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ABSTRACT

Sedimentary basins located at the margins
of continents act as the final base level for con-
tinental-scale catchments that are sometimes
located thousands of kilometers away from the
basin, and this condition of exceptionally long
sediment transfer zones is probably reinforced in
supercontinents, such as Gondwana. One of the
most prominent marine basins in southwestern
Gondwana during the Jurassic and Early Cre-
taceous was the Neuquén Basin (west-central
Argentina), but its role as a sediment repository
of far-flung source areas has not been extensively
considered. This contribution provides the first
detailed detrital-zircon U-Pb geochronology of
the Valanginian-Hauterivian Pilmatué Member
of the Agrio Formation, which is combined with
sedimentology and paleogeographic reconstruc-
tions of the unit within the Neuquén Basin for a
better understanding of the fluvial delivery sys-
tems. Our detrital-zircon signatures suggest that
Triassic-Permian zircon populations were probably
sourced from the adjacent western sector of the
North Patagonian Massif, whereas Early Jurassic,
Cambrian, Ordovician, and Proterozoic grains were
most likely derived from farther east, in the eastern
sector of the North Patagonian Massif, as well as
presently remote terranes such as the Saldania Belt
in southern Africa. We thus propose a Valangin-
ian-Hauterivian longitudinal delivery system that,
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starting in the mid-continent region of south-
western Gondwana and by effective sorting, was
bringing fine-grained or finer caliber sand to the
Neuquén Basin shoreline. This delivery system was
probably active (though not necessarily continu-
ously) from Early Jurassic to Early Cretaceous until
finally coming to an end during the opening of the
South Atlantic Ocean in the latest Early Cretaceous.

M 1. INTRODUCTION

The detailed reconstruction of long-lived sedi-
ment source areas for marine basins in deep time
is commonly hampered by the fact that some, if
not all, of the main sources could presently be far
away from their previously linked marine reposi-
tories. In active tectonic basins, such as backarc
basins, this can be even more difficult consider-
ing that depending upon their deformational style,
these marine basins can receive sediment from
the arc, adjacent cratonic areas, or even remote
source areas located hundreds of kilometers from
the coeval shoreline. Provenance studies based
solely on sandstone petrography or heavy-min-
eral analyses typically identify the most proximal
potential source areas as the primary sources
because compositional data have less precision
in identifying source areas so the nearest match
is often identified. In contrast, detrital-zircon U-Pb
geochronology of basin strata often facilitates the
identification of, and even requires, sediment flux
from far-removed source areas.

One of the most prominent marine basins in
southwestern Gondwana during the Jurassic and

Early Cretaceous was the Neuquén Basin, which
during that time was a backarc basin separated
from the proto—Pacific Ocean (i.e., to the west) by
a discontinuous volcanic arc (Howell et al., 2005).
This marine basin was bounded by the Sierra
Pintada-Las Matras—Chadileuvu blocks to the
northeast and the North Patagonian Massif to the
southeast. The relatively little data produced from
detrital-zircon grains for the Jurassic and Early Cre-
taceous strata allowed previous authors to suggest
a change in provenance from dominantly western
(arc) sources in the Early and Late Jurassic, to an
eastern-dominated (cratonic) source for the Early
Cretaceous (Naipauer et al., 2014; Naipauer and
Ramos, 2016). This apparent change, recorded
in the Early Cretaceous strata (Agrio and Rayoso
formations), was attributed to either a basin base-
level fall or, alternatively, uplift and exhumation
of the eastern foreland region (Naipauer et al.,
2014; Naipauer and Ramos, 2016). The possibility
of the Neuquén Basin as the sediment repository
of remote source areas within Gondwana has not
been considered.

This contribution provides the first detailed
detrital-zircon U-Pb analysis of fluvial and deltaic
sandstones of the Pilmatué Member of the Lower
Cretaceous Agrio Formation (Neuquén Basin,
Argentina); this analysis is combined with sedi-
mentology, geochronology, and biostratigraphy
to: (1) present detailed paleoenvironmental and
paleogeographic reconstructions of the Pilmatué
Member; (2) provide detailed analysis of the detrital-
zircon age patterns and potential sediment source
rocks; and (3) discuss the implications for far-
flung versus nearby source areas for the Lower
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Cretaceous strata of the Neuquén Basin in the con-
text of southwestern Gondwana paleogeography.

H 2. GEOLOGIC AND STRATIGRAPHIC
SETTING

The Neuquén Basin is a sedimentary depres-
sion located on the eastern side of the Andes in
west-central Argentina, between latitudes 32°
and 40° South (Fig. 1A). It covers an area of over
200,000 km? and is bounded by tectonically stable
areas to the northeast (Sierra Pintada, Las Matras,
and Chadileuvu blocks) and south and southeast
(North Patagonian Massif) (Figs. 1A and 1B). The
sedimentary record of the Neuquén Basin includes
continental and marine siliciclastics, carbonates,
and evaporites, which accumulated under a vari-
ety of basin styles between the Late Triassic to the
early Cenozoic (Legarreta and Uliana, 1991; Howell
et al., 2005).

