ch
3734 81 0 5 3 11 55 22 23
3770 82 0 5 0 13 54 18 9 19
CMAT+K
3812 73 0 6 0 21 53 18 8 21
3854 76 0 3 5 16 54 15 18 13
CMA I+Ch
3890 78 0 2 0 20 51 18 19 12
3920 76 0 3 0 21 48 21 18 13
3952 77 0 4 0 19 52 22 8 18
Michicola CMA I+IS
3986 78 0 5 0 17 54 18 9 19
4014 79 0 6 0 15 50 20 14 16

Table 4. Results of X-ray diffraction from the Tonono Formation at Tonono x-1 borehole. References as in Table 2.

liquid hydrocarbons but high in gas and an inertinite
facies, constituted by degraded organic matter, inert,
with negligible oleogenetic potential.

LITHOFACIAL ANALYSIS

Six sedimentary facies have been defined based
on lithology, sedimentary structures, the content of
trace fossils and bioturbation index, in the outcrops
and the core intervals studied of the Los Monos
Formation in Argentina and Bolivia. These facies
are Black shale facies (F1), Dark grey siltstone and
very fine sandstone Facies (F2), Sandy siltstone

and sandstone with micro-hummocky
stratification Facies (F3), Very fine sandstone facies
and bioturbed siltstone Facies (F4) and Sandstone
and finely interlaminated pelites Facies (F5) and

Sandy siltstone Facies (F6) (Table 1).

Cross-

Black shale Facies (F1)

This facies consists of black, massive (Fig. 4A)
to locally parallel-laminated shale. Locally pyrite is
present. Bioturbation is generally absent, but some
levels revealed the presence of Asterosoma isp.,
Chondrites isp., and Zoophycos isp.
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Whole rock Clay fraction
Depth Clay mineral
b y
(mbgs) Q FK Pl Py Clay I IS Ch K assemblage
2810 68 1 12 0 19 63 17 18 2
CMA I+Ch
2830 77 0 6 2 15 65 16 19 0
2850 83 2 3 3 9 36 12 51 1
CMA Ch+l
2870 72 0 5 0 23 33 10 57 0
2890 71 3 4 0 22 64 12 22 2
3056 78 0 8 0 14 52 16 32 0 CMA I+Ch
3066 72 2 10 0 16 55 3 41 1

Table 5. Results of X-ray diffraction from the Los Monos Formation at Aguas Blancas xp-13 borehole. References as in Table 2.

Depth Whole rock Clay fraction = : l
(mbgs) Q FK Pl Py Clay I IS Ch K a:s};:nnll)lll;;:
2713 78 0 3 0 19 52 13 3 32
2723 82 0 2 2 14 50 15 5 30
2733 80 0 5 3 12 54 12 3 31
2743 76 0 3 0 21 48 16 4 32
2753 77 0 4 0 19 51 13 6 30
2763 83 0 1 0 16 43 14 5 38 CMATHK
2773 78 0 7 0 15 54 11 7 28
2783 82 0 6 0 12 55 15 3 27
2793 79 0 3 0 18 55 14 2 29
2803 81 0 1 0 18 44 15 7 34

Table 6. Results of X-ray diffraction from the Los Monos Formation at Ramos x-12 borehole. References as in Table 2.

Depth Whole rock Clay fraction - : l
(mbgs) Q FK Pl Py Clay I IS Ch K a:s);nnllll)lll:;:
2260 63 5 7 0 25 49 14 21 16 CMA I+Ch
2290 64 4 7 2 23 55 13 11 21 CMA I+K
2480 64 6 9 0 21 60 9 18 13 CMA I+Ch
2512 65 4 9 0 22 51 22 21 6

2534 65 5 10 0 20 41 32 14 13 CMA I+IS
2614 64 4 11 2 19 57 18 16 9

Table 7. Results of X-ray diffraction from the Los Monos Formation at Ramos xp-1012 borehole. References as in Table 2.

Interpretation: This facies records suspension-
fallout deposition in a low-energy setting without
the influence of waves and currents. The dark
colour, the low bioturbation index and the scarcity
of fauna suggest anoxic conditions. However, the
presence of local bioturbation suggests brief periods
of more favourable conditions on the sea floor.

Furthermore, these fine-grained sediments may have
been characterized by high water content, and their
degree of consolidation probably affected biogenic-
structure preservation, which is very low in soupy
substrates (Ekdale, 1985).

Based on the described characteristics, this
facies is interpreted as having been deposited in the
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Paleoenvironment and age of Los Monos Formation (Devonian), Tarija Basin, Argentina and Bolivia

shelf palecenvironment below storm wave-base as
indicated by the absence of oscillatory structures.

Dark grey siltstone and very fine-grained
sandstone Facies (F2)

This facies consists of dark grey siltstone
interbedded with very fine-grained sandstone
(<0.5 cm thick) (Fig. 4B). The sandstone layers are
continuous to discontinuous, also lenticular, locally
with micro-hummocky cross-stratification. Deposits
are generally sparse to moderately bioturbed. These
deposits have a BI of 1 to 2 and are represented
by Planolites isp., and Teichichnus isp. (Fig. 4B).
Chondrites isp., and Zoophycos isp., are also observed.
(Fig. 4C and 4D). The contact with underlying
black shale (facies 1) is sharp but conformable and
gradational with overlying sandy siltstone (facies 3).

Interpretation: The grey siltstone facies records
suspension-fallout deposition in a low-energy
environment, mainly in the absence of waves and
currents. The very fine sandstone layers may have
been emplaced by distal storms (episodic storms)
where the discontinuous to lenticular shape could
be related to bioturbation. Although the sedimentary
processes involved during the deposition of this
facies are similar to those in the black shale facies,
the presence of sandstone levels and oxic conditions,
revealed by bioturbation, suggests deposition in a
lower offshore environment immediately above the
storm wave-base.

Sandy siltstone and sandstone with micro-
hummocky cross-stratification Facies (F3)

This facies consists of interbedded grey, bioturbed
siltstone, and light grey, very fine-grained sandstone
(<2 cm thick) with micro-hummocky cross-
stratification. In some cases, wave ripples occur on
top of micro-hummocky beds, also mud-drapes and
ripple cross-lamination are observed (Fig. 5A). The BI
is variable, in the siltstone the bioturbation index is
generally 3, while in the sandstone it ranges between
0 and 1. The dominant ichnofauna in siltstone is
Planolites isp., and Palaeophycus isp., in the sandy
beds escape trace fossils are observed (fugichnia)
(Fig. 5A). There are also traces fossil of Taenidium
isp., and Scolicia isp. (Fig. 5B and 5C). Overall, the
basal and top contact of this facies is gradational.

Figure 4. Core photographs showing the sedimentary

structures and traces fossils of F1 and F2 facies defined
in the Los Monos Formation. a) Facies 1, Aguas Blancas
xp-13 borehole, 2810.5 mbgs; Asterosoma (As). b) Facies 2,
Aguas Blancas xp-13 borehole, 2811 mbgs; Planolites (Pl),
Teichichnus (Te). ¢) Zoophycos (Zo). d) Chondrites (Ch).

