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Abstract

In the northern Neuquén Basin of Argentina (esplydim Mendoza Province), there is
strong geological evidence for fluid overpressuaréhe past. The evidence takes the form of
bitumen veins and bedding-parallel veins of fibroakite (‘beef’). Such veins are
widespread in the fold-and-thrust belt of the Mgliararea, where bitumen mining has been
active for a century or so. So as to collect infation on the development of fluid
overpressure in this part of the Neuquén Basirers¢wld mines were visited and studied in
the Malargie area. Here the bitumen veins have intruded méuely.ate Jurassic to Early
Cretaceous Mendoza Group, but also the Late Crataddeuquén Group. The veins have the
forms of bedding-parallel sills or dykes and they @specially thick within anticlines,
forming saddle-reefs in several places. Beef varesalso numerous in the Maléegarea.
They contain bitumen and therefore seem to havaeddrat the same time as the bitumen
veins. Near many outcrops of bitumen and beef, ave iound fine-grained volcanic
intrusive bodies. The best examples are from th¥dlanciana syncline. According t8Ar-

“%Ar dating, these bodies are mainly of Mid-Miocewge avViore generally, volcanism,
deformation and maturation of source rocks seehat@ reached a climax in Miocene times,

when the subducting Pacific slab became relatiftaty
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Introduction

‘Beef’ (bedding-parallel veins of fibrous calcit@)d solid bitumen veins seem to be
common in sedimentary basins worldwide. Accordmgeicent reviews (Cobbold et al. 2013;
Gale et al. 2014) ‘beef’ or ‘cone-in-cone’ are coommespecially within shale and/or
mudstone in sedimentary basins that have genepatealeum. Asphalts and bituminous
substances have been known for a long time, béjeed’ or the onset of hydrocarbon
production. Abraham (1960) compiled an inventohgwing that solid bitumen veins occur
in some well-known sedimentary basins, for exampldtah and Oklahoma (United States),
in the State of Vera Cruz (Mexico), or in the Preog of Pinar del Rio (Cuba), for North
America, in the Tolima Department (Colombia), ie farovince of Canta and Yauli (Peru), or
in Neuguén and Mendoza provinces (Argentina), fentéal and South America; and in the
Province of Hanover (Germany), or the Ural MourggiRussia), for Europe and Asia.
Nevertheless, the Neuquén Basin, Western Argentiag,contain the most widespread
bitumen veins in the world (Parnell & Carey 19%5 ,well as being known for its high
potential in oil and gas. Veins of solid bitumefi€ao named ‘asphaltite’ or less often
‘neuquenite’ or ‘rafaelite’) and of ‘beef’ crop quobgether with source rocks for petroleum,
especially in the central and northern part ofttasin. There the bitumen veins have been
subject to intense mining for fuel, especially dgrivorld War Il. Hence the veins and mines
figure in a book by Borrello (1956), as well agmany reports by the government agency,
Yacimientos Carboniferos Fiscales (YCF). Recestiyne of these reports became available
from the Geological Survey of Argentina (SEGEMARGgcording to all this information,
bitumen veins are numerous in three main areagyy@ Mahuida, (2) Chos Malal or Pum
Mahuida and (3) the Malargue area (Meyerhoff, 1948pse three areas are also regions
where magmatic rocks are common. Indeed, sevettabiuin the past suggested
relationships between magmatic activity and theettgyment of bitumen veins (Groeber
1923, Rassmuss 1923; Fester and Cruellas 1941oiast947, Meyerhoff 1948; Borrello
1956). In the Chos Malal area, Cobbold et al. (2@D1L4) demonstrated such relationships,
by showing that vertical veins of bitumen form dieh pattern around Tromen volcano,

which is of Pleistocene age, conical in shape dridi4n high.



In the Malargie area, there is no such obvious topographic feasiTromen volcano,
but the area does contain a large amount of valcamd magmatic rocks, mostly of Neogene
or Quaternary ages (Fig. 1). Furthermore, bitumeremare numerous and some of them are
exceptionally large. Some authors have suggesttadrtaturation and migration of petroleum
in the northern Neuquén Basin could be, at leaptaity due to volcanic or magmatic activity
(Rodriguez et al., 2007, 2009; Witte et al. 20N¥)vertheless, there are still many questions
about such a possible correlation. As a resultd@aded to revisit the bitumen mines of the
Malargie area, as well as others in Mendoza province. \bf&end at two different scales,
first by comparing as many mines as possible ireégeon, then by studying in detail La
Valenciana Mine, which for many years was the npostiuctive, in the area to the West of
Malargie city. As part of this work, we have used if#r-*°Ar method, to date magmatic

rocks near the main bitumen occurrences.

