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Mineralogical signature of
hydrocarbon circulation in
Cretaceous red beds of the
Barda Gonzalez area, Neuquén
Basin, Argentina

M. J. Pons, A. L. Rainoldi, M. Franchini, A. Giusiano,
N. Cesaretti, D. Beaufort, P. Patrier, and A. Impiccini

ABSTRACT

The Portezuelo Formation is part of a red bed sequence in the
Neuquén Basin assigned to the Neuquén Group (lower
Cenomanian—-middle Campanian). In outcrops of the Portezuelo
Formation in the Barda Gonzélez region, iron oxide and hydrox-
ide cements are only preserved in the less permeable claystone
layers. Paleomigration of hydrocarbons and formation waters
along the most permeable layers bleached the rocks due to partial
to total dissolution of cements and grains and formation of several
authigenic minerals: (1) montmorillonite and pyrite in the
medium- to fine-grained sandstones and mudstones, and (2) multi-
stage calcite and pyrite in the coarse-grained sandstones and con-
glomerates. The §**Scpy (Canyon Diablo troilite) of —24.4 to
—60%0 values in pyrite point to microbial reduction of a sulfate
precursor. The oxidation of hydrocarbons and fluctuations in pH
and carbon dioxide pressure caused by organic acids resulted in
multiple stages of dissolution and precipitation of calcite. Calcite
crystals host hydrocarbon-bearing fluid inclusions (+ pyrite) with
variable fluorescence color, indicating that hydrocarbon composi-
tion changed with time. The intermediate §'*Cppy (Peedee
belemnite) (—8.11%¢0 to —8.52%0¢) and &'®Oppg(—9.76 to
—9.83%o0) isotope composition of calcites may have resulted from
mixtures of 3C-rich CO, after the dissolution of local calcrete
with 3C-poor CO, from oxidizing hydrocarbons.

This contribution provides for the first time key information
to predict the distribution of authigenic minerals in reservoir rocks
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in the basin and improves understanding of the diagenetic history
of the Portezuelo Formation.

INTRODUCTION

The study area is located in the central region of the Dorsal de
Huincul, including the Barda Gonzélez, Puesto Espinoza, and
Aguada Baguales oilfields (Figure 1). In this area, the Upper
Cretaceous (upper Turonian—lower Coniacian, Leanza et al.,
2004) subhorizontal conglomerates, pebble sandstones, sand-
stones, and mudstones of the Portezuelo Formation (Ramos,
1981) overlie middle—upper Turonian mudstones (Garrido, 2010)
of the Cerro Lisandro Formation (Ramos, 1981). The Portezuelo
and the Cerro Lisandro Formations are part of a thick continental
sequence within the Neuquén Group (lower Cenomanian—middle
Campanian, Leanza et al., 2004). In contrast to the reddish brown
color of the Neuquén Group rocks at regional scale in the basin,
rocks in the area of Barda Gonzalez are commonly bleached.
Hydrocarbons migrating through the most permeable layers parti-
ally or completely dissolved the previous cements and grains and
facilitated precipitation of calcite (multistage cementation), mont-
morillonite, and pyrite. Several published examples document the
spatial relationship of bleached red beds and the movement of
hydrocarbons through rocks (Moulton, 1926; Levandowski
et al., 1973, Segal et al., 1986; Surdam et al., 1993; Sanford,
1995; Foxford et al., 1996; Britton, 1998; Chan et al., 2000;
Garden et al., 2001; Beitler et al., 2005) and in laboratory experi-
ments (Shebl and Surdam, 1996). Bleaching of the Neuquén
Group sandstones was identified as early as 1951, when petro-
leum geologists referred to grayish-white pyrite-rich sandstones
in several subsurface cuttings samples from the Barda Gonzalez
oil field (drill hole NBG1, YPF unpublished report, 1951).
Similar alteration was observed in the wall rock of the asphaltite
veins in the Neuquén Basin (Parnell and Carey, 1995). In numer-
ous oil fields located in the northeast region of the Neuquén Basin,
geologists described white to grayish reservoir rocks of the
Neuquén Group (Manacorda et al., 2002). Reactions between
hydrocarbons and sedimentary rocks have been invoked to
explain the bleached nature of Cretaceous sandstones of the
Huincul Formation in the Neuquén Basin (Giusiano et al., 2006,
2008; Giusiano and Bouhier, 2009; Pons et al., 2009, 2011;
Rainoldi et al., 2012, 2014).

The purpose of this contribution is to establish the mineralogi-
cal signature of the hydrocarbon circulation in Cretaceous red
beds of the Barda Gonzalez area. In this study, petrography and
secondary mineral crystal chemistry were used to decipher the
relationship between diagenetic processes, the migration of

Hydrocarbon Circulation, Barda Gonzélez Area, Neuquén Basin, Argentina



hydrocarbons and associated basinal fluids, and the sequence of
mineral precipitation in order to reconstruct the complex diage-
netic history of the Portezuelo Formation.

GEOLOGICAL AND TECTONIC SETTING

The Neuquén Basin (Figure 1) extends over 124,000 km?
(47,876.67 mi?) and is located in the foothills of the Andes.

The Neuquén Basin started as a northwest-rifting system dur-
ing the Triassic and evolved from a back-arc basin during the
Mesozoic with a complex tectonic history (Digregorio et al.,
1984; Macellari, 1988; Legarreta and Uliana, 1991) to a foreland
basin during the Late Cretaceous (Ramos, 1981, 1999; Tunik
et al., 2010). The basement consists of plutonic, pyroclastic, and
volcaniclastic rocks of the Choiyoi Group (Stipanicic et al.,
1968), and the basin infill consists of more than 7000 m
(23,000 ft) of Upper Triassic—lower Cenozoic marine, evaporites
and continental sedimentary rocks (Figure 2). The sedimentary
rocks in this basin resulted from several regional transgressions
of the Pacific Ocean, mainly because of the post-rift thermal sub-
sidence and eustatic rise in the sea level (e.g., Gulisano
et al., 1984; Legarreta and Gulisano, 1989; Legarreta et al.,
1993; Legarreta and Uliana, 1991, 1996a, b, 1998; Franzese
et al., 2003). This sedimentary succession culminated with
Campanian—Maastrichtian sediments formed by a transgression
of the Atlantic Ocean (Uliana and Biddle, 1988). All of these
regional transgressive-regressive cycles controlled the configura-
tion of the Neuquén Basin and favored the development of oil
and gas source rocks, reservoir rocks, and seal rocks (Figure 2,
Schiuma et al., 2002; Legarreta et al., 2003; Villar et al., 2005).
The basin hosts the most important hydrocarbon fields of
Argentina (Uliana et al., 1999; Schiuma et al., 2002).

The study area is located on the main fault of the Dorsal de
Huincul morphological-structural unit (Figure 1B). This unit is a
structural lineament of regional scale developed at 39° south lati-
tude, with east—west strike that extends 270 km (167.77 mi;
Figure 1), defining the northern boundary of Argentinean
Patagonia with the Neuquén Basin (Ramos et al., 2004;
Gonzélez et al., 2011). This structure was interpreted as a dextral
fault zone with both transpressive and transtensive segments due
to changes in the fault zone trend (Ploszkiewicz et al., 1984).
Silvestro and Zubiri (2008) proposed that this ridge is the result
of an oblique northwest—southeast convergence during the Early
Jurassic and Cretaceous. This compressive event produced new
structures and reactivated some of the previous rift system devel-
oped between the North Patagonian Massif in the southeast and
the Neuquén Basin in the northwest (Cruz et al., 2002; Silvestro
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Gonzalez, Puesto Espinoza (PE), and Aguada Baguales (AB) oilfields (modified after Silvestro and Zubiri, 2008).

and Zubiri, 2008). Most of these faults have a deep
origin and die out at the base of the Vaca Muerta
Formation (Tithonian; Figure 2). Other faults closer
to the main fault originate in shallower levels and
cross cut the base of the Neuquén Group (Figure 2;
Schiuma et al., 2002; Silvestro and Zubiri, 2008).
Solid hydrocarbons (bitumen) have been
described in the fluvial deposits of the Neuquén
Group in the Dorsal de Huincul region (Giusiano
et al., 2006; 2009; Pons et al., 2009, 2011; Rainoldi
et al., 2012). These sedimentary rocks represent the
first fill of synorogenic fluvial deposits in the foreland
basin during the Late Cretaceous (Legarreta and
Uliana, 1998; Ramos and Folguera, 2005; Tunik
et al., 2010) and cover almost all of the central and
eastern Neuquén Basin reaching up to 1300 m
(4265 ft) thick in the embayment zone (Cazau and
Uliana, 1972). The Neuquén Group unconformably
overlies the continental sedimentary rocks of the
Rayoso Formation (Aptian—Albian) and is covered
by marine deposits of the Malargiie Group
(Figure 2; lower Maastrichian—upper Campanian).
The Neuquén Group has been divided into three sub-
groups: the Rio Limay subgroup with Candeleros,
Huincul, and Cerro Lisandro formations; the
Rio Neuquén subgroup with Portezuelo and Plottier
formations; and the Rio Colorado subgroup with
Bajo de la Carpa and Anacleto formations (Ramos,

1981; Figure 2). They consist of fluvial, lacustrine,
and eolian red bed sequences of fine- to coarse-
grained sandstones and conglomerates interbedded
with claystones and mudrocks (Legarreta and
Uliana, 1998).