Interpretation: The bioturbed siltstone records
quiet-water sediment fallout during fair-weather
conditions, while the micro-hummocky, cross-
stratified, very fine-grained sandstone beds were
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Figure 5. Core photographs showing the sedimentary structures and traces fossils of F3 and F4 facies defined in the Los Monos
Formation. a) Facies 3, Ramos x-12 borehole, 2714.5 mbgs; ripples cross lamination (rl), micro hummocky cross lamination
(HCS), mud drapes (md), escape trace fossils (Es) and Planolites (Pl). b) Facies 4, Aguas Blancas xp-13 borehole, 2813.5 mbgs;
Palaeophycus (Pa). ¢) Ophiomorpha (Op). d) Skolithos (Sk). e) Taenidium (Ta). f) Scolicia (Sc).
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generated by combined flows of oscillatory and
unidirectional currents during storms events (Duke
et al., 1991). Wave ripples overlying the micro-
hummocky zones indicate temporary reworking by
waves during waning storms (Dott and Bourgeois,
1982). The ripple cross-lamination was formed when
deposition took place during migration of current
or wave ripples (Walker and James, 1992). The
fair-weather deposits are dominated by a deposit-
feeding ichnofauna. The presence of siltstone with
higher bioturbation and higher participation of
thicker sandstone (tempestites) compared to the F2
facies, suggests the deposition in an upper offshore
paleoenvironment below fair-weather wave-base,
but above storm wave-base.

Very fine-grained sandstone facies and bioturbed
siltstone Facies (F4)

This facies consists of interbedded light grey,
very fine-grained sandstone and light to dark grey,
bioturbed siltstone. Sandstone beds have hummocky
cross-stratification and very thin parallel-lamination
(Fig. 5B). Traces of escape are observed, Skolithos
isp., Ophiomorpha isp., and in the silt layers,
Planolites isp. (Fig. 5B-D). At some levels, the
presence of Taenidium isp., and Scolicia isp. (Fig. 5E
and 5F). Locally, Protovirgularia isp., Lockeia isp.,
and Thalassinoides isp.

Interpretation: Very fine-grained sandstone with
hummocky cross-stratification were generated by
combined flows of oscillatory and unidirectional
currents during storms. The preservation of
sedimentary structures and the scarce to absent
traces fossil suggests an environment of higher energy
without activity by organisms. Only the presence of
pioneer opportunistic organisms is observed. The
predominance of tempestite sandstone suggests
deposition in open-marine conditions, below fair-
weather wave-base and above storm wave-base, in
an offshore-transition zone.

Sandstone and finely interlaminated pelites Facies
(F5)

This facies is composed of very finely
interlaminated light grey silty sandstone with dark
grey shale (Fig. 6A). The sandstone beds thickness

varies from 1 to 5 cm, are continuous to discontinuous,

in some cases lenticular. Locally, occur thinly dark
laminae of organic debris, mud-drapes, syneresis
cracks and siderite bands (identified by XRD). The
Bl is 1 to 3, the dominant ichnotaxa are Planolites
isp., Rosselia isp., and Teichichnus isp. (Fig. 6A and
6B). Gordia isp., and Treptichnus isp. (Fig. 6C and
6D). It is restricted to the eastern portion of the study
area (upper part of Tonono Formation, Tonono x-1
borehole), with a thickness ranging from 0.1 to 1 m.

Interpretation: The low ichnodiversity, mud-drapes,
siderite bands, and regular interlamination of pelites
and very fine-grained sandstone beds indicate
fluctuations in energy conditions. The presence of
syneresis cracks, which have been related to salinity
fluctuations (Plummer and Gostin, 1981), supports
this idea. This facies was deposited in a tidal-
influenced brackish-water environment, most likely
a distal bay relatively far from the river discharge
area (MacEachern et al.,, 2007). The sandstone
layers with thin parallel lamination correspond to
storm deposits within the bay. The sandy siltstone
represents a transgressive lag produced due to high-
energy ravinement in a basinwide transgression,
during which time occurs the drowning of the
bay and the shoreline moves towards the land,
accompanied by a reduction sediment influx into
the basin and erosion of the previously deposited
sediments (Cattaneo and Steel, 2003).

Sandy siltstone Facies (F6)

This facies is composed of light grey, massive,
sandy siltstone with granules (Fig. 6A). The BI is 1
to 2. The ichnofauna consists of Chondrites isp. The
interval thickness of this facies is less than 50 cm.
The contact with underlying brackish-water deposits
is erosive and gradational with overlying offshore
deposits. It is restricted to the eastern portion of the
study area (upper part of Tonono Formation, Tonono
x-1 borehole).

Interpretation: The sandy siltstone represents a
transgressive lag produced due to high-energy
ravinement in a basinwide transgression, during
which time occurs the drowning of the bay and the
shoreline moves towards the land, accompanied by a
reduction sediment influx into the basin and erosion
of the previously deposited sediments (Cattaneo and
Steel, 2003).
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Figure 6. Core photographs showing the sedimentary structures and traces fossils of F5 defined in the Los Monos Formation. a)
Facies 5, Tonono x-1 borehole, 3366.5 mbgs, to the top transgressive lag; Planolites (Pl), Rosselia (Ro) and Palaeophycus (Pa) with
siderite bands (sb) and syneresis cracks (sc), ripples cross lamination (rl) and erosive surface to the top (es). b) Teichichnus (Te).
¢) Gordia (Go). d) Treptichnus (Tr).

Sedimentary Facies associations

Two facies associations are recognized for the Los
Monos Formation, one association corresponds to
a paleoenvironment with open-marine conditions,
which are arranged along a depositional profile
from the offshore transition to the shelf and another
association corresponds to brackish-water marginal-
marine conditions.

The open-marine succession comprises F1 that
has been interpreted as suspension-fallout deposits
in a shelf, below storm wave-base. The dark colour,
rare local bioturbation, and sparse fauna suggest
that anoxic to dysoxic conditions prevailed during

deposition. The F2 transitionally overlie the shelf
black shale. The presence of interbedded siltstone
and sandstone, lighter colours and bioturbation,
indicate an increase in oxygen level, probably due to
sporadic storms events above the storm wave-base
or by sediment progradation overtopping the basin
sill. The presence of discontinuous or lenticularly
sandstone beds is attributed to biogenic reworking.
The degree of bioturbation is moderate to low. The
lower offshore siltstone gradually passes into F3 of
the upper offshore. Bioturbation degree is higher and
the sandstone beds are thicker. The upper offshore
deposits are gradually overlain by F4 of the offshore
transition. Bioturbation is scarce to absent, showing
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a higher energy environment. The sand content
gradually increases upward. All contacts between
each of the open-marine facies are gradational.

Except for the black shale, the open-marine
succession, including the lower and upper
offshore and the offshore-transition deposits, are
characterized by a moderate to low BI (1 to 3) and a
“distal” Cruziana ichnofacies can be assigned to these
deposits. The dominant elements are Planolites isp.,
and Palaeophycus isp., while subordinate elements
are Teichichnus isp. and Rosselia isp. Occasionally,
Chondrites isp., and Zoophycos isp., are observed
near the top of storm micro-HCS deposits from lower
offshore and offshore-transition, which indicates
post-storm colonization by opportunistic organisms
(Frey and Ring, 1992). The trace fossils are generally
produced by selective deposit-feeding, which is the
dominant strategy for elements of “distal” Cruziana
ichnofacies (Buatois et al., 2013). Locally, rare
Protovirgularia isp., and Lockeia isp., accompanied
by Thalassinoides isp., Scolicia isp., and Taenidium
isp., are present. These could represent levels with
a diverse Cruziana ichnofacies generally with more
trophic types (Buatois et al., 2013).