Geological setting

The Neuquén Basin lies on the eastern side of tiueé (Fig. 1). The complex history
of the basin began by the development of a sefiPgimno-Triassic grabens during a phase of
continental extension, when the Choiyoi Group aadated (Vergani et al. 1995), (Fig. 2).
Then, during the Jurassic and Early Cretaceoud)ydbm was subject to thermal subsidence
and a eustatic rise in sea level, so that mararesgressions from the Pacific Ocean led to
deposition of a thick stratigraphic sequence (sé66@ m), from the Remoredo Fm to the top
of the Mendoza Group (Vergani et al. 1995; FranaegkSpalletti 2001; Franzese et al.
2003). In the Late Cretaceous a change in tecsmitong led to inversion of the basin and
formation of a fold-and-thrust belt in the footkithf the Andes (Cobbold and Rossello 2003),
(Fig. 1). At the same time, uplift and erosion pded clastic material for deposition of the
Neuquén Group, further eastward (Fig. 2). Thenzatine deposits in the area (the Malsrg
Fm of Maastrichtian to Palaeogene age) were dtratggression from the Atlantic Ocean
(Legarreta and Gulisano 1989), (Fig. 2). Sedim@mahen continued under continental
conditions, producing synorogenic Tertiary str&tigg(2). In the foothills of Mendoza
Province and the northernmost Neuquén Provinceawnid rocks of Tertiary or Quaternary
ages are also widespread (Fig. 1). The most conages are Miocene and their geochemical
characteristics led Kay et al. (2006) to suggest tirey formed during a period, when the

subducting Pacific plate was flatter than normal.



In the northern part of the Neuquén Basin, thegb&tim system is simpler than it is in
the central or southern parts. In Mendoza Provitieemost important potential source rock
is the Vaca Muerta Fm (from the Mendoza group) ciwldonsists of deep-marine organic-
rich black shales (Fig.2). Nevertheless, othermaéesource rocks can be found within the
Agrio Fm or Triassic rocks. The Vaca Muerta Fmlgodhe main source rock for the entire
Neuquén Basin (Urien and Zambrano 1994; Villane2@06). In Mendoza Province, the
kerogen of the Vaca Muerta Fm is intermediate bebtwkypes Il and Il (e.g. Alberdi-
Genolet et al. 2013; Askenazi et al. 2013; LegargeVillar, 2012; Parnell & Carey 1995).
The TOC values are very variable for the sourc& mc¢his area, from 7.57 % (area of Los
Castanos) to 14.20 % (area of La Valenciana). irest to the central part of the basin,
Tmax values indicate that, in the Mendoza Provitioe Vaca Muerta Fm has not surpassed
the oil window (Parnell and Carey 1995).

In the Malargie area, the foothills of the Andes have the typtalcture of a foreland
basin, where a series of fore-thrusts and backsthraffect the whole sedimentary sequence
(Fig. 3). Pre-existing extensional basins (gralmrhalf-grabens) have been inverted, so that
the Vaca Muerta source rock now crops out in tiregof anticlines (Fig. 3). According to
recent work, the Malafg fold and thrust belt formed between 15 Ma andalavd appears
to have migrated progressively southward into #w&rb(Koslowski et al. 1993; Silvestro and
Kraemer 2005; Giambiagi et al. 2008; Giambiagile2@09).

Geological evidence for fluid overpressure, while petroleum system was active, is
widespread in the Neuquén Basin. Rodrigues e2@09) have already shown the importance
of fluid overpressures within the Vaca Muerta sewack, but essentially in the Mulichinco
area, further to the south in Neuquén ProvinceyToacluded that maturation and
generation of hydrocarbons led to fluid overpressufhey evoked load transfer and
chemical compaction, during transformation of s&kdogen to oil or gas, as a possible
mechanism for the development of fluid overpressimadeed, solid hydrocarbon veins and
palaeo-hydraulic fractures are widespread, in @aer within or near the Vaca Muerta source
rock (Borrello 1956; Parnell and Carey 1995), (Rig.Examples are bedding-parallel veins
of fibrous calcite, which historically go under thame of ‘beef’ (Buckland and De la Beche
1835, Stoneley 1983; Cobbold et al., 2013). Thesddres and the emplacement of bitumen
veins, parallel to the bedding, suggest that higjldl foressure initiated and opened the
fractures, which then filled with calcite and/otumnen. For both kinds of veins, Parnell and
Carey (1995) estimated the timing of formation ¢oHocene-Oligocene, on the assumption

that they were due to burial.



Bitumen mines

Bitumen mines of the Malatig area are within the fold and thrust belt, espigcia
between latitudes 35°S and 36°S (Fig. 1 and Tdble'he Vaca Muerta Fm is the main host
rock for the mines, but some of them occur in tleaiduén Group or in the Maldig Group
(Table. 1). Within the mines, the bitumen veinseitker sills or dykes. The bitumen varies in
composition and maturity, from impsonite to gildenbut there are no obvious correlations
with location or host rock (Parnell and Carey 199big. 4). The mines are old and difficult
to find, although mostly they lie close to road$amtpaths.

The following section briefly describes some of thimes, outcrops of bitumen veins
and other features, such as the presence of ‘e or magmatic bodies. La Valenciana
Mine figures in a separate section, because datige number of field observations, analyses
and*°Ar-*°Ar ages.

Mercedes, Los Vascos, Minacar and Aida mines

In the southern part of the Maldigarea, four bitumen mines are visible. The fgst i
Mercedes Mine on “Cerro Rahui” or “Monte de la Labmountain (n°1 in Fig. 1 and Table
1). Nowadays, this mine is easily accessible o, tmat outcrops of old workings are poor
and have almost disappeared. Nevertheless, desngmf the mine exist in YCF reports
(Biondi, 1942a, 1942b) and in the book of Borréll856). The mine exploited mainly one
bitumen sill, 0.70 to 1.50 m thick, parallel to dedy, the host rock being the Mendoza Group
(Lower Cretaceous). The mine lies at the top afladn an anticlinal structure, which is in
fact a box-fold (Fig. 5A). According to old desdrgns (Biondi, 1942a), at the hinge the vein
is flat-lying and as much as 4.5 m thick, formingaaldle-reef. The old mine entrance is still
visible (Fig. 5C) and around it are many looseIimagts of bitumen (Fig. 5B).