GEOLOGY OF THE STUDY AREA

The Barda Gonzalez area is located above one of the
master east—west faults of the Dorsal de Huincul
(Figures 1, 2). This fault developed during the
Jurassic—Cretaceous northwest—southeast oblique
convergence in a block defined by two subparallel
northwest—southeast normal faults in the previous
Triassic rift. The evolution of the stress field in the
Barda Gonzalez area was influenced by an initial
northwest—southeast extensional regime during the
Triassic. Oblique northwest—southeast convergence
during the Early Jurassic and Early Cretaceous
caused inversion of the previous normal fault and
new inverse and wrench lateral faults depending on
the obliquity of the stress with the previous struc-
tures. This convergence also caused a local north—
south compression that formed open fractures
with this orientation during thermal subsidence of
the rift (Silvestro and Zubiri, 2008). From the
Kimmeridgian to the Holocene, the Andean orog-
eny generated a northwest—southeast stress field

528 Hydrocarbon Circulation, Barda Gonzdlez Area, Neuquén Basin, Argentina
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(Silvestro and Zubiri, 2008) that resulted in reacti-
vation of previous structures and deformation
of the Neuquén Group beds during the Miocene
(Mosquera and Ramos, 2006).

In this region, flat layers of the Huincul, Cerro
Lisandro, and Portezuelo Formations are exposed
(Figure 3). The upper section of the Huincul

Formation crops out in the southern half of the study
area. The contact with the Cerro Lisandro Formation
is sharp and can be identified by the first reddish-
brown claystones and siltstones (Figures 3, 4). The
Cerro Lisandro Formation grades upward to coarser-
grained beds, and the contact with the Portezuelo
Formation is transitional. The last two formations
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occur as a lenticular east—west plateau 9 km (5.59 mi)
long, 2 km (1.24 mi) wide, and 87 m (285.43 ft) thick
(Figures 3, 4). Toward the northeast of the study area,
there is a gradational contact between the Portezuelo
and Plottier formations, and the latter is overlain by
the Bajo de la Carpa Formation (Figure 3).

Near the Barda Gonzalez area, the Huincul
Formation consists of interbedded gray to grayish
white, medium- to coarse-grained sandstones and
conglomerates with moderately to well-sorted
subangular clasts. The conglomerate layers are

rich in gray mud chips. The sandstones consist of vol-
canic fragments (25-40%), quartz (15-30%), feldspar
(5-30%), and traces of muscovite. The volcanic lithic
clasts contain magnetite as micro-inclusions. The
mud (clay) chips of the conglomerate layer are ellip-
soidal and contain quartz (44%), clay minerals
(34%), and feldspar (22%).

The Cerro Lisandro Formation crops out in the
lower portion of the plateau (Figures 3, 4) and con-
sists of reddish-brown claystones (Figure 4H) with
intercalated gray mudrocks and coarsening upward

530 Hydrocarbon Circulation, Barda Gonzdlez Area, Neuquén Basin, Argentina
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medium-grained sandstones. The claystone contains
90% clay minerals (illite, kaolinite, and mixed-layer
illite-smectite in variable proportions), 8%—10%
quartz, 0-2% feldspar, and traces of calcite. The con-
tact between the Cerro Lisandro Formation and the
base of the Portezuelo Formation is defined by the
first thick sandstone beds (Figure 4).

SAMPLES AND ANALYTICAL METHODS

The lithofacies characterization and the architectural
elements were based mainly on Miall (1996). Color
variations were cataloged using the Munsell rock
color chart. To characterize the petrography of the
Portezuelo Formation, samples of conglomerates
(40), coarse- to fine-grained sandstones (25), and
mudrocks (2) were systematically collected from
two stratigraphic sections and outcrops (Figures 3,
4). Thin sections (n = 50) were made for petrography
of the sandstone samples. Six thin sections were
made using blue epoxy to estimate their porosity
(Table 1). A minimum of 400 framework grains and
intergranular space components were counted per
thin section for quantitative petrographic analysis
using the Gazzi-Dickinson method (Gazzi, 1966;
Dickinson, 1970; Ingersoll et al., 1984). The mineral-
ogical study of mudrocks was carried out by X-ray
diffraction (XRD). The <2 pm-size fraction of the
rocks was collected by sedimentation, and clay
minerals were characterized from XRD patterns of
air-dried oriented preparations after ethylene glycol
solvation and heating for 2 hr at 500°C, respectively.
The XRD was performed on a Bruker D8 Advance
diffractometer equipped using Ni-filtered Cu Ko, ,
radiation. Bulk composition was determined using
the powder diffraction method. Quantitative clay
analyses were carried out using the mineral intensity
factor (MIF) method (Moore and Reynolds, 1997).
Relative abundance of illite, smectite, chlorite, and
kaolinite in the clay-size fraction was estimated from
integrated peak intensities on diffraction patterns of
oriented clays on glass slide X-ray mounts. The
method (Moore and Reynolds, 1997) gives the rela-
tive proportions of the clay minerals normalized to
100%. Infrared analyses were carried out on selected
samples as a complementary technique for the deter-
mination of clay mineralogy at IC2MP Laboratory,

Table 1. Portezuelo Formation Provenance Clast Analyses

Parameters Sample Number

Type of BG BG BG BG BG

Grains 8076b 1a 8075 8073a 8079b BG6
Qzmo 7.0 12.0 11.5 9.5 10.5 4.1
Qzmr 42.0 408 403 46.3 320 36.5
Qzp3 2.8 13 15 33 23 1.0
Qzp2 0.0 0.3 0.0 0.0 0.0 0.0
Qzp1 0.3 0.5 0.0 0.0 0.8 0.0
Om 0.0 0.0 03 0.0 0.0 0.8
Op 0.8 13 0.0 0.0 1.3 0.0
P 33 2.0 715 0.0 1.0 19.1
Ms 2.8 2.8 3.0 15 0.5 0.5
Ls 6.3 0.0 0.0 0.0 13.3 0.0
Lps 0.8 0.0 0.0 0.0 0.0 0.0
Lpv 25 15 10 50 10 39
Lm 3.0 33 20 0.5 3.0 0.0
La 2.0 48 10.3 6.5 6.5 14
Pl 10.8 11.0 6.5 10.8 11.8 9.5
Mc 0.8 0.3 1.0 0.3 0.5 46
Afs 6.3 13 115 11.0 45 10.5
Btm, Co 43 25 2.8 0.8 1.0 0.0
Cb 1.8 0.0 0.0 0.0 15 0.0
cl 30 8.8 1.0 438 2.8 8.5
Total 100.0 100.0 100.0 100.0 100.0 100.0
Qz 52.0 548 533 59.0 455 41.6
Fsp 17.8 18.5 19.0 22.0 16.8 24.6
Lt 125 4.8 3.0 5.5 17.3 39
Total 82.3 78.0 75.3 86.5 79.5 70.1
Recalculated values to 100%

Qz 63.2 70.2 70.8 68.2 57.2 59.3
Fsp 21.6 237 252 254 21.1 35.1
Lt 15.2 6.1 40 6.4 21.7 5.6

Afs = alkaline ~ feldspar;  Btm =bitumen;  Cb = carbonates cement;
Cl = argillaceous cement; Co = other cements; La = alterated minerals; Lm =
metamorphic lithic grains; Ips = pseudomatrix; Lpv = plutonic and paleovolcanic
lithic grains; Ls = sedimentary lithic grains; Mc = microcline; Ms = mica grains;
Om = other minerals; Op=opaque mineral grains; Pl= plagioclase;
P = porosity; Qzp1 = polycrystalline quartz with two subgrains; Qzp2 =
polycrystalline quartz with three subgrains; Qzp3 = polycrystalline quartz
with more than three subgrains. Recalculated values = Qz = (Qzmr + Qzmo +
Qzp1 + Qzp2 + Qzp3); Fsp = (Mc + Pl + Afs); Lt= (Lvf + Lvp + Lpi + Ol +
Ls + La +Lp).