According to MacEachern and Pemberton
(1992), a “distal” or “outer” Cruziana assemblage
is characteristic of lower offshore deposits, while a
diverse Cruziana is more common in upper offshore
and lower shoreface deposits. In contrast, in the
Los Monos Formation, the “distal” Cruziana seems
to have spread over large areas of the depositional
profile, from the lower offshore to the offshore-
transition deposits.

In the upper section of the Tonono Formation,
in the Tonono x-1 borehole, intervals deposited
under brackish-water marginal-marine conditions
are recognized, within the distal zone of an open-
bay (F5). There are traces fossils of Planolites isp.,
Palaeophycus isp., as well as Rosselia isp. and
Teichichnus isp. These deposits are characterized by
a low to moderate BI, a relatively low ichnodiversity,
representing the depauperate Cruziana ichnofacies
(Buatois et al., 2005; MacEachern et al., 2007). At
some levels are observed the presence of Gordia isp.,
and Treptichnus isp. Locally, the restricted presence
of Chondrites isp. and Zoophycos isp., are present.
Besides, syneresis cracks and siderite bands are
recognized that could indicate salinity fluctuation
(Burst, 1965; MacEachern and Pemberton, 1994). In
the same locality, F6 is observed, which represents

a transgressive lag, formed locally the drowning
of the bay. Where F6 is present, the contact with
the underlying brackish-water marginal-marine
environment is erosional and gradational with
overlying offshore deposits.

CLAY MINERAL ASSEMBLAGES

The Los Monos Formation is composed of quartz
as the prevalent mineral (between 50% and 90%; 74%
in average); followed by clay in varied abundance
(10-40%; 18% in average), while plagioclase (5-10%;
6% in average) and potassium-feldspars (always
subordinate to the previous ones) are less frequents.
Calcite, pyrite and traces of dolomite, siderite and
clinoptilolite can appear in very low concentrations
(<5%). The clay-fraction (<2um) is characterized
on average by illite (47%), with subordinate and
variable percentages of mixed-layer of IS (17%),
chlorite (20%) and kaolinite (16%).

In the Los Monos Formation four clay mineral
assemblages are characterized based on the presence,
type and relative amount of the clay minerals. These
assemblages are present in all of the analysed sections.
A synthesis of the mineralogical characteristics and
stratigraphic location of each assemblage is exposed
in Table 2-7, and representative X-ray diffraction
patterns of the <2 um fraction are illustrated in Fig. 7.

The illite+chlorite assemblage (I+Ch; 62
samples; Fig. 7A): is characterized by the presence
of illite in more than 38%, varying from 38 to 65% in
average 51% and accompanied by chlorite (14-45%;
24% in average) and in less proportion the mixed-
layer illite-smectite (3-33%; 18% in average) and
kaolinite (0-20%; 7% in average).

The chlorite+illite assemblage (Ch+I; 6 samples;
Fig. 7B) shows the highest chlorite contents (42-
57%; 47% in average) accompanied by variable illite
contents (36-41%; 38% in average), IS (12-19%; 15%
in average) and kaolinite is almost absent with the
exception for a sample with 1%.

The illite+kaolinite assemblage (I+K; Fig. 7C):
differs of I+Ch assemblages by the higher proportion
of kaolinite (18-38%; 26% in average), recognized in
35 samples which also have illite (39-55%; 48% in
average) and similar proportions of chlorite (2-23%)
and IS (2-22%).

The kaolinite+illite assemblage (K+1; 15 samples;
Fig. 7D): differs of I+K assemblages by a higher
proportion of kaolinite (33-49%; 41% in average)
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Figure 7. X-ray diffractograms of the clay assemblages from Los Monos Formation. a) Illite+Chlorite assemblage (I+Ch). b)
Chlorite+Illite assemblage (Ch+1). c) Illite+Kaolinite assemblage (I+K). d) Kaolinite+Illite assemblage (K+1I).

compared with illite (13-43%; 32% in average)
and similar proportions of chlorite (5-36%; 14% in
average) and IS (7-32%; 13% in average).

Clay minerals are species sensitive to diagenetic
changes (de Segonzac, 1970) and some of the
most used criteria in defining the postdepositional
processes intensity are based on the analysis of the
crystallinity of the illite and percentage of expansive
layers on the mixed-layer I/S. The participation of
illite in the mixed-layer IS structure increases as the
degree of burial diagenesis increases (Féscolos et al.,
1976). |

Based on the measurement of the smectite
proportion in mixed-layer IS between 20 to 40%,

18

suggest that Los Monos Formation reached advanced
diagenesis, from a late-mesodiagenesis stage
(Tonono x-1 and Vespucio x-1) to telodiagenesis
(Balapuca and Ramos), respectively. These results
coincide with gas generation window and final stage
of oil generation window, according to Féscolos et
al. (1976).

Distribution of clay mineral assemblages of Los
Monos Formation

The illite+chlorite assemblage (I+Ch) is present
in all of the analyzed sections, it predominates in the
Balapuca locality (82% of the 45 analyzed samples),
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in less proportion in the Vespucio x-1 borehole (34%
of the 26 analyzed samples) and less common in
the Tonono x-1 borehole (26% of the 25 analyzed
samples). Although few samples were analyzed in
the Aguas Blancas xp-13 borehole, almost all the
samples have this assemblage (71% of the 7 analyzed
samples), as in the Ramos xp-1012 borehole (90 % of
the 5 analyzed samples). This assemblage is highly
variable in the vertical distribution, a decrease is
observed towards the base in the Balapuca section
and towards the top of the Vespucio x-1 and Tonono
x-1 boreholes with an increase in the kaolinite+illite
assemblage.

The kaolinite+illite assemblage (K+1) is present
in some of the analyzed sections, it predominates
in the Tonono x-1 borehole (30% of the 23 analyzed
samples), in less proportion in the Vespucio x-1
borehole (8 % of the 26 analyzed samples) and less
common in the Balapuca section (13% of the 45
analyzed samples). This assemblage is absent in the
Aguas Blancas xp-13, Ramos x-12 and Ramos xp-
1012 boreholes. This assemblage is variable in the
vertical distribution, an increase is observed towards
the base in the Balapuca locality and the top of the
Vespucio x-1 and Tonono x-1 boreholes in detriment
of the illite+chlorite assemblage. In addition, this
assemblage is present in thin beds along the sections.

The  illite+kaolinite  assemblage (I+K)
predominates in the Tonono x-1 borehole (48% of
the 23 analyzed samples) and in the Vespucio x-1
borehole (48% of the 26 analyzed samples) and
almost absent in the Balapuca section (2% of the
45 analyzed samples). This assemblage is present
in all the samples from Ramos x-12 borehole, in
less proportion in the Ramos xp-1012 borehole
(16% of the 6 analyzed samples) and absent in the
Aguas Blancas x-13 borehole. This assemblage has
a vertical distribution similar than kaolinite-+illite
assemblage.

The chlorite+illite assemblage (Ch+1I) is poorly
represented in the sections. It is present in the
Vespucio x-1 borehole (11% of the 26 analyzed
samples), in the Aguas Blancas xp-13 borehole
(29% of the 7 analyzed samples) and 1 sample in
the Tonono x-1 borehole (4% of the 23 analyzed
samples).