During the Late Triassic to the earliest Early
Jurassic, this western border of Gondwana was
characterized by large transcurrent fault systems
(Franzese and Spalletti, 2001). This led to exten-
sional tectonics within the Neuquén Basin and the
evolution of a series of narrow, relatively isolated
depocenters (Franzese and Spalletti, 2001), which
were mostly filled with volcanic and continen-
tal successions collectively termed the PreCuyo
Group or Precuyano Cycle (Franzese et al., 2006;
Carbone et al., 2011; Muravchik et al., 2011) (Fig. 2).
Due to continuous subduction at the proto-Pacific
margin of Gondwana, a transition from synrift
to postrift conditions occurred in the late Early
Jurassic (Vergani et al., 1995), marked by the first
marine incursion in the basin. The Neuquén Basin
became a backarc depocenter characterized for the
most part by regional, slow subsidence (sag and/or
postrift phase) that lasted to the end of the Early
Cretaceous (Legarreta and Uliana, 1991). Despite
the long-term sag phase, several shorter-term
contractional phases occurred through the Mid-
dle Jurassic to Early Cretaceous (Fig. 2), producing
inversion and exhumation of previous strata and
readjustment of the depositional systems in the
basin (Vergani et al., 1995; Howell et al., 2005).

In the earliest stages of the sag phase (Cuyo
and Lotena groups, Lower-Middle Jurassic, Fig. 2),
the marine basin developed steep gradients, and
sediment gravity flows were common in distal
sectors of the marine depositional systems (e.g.,
Burgess et al., 2000). A complete disconnection
of the marine basin with the proto-Pacific Ocean
occurred during the Late Jurassic (Tordillo Forma-
tion, Kimmeridgian), probably due to basin-wide
tectonic uplift (Vergani et al., 1995). This triggered
the development of widespread continental sys-
tems, from coarse alluvial deposits to eolian
sediments (Spalletti and Veiga, 2007; Spalletti et
al., 2011). The marine connection was re-estab-
lished in Tithonian-Berriasian times and lasted to
the middle Barremian (Fig. 2), but this new basin
was characterized by a ramp-type profile along
the eastern and southern margins (Howell et al.,
2005; Schwarz et al., 2018b) with development of
gentle slopes in some distal marine environments
(e.g., the Vaca Muerta clinoforms, Dominguez and
Di Benedetto, 2018). The Mendoza Group includes
all the outcrop and subsurface marine to conti-
nental sedimentary strata developed during the
Tithonian-Barremian period and can be separated
into three depositional phases or sequences: the
Vaca Muerta-Picun Leufu-Quintuco-Loma Mon-
tosa sequence, the Mulichinco-Pilmatué Member
sequence, and the Avilé-Agrio de la Mula Member
sequence (Fig. 2).

The late Barremian—early Aptian interval (Huitrin
Formation, Fig. 2) is dominated by a drastic rela-
tive sea-level fall and the deposition of fluvial and
eolian sediments in most of the basin, which was
subsequently covered by shallow-marine waters
resulting in the deposition of evaporites and car-
bonates, and the preservation of older eolian dunes
(Veiga et al., 2005; Veiga and Vergani, 2011; Arglello
Scotti and Veiga, 2018). The invertebrate macro-
fauna in the carbonates of the La Tosca Member
suggest a restricted marine setting (Lazo and Dam-
borenea, 2011), and therefore a partial connection
of the Neuquén Basin with the proto-Pacific Ocean
cannot be discarded. The overlying Rayoso For-
mation (Fig. 2) is composed of fluvial, lacustrine,
and evaporite deposits that extend across the basin
(Zavala et al., 2006; Zavala and Ponce, 2011). By the

end of the Early Cretaceous, the deformational tec-
tonic regime of southwestern Gondwana became
contractional and recorded the first Andean uplift
(Tunik et al., 2010). The Neuquén depocenter transi-
tioned to a foreland basin with eastward migration
of the orogenic front and accumulation of syn-
orogenic deposits recorded in the Neuquén Group
and equivalent units (Vergani et al., 1995; Cobbold
and Rossello, 2003; Tunik et al., 2010). The con-
nection with the proto-Pacific Ocean ceased and
was followed by extensive continental deposition
in the basin between the Late Cretaceous and the
Paleogene (Fig. 2).

Over the past ten years, the geochronology
of some stratigraphic units in the Neuquén Basin
has been significantly improved based on abso-
lute U-Pb ages from igneous basement rocks and
Upper Triassic-Lower Jurassic synrift deposits (see
Naipauer and Ramos, 2016, for a summary) (Fig. 2).
Absolute ages (U-Pb thermal ionization mass spec-
trometry [TIMS] and sensitive high-resolution
microprobe [SHIRMP]) are also available for tuffs
interbedded in the Agrio Formation, helping to
constrain the study interval (Aguirre-Urreta et al.,
2015, 2017, 2019; Schwarz et al., 2016). Provenance
studies that utilize detrital-zircon U-Pb geochro-
nology and isotope (Hf) compositions have also
received recent attention, and zircon age distribu-
tions from lithostratigraphic units in the synrift to
foreland packages are published, although several
of these studies are low n (n ~ 100); so the relative
abundance of various age groups can be unreliable
(Pullen et al., 2014; Fig. 2). Importantly, zircon age
distributions from the Avilé Member, which overlies
the Pilmatué Member in the Neuquén sector of the
basin, were reported by Tunik et al. (2010).