At about 2 km westward of Mercedes Mine, on theepthide of the Rio de la Leona,
lies another old mine, Los Vascos or Santa Mar@r@lo, 1956). This occurs within shale
of the Mendoza Group, at the bottom of a deeplisettriver valley. The old workings are
still visible in part and they follow vertical vesrof bitumen (up to 2.2 m thick), which strike
approximately E-W. Possibly these veins were feettarthe sills at Mercedes Mine. At Los

Vascos we also found many loose fragments of Gdwfse samples released strong odours of



hydrocarbons when we broke them. They thereforéagoa non-negligible quantity of
volatile hydrocarbons.

The third mine in the southern area is MinacaiGeneral San Matrtin); (n°2 in Fig. 1;
Fig. 6A and Table 1). This mine, which was actiraf 1942 to 1951, followed an
anticlinorium and several bitumen veins, some oictvhivere parallel to bedding in Lower
Cretaceous strata (Agrio Fm, Fig. 2), whereas stivere transverse (Borrello 1956); (Fig.
6B & C). The main vein, which is no longer visilaeoutcrop, was in fact a sill or laccolith,
as much as 30 m thick, which was just beneath gggsearing evaporite of the Huitrin Fm
(Lower Cretaceous, Fig. 2), or even in places redc¢he surface (Fester and Cruellas, 1941;
Nicolas Davis, personal communication). As in Meieemine, so at Minacar, the bitumen
was thicker at the hinge of the anticline, thantstlanks (Borrello, 1956), so that it formed a
saddle-reef. At depth were a bitumen dyke, stribik§, as well as shows of liquid oil (Fester
and Cruellas, 1941). At Minacar, the bitumen isub@lf way in composition between
impsonite and gilsonite, indicating moderate m&guiParnell and Carey 1995, their fig. 5).
Moreover, the ash that remains after burning thenen contains as much as 70% of
vanadium pentoxide. As previously described by &aemd Carey (1995), the bitumen has a
pencillate internal structure (Fig. 6C). Near th@mbitumen vein (about 50 meters from it)
an andesitic body has intruded the Agrio Fm (FiD).@ he body is massive and it has
metamorphosed the shales at its edges. The redhtpmbetween bitumen veins and
magmatic activity are not very clear, but the pnaixy of both structures seems to be no
accident, so much so that Fester and Cruellas Ji8#tred that magmatic activity was
responsible for the bitumen veins.

The last visited mine in this area was Aida. Thisarlies about 3 Km southward of the
town of Bardas Blancas (n°3 on the Fig. 1; TabJeOltcrops are not of good quality, but the
remains of gallery entrances are still identifiailee mine is on the eastern side of the Bardas
Blancas anticline (Gross 1950). Bitumen occurh@Agrio Fm, just beneath the transition
with the Huitrin Fm, and it consists of veins ompragnations within shale and calcareous
strata, as well as evaporites. Andesitic dykes® present in this area (Gross 1950;
Borrello 1956).

Mallin Largo, Los Castafios and EI Toki mines

Between latitudes 35°S and 36°S, bitumen mines wameerous in the first half of the

last century. Borrello (1956) mentioned not lesntB5 bitumen mines in this part of the



Malargie fold and thrust belt. In this section, we wilsdgbe three other mines (Mallin
Largo, Los Castafios and El Toki), which illustratiamen occurrences.

Los Castafios and Malllrargo mines are close to one another (n° 7 andRginl;
Table. 1). They lie to the south of the Rio Salamoan anticlinal structure. Los Castafos is
on the western side and Mallin Largo on the eastiele of the anticline. The bitumen veins
of Los Castafios consist mainly of sills, paralkkebedding in the Vaca Muerta Fm (Borrello
1956). Outcrops are rare, but one collected saithpdtrates the pencillate structure of the
bitumen within a vein parallel to bedding in sh@teg. 7A). At Los Castafios, the bitumen is
relatively mature, being closer to impsonite thaugitsonite (Parnell and Carey 1995, their
fig. 5). Also within shale of the Vaca Muerta Fmgand the site of Los Castafios, we found
several bedding-parallel veins of fibrous calcliedf) (Fig. 7B). The veins are typically 1 to 5
cm thick and contain dark patches. When we brokeéo#ef with a hammer, we noticed strong
odours of hydrocarbons.

Mallin Largo Mine lies within Neocomian strata, limding the Vaca Muerta Fm. Videla
Leaniz (1946) has described the mine in some d&iilmen forms irregular veins (up to 3
m thick), which dip at about 70° to the NW and aatoss the bedding. Only some of these
veins were observed (Fig. 7C), because the minevisonly partly accessible.

El Toki was the third mine visited in this centpart of the Malargie area (n°6 on Fig.
1; Table. 1). Here bitumen veins cut through thedign Group (Late Cretaceous) and
Tertiary strata (Borrello 1942a, 1956). Veins aadally 0.50 to 1.50 m thick, but one of
them is 40 cm thick, within Tertiary conglomerakeg; 7D). Nearby is an oblique vein,
which follows an eastward-verging thrust fault. \Mesrd, some thin bitumen veins occur
(less than 1 cm thick), lining a right-lateral flemstructure, which has flat-lying strike-slip
striations, trending at 035°. Thus in this areadhs evidence for bitumen generation during

Tertiary transpressional tectonics.