Therefore, in the west-east regional section is
observed that the content of illite and chlorite (I+Ch
assemblage) increases towards the west of the basin
(Balapuca section), while the kaolinite content (K+1I

and I+K assemblage) has an inverse behaviour.
Vertically, the distribution of clay assemblage is highly
variable, an increase in kaolinite (K+I assemblage) is
observed towards the base of Balapuca and the top
of the Vespucio x-1 and Tonono x-1 boreholes, in
detriment of illite and chlorite (I+Ch assemblage).

Finally, the clay mineral assemblage was
analyzed in the Jollin and Michicola Formations,
over and underlying units of the Tonono Formation
in Tonono x-1 borehole, respectively. The Jollin
Formation presents the assemblage of kaolinite+illite
(K+1I), while the Michicola Formation presents the
assemblage of illite+chlorite (I+Ch).

XRD and SEM characterization of clay minerals

Clay mineral micromorphology recognized by
SEM analysis shows two types of clays, clays are
non-oriented, detrital, with irregular borders and
with basal sections (001) lower than 20 um (illites)
and authigenic clays, oriented with stacked sheets
and some with border dissolution with sizes varying
from lower than 10 wm to 100 um (IS and chlorites),
microporosity is observed (Fig. 8). EDAX analyzes of
clays of illitic composition (illite and IS; Fig. 8A, B,
D and E) 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
approximately 20 um, in which the contents of Fe
are higher (Fig. 8C).

Additionally, SEM analyzes reveal that IS clays
show thin flakes as the main micromorphology
which are ordered according to the 001 faces. The
flakes show equidimensional subhedral forms with
defined borders in crystals with less than 100 wm.
EDAX analyzes show Si and Al as the majority
cations, followed by K, Mg and Fe (Fig. 8C). These
results are consistent with XRD analyzes.

Organic matter was also identified by SEM (Fig.
8F) and shows intergrown with illite and IS with
characteristic morphologies of elongated fibres. In
this case, EDAX analyzes show peaks of C of low-
intensity accompanied by other peaks from the clays
of the rock (Al, Si, K, etc.).

The SEM-EDAX analyzes allow to identify that
clays observed in the study have a detrital and
authigenic origin, illite shows morphologies and
dispositions that may indicate they were transported
(Fig. 8B). On the other hand, XRD analysis allows
recognizing the illite crystallinity (KI) which are
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>0.4 related to the diagenetic origin and suggest the
presence of polytype 1M. If the Esquevin index is
considered, most of the samples are located in the
field of aluminous illites.

On the other hand, the position of the main peaks
of chlorite is in agreement with iron-rich chlorite
type and polytypes observed are similar to those of
low temperature during diagenesis (Fig. 8B). On the
other hand, chlorite is observed filling pores with
moderate crystallinity growth (Fig. 8C). Thus, IS is
also observed in staggered arrangements according
to a predominant orientation of the IS flakes in the
pores (Fig. 8A, D and E). In these cases, it suggested
that Ch, as IS, had an authigenic origin during burial
diagenesis although the existence of detrital chlorite
may not be discarded.

PALYNOFACIES

Alarache and Balapuca

The palynomorphs recorded in the Los Monos
Formation, of late Eifelian to early Givetian age
(Devonian) (Alarache) and late Eifelian to early-
middle Givetian age (Balapuca), are predominantly
terrestrial, with very few marine components,
represented by organic-walled phytoplankton and
indeterminate chitinozoans fragments. In general,
its preservation is fair to poor.

The palynofacies analysis shows the predomi-
nance of lignohumic or inertinite components
through the section, indicating a clear terrestrial
contribution in low preservation conditions. The
lignohumic facies reaches up to 70%, the inertinite
up to 45%, while the liptinic generally constitutes
10% and can reach 15%.

Angosto del Pescado

In the samples from Huamampampa Formation, of
late Eifelian-earliest Givetian age, the palynomorphs
are well diversified and their preservation is
moderate to poor. The analysis of the palynofacies

shows the predominance of the lignohumic facies
(up to 50%) followed by the algal facies (up to 40%).
The liptinic facies may reach 15%, similar to the
inertinite.

In the samples corresponding to the Los
Monos Formation, of early-middle Givetian age,
the palynomorphs present a moderate to poor
preservation. A marked predominance of the
lignohumic facies (75%) is observed, with the
liptinic (15%), and inertinite (10%) subordinate.

Ramos area

In the Ramos area, the Ramos xp-1012, Ramos
x-1002 and Ramos x-1011 boreholes were analyzed.
In the Ramos xp-1012 borehole, in transition over
the Los Monos Formation, the lower part of the Iquiri
Formation (1050-1120 mbgs), of late Givetian-earliest
Frasnian age is observed. The marine participation
is important, the phytoplankton is diverse and
dominate palynological associations. Palynomorphs
show fair to good preservation. The lignohumic
facies constitutes 40-50%, the algal facies 20-30%,
inertinite 20-30% and the liptinic 5%.

In the same Ramos xp-1012 borehole, a side-
track (Ramos 1012-ST1) was made that comprises
the upper part of the Los Monos Formation (4975-
5035 mbgs), early to middle Givetian in age. The
palynomorphs are diverse and well preserved. The
lignohumic facies predominate 50-60%, followed by
inertinite 20-30%, liptinic 10-15% and algal 5-10%.

In the Ramos x-1002 borehole, in the upper part
of the Los Monos Formation (2704 to 2780 mbgs),
of early to middle Givetian age, the palynofacies are
distributed in lignohumic 60-70%, liptinic 10-20%,
algal facies 5-15% and inertinite 10%. Downwards
(2780 to 3106 mbgs), in the early-middle Givetian
levels, the lignohumic facies predominates 50-65%,
followed by inertinite 15-35%, liptinic 10-20%
and algal 1-5%. In the lower part of the Los Monos
Formation (3156 to 3206 mbgs), of possible late
Eifelian- early Givetian age, few poorly preserved

palynomorphs are observed. The inertinite

Figure 8. SEM microphotographs and EDAX results. a) IS mixed layers with stacked sheets. b) illites, photos show high

fragmented clays of illite with variable size, irregular borders and without a preferential order. ¢) Authigenic chlorites appear as

stacked sheets with border dissolution. d) Authigenic IS mixed layers with stacked sheets and clay microporosity. e) Authigenic

IS mixed layers with stacked sheets and border dissolution. f) elongated fibres of organic composition over a detrital clay

mixture. The red area indicates the area measured by EDAX analysis of major elements.
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facies predominates 70-85%, the lignohumic one
constitutes the remaining percentage: 15 -30%.

Immediately below, in the upper part of the
Huamampampa Formation (3206 to 3230 mbgs), of
probable late Eifelian- early Givetian age and the
interval of 3230 to 3280 mbgs, of possible Eifelian
age, the facies are mainly distributed in lignohumic
45% and inertinite 50%. The preservation of the
palynomorphs is moderate to poor in all the sections
studied.

In the Ramos x-1011 borehole, the upper part
of the Los Monos Formation (1080 to 1330 mbgs),
of early-middle Givetian age, the preservation of
the palynomorphs is moderate to poor and the
predominant facies is the lignohumic 65-75%,
followed by liptinic 20-30% and algal and inertinite
in the same proportion 0-10%.