2.1 Pilmatué Member Background

The Pilmatué Member of the Agrio Formation,
originally termed Lower Agrio Member (Weaver,
1931), is a regionally extensive unit that can be
stratigraphically identified from the western
Neuquén Embayment to the entire Main Cordillera
(Figs. 1C and 3A). Its base marks a significant deep-
ening with respect to the underlying continental or
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shallow-marine deposits of the Mulichinco Forma-
tion (Schwarz and Howell, 2005). At the top, the
Pilmatué Member is abruptly truncated by con-
tinental (fluvial and eolian) deposits of the Avilé
Member (Fig. 3A), which represents a second-order,
lowstand stage of a younger sequence (Legarreta
and Uliana, 1991; Veiga et al., 2007, Veiga et al., 2011).
The Lower Centenario Member represents the
stratigraphic equivalent of the Pilmatué Member
in the eastern sector of the Neuquén Embayment
(Fig. 3A). In the Centenario field, near Neuquén city
(Fig. 1C), this unit is composed of sandstone-dom-
inated fluvial red beds (Fig. 3B), with subordinate
mudstones and siltstones (Digregorio, 1972; Uliana
et al., 1977). The Pilmatué-Lower Centenario inter-
val varies from 700 m of thickness in the central
part of the basin (Lazo et al., 2009; Schwarz et al.,
2016), to ~100 m at the marginal sectors located to
the NE in the subsurface (lfigo et al., 2018) and in
southernmost outcrops (Luci and Lazo, 2015). The
unit is also present (albeit thin) within the tectoni-
cally complex Huincul High and the less deformed
subsurface sector located to its south (Silvestro
and Zubiri, 2008) (Fig. 1C). The tectonic regime
for this interval is considered as a sag phase with-
out evidence of inversion or contractional phases
(Legarreta and Uliana, 1991; Vergani et al., 1995).
The sedimentology, depositional facies, and
paleoenvironments of the Pilmatué Member were
recently reported and interpreted from the western
sector of the Neuquén Embayment and across sev-
eral regions of the Main Cordillera (Schwarz et al.,
2016; Veiga and Schwarz, 2016; Schwarz et al., 2018a,
2018b; Remirez et al., 2020) (Fig. 3B). In the El Man-
grullo area (Fig. 1C), the unit is mostly composed
of sandstone-dominated successions interpreted to
represent delta-front deposits that commonly grade
to sandy channel-fill successions interbedded with
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Figure 3. (A) Simplified chronostratigraphic chart of the
late Valanginian—early Barr of the Neuquén Basin,
showing the lateral stratigraphic relationships between
the Pilmatué Member and the Lower Centenario Member
(adapted from Digregorio, 1972; Uliana et al., 1977; Schwarz
et al., 2018b). (B) Simplified sedimentary sections of the
Pilmatué-Lower Centenario strata across the basin (see
Fig. 1C for their location) showing vertical distribution of
facies, approximate vertical location of the four samples
presented in this contribution, and vertical location of
dated tuffs available for the unit. Note that vertical axis
is time. Also note the clear proximal-distal trend from
east to west and the increment to the north of carbonate
contribution in distal marine settings. (C) High-resolution
late Valanginian-early Hauterivian biostratigraphic scheme
for the Pilmatué Member of the Agrio Formation (com-
piled from Aguirre-Urreta et al., 2005, 2019). Isotopic ages
from the Pilmatué Member as follows: (1) Sensitive high-
resolution ion microprobe (SHRIMP) U-Pb age of Schwarz

A <— Main Cordillera—» <——— Neuquén Embayment ——»
L. BARREMIAN

UPPER
HAUTERIVIAN

Centenario Fm.

LOWER
HAUTERIVIAN

UPPER
VALANGINIAN

[_] Shallow marine (deltaic or shoreface) [l Delta Plain and/or Fluvial
I Prodelta, offshore and/or basin I Fluvial and/or eolian

Main Cordillera Neuquén et al. (2016); and (2) thermal ionization mass spectrometry

N S w Embayment E (TIMS) U-Pb age of Aguirre-Urreta et al. (2017). The base

El Portén Loma Rayoso  Agrio del El Mangrullo Centenario of the Agua de la Mula Member is also constrained by a
San Eduardo Medio Field Field TIMS U-Pb age of Aguirre-Urreta et al. (2015).

<
<

LOWER
HAUTERIVIAN

mudstones showing subaerial exposure, which are
collectively interpreted as delta-plain to fully fluvial
settings (Schwarz et al., 2018a) (Fig. 3B). Subordi-
nate prodelta and/or offshore fine-grained deposits
delineate major transgressive surfaces within this
region. Farther to the east and northeast in the
Main Cordillera, the unit becomes dominated by
prodelta and/or offshore siliciclastic mudstones
with subordinate sandstone intervals that reflect

UPPER
VALANGINIAN

[ Delta plain and/or fluvial ¥ Detrital-zircon sample ¥ Isotopic age
I Prodelta, offshore, and basin [ | Shoreface [ | Delta front
[ ] carbonate-dominated basin [ ] Offshore (carbonate-siliciclastic sands)
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132