Université de Poitiers, France. Middle-infrared
(MIR) spectra (400 to 4000 cm™') of clays were
acquired from KBr pellets using a Nicolet 760 FT-
IR spectrometer equipped with a potassium bromide
(KBr) beam splitter and DTGS-KBr detector.
The resolution was set at 4 cm~! with co-addition of
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100 scans. The KBr pellets were prepared using 1 mg
of sample for 150 mg of KBr powder. The mixture
was crushed in a mortar and placed in a hydraulic
press for 5 min (<8 tons) before drying at 120°C
(248°F).

Two thin sections of sandstones with abundant
calcite cement were selected for cathodolumines-
cence analyses using a cold cathode (CL8200mk3)
coupled to a Nikon Labophot microscope with
vacuum chamber on the stage at the Geology
Department, Facultad de Ciencias, Universidad de
Salamanca. The calcite cements with different
luminescent response were analyzed by electron
microprobe (Cameca SX-50) with five wavelength
dispersive spectrometers (WDS) and one energy
dispersive spectrometer (EDS) silicon drift type
detector (SDD) at the Universidad de Barcelona.
Representative samples with clay cement were
selected for scanning electron microscopy (SEM)
using small, freshly fractured bulk rock samples and
thin polished sections that were coated with carbon.
Quantitative chemical analysis of clay cement was
performed using JEOL 5600 LV SEM equipped with
an EDS (BRUKER XFlash 4030 silicon drift detec-
tor) at IC2MP Laboratory, Université de Poitiers,
France. Analytical conditions were 15 kV, 1 nA, a
counting time of 60 s and a working distance of
16.5 mm. The standards used for EDS consisted of
albite (Na, Al, Si), almandine (Mg, Fe), diopside
(Ca), orthoclase (K) and spessartite (Mn). Matrix cor-
rections were performed using integrated programs
(a PhiRhoz correction). The reproducibility of the
standard analyses was ~1.5% for all of the elements,
except Na, which was ~3%.

Four samples that preserved calcite cements
were selected for fluorescence and fluid inclusion
analysis. Samples were analyzed with a polarization-
fluorescence Nikon Eclipse 50i microscope.
Microthermometric analyses of fluid inclusions
(n =20) in calcite were carried out using Linkam
(—180°/+600°C [-292°/4+1112°F]) cooling-heating
stages at the Fluid Inclusion Laboratory of the
Departamento de Geologia of the Universidad
Nacional del Sur, Bahia Blanca, Argentina.

Selected carbonates (4) and sulfides (5) were ana-
lyzed for 8'30, 8'3C, &%*S as appropriate, at the
Servicio de Is6topos Estables, Universidad de

Salamanca, using two SIRA-II gaseous source dual
inlet mass spectrometers. Samples were prepared by
handpicking and microdrilling, and then converted
to a suitable gas in the gas extraction lines.
Carbonates were treated prior to the isotope analyses
using an Asher model K1050X EMITEC to eliminate
traces of bitumen and organic matter through com-
bustion at low temperature in the presence of oxygen
plasma. The CO, was produced by reaction with
100% H;PO, (McCrea, 1950). For conventional
8%*S analysis of sulfide minerals, SO, was produced
by reaction of the sulfide or sulfate minerals with an
oxidant (Cu,0) at elevated temperature (1000 to
1200°C [1832 to 2192°F]) under vacuum (Holt and
Engelkemeier, 1970; Hair et al., 1973; Coleman and
Moore, 1978). Isotopic results are reported in & nota-
tion relative to SMOW (standard mean ocean water)
for O, PDB (Peedee belemnite) for C and O, and
Canyon Diablo troilite (CDT) for S. Repeat analyses
of international and internal reference materials gave
average reproducibility better than +0.02%o for §!*C
and +0.12%o for 6'80 in carbonates, +0.2%o for
8'80 by laser fluorination, and +0.1%o for 5**S.

Two outcrop samples (BG08072c and BG102)
were submitted to Weatherford Laboratories for
geochemical analysis to determine the source rock
for the entrained bitumen. Portions of the outcrop
rocks that appeared to contain the most bitumen
were crushed and extracted using carbon disulfide.
The extract was concentrated and then analyzed
by gas chromatography. Unfortunately, because
the first sample (BG08072c) collected contained
too little bitumen for further analysis, only the sec-
ond sample (BG102) was chosen, and the process
was repeated. The second sample (BG102) was
separated by liquid chromatography into saturate,
aromatic, resin and asphaltene fractions. The satu-
rate and aromatic fractions were analyzed for bio-
logical marker compounds (biomarkers). The
biomarkers from the first sample (BG08072c) were
measured using the whole oil.

RESULTS

In the study area, the lower and middle sections of the
Portezuelo Formation outcrop with a total thickness
of 60 m (196.85 ft; Figures 3, 4). Both sections have
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lower proportions of coarse-grained facies toward the
east, and they can be differentiated by the ratio of
coarse- to fine-grained facies. The coarse- to fine-
grained ratio is higher in the middle section
(Figure 4). These two sections consist of medium-
grained sandstones (Sh, St, Sr) and subordinate con-
glomerates (0.4—2.5 m or 1.31-8.2 ft thick), rich in
intraclasts of claystone and siltstone (Gm, Gh, Gp,
Gt), interbedded with beds of massive micaceous
sandstones (Sm) and mudrocks (<1 to 5 m [<3.28 to
26.25 ft] thick) in fining-upward sequences (Fm)
(Figure 4D). The sandstones and conglomerates form
sheet-like and lenticular packages with planar erosive
bases and medium-scale trough cross-bedding
(Figure 4E, F) that commonly shows paleoflows with
northeast and southwest trends. They contain frag-
ments of fossilized tree trunks and vertebrate bones.
The mudrocks form tabular and massive beds up to
3 m (9.84 ft) thick in the lower section and discon-
tinuous lenses with planar cross-bedding upward.
Some of these mudrocks show bioturbation.
Commonly, the mudrocks, overlain by the thickest
sandstones, show deformation due to water escape
structures (Figure 4F).

Petrography

The coarsest grained facies (sandstones to conglom-
erates) exhibit mature to submature textures domi-
nated by moderately to well-sorted subangular to
subrounded grains. They vary in color from white to
yellowish-gray, medium-gray, and reddish-brown,
and consist of 57%—70% quartz, 21%—35% feldspar,
4%-22% lithics, with <1% micas (Table 1), tourma-
line, monazite, rutile, and zircon as accessory
minerals. The feldspars are dominantly potassic
(microcline, perthitic orthoclase) with subordinate
oligoclase-andesine. The most common lithic clasts
consist of volcanic rock fragments with microlithic
and felsitic textures and metamorphic rock fragments
of quartz—chlorite—-muscovite schist. Some of the
detrital feldspars and lithic fragments have been
hydrothermally altered and partially replaced by illite
and chlorite prior to their deposition. Frequently, the
base of each layer is dominated by a monomictic con-
glomerate rich in clay chips. The fine-grained sand-
stones are characterized by abundant mica (2%—3%).

All of the sandstones from the Portezuelo Formation
are classified as lithic feldarenite and feldspathic
litharenite, following the classification of Folk
et al. (1970).