In the middle levels (1400 to 2520 mbgs), of
early to middle Givetian age, the preservation
of palynomorphs is moderate to poor and the
predominant facies is lignohumic 70-80%, followed
by inertinite 10-20% and liptinic 5-15%

BIOSTRATIGRAPHY

Alarache

Two assemblages are distinguished, a younger one
among whose most relevant spores are Geminospora
lemurata Balme emend. Playford, Geminospora
punctata  Owens,  Rhabdosporites  parvulus
Richardson, Verrucosisporites scurrus (Naumova)
McGregor and Camfield, Cymbosporites catillus
Allen,
emend.

Archaeozonotriletes  variabilis Naumova
Allen, Grandispora douglastownense
McGregor, Biharisporites parviornatus Richardson,
Verruciretusispora ornata Menendez and Pothe de
Baldis emend. Perez Leytén and Convolutispora
disparilis Allen. These spores correspond to AD Lem
Association (Perez Leytén, 2007), of early Givetian
age. The spore assemblage is correlated with the
Interval Zone Geminospora lemurata-Chelinospora
ex gr. ligurata (LLi), of early Givetian age formerly
established for Brazil and applicable to western
Gondwana (South America) (Melo and Loboziak,
2003); the lower part of the lemurata-magnificus
Assemblage Zone of Euramerica (Richardson and
McGregor, 1986), the Lem Interval Zone, within
the upper part of the Oppel acanthomammillatus-

devonicus (AD) Zone of western Europe (Streel et al,

1987) and the Geminospora lemurata Interval Zone,
from the Geminospora lemurata — Rhabdosporites
langii Assemblage Zone of northwestern Gondwana
(Breuer and Steemans, 2013) (Fig. 9).

The oldest assemblage contains Geminospora
lemurata “early form” Marshall, Geminospora
punctata Owens, Grandispora douglastownense
McGregor and Acinosporites cf. acanthomammillatus
Richardson. This corresponds to the Geminospora
lemurata “early form” Local Association (Perez
Leyton, 2007), restricted to the Eifelian-Givetian
limit. It is correlated with the Oppel AD Zone of
western Europe, pre-Lem (pre lemurata), assigned to
the late Eifelian-early Givetian (Streel et al., 1987)
and the Grandispora permulta Interval Zone (Per), of
western Gondwana (Fig. 9).

Angosto del Pescado

In its lower part, the Huamampampa Formation
could be present. It Acinosporites
acanthomammillatus Richardson and other spores
compatible with the Pre Lem AD Association (Perez
Leytén, 2007) assigned to the late Eifelian-earliest
Givetian. The spore assemblage is correlated with
the Oppel AD Zone of Western Europe, pre-Lem
(pre lemurata), assigned to the late Eifelian-early
Givetian (Streel et al., 1987), the Grandispora
permulta Interval Zone (Per), of Western Gondwana,

contains

although it does not present its characteristic species.
Among the chitinozoans, it is worth to remark the
presence of Alpenachitina eisenacki Dunn & Miller,
of Eifelian-earliest Givetian age, eponymous species
of the eisenacki Association Perez Leytén (2007). It
correlates with the Alpenachitina eisenacki Interval
Zone, defined for Western Gondwana, which extends
from the late early Eifelian to the early Givetian
(Grahn, 2005) (Fig. 9).

At the middle levels, corresponding to the Los
Monos Formation, the presence of Geminospora
lemurata Verruciretusispora ornata, Grandispora
gabesensis and Grandispora douglastownense, is
compatible with the Association AD Lem of Perez
Leyt6n (2007), early Givetian in age. This association
correlates with the spore zones of Euramerica,
Western Europe and western Gondwana mentioned
above. The chitinozoans Ramochitina boliviensis
Grahn, Ancyrochitina biconstricta (Lange) and
Ancyrochitina escalaensis Perez Leytén nomen
nudum, the two latter eponymous species of Local
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Association Perez Leytén (2007) confirm the age,
suggesting a gradual transition towards the middle
Givetian (Fig. 9).

In the upper part of the section, the presence
of Geminospora lemurata, Chelinospora
ligurata, Verrucosisporites premnus Richardson,
Verrucosisporites scurrus, Grandispora mammillata,
Raistrickia aratra Allen, is congruent with the upper
part of the Association AD Lem of Perez Leytén
(2007), early to middle Givetian in age. This spore
assemblage is correlated with the aforementioned
Euramerican, Europe
Gondwana spore zones (Fig. 9).

Western and Western

Balapuca

Among the mostrelevant species are Geminospora
lemurata Balme emend. Playford, Geminospora
punctata  Owens,  Rhabdosporites  parvulus
Richardson, Verrucosisporites scurrus (Naumova)
McGregor and Camfield, Cymbosporites catillus
Allen, Acinosporites macrospinosus Richardson,
ArchaeozonotriletesvariabilisNaumovaemend.Allen,
Grandispora cf. mammillata Owens, Grandispora
douglastownense McGregor, Biharisporites
parviornatus Richardson and Verruciretusispora
ornata Menendez and Péthe de Baldis emend. Perez
Leyton. These spores are present in the upper part
of the AD Lem Association of Perez Leyt6n (2007),
of early to middle Givetian age. The assemblage of
spores is correlated with the Geminospora lemurata-
Chelinospora ex gr. ligurata (Lli) Interval Zone, from
Western Gondwana (Melo and Loboziak, 2003) and
with the spore zones of Euramerica, Western Europe
and northwestern Gondwana mentioned above. The
chitinozoans present correspond to the escalaensis
Local Association (Perez Leytén, 2007), of middle
Givetian age (Fig. 9).

The lower levels contain spores such as
Geminospora lemurata “early form” Marshall,
Geminospora punctata Owens and Samarisporites
(Allen) Loboziak and Streel, which
correspond to the Geminospora lemurata “early
form” Local Association (Perez Leytén, 2007),

assigned to the Eifelian-Givetian boundary (Fig. 9).

eximius

Ramos

In the Ramos area, the Ramos xp-1012, Ramos
x-1002 and Ramos x-1011 boreholes were analyzed.

In the Ramos xp-1012 borehole, transitionally
overlying the Los Monos Formation, the lower part
of the Iquiri Formation is observed (1050-1120
mbgs). It contains Samarisporites triangulatus Allen,
Cymbosporites catillus Allen, Cymbosporites cyathus
Allen and other concomitant species, which confirm
the correspondence with the Associations TA-
TCo of Perez Leytén (2007), late Givetian- earliest
Frasnian in age. This association is correlated with
the Samarisporites triangulatus (Trg), Interval Zone
from the late early Givetian-earliest Frasnian, of
western Gondwana (Melo and Lobozoiak, 2003).
Samarisporites triangulatus, is the eponymous
species of the optivus-triangulatus Zone, of the late
Givetian-early Frasnian of Euramerica (Richardson
and McGregor, 1986), the S. triangulatus- A.
ancyrea (TA) Oppel Zone, of the middle Givetian
from Western Europe (Streel et al., 1987) and the
triangulatus-catillus Assemblage Zone, triangulatus
subzone, of the middle Givetian of northwestern
Gondwana (Breuer and Steemans, 2013) (Fig. 9).

The marine participation is important, the
phytoplankton is diverse and dominate palynological
assemblages. The species Leifusa bisubulata
Brito and Quadros, Maranhites brasiliensis Brito,
Maranhites stockmansii Martin emend. Martin,
Umbellasphaeridium  deflandrei  Moreau-Benoit
ex Jardiné et al., Duvernaysphaera radiata Brito
and other concomitant species, correspond to the
bisubulata and “Zone C not Defined” associations
of Perez Leytén (2007) confirming the Givetian —
earliest Frasnian age (Fig. 9 ).