C delta-front conditions in the south, but storm-domi-
ISOTOPIC nated, shoreface settings toward the north (Schwarz
STAGE UNIT ZONES SUBZONES AGE et al., 2018b) (Fig. 3B). In the northern Main Cor-
LATE Nia M | Sitidiscus riccardi Y 129.09£0.4(3) | dillera, the Pilmatué Member is largely composed
HAUTERIVIAN | Avilé ) E of carbonate-dominated mudstones interpreted
Mb Weavericeras 129 . . . s
vacaense A F to represent more distal, basinal settings within
- the ramp-type profile of the marine basin (Sagasti,
o | Hoplitocrioceras gentili H. gentilii F 2005; Schwarz et al., 2018b; Remirez et al., 2020). An
EARLY = 5 Hc-)g"l"a";l’gﬁ’s_fa_ ~2.80 my| =130 overall east-to-west deepening interpreted from the
HAUTERIVIAN| g m&@%i%g%@: facies (Fig. 4) suggests an eastern sediment source
2 Holcoptychites - ; .
© i ) r for this area of the basin.
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LATE o . o in this unit (Aguirre-Urreta et al., 2005, 2011, 2019)
VALANGINIAN Pseucliotf?vrel'/a D- crassicostatum - providing a high-resolution biostratigraphic frame-
(partial) anguiatiormis 5 C. ornatum_ 2 E work for the Upper Valanginian-lower Hauterivian
................... >_angulatiformis L

strata in the basin (Fig. 3C). This was recently
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integrated with absolute ages: tuff layers occurring
within the Holcoptychites neuquensis Zone deliv-
ered an absolute age of 130.0 + 0.6 Ma (SHRIMP,
Schwarz et al., 2016) and 130.39 + 0.16 Ma (TIMS,
Aguirre Urreta et al., 2019) (Fig. 3C). The base of
the Agua de la Mula Member is also constrained
by a TIMS U-Pb zircon age of 129.09 + 0.04 Ma
(Aguirre-Urreta et al., 2015). The associated Spiti-
discus riccardii subzone (Fig. 3C) is present across
the basin, suggesting a fairly instantaneous
transgression, and thus this regionally extensive
transgressive surface is used in this contribution
as datum (see Fig. 4).

2.2 Pilmatué Member Depositional Stages

The integration of depositional facies, stratal
patterns, and key stratigraphic surfaces recognized
and interpreted within the Pilmatué Member across
the western Neuquén Embayment and the Main
Cordillera (Fig. 1C) allowed Schwarz et al. (2019)
to subdivide the unit into three main depositional
stages, here termed sequences for simplicity (Fig. 4).
The facies and paleoenvironmental characteriza-
tion of these three sequences can be reconstructed
across a 65-km-long correlation panel from El
Mangrullo Field to the nearest outcrops located

in the Agrio del Medio section (Fig. 4). As shown
in the correlation panel, the three sequences are
dominated by river-dominated or both wave- and
river-influenced delta-front deposits in the east,
with subordinate delta-plain, prodelta, and off-
shore deposits. The proportion of delta-plain and
delta-front deposits decreases westward, with
the coeval increment of prodelta and offshore
deposits. Each depositional stage is bounded by
a transgressive surface suggesting tens of kilo-
meters of landward displacement of the shoreline
(Fig. 4). These three sequences and their bound-
ing surfaces are heavily constrained by ammonite
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Figure 4. Detailed correlation panel oriented approximately along depositional dip from the El Mangrullo field to the Agrio del Medio anticline (ADM),
showing the detailed distributions of facies and the sequence stratigraphic scheme proposed by Schwarz et al. (2019). See Figure 1C for location of
correlation panel. Location and stratigraphic position of EM-1, EM-2, and AM-1 samples with detrital-zircon U-Pb geochronology are also indicated. Bio-
stratigraphy of Agrio del Medio section follows Lazo et al. (2009). See Fig. 3C for biozone nomenclature.
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biostratigraphy in outcrops (Lazo et al., 2009) and
their potential correlation in the subsurface.

In the west (Agrio del Medio Section), Sequence 1
spans most of the angulatiformis ammonite zone
and includes not only offshore mudstones but also
mixed carbonate-siliciclastic sandstones (Fig. 4).
These mixed deposits having large-scale cross-bed-
ding and exceptionally preserved crinoids were
interpreted to reflect tidally influenced offshore
dune fields (Veiga and Schwarz, 2016; Lazo et al.,
2020). Sequence 2 in the west spans most of the
neuquensis and agrioensis ammonite subzones and
is dominated by offshore, prodelta, and distal-delta
front deposits. At its top, a 3-m-thick sandstone
package is interpreted as reflecting delta-front
deposits (see AM-1 sample description below) and
maximum progradation recorded in the system
(Fig. 4). Finally, Sequence 3 in the western sector
is almost entirely composed of offshore mudstones
and spans the /aticosta subzone to the top of the
unit (Fig. 4).

H 3. DETRITAL-ZIRCON U-Ph
GEOCHRONOLOGY

3.1 Sample Collection and Methods

Four sandstones were collected for detrital-
zircon analyses from the Pilmatué Member.
Sampling was aimed at capturing both vertical
and spatial characteristics of the detrital-zircon age
patterns within these well-defined sequences. Two
of the samples (i.e., EM-1 and EM-2) were taken
from subsurface cores in the El Mangrullo hydro-
carbon field (Figs. 1C and 4). AM-1 was collected
from the Pilmatué section exposed in the Agrio del
Medio section, whereas LR-1 was collected form
the Loma Rayoso section, located ~50 km to the
north (Fig. 1C). Sedimentological, biostratigraphic,
and radiometric data (Schwarz et al., 2016, 2018b)
place both of these samples at the top of the agri-
oensis subzone (Figs. 3B and 3C). Detailed sample
location information is provided in Table 1.