Eloisa and General Mitre mines

In the northern Malarige area, two mines caught our attention, EloisaGewkral
Mitre. Eloisa lies at an altitude of 3100 m, at tleethern head of a valley (about 7 km long)
and it is accessible on foot or on horseback (il Eig. 1; Table. 1). Salas (1892) identified
bitumen in this area. Today the mine workings halweost disappeared, but we found some
good outcrops (Fig. 8A). Borrello (1942b, 1956) besvided a detailed description of the

area. The sedimentary sequence is Mid-Jurassigdedvktaceous in age. However, it has



been overturned above an eastward-verging thruktdad now dips gently westward. In the
East, mine workings follow bitumen dykes (trendaigput 075°), which have intruded
continental sandstones of the Neuquén Group, bectats and evaporites of the
stratigraphically older Huitrin Fm (Fig. 8A). FuethW, bitumen sills (up to 2 m thick) lie
parallel to bedding within the Huitrin evaporit&ofrello, 1956, figure 92). Above them, the
Mendoza Group contains an andesite sill, and siy&ks of bitumen crosscutting it. Similar
dykelets of bitumen also crosscut the Vaca Muenta [Fnally, to the E of Eloisa Mine,
Tertiary volcanic rocks (andesites) unconformahlgrbe the sedimentary sequence. We did
not find bitumen within them.

General Mitre (n°10 on the Fig. 1; Table. 1) iseasily accessible mine, lying as it does
near a farmhouse, along a provincial road. Agaaha<$S(1892) was the discoverer. Bitumen
there forms several dykes, 50-60 cm thick, whiciketat about 70°N, cutting through the
Late Cretaceous Neuquén Group (Fig. 8B), (Borrel66). At Mitre mine, the bitumen is the
least mature, being closer in composition to gilggrthan to impsonite (Parnell and Carey
1995, their fig. 5). Structurally the mine is t@t8 of a thrust fault (Fig. 1).

La Valenciana Mine

The discovery of La Valenciana (n°5 in Fig. 1; Teall) dates back to 1922. It soon
became the biggest bitumen mine of the Mdlaripld and thrust belt (Ljungner 1931) and
therefore deserves special attention. For this rf@nd the adjacent exploration sites of La
Portefia, La Cordobesa, York, Invisible, La Poderbadrancesa and La Maldiga) there
have been many descriptions of bitumen occurrefegsLjungner 1931; Meyerhoff 1948;
Borrello 1956; Parnell and Carey, 1995). The maimenentrance was on the SE flank of the
La Valenciana syncline, which trends approximal+SW (Fig. 10). The main occurrence
of bitumen was in the form of a sill, as much ams thick and 150-200 m long. This is no
longer visible, although one of us (PRC) did see May 2000. The old mine workings have
collapsed in recent years, but photographs and ptares remain (Ljungner 1931; Meyerhof
1948; Borrello 1956). By comparison with Merceded 8inacar, the bitumen at La
Valenciana has a composition that is much closenpsonite than to gilsonite (Parnell and
Carey 1975, their fig. 5), indicating a relativéigh maturity for the bitumen.

Around La Valenciana mine, bedding-parallel veihBlwous calcite (beef) are also

widespread within the Vaca Muerta source rock, Wiiiccupies the core of the syncline



(Parnell and Carey 1995). The calcite fibres argeineral perpendicular to the walls of the
veins (Figs. 11A & 11D), but in some examples tbegve sigmoidally towards the edges,
indicating deformation during growth (Figs. 11B &0). Cone-in-cone structures, consisting
of shale fragments, occur near the centres of dmaeveins (Fig. 11D). This beef also
contains patches of bitumen (Figs. 11D & 11E), WwHalow an irregular surface,
approximately parallel to the edges of the veinwahdre the calcite fibres start to curve (Fig.
11E). This would indicate that bitumen was formatghe onset of deformation. The
distribution of beef veins is not homogeneous thhmut the Vaca Muerta Formation. The
beef is more common around bitumen intrusions dswaose to igneous intrusive bodies.
Thus, beef veins are very heterogeneous vertiealtyhorizontally within the Vaca Muerta
Formation. Near some of these, the beef appedrs kess fibrous, indicating that it has
recrystallized, at least in part (compare Figs. BLALB). It is particularly visible to the West
of the La Valenciana Syncline, where the Vaca MauEdrmation became very close to the
igneous pluton of Cerro Puchenque. Each sampleeffieins, when broken in the field, had
a strong odour of hydrocarbons. Near volcanic sitmos, travertine is very common (Fig.
11C). It also smells of hydrocarbons when brokemh attests to fluid circulation around
igneous rocks at not very deep burial.

In the central and southern parts of the La Vakmisyncline, large amounts of
igneous rocks have intruded Mesozoic strata oMbredoza Group (Figs. 10 & 12). Most of
the intrusive bodies are dykes, but some of theawade-ranging bedding-parallel sills. The
dykes are of andesitic composition and typicaltp 25 m thick (Fig. 12C). They have an
average strike of 100-110°N and cut though theesiincline. This orientation for dykes is
consistent with the shortening direction during@ |I&@ligocene to Early Miocene ages. In
detail, however, the dykes appear to form a someveldzal pattern, as if they emanated from
a large intrusive pluton, the Cerro Puchenque (F). In general, the sills are somewhat
thinner (1 to 10 m thick).