In the same Ramos xp-1012 borehole, a sidetrack
was made (Ramos 1012-ST1), that comprises the
upper part of the Los Monos Formation (4975-5035
mbgs). The presence of Geminospora lemurata,
Cymbosporites cyathus, Cymbosporites catillus,
Rhabdosporites parvulus, Verrucosisporites scurrus,
Verrucosisporites premnus and Raistrickia aratra
matches with the upper part of the Association
AD Lem de Perez Leyton (2007), of early to middle
Givetian age, correlatable with the Interval Zone Lli,
assigned to the early Givetian (Fig. 9).

In the Ramos x-1002 borehole, in the upper
part of the Los Monos Formation (2704 to 2780
mbgs), Geminospora lemurata, Verrucosisporites
scurrus, Verrucosisporites
aratra, Cymbosporites catillus, Archaeozonotriletes
variabilis and Rhabdosporites parvulus constitute
the spore assemblage. This assemblage corresponds

premnus, Raistrickia
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Figure 9. Stratigraphic distribution of terrestrial and marine palynomorphs from the studied localities. From west to east (left
to right). Bioestratigraphy: 1- Bolivia (Perez Leytén, 2007); 2- stratigraphic units herein analysed; 3- associations of Noetinger
(2010); 4- spore biozones from western Gondwana (Melo and Loboziak, 2003).
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to the upper part of the Association AD Lem de
Perez Leytén (2007), early to middle Givetian in
age, correlatable with the Lli Interval Zone, from
the early Givetian (Fig. 9). Immediately below (2780
to 3106 mbgs), the spores correspond to the AD
Lem Association of the early Givetian, correlatable
with the LLi Interval Zone, of the same age. Marine
palynomorphs are scarce, with the relevant presence
of the chitinozoans Ancyrochitina biconstricta
(Lange) and Ramochitina ramosi Sommer and Van
Boekel, which support the Givetian age (Fig. 9).

In the lower part of the Los Monos Formation
(3156 to 3206 mbgs), there are few palynomorphs,
poorly preserved, which do not allow a precise
dating. The presence of the chitinozoan Ramochitina
candelariaensis Perez Leytén nomen nudum
(Perez Leyt6én, 2007), the eponymous species of
the candelariaensis Local Association proposed
by this author, which is usually found associated
with Alpenachitina eisenacki Dunn and Miller and
Ancyrochitina postdesmea Grahn, would suggest a
late Eifelian - early Givetian age. Immediately below,
in the upper part of the Huamampampa Formation
(3206 to 3230 mbgs), the presence of Geminospora
cf. lemurata and Alpenachitina esenacki suggest a
probable late Eifelian-early Givetian age. The interval
below, 3230 to 3280 mbgs, is doubtfully assigned
to the Eifelian due to the presence of Acinosporites
acanthommamillatus Richardson and Grandispora
verrucosa (Richardson) McGregor (Fig. 9).

In the Ramos x-1011 borehole, the upper
part of the Los Monos Formation (1080 to 1330
mbgs) corresponds to the upper part of the AD
Lem Association of early to middle Givetian age,
correlatable with the Lli Interval Zone, early
Givetian in age, due to the presence of the spores
Geminospora lemurata, Chelinospora ligurata,
Grandispora mammillata and Verrucosisporites
Among the phytoplankton,
Arkonites bilixus, Maranhites brasiliensis and other
concomitant species of the Association C not
Defined of Perez Leyt6n (2007), support a middle
Givetian age. Among chitinozoans, the presence of
Ancyrochitina biconstricta, the eponymous species
of the biconstricta Local Association confirms this

scurrus. marine

age (Fig. 9).

The middle levels (1400 to 2520 mbgs) correspond
to the Association AD Lem, of early to middle
Givetian age, correlatable with the Lli Interval Zone,
of early Givetian age, based on the presence of the

spores Geminospora lemurata, Verrucosisporites
scurrus, Verruciretusispora ornata, Acinosporites
lindlarensis and Acinosporites macrospinosus. The
chitinozoans Ancyrochitina langei Sommer and Van
Boekel, Ramochitina ramosi, Ramochitina sp. cf.
stiphrospinata support this age (Fig. 9).

DISCUSSION

Facies associations

Based on sedimentological and ichnological
characteristics, the Los Monos Formation is
interpreted as deposited in shallow to outer shelf
paleoenvironment, on a siliciclastic shelf with
alternating deposits of fair and storm weather
conditions, as suggested by previous interpretations
(Arispe and Diaz-Martinez, 1995; Starck, 1995;
Vistalli, 1999; Albarino et al., 2002; Dalenz-Farjat et
al., 2002; Alvarez et al., 2003).

In a core section of the upper-middle part of
the Tonono Formation in the Tonono x-1 borehole
(3366.5 mbgs) is observed a low abundance of traces
fossil, low ichnodiversity, a reduction in the size
of the traces and sedimentary structures of salinity
fluctuation (siderite bands and syneresis cracks),
indicating a brackish- water marginal-marine
paleoenvironment, possibly an open-bay.

Deposits of offshore-transition to lower offshore
were described “distal” Cruziana ichnofacies, even
in well-oxygenating deposits, where a diverse
Cruziana ichnofacies could be expected. On the
other hand, deposits of brackish-water marginal-
marine (open-bay) were described the “depauperate”
Cruziana ichnofacies, although both deposits have a
similar degree of bioturbation and ichnodiversity, as
previously suggested by MacEachern et al. (2007).

Low degree of bioturbation and low ichnodiversity
of the well-oxygenation deposits could be related to
the decline of the Malvinokafric fauna due to the
Kacék extinction event of the late Eifelian (Isaacson,
2007; Bosetti et al., 2010). During this event, the
Malvinokafric fauna was reduced from 65 genera to
8 genera, with a high abundance of individual taxa
and a reduced size of the surviving taxa (Bosetti et
al., 2010).

Itisalsointerestingtonotethatpaleoenvironmental
conditions could have been stressed, possibly by
eustatic changes (relative rise and fall sea level)
and/or climatic (fair and storm weather conditions)
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(Albarifio et al., 2002; Dalenz-Farjat et al., 2002;
Alvarez et al., 2003). Another less possible reason
could be tectonic changes that occurred during
sedimentation (Diaz-Martinez et al., 1996).

Clay mineral assemblages

The mineralogical analysis of the whole rock
of the Los Monos Formation shows significant
amounts of quartz, accompanied by a low amount
of plagioclase and a low to absent proportion of
potassium feldspars, which suggests that the granite
rocks of the granitic basement (Puna Arc) were an
important source-rock. Clay-fraction contains (XRD)
quartz, feldspars and clay minerals (illite, illite/
smectite, chlorite and kaolinite). The argillominerals
present are polygenetic; some of the species could be
products of chemical and/or physical weathering of
the basement and subsequent detrital mobilization
towards the basin. This could be the case of kaolinite
for the alteration of the feldspars, volcanic lithics
(Chamley, 1997) and weathering of micaceous
siltstone (Zeballos et al., 2016). Chemical weathering
of pre-existing clay minerals, probably illite and
minor proportion chlorite, could also have led to the
formation of kaolinite.