The claystones and siltstones of the Portezuelo
Formation show reddish-brown (10YRG6/6),
yellowish-gray (5GY8/1), and pale olive (5GY7/2)
colors. They consist of clay minerals (59 to 88
vol. %), including inherited hydrothermal illite and
chlorite, quartz (14-23%), plagioclase (oligoclase-
andesine, 9-18%), and K-feldspar (1%).

Diagenesis and Alteration of Sandstones and
Conglomerates

Bleaching of sedimentary rocks related to the dissolu-
tion of the iron oxide and hydroxide cements is a
common feature in the area. The primary reddish color
of the rocks is only preserved in the less permeable
reddish-brown (10YR6/6) and thickest claystone
layers (Figure 4). Based on colors of the Portezuelo
Formation rocks, four facies were differentiated:
(1) white (N8) sandstones, (2) reddish-brown sand-
stones (10R5/4-10R4/6), (3) yellowish-gray (5Y8/1)
sandstones, and (4) medium-gray (N5-N6) coarse to
pebble sandstones and conglomerates (Figure 4). The
white and yellowish-gray facies are observed in the
medium- to coarse-grained sandstones. The medium-
gray facies is generally at the base of the thickest
sandstone and conglomerate layer (Figure 4A, B, F).
The reddish-brown facies outcrops at a height of
690 m (2264 ft) above sea level in the plateau. The
contact between this reddish-brown and the other
facies (white to yellowish-gray) is irregular; in some
places, patches of reddish facies are enclosed within
the white, bleached facies (Figure 4A, B, D).

The white and the reddish-brown facies are com-
posed of very permeable and friable sandstones with
more than 15 vol. % intergranular porosity (primary
and secondary) with oversize pores resulting from
selective leaching of detrital grains. The quartz clasts
and polycrystalline lithic quartz commonly show ran-
domly oriented microfractures (Figure 5A). Micas are
more abundant in the finest grained sandstones and
typically show slightly ductile deformation as a result
of diagenetic mechanical compaction. Feldspars and
volcanic fragments are partially dissolved. The
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Figure 5. Photomicrographs of sandstone facies developed during deposition, diagenesis, and alteration. White facies: (A) with bitu-
men coatings grains and fractures, (B) authigenic smectite (Sme) as rims, and bitumen and pyrite fill the fractures of the clasts, (C) sand-
stones with abundant smectite cement and disseminated euhedral pyrite partially altered to goethite and hematite, (D) facies with
bitumen impregnations and the floating grain texture as a result of dissolution and replacement of previous cement grains by calcite
and analcite. Anl = analcite; Btm |, Il = bitumen I, II; Cal I, II, Il = calcite I, Il, lll; Gth = goethite; Hem = hematite; Sme = smectite;
P = porous; Py = pyrite.

dissolution pores and cracks constitute almost 2 vol.
% of the porosity. The white and the reddish-brown
sandstones are partially cemented by smectite rims
associated with fine-grained pyrite (Figure 5B).
Minor smectite also replaces feldspar grains. In out-
crop, bitumen is concentrated in the cross-bedding
or as disseminated spots (Figure 4A, B, E) and devel-
ops typical dendritic habit toward the finest grained
sandstones. In thin sections, bitumen coats the grains
and fills fractures and cleavage planes in feldspar and
mica (Figure 5A). Late analcite cement locally devel-
ops drusiform habit with subhedral and twined
crystals protruding into open spaces. In the reddish-
brown facies, pyrite is partially altered to goethite

and hematite, leading to the reddish-brown coloration
to the rock (Figures 4D; 5C).

The yellowish-gray and medium-gray facies con-
sist of medium- to coarse-grained sandstone and con-
glomerate pervasively cemented by multiple calcite
generations, which develop a floating grain texture
because of the dissolution and replacement of pre-
vious cements and grains by calcite (Figure 5D).
Both facies display bitumen impregnations, but they
are more abundant in the medium-gray facies
(Figure 4). Bitumen occurs as disseminated spots in
cross-bedding planes, in subhorizontal and discordant
tubular and radial pipes and as flames (Figure 4A, G).
Two kinds of bitumen were differentiated: (1) a
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pervasive brown bitumen with a greasy luster, and
(2) a less common massive and black bitumen that
cuts the brown bitumen and shows conchoidal frac-
ture. Both types of bitumen coat the grains and fill
pores and cracks in the rocks (Figure 5A, D). The
SEM images show the typical tension cracks in the
bitumen surfaces as a result of the loss of volatile
hydrocarbons. In the conglomerates, many clay chips
show a yellowish-gray color because of partial
replacement by micritic calcite (I) later impregnated
by the brown bitumen with dendritic habit
(Figure 4). Other clay chips have a grayish-green to
grayish-yellow color (5Y7/2 to 5GY8/1; Figure 4)
and contain 60-80 vol. % clays, consisting of smec-
tite and subordinate kaolinite.

The yellowish-gray and medium-gray facies host
many carbonate concretions (Figure 4A—C, F) formed
by multiple stages of calcite crystallization: (1) an
early, nonluminescent micritic calcite (I) cements the
rocks and also replaces grains, mud chips, and bio-
genic structures, such as roots, and as Microcodium
(Kosir, 2004); (2) isopach rims of prismatic calcite
(ID); (3) coarser grained, cloudy sparry calcite (III, IV
10-100 pm); and (4) drusiform clear calcite (V) that
partially fills open spaces. The calcite (II) and the
calcite (IIT) cements develop oscillatory zoning because
of the alternation of dull and bright luminescent areas
that become brighter outward (Figure 6A, B). The
brightest luminescent zones correlate with the cloudy
calcite zones (Figure 6B). Cathodoluminescence

Call 1\

Cal 11l

Figure 6. (A-C) Photomicrographs of the yellowish- and medium-gray facies showing multiple calcite generations recognized with
white light (first two columns from the left) and with cathodoluminescence (third column). See text for further explanation. Cal I, I,
I, IV, V = calcite I, Il, Ill, IV, V; Py = pyrite. The white dotted line A-B marks the location of chemical analyses presented in Table 4.
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images show evidence of a complex dissolution his-
tory for these previous cements and their replacement
by patches and veins of homogeneous, syntaxial
bright cloudy calcite IV (not visible by optical petrog-
raphy), resulting in the discontinuity of the isopach
calcite rim and complex zoning pattern of calcite 111
(Figure 6A, B). The cloudy aspect of calcite II, III,
and IV is related to the presence of abundant fluid
inclusions and many traces of bitumen impregnations
that delineate crystal growing sectors (Figure 6B).
There are traces of barite cement at the contact with
calcites IIT and IV. The analcite veinlets cut previous
cements (Figure 5D) and are surrounded by
60-80 pm-thick microhalos of calcite V. Thin veinlets
(15-25 pm [0.59-0.98 thou]) of nonluminescent cal-
cite V cut previous cements in the rock (Figure 6C);
this calcite also fills open spaces with typical drusi-
form habit (Figure 6A) and is frequently associated
with gypsum.

Diagenesis and Alteration of Mudrocks

At Barda Gonzalez, a pale yellowish-green color
dominates in the finest grained facies, preserving the
reddish-brown color only in the middle of the thickest
mudrock beds. The discoloration starts as dissemi-
nated, bleached patches (with bubbles and dendritic
shapes) that become much more abundant at the con-
tact with sandstones and conglomerates, tending to
form a continuous bleached layer (Figure 4H). The
pale yellowish-green color (Figure 4; 5Y7/2) is
because of the lack of iron oxide and hydroxide
cements and the presence of authigenic smectite and
smectite-illite mixed layers (with >70% of smectite)
with subordinate kaolinite, fine-grained pyrite/
marcasite, and traces of bitumen, calcite and gypsum.
The mud chips of the conglomerate layer have a sim-
ilar composition.