In contrast, in the northern part of the La Valane syncline, intrusive rocks are not of
andesitic composition, but dacitic (Fig. 12D). $turally, these dacitic intrusive rocks (sills
and dykes) seem to cut the andesitic bodies, leutetlationships are not clear everywhere. At
its NE end, the main bitumen sill seems to ternaéraagainst a major andesitic dyke (Fig. 10;
see also Meyerhoff 1948, his fig. 3). Neverthelesshave seen no evidence allowing us to
determine the relative timing of the bitumen siltlahe andesitic dyke. However, in the YCF
report by Ljungner (1931) an interpretative crossti®n of the La Valcenciana Syncline

shows that the volcanic activity post-dates thenmnigiumen intrusion.



Other occurrences of bitumen lie around the La Mabna Syncline. La Malarguina,
which crops out at about 5 km SW of La Valencias@ne of these other small mines (Table
1, Fig. 1). According to Borrello (1956), bitumeains of high thermal grade, 2 to 5 cm thick,
were visible there, at the edges of a dyke anafillertiary andesite. Similarly, at another
locality (La Francesa), some 2.5 km NNE of La Valana, small bitumen veins (up to 2 cm
thick) occupied joints within a large sill of an@es Thus the evidence in this region is for

bitumen generation during volcanic activity.

Volcanic rocks

In the Malargie fold and thrust belt, volcanic rocks are abundgigt. 1). Most of them
are of Tertiary or Quaternary ages. Geologicaliyrben mines lie in general near local
volcanic provinces. This is so for the mines (poegily described) Minacar, Aida, El Toki,
Los Castafios and Eloisa, but also for La Valenchime, described in the previous section.
On the basis of these observations, volcanic rbeke been investigated more intensively.
Because the bitumen mines are old and degradetdirew structural relationships between
bitumen veins and igneous rocks have been obsermudever, they were sampled fSAr-
“OAr dating (Table 2, Fig. 9). These volcanic rocks mainly of andesitic composition, but
some of them are of dacitic composition. This igipalarly clear in the northern part of the
La Valenciana syncline (Fig. 10, 11C & 11D). Inalet®Ar-*°Ar age spectra have been
obtained for 42 samples of whole rock or phenostysbm 7 localities (Figs. 9 & 13; Table
2). Nonetheless, some samples did not provide Etggu ages. That is why Table 2 shows
only 38 analyses.

Except for the La Valenciana samples, the resaltsiito two main groups. The first
group is of Miocene age and ranges from 10.3 t@ M4h. The second group is of Quaternary
age, from 0.75 Ma to 0.20 Ma (Fig. 9). Only oneaareear Eloisa Mine and the Rio
Diamante, yielded different ages, between 3.6 Mh@a Ma (Fig. 9).

The samples from the La Valenciana Syncline a@ndgsitic or dacitic intrusive rocks,
and also of ignimbrites, which lie mostly in thdlegs of the La Valenciana Syncline. Of 20
samples from the La Valenciana area, 18 have yddWdiecene ages (14.6 to 9.4 Ma,
Langhian to Tortonian, Fig. 13). This corrobordtes stratigraphic chart and geological map
(at a scale of 1:250,000) for the Malarguie aredl@\at al. 2005), which have these volcanic



rocks (“Ciclo Eruptivo Huincan”) as “Lower to UppBtiocene” in age (14 to 5 Ma). In
detail, andesitic intrusive rocks yield ages frofa ® 14.6 Ma, whereas dacitic rocks display
slightly younger ages, from 9.4 to 9.9 Ma (TableFg. 13). In contrast, the two very recent
ages (0.18 and 0.17 Ma, Fig. 13) correspond to&puiaty ignimbrites.

Discussion

Evidence for hydrocarbon migration is abundanteMalargie fold and thrust belt.
Most obvious at the surface are the bitumen mindsvains. Nevertheless, the timing of
generation of the bitumen is still uncertain. Fribva burial history and assuming a standard
thermal gradient (30°C/km), Parnell and Carey (3%fggested that oil and therefore
bitumen veins formed in the Eocene to Oligocenetheamore, other authors inferred that the
maturity of the Vaca Muerta Fm increased progresdgjirom Upper Cretaceous to Miocene
times (Legaretta et al. 2005; Rodriguez et al. 2088wever, some of our data are
inconsistent with this timing. Furthermore, Kayaét(2006) have shown that magmatic
activity in the northern Neuquén Basin reachedak e the Miocene, as confirmed fAr-
“OAr data from this study, at a time when the subidgcslab at the Pacific margin became
relatively flat.

All occurrences of bitumen and beef veins are éselts of fluid overpressure, which
led to natural hydraulic fracturing of the rockgieRodrigues et al. 2009). This phenomenon
Is very common in sedimentary basins and geneedttesr sills or dykes, depending on the
tectonic context of the basin, as previously illastd by physical modelling (Zanella et al.
2014). Bitumen sills of the Malaiig area tend to occur within anticlines as saddisre
good example being Mercedes Mine. This is evideénaehydrocarbons were migrating
during a phase of compressional tectonics, wdyemas the minimum stress. Even if this
condition is not necessary to develop horizontalraylic fractures, it indicates that sills are
easier to generate than dykes within an anisotrapicimpermeable source rock (for
example, the Vaca Muerta Formation). Furthermdre bitumen tends to have a pencillate
internal structure, which suggests progressive iogeuf veins, as a result of high fluid
pressure (Parnell and Carey 1995). Further evidiEmmaeverpressure is the presence of beef
veins along the fold and thrust belt. These bedgiallel veins of fibrous calcite also
indicate progressive opening, as a result of higld bverpressure within the enclosing strata,
which commonly are source rocks for petroleum (Rpohs et al. 2009; Cobbold et al. 2013).