Approximately 6-10 kg of sandstone were
collected from each sample site; the subsurface
samples were collected from one core box per

sample (Fig. 5). Samples were processed using
standard mineral separation techniques at the
University of lowa to extract a heavy-mineral sep-
arate (e.g., jaw crusher, disk mill, and water table).
The separate was sieved using disposable 350 yum
screen, and non-zircon was removed by magnetic
and density separations. A random aliquot was
“negatively” handpicked under alcohol to remove
all non-zircon, resulting in a final separate of ~500
grains for each sample that was mounted in a 1-inch
epoxy puck. The puck was ground and polished to
expose grain interiors, and backscatter electron
images were acquired using a Hitachi 3400 scanning
electron microprobe (SEM) at the University of lowa.

Detrital-zircon grains were analyzed for U-Pb
isotopes by laser ablation—-multicollector-induc-
tively coupled plasma mass spectrometry
(LA-MC-ICPMS) at the Arizona LaserChron Center
following the methods of Gehrels et al. (2006) and
Gehrels (2012). The specific analytical parameters
can be found in the Supplemental Material'. Zircon
grains were ablated using a 20-ym-beam diame-
ter. Three reference materials were used: Sri Lanka
(SL) zircon (ca. 563.5 Ma) was the primary stan-
dard, and Duluth Gabbro (FC) zircon (ca. 1099 Ma)
and R33 (ca. 420 Ma) zircon were secondary stan-
dards. Approximately 315 detrital-zircon grains
from each sample were analyzed. Data reduction
was accomplished using the internal AgeCalc Excel
spreadsheet available from the LaserChron Cen-
ter. Grains that are >400 Ma have been filtered for
>20% discordance or >5% reverse discordance and
are not included in the discussion of the results.
Typical discordance filters for provenance U-Pb
detrital-zircon data are 10%-20%; we chose to use
20% in order to include the highest number of dates.
When a 10% discordance filter is applied to the
data set, <4% of randomly distributed grains are

excluded; application of this filter does not affect
our interpretation of the data. The 2°6Pb/?*®U ages
are presented for grains younger than 900 Ma,
whereas the 2’Pb/?°®Pb ages are used for grains
older than 900 Ma. Grain size of the dated grains
was acquired using photos of the mounts and the
chromium offline targeting software. The analytical
data are reported in Table S1 (footnote 1).

3.2 Stratigraphic and Paleogeographic Context

Samples EM-1 and EM-2 comprise lower
medium- to very fine-grained sandstones typi-
cally having planar to low-angle lamination, or
cross-stratification, with common soft-sediment
deformation structures such as dish structures and
convolute bedding (Fig. 5). These sandstone units
show erosional bases and fining-upward vertical
trends. They are interbedded with mudstone and
siltstone showing attributes of subaerial exposure
and incipient soil development, such as pedogenic
structures, root marks, and slickensides (Fig. 5). In
this context, the sampled sandstone units (i.e., EM-1
and EM-2) are interpreted to represent distributary
channel deposits (Figs. 4 and 5), within a delta-plain
setting situated eastwards of a marine basin shore-
line (Schwarz et al., 2018a). The vast majority of
the sandstones in these channel fills are upper
fine-grained to lower medium-grained, with very
rare upper medium-grained or coarser sandstone.
Within the pebble grade, mudstone intraclasts are
commonly the coarsest fraction (Fig. 5), which
suggests that these open channels were capable
of transporting upper medium-grained or coarser
sand, but this grain-size fraction was not readily
available in this part of the depositional system
(Schwarz et al., 2018a).

TABLE 1. SAMPLE LOCATION INFORMATION

Sample Latitude Longitude Location description Key references
location (°N) (°W)

EM-1 38°35'11.17” 69°26'56.78” El Mangrullo Field Schwarz et al., 2018a
EM-2 38°34'12.36” 69°26'13.20” El Mangrullo Field Schwarz et al., 2018a
AM-1 38°22'35.95”  69°58'23.19” Measured section in Agrio del Medio anticline Schwarz et al., 2019
LR-1 37°36’25.55” 70° 5'53.24” Measured section in Loma Rayoso anticline Schwarz et al., 2018b
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Stratigraphically, EM-1 represents the oldest
delta-plain deposits identified in the El Mangrullo
field (Fig. 4); these deposits are located near the top
of Sequence 1. This interval correlates westwards
with mixed (carbonate-siliciclastic) deposits that
have large-scale cross-bedding; these deposits are
interpreted to reflect tidally influenced, offshore
dune fields (Veiga and Schwarz, 2016) (Fig. 6A).
EM-2 corresponds to the youngest delta-plain
deposits of Sequence 2 (Fig. 4) and reflects the stage
of maximum progradation of the shoreline in this
region; this stage occurs at the top of this sequence
(Fig. 6A). Based on thin-section petrography, the
sampled sandstones compositionally range from
lithic arkose sandstones to feldspathic litharenites.

AM-1 was collected from lower fine-grained
sandstone showing current ripple cross-lamina-
tion and planar lamination with parting lineation,

Sequence 1 -
o Middle conditions

Fluvio-dom.
deltas

Offshore
tidal fields

- Prodelta, offshore and/or basin |:| Delta front and/or shoreface - Delta plain and/or fluvial ——

|:| Carbonate-dominated basin

[ offshore tidal field

very low bioturbation, and abundant soft-sediment
deformation (Figs. 7A and 7B). This 3 m sandstone
package grades from thinly interbedded mudstone
and sandstone heterolithics having wave and
combined-flow ripples and low bioturbation rep-
resented by small Skolithos burrows. Facies and
vertical trends suggest that this coarsening-upward
package most probably represents accumulation
as a fluvio-dominated mouth bar in a delta-front
setting (Schwarz et al., 2019). This sand-rich interval
is unique within the overall mudstone-dominated
succession exposed in the Agrio del Medio anti-
cline (Lazo et al., 2009) and is therefore correlated
to the maximum progradation identified within the
El Mangrullo field (top of Sequence 2, Fig. 4).