Composition of Diagenetic Minerals

Clay mineralogies identified by XRD and MIR analy-
ses are shown in igure 7. The MIR spectras of the clay
fraction are similar in the bleached sandstones and the
mudrocks. The best defined bands belong to minerals
of the smectite group (Madejové et al., 2011). The
broad band near 3400 cm™!, a result of OH stretching
vibrations of adsorbed water, is characteristic of all

types of smectites. The 3620 cm~! wide band is rep-
resentative of the OH stretching of all dioctahedral
minerals. The location of the main OH bendings of
phyllosilicates into the 800-915 cm~! domain is also
indicative of dioctahedral clay minerals. The 915,
875, and 844 cm™! bands are due to the bending
vibrations of a structural OH in contact with two
occupied and one vacant octahedral site. Thus, the
bending vibration is a valuable probe of the octahe-
dral sheet in the dioctahedral clay minerals. The
915 cm™! band is attributed to Al-Al (vacant site)
OH bending. At least two components contributed
to this band, one from dioctahedral smectite (alumi-
num-rich smectite) and one from kaolinite
(Madejovi et al., 2011). However, the XRD data
indicate that the contribution of kaolinite is low
(Figure 7A, C, E). The 844 cm™! band is attributed
to Al-Mg(OH) bending vibrations. The weak
875 cm~! band is attributed to Al-Fe3*(OH) bending
vibrations. Thus, the infrared spectra of the smectite
are indicative of a dioctahedral Al-rich smectite with
significant Mg substitution in octahedral sites. Such
a crystal-chemical characteristic is typical of mont-
morillonite (i.e., a dioctahedral smectite in which the
2:1 layer charge is mostly a result of R** for AI**
substitution in octahedral sites). The bands at
1483-1421 cm™! region could point to the presence
of organic bands (from CO or CH vibrations), and
the 2800 cm™! region is characteristic of traces of ali-
phatic bonds (CH,-CH; vibrations).

The chemical microanalysis of the clay cement
associated with the bitumen impregnations (Table 2)
broadly agrees with that of a montmorillonite in
which a significant amount of magnesium (MgO ~
3%) substitutes to aluminum in octahedral sites
(Newman and Brown, 1987). However, they indicate
a high but variable amount of iron (3% to 7% of total
iron oxide arbitrarily calculated as FeO), which is
positively correlated with the deviation of the cation
octahedral occupancy toward trioctahedral values in
the structural formulas (Table 2). Such a variation of
the iron content, which it is not correlated with the
variation of the other analyzed major chemical ele-
ments (Table 2), is indicative of impurities of nonsili-
cate iron-bearing minerals in the clay material. This
interpretation is corroborated by the low ferric con-
tent of the octahedral sites of the smectite indicated
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by the infrared spectra (Figure 7B, D, F). According
to the petrographic observations, nanoparticles of
pyrite seem to be the best candidate as mineral impu-
rity in the smectite cement.

Based on these data, the calculated structural for-
mula can be approximated as follows: Cag13_g 14
Ko.49-053Nag 16021 (Alz 275, Feo.q 0,97, Mg0.7-053)
(Siz 1744 Algss5_091) Oz (OH),. Such a structural
formula approximately fits that of a high-charge
montmorillonite (Newman and Brown, 1987).
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The XRD analyses and the potassium ferricya-
nide staining of the yellowish-gray and medium-gray
facies indicate that all of the carbonate cements are
composed of calcite. Microprobe chemical analyses
(Table 3) show differences among the dull (III),
bright (IV), and nonluminescent (V) calcites, with
an increase in the MnO (0 to 2.41%) and FeO (0 to
0.48%) concentrations from the nonluminescent to
the bright calcites. The dull calcite has the highest
MgO content (0.03% to 0.59%). The low total oxides
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Table 3. Representative Microprobe Analyses of Calcites (lll, IV, and V) from Sample BG8078 and Their Behavior Observed under

Cathodoluminisce and UV Light*

Calcite Type/

Oxides W% 0O, MgO SO, CO MnO FeO CuO PbO  Sum Cat. UV Light
Calln 43826 0.040 0.000 55.770 0.000 0.020 0.090 0.000 99.75 Dull Nonfluorescent
Calln 43789 0.700 0.000 54.490 0320 0.070 0.030 0.010 99.4 Dull Green fluorescent
Calln 43972 0340 0.000 55390 0210 0.010 0.010 0.000 99.94 Dull Green fluorescent
Cal i 44229 0980 0.000 54970 0.000 0.040 0.000 0.000 100.21 Dull Nonfluorescent
Cal Iv 42287 0.100 0.000 51870 1.810 0550 0.010 0.050 96.66 Bright Nonfluorescent
Cal vV 42946 0.100 0.000 51970 3.110 0210 0.020 0.000 9836 Bright Nonfluorescent
Cal Iv 42983 0.100 0.000 52710 1.850 0550 0.000 0.000 98.18 Bright Nonfluorescent
Cal Iv 42873 0.110 0.000 52450 1940 0.610 0.000 0.010 97.96 Bright Nonfluorescent
calv 44,082 0.010 0.000 56.150 0.000 0.000 0.050 0.020 100.31 Nonluminicent  Nonfluorescent
CalVv 44,192 0.100 0.000 56.140 0.000 0.010 0.020 0.000 100.45 Nonluminicent  Nonfluorescent
Calv 44.485 0.000 0.000 56.690 0.000 0.000 0.060 0.000 10123 Nonluminicent  Nonfluorescent

*(Cal = calcite; Cat. = cathodoluminiscence.

(96.6-98 wt. %) in the analyses of the bright lumines-
cent calcite correlate with zones of high content of
fluid inclusions.

Fluorescence and Fluid Inclusions Studies

In the yellowish- and medium-gray facies, the calcite
I does not contain fluid inclusions and shows two
distinctive behaviors when observed with ultra-
violet (UV) light: (1) the microsparitic calcite
has a slightly green fluorescence, and (2) the calcite
with Microcodium texture does not fluoresce
(Figures 8A, B). The nonfluorescent isopach rim of
calcite (I) hosts very small (<2 pm) and light-brown
fluid inclusions aligned parallel to the clast edges
(Figure 8C, D). These fluid inclusions show a weak
yellowish-green fluorescence. The calcite III shows
a zonation because of the alternation of grayish-green
fluorescence and nonfluorescence bands; it hosts pri-
mary fluid inclusions (<2-12.5 pm) with yellowish-
green fluorescence (Figure 8C—H). The external zone
of calcite III crystals and the cloudy, nonluminescent
calcite IV host numerous fluid inclusions similar to
the baroque carbonate of Tucker et al. (1990) with
the following association (Figure 9A-D): (1) regular
(triangular shape), one-phase fluid inclusions
(type I); (2) irregular to regular, two-phase fluid
inclusions (type II); and (3) irregular multiphase fluid
inclusions (type III). All types of fluid inclusions
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(I, II, and IIT) are associated with tiny pyrite crystals.
Type I fluid inclusions can be subdivided into the fol-
lowing subtypes: (1) moderate relief and light-tan
coloration (type Ia), (2) low relief and pinkish hue
(type Ib), and (3) high relief and dark-brown color
(type Ic). Type I fluid inclusions show a yellowish-
green fluorescence in the core of the calcite III crys-
tals and a light-blue fluorescence in the calcite IV
(Figures 8H; 9B). Type II fluid inclusions show dif-
ferent behavior under UV light: (1) a group (type
Ila) with variable liquid/bubble ratio between 7/3
and 6/4 and a yellowish-green fluorescence low-relief
liquid and nonfluorescent high-relief bubble; and
(2) a group (type IIb) of triangular and regular shape,
very small (<3 pm), nonfluorescent liquid-rich
(9.5/0.5) fluid inclusions with low relief and a tiny
pink bubble, mobile at room temperature. The multi-
phase fluid inclusions show variable behavior under
UV light, but frequently some of the liquid phase
shows green to light-blue fluorescence. Most of the
bitumen (I and II) that impregnates the sandstones
does not fluoresce, but in some places, where it coats
the grains and fractures or when it is in the contact
with quartz grains, it has a yellowish-green, medium
to intense fluorescence. Generally, the bitumen is
aligned with fluid inclusion (type Ia, b, c, II, and III)
trends of similar fluorescence (yellowish-green or
blue) cutting the grains (quartz) or along the cleavage
surfaces of the feldspars (Figure 9F).
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Figure 8. (A-H) Photomicrographs of the yellowish- and medium-gray facies showing multiple calcite generations recognized using
UV illumination. The light-blue and green arrows point to the organic fluid inclusions with bluish and greenish fluorescence, respectively,
hosted in calcite Il and IV. See text for further explanation. Cal = calcite.
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Figure 9. Photomicrographs of yellowish- and medium-gray facies show the fluid inclusion assemblages recognized with white and
ultraviolet light (UV) (A-D) hosted in the calcite IV and (E-H) hosted as secondary fluid inclusion trends in quartz and feldspar grains.
The light-blue and green arrows point to organic fluid inclusions with bluish and greenish fluorescence, respectively. Cal = calcite [l
and IV, see text]; Fsp = feldspar; Th = homogenization temperatures of fluid inclusion; la, b, lla, lib, llI, reference the type of fluid inclu-
sion defined in the text.
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Preliminary thermometric analyses of aqueous
type IIb fluid inclusions hosted in calcite III homog-
enized to a liquid at 113°C (235°F). The remaining
type IIb fluid inclusions hosted in calcite III and IV
were too small to be correctly analyzed. The type Ila
fluid inclusions (25) show critical temperatures varia-
ble between 160-281°C (320°F-538°F) (Figure 8C,
D), indicating the presence of organic components
(coincident with the critical temperatures of isopen-
tane-isooctane; Levorsen, 1973).