At La Valenciana, curving calcite fibres providadmsnce for ongoing deformation, during
opening of the veins. Possibly this was anotharlre$ compressional tectonics.

Like previous authors, we have observed that bituvans in the Neuquén Basin tend
to occur near volcanic intrusive bodies, good eXampeing at La Valenciana and Minacar
mines. In fact, the Malafig area is not the only example of coexisting bitupeef and
volcanic intrusive rocks in the Neuquén Basin. Atipalarly good example is in Neuquén
Province, around the Tromen Volcano (Cobbold e2@14). Indeed, volcanism could provide
much of the heat that is necessary for maturati@oworce rock and especially for the
formation of high-grade pyrobitumen (Abraham 1960).

Kay et al. (2006) concluded that volcanic actifdythe northern part of the Neuquén
Basin reached a peak during the Miocene. Furthexntey attributed volcanic activity and
compressional tectonics to flattening of the sulidgd?acific slab during the Miocene. Our
39Ar-*°Ar analyses are consistent with this timing andvala more detailed geochronological
interpretation for this part of the basin. Indeey distinct peaks of intense volcanic activity
are visible in the northern part of the NeuquéniB#&sig. 14). At a regional scale these two
volcanic activities range firstly from 11.9 to 14 and secondly from 9.2 to 11.2 Ma (Fig.
14A). At a local scale, in the La Valenciana Symelarea, these ranges are still clearly
identified and even reflect an acidification of thagma, contemporary with a northward
migration of the intrusions (Figs. 10 & 14B).

In the Malargie area, the overpressure, which led to hydrawictfiring and the
formation of bitumen and beef veins within Vaca Maesource rock, can be explained by a
mechanism of chemical compaction and load trar{ste Swarbrick et al., 2002). Due to
strong volcanic activity during the Miocene, thecddMuerta Formation probably underwent
greater maturation than by burial alone. This pbijpked to the generation of hydraulic
fractures filled by bitumen and calcite (beef)cduld be consistent with the study of Alberdi-
Genolet et al. (2013), who demonstrated a link betwTertiary volcanic activity and a pulse
of hydrocarbon generation. However, we would adhat the presence of evaporite layers
might have enhanced the overpressure and retdieduaytirocarbons within the source rock.
From what we have seen so far, we would inferb&tanic activity, compressional tectonics

and bitumen generation are probably all of Miocage in the Malarnie fold-and-thrust belt.

Conclusions



In the northern part of the Neuquén Basin, bituwmeins and bedding-parallel veins of
fibrous calcite (beef) are widespread, especiaititiv strata of the Mendoza Group,
including the Vaca Muerta source rock. In the Mgiarfold and thrust belt, old bitumen
mines form outcrops, which are worth visiting foe tstudy of fluid generation and migration
within source rock. Bitumen veins and calcite beshs are consequences of hydrocarbon
generation, which led to fluid overpressure andraytic fracturing. The hydraulic fracturing
of the sedimentary sequence and mostly of the Wagarta Formation was the consequence
of several synchronous processes: volcanic actiwgsnpressional tectonics and hydrocarbon
generation. New’Ar-*°Ar dating in the Malarge fold and thrust belt, especially in the La
Valenciana Syncline, has confirmed Miocene agesadgh&n to Tortonian) for volcanic
rocks, which lie near bitumen veins. Thereforeg Iikost previous authors, we consider that
these bitumen veins formed in the Early to Middle&éne. In contrast, hydrocarbon
generation could have started during earlier burial

Considering the complexity of this part of the Neén Basin, we infer, like previous
authors (e.g. Kay et al., 2006), that flatteninghaf subducting Pacific slab could have
induced synchronicity between several geologicahés; such as an increase in volcanic

activity, as well as compressional tectonics andrbgarbon generation.
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Figure captions

Fig. 1. Geological map of the northern Neuquén Badiendoza Province. Data are from the
following geological maps: Volcan Maipo, Mald@eyand Barrancas (SEGEMAR). Stars refer
to bitumen mines visited in this study (1 = Mercgde= Minacar; 3 = Aida; 4 = La
Malarguifia; 5 = La Valenciana; 6 = El Toki; 7 = MalLargo; 8 = Los Castafios; 9 = Santa
Rosa; 10 = General Mitré; 11 = Eloise; 12 = Lon&cfihe Mendoza Group (Early

Cretaceous) includes source rock of the Vaca Musarta

Fig. 2. Generalized stratigraphic column of thetinmem Neuquén Basin (modified, after Witte
et al. 2012). Pli = Pliocene; Mio = Miocene; Oltigocene; Eoc = Eocene; Pal =
Palaeogene; Maa = Maastrichtian; Cp = Campaniam=S&antonian; Con = Coniacian; Tur
= Turonian; Cen = Cenomanian; Alb = Albian; Apt ptRan; Brm = Barremian; Hau =
Hauterivian; VIg = Valanginian; Ber = BerriasiantiT= Tithonian; Kim = Kimmeridgian;

Oxf = Oxfordian; Sin-Clv = Sinemurian to Calloviadet = Hettangian.