The Loma Rayoso section has more sand-
stone-dominated intervals than Agrio del Medio
Section (Fig. 3B), but these intervals commonly

o Sequence 2 -
® Maximum
progradation

Storm-dom.
shorefaces

Fluvio-dom.
deltas

Fig. 4 cross-
section

==> Transport pathway == Sediment supply

Figure 6. Regional paleogeographic reconstruction for the Pilmatué Member based on ~20 outcrop locations and ~150
wells (after Schwarz et al., 2019). (A) Reconstructed paleogeography for EM-1 sandstone times, which correspond to
middle conditions of Sequence 1 (D. crassicostatum subzone). (B) Reconstructed paleogeography that involves EM-2,
AM-1, and LR-2 sandstone period, which corresponds to maximum progradation associated to Sequence 2 (H. agrioensis
subzone). Note that though the locus of deltaic development changes through time (fluvio-dominated deltas), there is
a clear proximal-distal depositional trend from southeast to northeast.

show a high degree of bioturbation, as well as wave-
and storm-related structures. LR-1 comprises a lower
fine-grained sandstone, within one of these highly
bioturbated intervals (Skolithos ichnofacies), with
uncommon preservation of hummocky cross-strati-
fication and wave-ripple lamination (Figs. 7C and 7D).
These bioturbated sandstone packages represent
terrigenous sediments accumulated in a storm- and
wave-dominated lower shoreface within a shore-
face-basin system developed farther to the north
of the other sample sites (Schwarz et al., 2018b).
Because both AM-1 and LR-1 occur at the top of the
agrioensis subzone, they are interpreted to represent
the expression of coeval shallow-marine sedimenta-
tion during the maximum progradation associated
with Sequence 2 (Fig. 6B). In the northern vicinity of
LR-1, terrigenous sands are commonly mixed with
ooids and bioclasts in the upper-shoreface setting,
suggesting minimal direct input from co-located ter-
restrial systems and, instead, the development of an
along-shore sediment dispersal system distributing
siliciclastic sands from south to north (Schwarz et
al., 2018b) (Fig. 6B).

H 4. DETRITAL-ZIRCON U-Ph
GEOCHRONOLOGY RESULTS

The detrital-zircon age distributions obtained
from the four samples are generally similar ranging
from ca. 130-3300 Ma with differences in abun-
dances in only some age groups (Fig. 8A). Four
Phanerozoic age populations are recognized in all
of the samples: Early Jurassic (ca. 175-190 Ma),
Early Triassic to Early Permian (ca. 245-300 Ma),
Ordovician (ca. 450-485 Ma), and Cambrian
(ca. 510-540 Ma) (Fig. 8A). These age populations
typically represent 8%—-20% of the dated detrital-zir-
con grains in each sample, but the Triassic-Permian
population reaches up to 27% in the outcrop exam-
ples (Fig. 8B). Late Jurassic to Early Cretaceous
zircon grains (<178 Ma) are very rare and represent
1%-3%, and the same is true for zircon grains with
Silurian to Carboniferous ages, which correspond
to 4%—-6% of each sample (Fig. 8).

The detrital-zircon ages of the four samples
also show a consistent pattern in Proterozoic grain
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Bioturbated
sancdstones

HES

sandstomne

Figure 7. Sedimentologic attributes and facies context of outcrop AM-1 and LR-1 sandstones. (A) Sandstone package
of AM-1 sample, characterized by current ripple cross-lamination, abundant soft-sediment deformation (white arrows),
and very low bioturbation, interbedded within a thick succession of prodelta and offshore mudstones. Person for scale.
(B) Fine-grained sandstone with current ripple cross-lamination overlain by sandstone bed with horizontal lamination,
collectively interpreted to represent unidirectional-dominated currents in a fluvio-dominated delta-front setting. Lens
cap for scale is 5 cm wide. (C) Sandstone package of LR-1 sample, showing a gradual, upward coarsening trend from
offshore mudstones. Person for scale. (D) Detailed facies context of LR-1 sample, showing intensively bioturbated and
hummocky cross-stratified (HCS)sandstones, interpreted to represent a storm-dominated, lower-shoreface setting

(Schwarz et al., 2018b).

populations (Fig. 8A). Late Neoproterozoic zircon
grains of Ediacaran age (541-635 Ma) typically rep-
resent ~14% in the subsurface samples (EM-1 and
EM-2) and slightly decrease in the outcrop sam-
ples to 10%. The majority of these grains range
ca. 580-635 Ma (Fig. 8A). Combined with Early to
Middle Neoproterozoic zircon grains (636-1000 Ma),
these Neoproterozoic ages represent 20%—-26% of
the entire population in each sample (Fig. 8B). All
samples also show a significant population of Late
Mesoproterozoic zircon grains (1000-1200 Ma);
these grains represent 9%-14% of the total and pri-
marily range from 1000 to 1100 Ma (Fig. 8). Older
zircon grains (>1200 Ma) are uncommon in all sam-
ples and represent only 4%-8%.