In the white and reddish-brown (sandstone)
facies, quartz and feldspar grains host secondary fluid
inclusion trends similar to fluid inclusions of calcite

ITI, calcite IV, and siliciclastic grains of the
yellowish- and medium-gray facies (Figure 9E-H).

Stable Isotope Analyses

In the yellowish-white and medium-gray facies, the
8!3Cppp isotope analyses of calcite III and IV with
bright to dull luminescence (Table 4) show a narrow
compositional range between —8.11%o to —8.52%o,
and the 8'"80ppp isotopes range from —9.76 to
—9.87%o0. The late, nonluminescent calcite V has the
heaviest isotope signature with —4.85%0 8'*Cppg
and —7.72%o 8'80ppp values.

Table 4. Stable Isotope Compositions of Diagenetic Pyrite/Marcasite and Calcite from the Portezuelo Formation

Sample Depth (m) Rock Mineral 8**Scpr (%oo)
BG 4325 90-91 Mudstone Py/Mrc -36.4
BG 43624 87-87 Mudstone Mrc 18.2
BG 43624 87-88 Mudstone Py —24.4
BG 43920 17-18 Mudstone Py —60.2
BG 46325 89-90 Mudstone Py -59.8
Sample Rock SIZCPDB (0/00) SIBOPDB (0/00) 61805MOW (0/00)
BG0610 Sandstone (cal-IV) -8.23 -8.87 21.77
BG8078-1 Concretion (cal-llI-IV) -8.11 -9.76 20.85
BG8078-2 Concretion (cal-lll-IV) -8.52 -9.83 20.77
BG8078-3 Concretion (cal-V) —4.85 -1.72 22.95
Cal = calcite; Mrc = marcasite; Py = pyrite.
Table 5. (A) Extract and Liquid Chromatography Results, and (B) Gas Chromatography Interpretive Ratios
(A

Total Extract Saturated Aromatics Resins Asphaltenes Recovery
Sample (mg) % % % % %
BG08072c 8.1
BG102 26.5 16.6 49 74 1 96.6
(B)
Ratios by Pristane/ nCg/ nCy;/ Carbon preference
area Phytane Pristane/nC,; Phytane /nC,q (nCyg + nCyq) (nC,; + nCy;) index
BG08072c 1.28 0.44 0.64 0.54 0.88 0.96
BG102 1.46 0.58 0.9 0.7 0.96 0.91
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Table 6. Chemical Compositions of Formation Water from Aguada Bagtiales Oilfield

Analyses Units QL Sample 1058
Temperature °C 62
pH pH - 6.3
Conductivity microS/cm - 123800
Total dissolved solids dried at 180°C mg/l 10 92466
Total alkalinity mg CO;Ca/I - 524
Chlorides mg/l 5 51342
N/NO, mg/| 0.1 <0.1
N/NO; mg/| 03 162.0
Soluble phosphates mg/l 0.2 0.6
Sulfates mg/l 5 8
Elements (mg/l) QL Metals Dissolved* Total Metals*
Ag 0.021 <0.084 <0.210
Al 0.06 0.35 <0.60
As 0.105 <0.420 <1.050
B 0.009 11.954 12.172
Ba 0.003 >200 444572
Ca 0.021 >1000 2135.716
Cd 0.003 <0.012 <0.030
Co 0.006 <0.024 <0.060
Cr 0.012 <0.048 <0.120
Cu 0.009 <0.036 <0.090
Fe 0.012 0.338 19.189
Hg 0.03 <0.12 <0.30
K 0.45 495.25 512.46
Li 0.006 32.315 33.865
Mg 0.06 217.99 222.46
Mn 0.003 0.334 0.446
Mo 0.015 <0.060 <0.150
Na 0.06 >2000 >20000
Ni 0.03 <0.12 <0.30
P 0.15 <0.60 <1.50
Pb 0.084 <0.336 <0.840
Sb 0.063 <0.252 <0.630
Se 0.15 <0.60 <1.50
Si 0.06 11.20 14.00
Sn 0.051 <0.204 <0510
Sr 0.001 >40 395.553
Th 0.09 <0.36 <0.90
Ti 0.006 <0.024 <0.060
Tl 0.081 <0324 <0.810
U 0.45 <1.80 <4.50
v 0.009 <0.036 <0.090
In 0.006 <0.024 <0.060

*The values of dissolved metals and total metals are affected by the dilution factor; QL = quantification limits.
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Figure 10. Chromatographic analyses of two samples of brown bitumen from the Portezuelo Formation: (A, B) whole extract gas
chromatograms; (C, D) steranes; (E) terpanes; (F) the pristane/nC,; versus phytane/nC,s parameters; and (G) sterane biomarker dis-
tribution of Portezuelo bitumen and the range of composition of extracts of Vaca Muerta and Los Molles source rocks from the Neuquén
Basin for comparison (modified after Cruz et al., 2002). GC = gas chromatography; MS = mass spectrometry.

Stable isotope composition of pyrite/marcasite
associated with montmorillonite in the fine-grained
facies (mudrocks) show very negative **Scpr values
(—24.4 to —60%o0) with the exception of one marcasite
that shows the most positive 8**Scpr value (18.2%o0)
(Table 4).

Chemical Composition of Bitumen and
Subsurface Fluids

The chromatographic analyses of two samples (BG102
and BGO08072c¢c) of brown bitumen are shown in
Table 5A and Figure 10. Liquid chromatography

results of the sample BG102 indicates that the bitumen
in the pores and fractures is rich in resins (Table 5).
The migration process would preferentially leave
behind the more polar compounds such as resins and
asphaltenes. The presence of normal paraffins (straight
chain alkanes) indicates that the hydrocarbons in the
samples have not been completely biodegraded. The
distribution of normal paraffins is dominated by C;4
to C,3 compounds, indicating that the bitumen was
generated by a source unit that reached high thermal
maturity near the top of the oil generation window
(Figures 10A-F). The higher molecular weight
hopanes are low in concentration, but there are

Pons eT AL 545



Processes Burial Diagenesis

Post-oil
Emplacement

Oil Emplacement

Deposition of Portezuelo F.|  mm
Hematite coating -
Kaolinite

Calcite I

Oil emplacement
Dissolution
Montmorillonite
Pyrite

Calcite III
Barite
Calcite IV

Quartz-feldspar sealed
fractures

Analcite
Calcite V

Gypsum

Calcite II -

Depth 0 -

Oil from Vaca Muerta

Oil from Los Molles

T T OO TR

Age Turonian-Coniacian

Miocene

‘ Holocene

Figure 11. Paragenetic sequence and burial history of the Portezuelo Formation with timing of oil generation from the Vaca Muerta
and Los Molles source rocks (after Cruz et al., 2002). The Late Cretaceous and Cenozoic deformation of the Neuquén Group (after
Schiuma et al., 2002; Silvestro and Zubiri 2008) is interpreted to be contemporaneous with oil emplacement (black flames in the burial

diagram) and sandstone alteration.

abundant tri- and tetra-cyclic terpanes, supporting a
high maturity for the bitumen (Figures 10C-F).
At Aguada Baguales oil field (Figure 3) below Barda
Gonzalez, the hydrocarbons came from 1300 m
(4265 ft) below the actual surface (Lotena and Lajas
reservoirs). The formation waters that migrated along
with the hydrocarbons from these reservoirs rocks
show total salinities between 6% to 9% consisting
mainly of chlorides with Nat, Ca?*, K*, Ba’*, Sr’*,
Mg?*, and Fe®* as soluble cations; they are slightly
alkaline (pH = 6.5) and their temperature is 63°C
(145°F) (Table 6), the temperature expected at
1300 m (4265 ft) depth in a normal geothermal gra-
dient (Sigismondi and Ramos, 2009).