Fig. 3. Regional E-W section of the southern Malartpld and thrust belt (modified, after
Giambiagi et al. 2009; Silvestro & Kraemer 2005tt¢/et al. 2012). For location, see Fig. 1.

Fig. 4. Aromaticity (Fa) as a function of atomitioaH/C), for bitumen from various
localities of the northern Neuquén basin, relatovetandard bitumen subtypes (see Jacob,
1989).

Fig. 5. A. Schematic E-W section of Cerro Mallinldd.eona, including bitumen veins of

Mercedes Mine (modified, after Biondi 1942a). Thaimbitumen vein is a sill parallel to the



bedding in an anticlinal structure. The thicknesthe bitumen is variable and is greater in the
hinge of the anticline. B. Loose fragment of bitunmear entrance to main gallery of
Mercedes Mine. C. Remains of entrance to main igalMercedes Mine.

Fig. 6. A. General view of Minacar (or General $4artin) Mine. B. Recent quarry, showing
two bitumen veins. Vein at left cuts across stradagreas sill at right has intruded parallel to
bedding. C. Close-up view of bitumen sill, whictshzencillate structure. D. Main igneous

intrusive body (andesite), Minacar area. Body hatamorphic aureole.

Fig. 7. A. Pencillate bitumen vein, from near gallentrance, Los Castafios Mine. Edges of
vein (horizontal) are parallel to bedding in Vacaevta shale, whereas ‘fibres’ of bitumen are
perpendicular to it. B. Beef veins within Vaca Miaeshale near Los Castafios Mine. Veins
are strictly parallel to bedding and contain hya@rbons. C. Outcropping bitumen vein,

Mallin Largo Mine. Bitumen crosscuts and impregadttendoza Group. D. Outcropping
bitumen vein, El Toki Mine. Vein is parallel to bdg in Early Tertiary conglomerate.

Fig. 8. A. Outcropping bitumen veins within overtad strata, Eloisa Mine (view S). Veins
strike about 075° and crosscut sandstones of NeuGugup (Late Cretaceous), just beneath
gypsum of Huitrin Fm (Mid-Cretaceous). B. Bitumeazin; General Mitre Mine. Vein

crosscuts strata of Neuquén Group (Late Cretaceous)

Fig. 9. Results for°Ar-*°Ar dating.*Ar-*°Ar spectra are for 20 samples of volcanic rocks.
For analytical procedure, see Ruffet et al. (199B5). Irradiation standard was sanidine
TCR-2 (28.608 = 0.033 Ma according to Renne et1l898, 2010 and 2011)). For each step,

error bars are atsllevel. For location of samples, see Table 2.

Fig. 10. La Valenciana Mine. Oblique 3D view shaye®logical map (in colour), on a
background of topographic relief (grey tones). @gtacross sedimentary sequence (blue for
Vaca Muerta Fm) are main bitumen sill (black) andtiple intrusive bodies of igneous

rocks, including dykes and sills of andesite (r@ddlacite (orange). Dykes appear to radiate

southeastwards from Cerro Puchenque volcanic edifor location, see Fig. 1.

Fig. 11. A. Vein of calcite beef within Vaca Muefan, La Valenciana syncline. B. Calcite

beef near andesitic sill (60 cm beneath intrusiBepf appears to be more coarsely



crystalline. C. Patch of travertine near an andeditke (at 40 cm from intrusion). D. Thin
section of beef from La Valenciana. Calcite fibcesve at edges of veins. Nearby are patches
of bitumen, between calcite fibres, suggestingreckgonous development for both calcite
fibres and bitumen. Red box corresponds to thedigpelow. E. Image of bitumen (left).
Composite BSE and X-ray image shows compositica mdirt of beef vein (right). Intensities

of colours reveal concentrations of elements (aarbtuminium, silica, calcium).

Fig. 12. A. Westerly panoramic view (N to S), Lal&faiana syncline. White outcrops in
foreground are of evaporites (Auquilco Fm). Mountai background (Cerro Puchenque) is
an andesitic pluton. B. Remains of La ValencianaéVview along strike to W). Dark
mounds are mine dumps of bitumen and shale, atoskltmine galleries. C. One of main
vertical andesitic dykes, cutting approximately Ethkbugh Vaca Muerta Fm. D. Dacite from

northern La Valenciana syncline.

Fig. 13. Results of’Ar-"°Ar dating, La Valenciana area. Spectra are forak@pes of
volcanic rocks. For analytical procedure, see Rudfal. (1991, 1995). Irradiation standard
was sanidine TCR-2 (28.608 + 0.033 Ma accordingeane et al., 1998, 2010 and 2011)).

For each step, error bars are atdvel.
Fig. 14 : Weighted frequency diagrams of [A] appaeges, plateau ages (PA) and pseudo-
plateau ages (PPA) of the whole set*f-“°Ar data from this study and [B] apparent ages

for andesite and dacite samples from La Valencsgnaline.

Table 1. Bitumen mines of the Mal#@egfold-and-thrust belt that we were able to visar

location on regional map, see Figure 1.