Dated zircon grains are mostly in the very fine
size range; mean long crystal axis lengths vary
from 0.11 to 0.062 mm (Fig. 9). When plotted by
age groups, the mean size of each age group typ-
ically falls within the interquartile range of all the
zircon grains for that sample, and there is no clear
trend between specific age groups and grain size
as estimated by the long axis length. Given the
uniformity of the size data (Fig. 9), we do not expect
significant biasing of the age distributions as was
recently highlighted by a detrital-zircon study in a
modern river (e.g., Ibanez-Mejia et al., 2018). That
said, the distal samples (AM-1 and LR-1) have mean
grain sizes in the lower very fine range (average
0.062 and 0.070 mm, respectively), whereas the

proximal samples (EM-1 and EM-2) are in the upper
very fine range (0.083 and 0.110 mm, respectively;
Fig. 9), reflecting typical downstream fining in the
sedimentary system but without age group biasing.

Hl 5. PROVENANCE INTERPRETATION

The present-day configuration of the Neuquén
Basin (Figs. 1B and 1C) illustrates a heavily
deformed western sector (Main Cordillera) char-
acterized by thick Jurassic and Cretaceous strata
forming a fold and thrust belt (Ramos, 1999) and a
relatively less deformed Neuquén Embayment to
the east in which the same stratigraphy is present
in the subsurface. The interpretation of the most
probable sources for the different detrital-zircon
populations identified in the Pilmatué Member
samples requires not only an understanding of
the distribution of rocks around and within the
Neuquén Basin (Fig. 10, Table 2) but also compre-
hensive knowledge about the paleogeographic
reconstructions and potential sediment-dispersal
patterns based on the sedimentology (Fig. 6). The
detailed sedimentologic and stratigraphic studies
on these units clearly show that EM-1 and EM-2
represent delta-plain to fluvial (proximal) settings
(Schwarz et al., 2018a) that should retain a direct
connection to their sediment source areas, whereas
AM-1 and LR-1 reflect accumulation in shallow-ma-
rine (i.e., more distal) conditions where mixing
from other sources is possible. This reconstruction
suggests a long-lived (~3 m.y.) delivery system of
siliciclastics coming from the southeastern mar-
gin of the basin; this system was able to transport
solely medium-grained and finer sediment across
the entire extent of the Neuquén Basin. Sediment
flux from the western margin of the basin was
unlikely given the offshore marine clastic and car-
bonate depositional conditions there (Sagasti, 2005;
Remirez et al., 2020).

Considering this reconstruction and the main
position of the delivery system in the south-
east sector of the basin, it is possible to restrict
the potential sediment sources for the Pilmatué
sands. In this sense, the geological terranes that
are considered and discussed here are: the North
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Patagonian Andes, the North Patagonian Massif
(NPM), the Chadileuvu Block and the southern
sector of the Las Matras Block, and the Sierra de
la Ventana Belt and Rio de La Plata Craton farther
to the east (Figs. 1A and 10). For the purpose of
this study, the North Patagonian Massif is further
divided into a western sector and an eastern sector.
The western sector is dominated by Permian and
Triassic rocks, whereas the eastern sector has more
variability from Cambrian to Lower Jurassic rocks
(Fig. 10). We also include a simplified geological
map and detrital-zircon U-Pb ages from the Salda-
nia Belt located in southern South Africa; during
Hauterivian time, this Belt was located southeast
of the North Patagonian Massif (Macdonald et al.,
2003; Pangaro and Ramos, 2012; Will and Frimmel,
2018) (inset in Fig. 10).

5.1 Early Jurassic (Ca. 175-190 Ma) Sources
5.1.1 Potential Sources

This age population is present in all of the sam-
ples, decreasing from 16% to 8% from the proximal
(EM-1 and EM-2) to distal (LR-1 and AM-1) settings;
the main peak in the distribution is ca. 185 Ma
(Figs. 8 and 9). These ages correlate well with the
V1 group of the large Chon Aike magmatic province
of the eastern sector of the North Patagonian Massif
(Pankhurst and Rapela, 1995; Pankhurst et al., 2000).
The rhyolite rocks of this group crop out extensively
in northeastern Patagonia (Fig. 10) and are known
as the Marifil Formation and/or Complex. Original
Rb-Sr ages and more recent U-Pb ages suggest a
crystallization age ranging from ca. 178-190 Ma
(Pankhurst et al., 2000; Strazzere et al., 2017). Pavon
Pivetta et al. (2019, and references therein) com-
piled all the available geochronological data from
northeast Patagonia and corroborated the crystal-
lization age for V1 but identified a possible initial
volcanic stage that went back to 192.6 + 2.5 Ma.

There are similar Early Jurassic ages found in
the North Patagonian Andes from granitoids of the
so-called Subcordilleran belt (181-185 Ma, Fig. 10)
(Rapela et al., 2005). According to Rapela et al.
(2005), geochemical and isotopic data suggest that
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Figure 9. Plots of mean and ranges of detrital-zircon grain sizes. The colored dots are the
mean for each age group discussed in the text. The gray boxes represent the mean (hori-
zontal black line), first and third quartiles (gray box), and total range (error bars) of grain

sizes for all the zircon grains in each sample.

these plutonic rocks are associated with an Early
Jurassic subduction-related magmatic arc along the
proto-Pacific margin of Gondwana, approximately
synchronous with the V1 phase of the Chon Aike
magmatism. In addition, there are also volcanic
rocks of the synrift stage of the Neuquén Basin,
known as the Precuyano Cycle, with Early Jurassic
ages (Fig. 10). In the subsurface of the southern sec-
tor of the basin, a dacite lava was dated as 199.0 Ma,
whereas exposed acidic lavas from the north-
western sector (northwest of Chos Malal, Fig. 10)
were dated as 181-187 Ma (Zappettini et al., 2019)
(Table 2). Significantly, there is no evidence for Early
Jurassic magmatic rocks in central Argentina (Chad-
ileuva Block or farther to the north in Las Matras
and San Rafael Blocks) or on the eastern margin of
Argentina (Rio de La Plata Craton, Fig. 10). In South
Africa, however, the Karoo volcanic province pres-
ently exposed extensively eastwards of the Cape
Fold Belt comprises Early Jurassic volcanics with
crystallization ages of 179-184 Ma (Table 2). These
volcanic rocks are mainly composed of basaltic
lavas, although subordinate rhyolites with similar
ages are also described (Riley et al., 2004).