DISCUSSION

The nature and arrangement of facies associations
observed in the lower and middle sections of the

Portezuelo Formation are similar to those described
by Séanchez et al. (2005) for the upper section of the
Portezuelo Formation at the Barreales Dam and sug-
gest braided fluvial systems with northeast and north-
west paleocurrents. The variations of dominant grain
size in the bed load, thickness of channel bodies,
and relative proportions of channel/flood plain ele-
ments could be a response to long-term fluctuations
in discharge levels.

Diagenesis and Postdating Alteration

In the Dorsal de Huincul region, the Portezuelo
Formation reached early diagenesis considering that
it was covered by only ~700 m (2300 ft) of sediments
(Plotier Formation, 102 m [335 ft], Bajo de la Carpa
Formation, 75-90 m [245-295 ft], and Anacleto
Formation, 65-90 m [213-295 ft] and Malargiie
Group, 400 m [1310 ft]; Danderfer and Vera, 1992,
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Garrido, 2010; Rodriguez, 2011). Shallow burial of
these rocks (Figure 11) suggests that compaction
was mainly mechanical, resulting in expulsion of flu-
ids and precipitation of early cements (iron oxides,
hydroxides, and calcite I) along with the ductile
deformation of mica grains and mud chips. In the
fine-grained facies of the Portezuelo Formation, this
compaction resulted in escape structures. The propor-
tion of illite (<30%) in the authigenic smectite-illlite
mixed layers of mudrocks in the Portezuelo
Formation is equivalent to the R = 0 of Reichweite
(R) notation (Reynolds, 1980) and suggests that
they formed at shallow depth (Hoffman and
Hower, 1979).

The lateral continuity and textural characteristics
of the coarse-grained facies in the Portezuelo
Formation suggest that they behaved as an aquifer
since the early diagenesis. The circulation of low-
temperature, oxidizing, and slightly acidic meteoric
water could have altered labile minerals to kaolinite
and released iron and other trace metals (Walker,
1976; Zielinski et al., 1983; Brown, 2005) that were
reprecipitated as amorphous or poorly crystalline iron
oxides, which are precursors for hematite (Figure 11;
Bjorlykke and Jahren, 2012).

The floating grain texture of the early non-
fluorescent calcite (I) cement (Figure 11) and the
Microcodium structure indicate formation in a shal-
low environment (Klappa, 1978; Freytet and Plaziat,
1982; Esteban and Klappa, 1983; Calvet et al.,
1991; Kosir, 2004). This carbonate (I) was deposited
during early diagenesis in the vadose zone by fluids
saturated with CO3- + H,CO;3 + HCO3 (Scasso and
Limarino, 1997) containing abundant Ca’* cations
in solution. The nonfluorescent behavior of this cal-
cite (I) could be caused by traces (ppm) of Fe?* in
the mineral lattice, which can act to inhibit fluores-
cence (Gies, 1975).

Radial isopach calcite (II, Figure 11) implies for-
mation during porous fluid saturation in a phreatic
zone (water + Ca’>*CO3~, Longman, 1980; James
and Choquette, 1990). The presence of organic fluid
inclusions in calcite rims (II) and sparry calcite (III)
(Figures 8H; 9A-D), suggests that oil migration was
effective at the time of crystallization (Figure 11). A
redox reaction may have been triggered when these
hydrocarbons arrived in the sandstones containing

integranular iron oxide, hydroxide, and carbonate
cements. The oxidation of oil during subsurface bio-
degradation generates CO, and carboxylic acids with
a consequent increase in the oil viscosity. Larter et al.
(2006) determined that these reactions take place
between 50° and 80°C (122° and 176°F) and at pH
~0, the range of temperature and pH where organic
acids reach maximum concentration due to biodegra-
dation. These conditions are similar to those docu-
mented for reservoir fluids in the Aguada Baguales
oil field (Table 6). Carboxylic acids may have pro-
moted the dissolution of cements from sandstones
and conglomerates (Figure 11), evidenced by the
floating grain fabric and discontinuity of calcite rims
(Figures 6A-B; 8C, D), which may have improved
the effective porosity of the rocks and enhanced the
permeability. Organic acids may have also contrib-
uted to the alteration of labile minerals (feldspar, tri-
octahedral micas) and their replacement by clay
minerals (Bjgrkum and Gjeldsvik, 1988; Bjgrkum
et al., 1993; Bjerlykke et al., 1995; Oelkers and
Schott, 1998; Blake and Walter, 1999; Schoner and
Gaupp, 2005). The formation of montmorillonite
might have occurred locally due to pH/Eh variations
that destabilize Al-rich organic complexes by degass-
ing, temperature changes, or mixing with other sub-
surface water (Surdam et al., 1989). Montmorillonite
occluded both primary and secondary porosity of the
sandstones.

Microbially mediated reactions of hydrocarbons
with diagenetic hematite oxidized hydrocarbons to
organic acids, and Fe’* was reduced to Fe?*. This
Fe?*, along with available S, precipitated as pyrite
accompanyng montmorillonite as cement and filling
intragrain fractures with hydrocarbons (Figures
5B, C; 11). These reactions resulted in bleaching of
the mudrocks and sandstones, the dissolution of iron
oxides and hydroxides, and the formation of mont-
morillonite and pyrite cements. The variable range
(=60 to 18.2%0) and highly negative sulfur isotope
values (—60 to —24.4%o; Table 3) are characteristic
of sulfides generated by microbial sulfate reduction
(Seal, 2006). Microbial sulfate reduction accounts
for the largest sulfur isotopic fractionations in nature,
in some cases, up to 75%o. (Wortmann et al., 2001).

In the yellowish- and medium-gray facies
cemented by carbonate, the stability of the mineral
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facies could be buffered by organic acids that con-
trolled the alkalinity (Willey et al., 1975; Carothers
and Kharaka, 1978) and the partial pressure of carbon
dioxide (Pco,). Consequently, fluctuations in pH and
Pco, may be reflected in multiple stages of dissolu-
tion and precipitation of calcite (II, III, and IV;
Figures 6A, C; 8A, H; James and Choquette, 1990).
Quartz and feldspar grains (Figures 10E-H) are cut
by multiple trends of fluid inclusions (organic +
aqueous) similar to those hosted in calcite II, III, and
IV (Figure 9A-D). This suggests that during the pre-
cipitation of carbonates, the aqueous fluids were alka-
line (pH > 8), dissolved the edges, cleavage planes,
and fractures of siliceous clasts and replaced them
with calcite (Bennet and Siegel, 1987; Bjgrlykke
and Egeberg, 1993). In contrast, during the reaction
of organic acids with calcite, a decrease in the pH
(<8) could cause partial dissolution of calcite
(II, III, and I'V) and concomitant localized precipita-
tion of quartz and feldspar, sealing the microfractures
or cleavage zones, respectively, (Figure 11;
Bjgrlykke and Egeberg, 1993; Helgeson et al., 1993;
Deocampo and Ashley, 1999; Mark et al., 2008) and
trapping part of these materials as fluid inclusions
(Figure 9E-H). Precipitation of these minerals under
these shallow conditions can be explained by the
anomalous temperature (70°C [158°F] of reservoir
water and 113°C [235°F] measured temperature in
fluid inclusion) of hydrocarbons and formation water
coming from the deepest reservoir rocks. The pres-
ence of abundant fluid inclusions rich in organic flu-
ids (Figures 8H; 9A-D) indicates that during the
formation of the carbonates (II-III and IV), the ratio
of hydrocarbons to aquous fluids was high. The vari-
able fluorescence color of the organic fluid inclusions
(from yellow in the calcite III to light-bluish in the
calcite IV; Figure 8H) indicates that hydrocarbons
with different composition interacted with the rocks
in the Portezuelo Formation.