The presence of kaolinite within marine deposits
could be an indicator of transgressive events
(Chamley, 1997; Holanda et al., 2019; Aparicio
Gonzalez et al., 2020). In the present study, a
good correlation is observed between the increase
in kaolinite (K+I and I+K assemblages) and the
transgressive events of the second and third-order
eustatic model defined by Albarino et al. (2002) (Fig.
10). In the Vespucio x-1 borehole, it is observed that
the K+I and I+K clay assemblages coincide with
the transgressive system tracks (TST) while 1+Ch
and Ch+I assemblages coincide with the highstand
system tracks (HST) (Fig. 10). On the other hand, in
the Tonono x-1 borehole, the presence of the K+I
and I+K assemblages is observed towards the top of
the unit, where a transgressive event of late Givetian-
earliest Frasnian is recognized (Albarifio et al., 2002;
Noetinger, 2010) (Fig. 10). In the Balapuca section,
the presence of these assemblages is observed
towards the base of the unit, where a transgressive
event of late Eifelian-early Givetian is also recognized
(Albarifio et al., 2002) (Fig. 10). Furthermore, thinner
levels of the kaolinite assemblages could coincide
with transgressive events of a lower order (third-

order genetic-sequences) (Albarifo et al., 2002) (Fig.
10).

From a paleoclimatic point of view, kaolinite
is under near-surface/meteoric conditions and at
a regional scale is correlated to warm and humid
paleoclimatic conditions (Do Campo et al., 2018).
The paleoclimate described for this portion of the
basin located at paleolatitudes greater than 60 ° is
temperate-cold during the Devonian (Scotesse et
al., 1999; di Pasquo et al., 2009), but the presence
of kaolinite could indicate the alternation of warm
and humid conditions. The kaolinite was previously
described in Lower and Middle Devonian rocks of
the Villa Villa Formation and Sica Sica Formation, in
the Bolivia Altiplano (La Paz; Zeballos et al., 2016)
in Devonian Mississippian deposits of the Toregua
Formation, north of Bolivia (Koltonik et al., 2019) and
Parana Basin (Cordobés and Cerrezuelo Formations,
Uruguay; Uriz et al., 2016).

Regarding the illite (I+Ch assemblages), the
presence of the illite 1M polytype and the recognition
of diagenetic mixed-layer I/S, as well as its increase
towards the base of the studied section, could confirm
the existence of processes of neoformation by the
diagenetic transformation from smectite to illite, a
fact frequently documented in various sedimentary
successions (Aoyagi and Kazama, 1980; Spalletti and
Iniguez, 1981). Given the above, it is deduced that
illite/smectite and at least part of the illite have been
the product of diagenetic transformation (Féscolos et
al., 1976; Hower et al., 1976). The detrital origin of the
illite could be related to the physical weathering of
the metamorphic and granite rocks of the basement.

Regarding chlorite (Ch+1 assemblages), although
diagenetic chlorites are observed, these could also
have a detrital origin. The diagenetic origin could be
linked to the formation of mesogenetic chlorite after
the release of Fe, Mg and Si during the passage from
smectite to illite. The presence of the mixed-layer
Ch/S suggests that some chlorite could be neoformed
by mesodiagenetic modification of smectite rich in
Fe and Mg.

Based on direct organic geochemistry information
from vitrinite reflectance and pyrolysis rock eval of
Los Monos Formation (Disalvo and Villar, 1999), the
maturation values indicate a lower diagenetic degree,
within the oil generation window, for the boreholes
studied. These differences between inorganic
thermal maturity indicator (Sm% in mixed-layer
IS) and organic thermal maturity indicators (Ro and
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Pyrolysis Rock-Eval) could be related to retardation
phenomena of the vitrinite reflectance due to the
overpressure of the unit during maturation (Veizaga-
Saavedra et al., in preparation).

Palynofacies

In the western sector of the basin (basin edge), in
the Alarache and Balapuca sections, the sedimentary
successions of the late Eifelian-early-middle Givetian
show a dominance of terrestrial palynomorphs.
The same is observed in the sequences from the
early-middle Givetian of the Ramos area (Ramos
x-1012 and Ramos x-1011) and sequences from
the late Eifelian to early-middle Givetian from the
Ramos x-1002 borehole (Fig. 10). The dominance of
terrestrial palynomorphs in the late Eifelian-early
Giveitan interval is observed in other sedimentary
records from the western sector of the basin (Sierra
de Zenta, Balapuca; di Pasquo, 2007a; Noetinger
and di Pasquo, 2010). However, in the locality of
Balapuca, a transgressive event is described towards
the base of the Los Monos Formation, dated as
late Eifelian-early Givetian (Albarifio et al., 2002;
Alvarez et al., 2003; Vistalli et al., 2005). Towards
the south of Balapuca, in the Angosto del Pescado
section, a higher proportion and diversity of marine
palynomorphs is observed in the late Eifelian-earliest
Givetian sequences (40% of algal facies) (Fig. 10).
Other authors recognize the same trend (Noetinger
et al., 2018).

Further east (centre of the basin), in the Santa
Victoria x-1 borehole, an increase of marine
palynomorphs is noticed towards the late Eifelian-
early Givetian (Noetinger, 2015), similar to what
is observed in the Pimenteira Formation of the
Parnaiba basin (Soares et al., 1978) and the shales
of the top of the Sao Domingos Formation in the
Parana basin (Grahn et al., 2013). The increase of
marine palynomorphs towards the late Eifeilian-
early Givetian is observed in Bolivia by Troth et
al. (2011). These authors recognized an epibole
(peak of abundance) of Evittia sommerii related to
a transgressive event at the base of the Los Monos
Formation (upper Eifelian-lower Givetian) and
correlated it to the Kacak transgressive event (Bosetti
et al., 2010). In the Tacobo TCB X-1001 borehole,
located in the Sub-Andean region of Bolivia, an
important predominance of marine palynomorphs
(70%) is observed at the base of the Los Monos

Formation, assigned to the Eifelian? - Early Givetian?
(Garcia Muro et al., 2020).

Towards the Givetian-earliest Frasnian, in the
Ramos x-1012 borehole, an increase of marine
participation is observed (30% algal facies), the same
occurs in the San Antonio x-1 borehole and Tonono
x-1 borehole (Noetinger, 2010; Noetinger and di
Pasquo, 2011). This coincides with the second-order
eustatic model that represents a transgressive and
highstand systems tracks for the Middle and Upper
Devonian of Bolivia and northwestern Argentina
(Fernandez-Seveso et al., 1998; Albarino et al., 2002;
Alvarez et al., 2003; Miranda et al., 2003). A coeval
maximum flooding surface was also recognized in
the neighbouring Parané and Parnaiba basins (Breuer
and Grahn, 2011).

The palynofacies described in the Los Monos
Formation throughout the studied sections are
heterogeneous, with the dominance of terrestrial
palynomorphs, as observed by numerous authors
(di Pasquo et al.,, 2009; Noetinger et al., 2010;
Noetinger, 2015, among others). Both marine
and terrestrial elements point to a shallow
marine paleoenvironment, with shoreline shifts.
Two transgressive events were recognized in
different localities of Argentina, Bolivia and Brazil
corresponding to the late Eifelian-early Givetian and
the late Givetian-early Frasnian (Fig. 10). The latter
contradicts the single transgressive event from the
East, interpreted by Noetinger (2015).