Table 2.3°Ar-*°Ar ages of volcanic rocks in the Malargiie fold amaist belt area.



ne°- Name Coordinates Host rock
Latitude S | Longitude W | Elevation (m)
1 |Mercedes 36° 4' 30" 70°1' 19" 2024 Vaca Muerta
2 [Minacar 35° 51' 58" 70° 4' 5" 2138 Vaca Muerta
3 |Aida 35°54'36"| 69°48' 30" 1648 Mendoza Group
4 |La Malarguifia | 35° 35' 18"| 69° 56' 06" 2146 Vaca Muerta
5 |La Valenciana | 35° 33' 2" 69° 54" 11" 2000 Vaca Muerta
6 |El Toki 35°27'11"| 69° 46'51" 1736 Malarglie Group
7 [Mallin Largo 35°14'4" | 69° 45' 23" 1850 Vaca Muerta
8 |Los Castafios | 35°13'54"| 69°47' 19" 2137 Vaca Muerta
9 [Santa Rosa 35° 7' 38" 69° 59' 20" 2740 Vaca Muerta
10 [General Mitré | 34° 45' 2" 69° 40' 6" 2552 Neuquén Group
11 |Eloisa 34° 41' 21" | 69° 42' 37" 3242 Vaca Muerta
12 |Loncoché 35° 35° 56"| 69° 37' 29" 1629 Vaca Muerta




Site Sample Latitude (S)|Longitude (W)| Ages(Ma) | Typeor mineral
Aida 11-AIDA-1 35°54'33.21 69'48'24.5" [12.5+0.10 | Whole rock (a)
- - 14.2 +0.10 | Amphibole (a)
Minacar 11-MINACA-1 13+0.29 Whole rock (a)
11-MINACA-2 | 35°51'54.91 70°04'10.8"|14.7 +£0.18 | Whole rock (a)
11-MINACA-3 | 35°51'55.7f 70°04'03.2"(13.67 £ 0.08| Amphibole (a)
11-MINACA-4 | 35°50'35.3] 70°02'41.7"(0.228 + 0.12| Whole rock (i)
11-MINACA-5 | 35°46'25.91 70°06'30.3"[0.301 + 0.022 Whole rock (i)
11-MINACA-6 | 35°45'21.11 70°06'39.7"|0.722 + 0.028 Whole rock (i)
- - 0.751 £ 0.06| Biotite (i)
El Toki TOKI-1 35°26'48.41 69°46'47.9"|12.91 £ 0.09| Whole rock (a)
TOKI-3 35°26'48.07 69°46'55.8"|10.64 £ 0.05| Whole rock (a)
TOKI-4 35°27'05.2] 69°46'43.9"(12.01 + 0.11| Whole rock (a)
TOKI-5 35°27'03.67 69°47'17.4"|10.3 £0.05 | Whole rock (a)
TOKI-6 35°27'03.61 69°47'17.4"|13.13 +0.12| Whole rock (a)
LaValenciang PLOMO-1 35°30'33.3] 69°55'47.4"9.87 £ 0.05 | Whole rock (a)
M11-003A 35°33'09.8] 69°54'20.7"(0.165 £ 0.03| Whole rock (i)
M11-003B 35°33'09.87 69°54'20.7"(0.177 + 0.02| Whole rock (i)
11-VA-1 35°33'02.2] 69°54'24.3"(10.21 £ 0.14| Whole rock (a)
- . 9.99 + 0.20 | Amphibole (a)
11-VA-2 35°32'55.11 69°54'06.6"[14.63 £ 0.13| Whole rock (a)
11-VA-3 35°32'36.97 69°53'54.4"(12.88 + 0.36| Whole rock (a)
M12-028 35°31'40.8] 69°55'37.0"(12.63 £ 0.43| Whole rock (a)
- \ 11.39 + 0.36| Amphibole (a)
M12-029 35°31'40.8] 69°55'37.0"(10.74 £ 0.11| Whole rock (a)
M12-038 35°31'50.97 69°53'52.3"|10.84 £ 0.20| Whole rock (a)
M12-039 35°31'30.5] 69°54'17.8"(9.44 + 0.04 | Whole rock (d)
- - 9.64 + 0.45 | Sanidine (d)
M12-042 35°31'07.2] 69°54'32.6"(9.92 + 0.10 | Whole rock (d)
M12-043 35°31'16.6] 69°54'44.9"|10.77 + 0.36| Whole rock (a)
M12-046 35°31'43.5] 69°53'47.3"(10.92 + 0.28| Whole rock (a)
- - 9.56 + 0.33 | Amphibole (a)
M12-052 35°31'50.51 69°55'07.7"|10.65 + 0.35| Whole rock (a)
- - 9.67 +0.17 | Amphibole (a)
Malarguina [M11-019 35°34'18.31 69°55'16.5"|0.195 + 0.01| Whole rock (i)
M12-030 35°35'20.31 69°56'01.3"|0.216 + 0.01| Whole rock (i)
Eloisa M12-018 34°41'18.91 69°42'38.8"|3.61 £ 0.050| Whole rock (a)
Rio DiamanteM12-023 34°40'51.6] 69°34'10.4"|6.09 £ 0.03 | Whole rock (a)
- - 6.24 £0.16 | Amphibole (a)
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MAG: 50 x HV: 15.0 kV WD: 13.0 mm
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Highlights

1. Beef and bitumen veins are widespread in the nortpart of the Neuquén Basin.
2. Beef and bitumen veins provide geological eviddoncéydraulic fracturing.
3. Hydrocarbon generation led to fluid overpressurm laydraulic fracturing.

4. Volcanic activity has contributed to maturationtioé source rock.