The oscillatory zoning observed in calcite II and
calcite III (Figure 6A) could be because of changes
in the bulk fluid composition (aCa’**, aMn?*, and
aFe?*), pH/Eh variations, or changes in the crystalli-
zation rate during their precipitation (Machel and
Burton, 1991). The brightest calcite (III) zones
(Figure 6B) are rich in organic fluid inclusions and
show the highest Mn?* and Fe®* contents (Table 3).

A decrease in the Eh and aCa®*, along with an
increase in aMn?* and aFe’*, may have controlled
calcite precipitation (Schulman et al., 1947). The
grayish-green fluorescent zones of calcite III
(Figure 8D) under ultraviolet light can be also attrib-
uted to Mn?** content (Table 2; Gies, 1975; Bissig
et al., 2007). The later hydrocarbon charge registered
by the fluid inclusions with light-bluish fluorescence
may have caused more dissolution of grain minerals
and previous cements (calcite I, II, and III;
Figure 6A, B) and the precipitation of homogeneous
luminiscent baroque calcite (IV) with pyrite
(Figure 6A, B). Thus, the fluids continued to be satu-
rated with Fe**, S, Ca**, and Mn** (calcite 1V;
Table 3) during emplacement of the second hydrocar-
bon charge. The lack of organic fluid inclusions in
calcite V and its texture (Figure 6C) indicate that its
precipitation postdates hydrocarbon migration.

The bright to dull luminescent calcite II, III, and
IV (Figure 6A, B) have more negative 8'3Cppg and
8'80ppg isotope values than the nonluminescent cal-
cite V (Figure 6C; Table 4). Calcite precipitated from
the breakdown of hydrocarbons has 8'3Cppp values
as low as —20%o (Tucker et al., 1990; Wood and
Boles, 1991). Therefore, the intermediate 3'3Cppg
compositions observed for calcite II, III, and IV
(—8.1 to —8.5%0) may have resulted from mixtures
of 3C-rich CO, derived by dissolution of local cal-
crete with 13C-poor CO, derived from oxidizing
organic matter (Giuliani et al., 2000). The different
813Cppg values of the latest calcite (V; —4.85%o) con-
firm its precipitation without the direct influence of
hydrocarbon fluids.

The abundance of organic fluid inclusions hosted
in diagenetic calcites, feldspar, and quartz grains and
widespread bitumen impregnations in the sedimen-
tary sequence (Figures 4, 5, 8, 9) indicate that the
Portezuelo Formation acted as a carrier bed. The doc-
umented slight increase in API gravity from green to
blue fluorescence in the organic fluid inclusions
(Riecker, 1962; George et al., 2001) could be caused
by the following: (1) fluctuation in the groundwater
table in the reservoir that resulted in different extents
of biodegradation (more intense at the oil water con-
tact [OWC]) or (2) another hydrocarbon pulse having
a different evolutionary history (England et al., 1987;
Larter et al., 2006).
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Possible Hydrocarbon Source Rocks and
Seepage Migration Channels

The chromatographic analysis of the bitumen that
impregnates the mineralized sandstones and con-
glomerates of the Portezuelo Formation indicates
large-scale oil migration. These hydrocarbons
likely originated from marine organic matter in the
Upper Jurassic to Lower Cretaceous Vaca Muerta
Formation, the main petroleum source rock in the
Dorsal de Huincul (Legarreta et al., 2003, Villar
et al., 2005; Figure 10). Hydrocarbons migrated in
several stages from this source rock to their traps
through carrier beds and faults (Figure 2) from the
Early Cretaceous to the Miocene (Cruz et al., 2002;
Legarreta et al., 2003). Reactivation of previous
Huincul faults from the Cretaceous to the present
must have broken the overlying seal rocks (Schiuma
et al., 2002; Silvestro and Zubiri, 2008) to produce
secondary migration and connection of deep Lajas
and Lotena reservoirs with shallow paleochanels of
the Neuquén Group (Figure 2A). The presence of
solid hydrocarbons in outcrops is clear evidence for
this migration.

At local scale, hydrocarbons migrated through
the most permeable rocks, following the cross-
bedding or the base of the paleochanels (Figure 4).
The local traps for these fluids could be (1) vertical
and lateral facies changes in the Neuquén Group, like
thick mudrock layers in the Cerro Lisandro (69 m
[226 ft]) and Plottier Formations (20 m [65.6 ft];
Danderfer and Vera, 1992); and (2) intraformation
facies changes, such as the increase in mudrock flood
plain facies in the Portezuelo Formation toward the
east (Pons et al., 2009). Inside the channels, local
changes of permeability resulted in vertical migra-
tion, forming cylindrical fluid escape structures
(tubes) connecting upward to the most permeable
strata. The origin of V-shape flames can be attributed
to the dispersion of the hydrocarbons during con-
comitant groundwater paleoflow.

At the mudrock/sandstone contact, hydrocarbon
seepage can be detected by local bleaching
of mudrocks, which show bubble and dendriform
shapes (Figure 4H). These shapes might have
formed by the vertical movement of buoyant light
hydrocarbons through a network of interconnected

groundwater-filled microfractures, as described by
MacElvain (1969), Price (1986), and Saunders et al.
(1999). Similar bleached patterns were observed in
the outcrops of the upper Portezuelo Formation sec-
tion at Barreales Colorado Dam (Giusiano et al.,
2009), just above the giant Loma La Lata gas field
(Hechem, 2010).

Hydrocarbon migration was accompanied by flow
of formation waters having a volume 10 times greater
than the volume of hydrocarbons (Surdam et al.,
1989). In the study area, the formation waters from
the reservoirs are rich in chlorides (5-9%; Table 6,
Schiuma et al., 2002; Pons et al., 2009) with Na™,
Ca’*, K*, Ba’*, Sr?*, Mg?* and traces of metals in
solution. Calcite (II, ITI, and IV), Mg-montmorillonite,
barite, and analcite cements at Barda Gonzélez may
document the infiltration of these brines (Van der
Kamp and Leake, 1996). In addtion to local sulfate
cement, other sources of S to form pyrite could
have been enriched sulfate brines coming from disso-
lution of deep evaporite layers (e.g., Auquilco and
Huitrin Formations; Legarreta et al., 1993) and hydro-
carbons generated in the Vaca Muerta Formation,
which contains sulfur-rich type IIS kerogen (Villar
et al., 2005).

CONCLUSIONS

In the Barda Gonzalez area of the Neuquén Basin,
pervasive bleaching of the Portezuelo Formation is
evidence that a huge volume of organic fluids circu-
lated through these rocks. The mineralogical signa-
ture of the bleaching process is not homogeneous
and can be simplified as two main facies: (1) authi-
genic montmorillonite- and pyrite-cemented facies
that correlate with the distribution of medium- to
fine-grained sandstones and mudstones, and (2) multi-
stages of calcite-pyrite cemented facies coincident
with coarse-grained sandstones and conglomerates.
The Neuquén Group represents an important oil
and gas reservoir rock in the northern Neuquén Basin
(Loma de La Mina, El Sosneado Oriental, Llancanelo,
Loma Alta Sur, and Cerro Fortunoso, El Manzano,
Paso de las Bardas Norte, and Valle del Rio Grande
oil and gas fields; Manacorda et al., 2002; Secretaria
de Energia de la Nacidn, 2014) with cumulative oil
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and gas production of 24,769,318 m? (155,799,011
barrels) and 52,916,249 m? (1,868,716,318 barrels;
Secretarfa de Energia de la Nacion, 2014), respectively.
These oilfields are characterized by heterogeneous
distributions of porosity (< 5% to 35%) in sandstones
and conglomerates (Manacorda et al., 2002) that could
be caused by the crystallization of authigenic minerals
during different periods of the burial history. This
contribution provides for the first time key information
to predict the presence of authigenic minerals in the
reservoir rocks of the basin, based on the distribution
of lithofacies and better understanding of the interac-
tion of organic fluids with red beds of the Portezuelo
Formation.

The presence of hydrocarbons in the Neuquén
Group shows the connection between the deep reser-
voir or source rocks and the surface through faults.
This fact allows us to propose that Tertiary tectonic
events caused failure of the regional seal rocks and
favored remigration of oil into shallower units. Our
results point to a close relationship between tectonics,
hydrocarbon migration, and diagenetic processes in
the Dorsal de Huincul region.
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