Also, it is interesting to note that in the Tonono x-1
borehole, a good correlation is observed between the
palynomorphs marine index (PMI) (Noetinger, 2010)
and the lithofacies described, where the lowest PMI
coincides with an increase in the sandstone beds
(facies F4) while the highest PMI values coincide
with a predominance of fine material (facies F2 and
F1) (Fig. 10).

Finally, the palynomorphs recorded from the
base of the Los Monos Formation (late Eifelian-early
Givetian) are scarce and low diverse, in coincidence
with the characteristics mentioned by Bosetti et
al. (2010) during the extinction (Kacdk event) and
post-extinction (“Lilliput effect”) events. Abundance
and diversity of palynomorphs are restored after
the post-extinction event, during the early Givetian
(Bosetti et al., 2010). Finally, from the analysis of
the eustatic changes based on palynofacies, stressed
environment conditions can be inferred for the
Middle-Upper Devonian, which is in agreement with
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the low abundance and diversity of traces fossil.

Biostratigraphy of Los Monos Formation

The age of the Los Monos Formation in the study
area is late Eifelian-early middle Givetian (Fig. 9).
The presence of the Iquiri Formation of late Givetian-
early Frasnian in the Ramos x-1012 borehole is
interpreted based on its lithological characteristics
(sandstone predominance) and the age of the
palynological assemblages, correlated with those of
the Jollin Formation towards the east in the Tonono
x-1 borehole (Fig. 9). The most recent contributions
propose different ages for the Los Monos Formation.
Grahn (2002) suggested an early to middle Givetian
age for the lower part of this unit, reaching the early
Frasnian at its top in southern Bolivia. On the other
hand, Troth et al., (2011) indicated an older age for
this formation, from the early to late Eifelian, in
the southern sub-Andean of Bolivia. di Pasquo et
al. (2015), interpreted a late Eifelian-early Frasnian
age for the Los Monos Formation in the Sub-Andean
of Bolivia and Argentina. Garcia Muro et al. (2020)
propose, for this stratigraphic unit in the Tacobo TCB
X-1001 borehole in the sub-Andean of Bolivia, an
age that extends from the Eifelian? - Early Givetian
to the Middle Givetian, although the samples
analyzed could not reach the upper levels of the
formation. The discrepancies in the ages interpreted
by different authors may be due to the diachronism
of the formation across the basin, probably related to
the physiography of the basin (Albarino et al., 2002).

Based on the Eifelian to early Frasnian ages
interpreted for the Los Monos Formation, in this
work and previous contributions, from localities
such as Balapuca, Angosto del Pescado, Ramos and
Tonono x-1, both in western and eastern sectors of
the basin, a pre-Carboniferous erosion that removed
middle Frasnian to Famennian deposits could be
inferred. Finally, the ages of the transgressive events
were constrained based on clay mineral assemblages
and palynological and palynofacies results of
Noetinger (2010), which were correlated with the
transgressive events in the Vespucio x-1 borehole
(Fig. 10). A probable late Eifelian to earliest Frasnian
age was assigned to the Los Monos Formation in the
Vespucio x-1 borehole, based on the correlation of
the transgressive events with those of the Tonono x-1
borehole (Noetinger, 2010) and the age suggested for
the formation in the Quebrada de Galarza borehole

(Ottone, 1996), very close to the Vespucio x-1
borehole.

Implications for hydrocarbon exploration

Unconventional hydrocarbon reservoirs such as
shale-gas and shale-oil are constituted by rocks with
a high content of organic matter (TOC> 2%), thermal
maturity in the oil/gas window, fragile (quartz
content> 40% and clay content <40%) and capable
of producing commercially significant amounts of
hydrocarbons with extensive fracture (Jarvie et al.,
2007; Britt and Schoeffler, 2009; Binnion, 2012).
Barnett Shale is a classic example of a shale-type
reservoir, giving the best production from areas with
45% quartz and only 27% clays (Bowker, 2007),
although the content of clays, quartz, and carbonates
is highly variable and these differences result in
variable fracture gradients (Bowker, 2007).

The Los Monos Formation is composed mainly
of quartz (>70% on average) and a low proportion
of clays (<20% on average). Comparatively, the Los
Monos Formation has a higher content of quartz
than the Barnett Shale and other important North
American shale-type reservoirs (Barnett, Marcellus,
Woodford, Haynesville, and Doig), so the rocks of
the Los Monos Formation could have a clear fragile
behaviour according to the classification of Pérez
and Marfurt (2014) (Veizaga-Saavedra et al., in
preparation). Despite its low organic matter content
of 1% in average and its moderate to poor quality
(original pyrolysis S2 <400 mgHC/gTOC in average)
(Disalvo and Villar, 1999) significant volumes of
hydrocarbons are dispersed within the shales. This
is evidenced by overpressure and manifestations
during drilling (Dilsavo and Villar, 1998; Cruz et
al., 2001; Vistalli et al., 2005). The poor generation
quality of the shales could be compensated by the
significant subsurface thickness (700-1000 m) and
the wide areal distribution (Disalvo and Villar,
1999).

Finally, based on the regional characteristics of
Los Monos Formation such as thermal maturity in oil/
gas window, considerable thickness of 1 km, lateral
extension >100 km, overpressured >0.62 psi/ft and
mineral composition, it shows some of the necessary
attributes to be considered an unconventional
reservoir (shale). Additionally, petrophysical and
geomechanical properties would contribute to
determinate the real potential as shale source play.
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CONCLUSIONS

The lithofacial and ichnofacial analysis allowed
defining a shallow to outer shelf paleoenvironment
for the Los Monos Formation from the shelf to
the offshore transition with the recognition of
the distal ichnofacies; a marginal-
marine paleoenvironment with recognition of the

Cruziana

depauperate Cruziana ichnofacies towards the
top of the Tonono Formation, in the Tonono x-1
borehole, east of the study area. The trace fossils in
all the described paleoenvironments are scarce and
low diverse, possibly due to Kacék extinction event
and stressful conditions by eustatic and/or climatic
changes and less likely tectonic.

Based on palynofacial analysis, it was possible
to identify a dominance of terrestrial palynomorphs
in all localities, indicating a shallow marine
paleoenvironment with changes in the shoreline. In
addition, an increase in the proportion and diversity
of marine palynomorphs is observed towards the
late Eifelian-early Givetian in Angosto del Pescado
and towards the late Givetian-earliest Frasnian
in the Ramos x-1012 borehole, identifying two
transgressive events, widely recognized in other
locations from Argentina, Bolivia and Brazil.

Whole-rock XRD analyzes of the Los Monos
Formation in the study area indicate a mineralogical
composition dominated by quartz and clays,
with small amounts of plagioclase and potassium
feldspars. The fine sediments were grouped into four
clay assemblages (I+Ch, I+K, Ch+I, K+I), where the
marine sediments are composed of the association
I+Ch and Ch+I while the associations I+K and K+I
characterize the transgressive levels, in coincidence
with an increase in marine palynomorphs. It is
observed that illite and chlorite increase towards the
west (basin edge) and kaolinite increase towards the
east (basin centre).

Based on the local palynostratigraphic scale and
its correlation with established palinozones for the
region and other continents, a late Eifelian-early to
middle Givetian age age is assigned for most of the
unit, in all sections and boreholes analyzed. This
age is approximately the same as that previously
interpreted for this unit.
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