5.1.2 Interpretation

Considering all of the available data, we inter-
pret that the volcanic rocks of the Marifil Complex
located in the eastern sector of the NPM were the
major supplier of the Early Jurassic zircon grains
that were eventually incorporated in the Pilmatué
sandstones. The paleogeographic reconstruction
of the Pilmatué depositional systems would make
a western source unlikely for this zircon popula-
tion (Fig. 6), either from the North Patagonian
Andes (Subcordilleran belt) or the northwestern
Neuquén Basin region. Furthermore, the decay of
the proportion of this population from the southern
proximal to northern distal samples (Fig. 8B) also
suggests that a southeastern source is more likely.
The synrift volcanics within the Neuquén Basin are
typically covered by hundreds of meters of postrift
strata even in the southeast and northeast marginal
areas of the basin (e.g., Inigo et al., 2018), and there-
fore they are not likely candidates for providing
Early Jurassic zircon grains to the Valanginian—
Hauterivian Pilmatué strata. Additionally, the oldest
Upper Triassic synrift rocks are not represented in
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Figure 10. Simplified map of the basement geology and U-Pb zircon ages of central Argentina between 37° and 43° South. Representative ages are indicated in the map, mentioned in
the text, and listed in Table 2. Detrital-zircon peaks of selected Paleozoic metasedimentary and sedimentary units, as well as from Paleozoic plutonic rocks, are also indicated. Their ref-
erences are cited in the text. Inset: simplified map of southernmost South Africa, showing the Saldania Belt (map after Farina et al., 2014), and selected isotopic and detrital-zircon data.
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TABLE 2. REPRESENTATIVE ISOTOPIC AGES AVAILABLE FOR PROTEROZOIC TO EARLY CRETACEOUS ROCKS
OF CENTRAL ARGENTINA, SEPARATED BY GEOLOGICAL PROVINCES AS SHOWN IN FIGURE 10

Geological province, period, and reference Age Error Method Rock Unit

Neuquén Basin

Lower Jurassic (178-201 Ma)
Zapettini et al., 2019 181.2 2.4 U-Pb SHRIMP Tuff layer Colomichicé (Upper Section)
Zapettini et al., 2019 182.5 0.9 U-Pb SHRIMP Rhyolite Porfido Colomichicé (Upper Section)
Zapettini et al., 2019 185.7 23 U-Pb SHRIMP Dacite Colomichicé (Lower Section)
Zapettini et al., 2019 187.9 1.8 U-Pb SHRIMP Rhyolite Colomichicé (Lower Section)
Schiuma and Llambias, 2008 199.0 1.5 U-Pb SHRIMP Dacite Precuyano Cycle

Triassic—Permian (202-299 Ma)
Schiuma and Llambias, 2008 203.7 0.26 U-Pb SHRIMP Andesite lava Precuyano Cycle
Barrionuevo et al., 2013 210.9 1.0 U-Pb SHRIMP Andesitic lava Precuyano Cycle
Barrionuevo et al., 2013 245.6 0.4 U-Pb SHRIMP Rhyolitic ignimbrite Choiyoi Complex
Sato et al., 2008 258.5 1.0 Conventional U-Pb Monzogranite Huingancé Complex
Sato et al., 2008 283.4 1.0 Conventional U-Pb Granodiorite Huingancé Complex
Schiuma and Llambias, 2008 284.0 1.3 U-Pb SHRIMP Andesite dike Choiyoi Complex
Schiuma and Llambias, 2008 286.5 2.3 U-Pb SHRIMP Granodiorite Choiyoi Complex

North Patagonian Andes

Lower Jurassic (178-201 Ma)
Rapela et al., 2005 181.0 2.0 U-Pb SHRIMP Granitoid N/A
Rapela et al., 2005 185.0 2.0 U-Pb SHRIMP Granitoid N/A

Silurian—-Carboniferous (300-443 Ma)
Pankhurst et al., 2006 323.0 3.0 U-Pb SHRIMP N/A N/A
Pankhurst et al., 2006 329.0 4.0 U-Pb SHRIMP Granodiorite Cordon del Serrucho granitoids
Pankhurst et al., 2006 330.0 4.0 U-Pb SHRIMP Granodiorite Cordon del Serrucho granitoids
Pankhurst et al., 2006 395.0 4 U-Pb SHRIMP Granite Lago Lolog
Pankhurst et al., 2006 401.0 3.0 U-Pb SHRIMP Tonalite San Martin Tonalite

North Patagonian Massif—Western Sector

Triassic—Permian (202-299 Ma)
Pankhurst et al., 2006 246.0 2.0 U-Pb SHRIMP Rhyolite La Esperanza Complex
Tohver et al., 2008 245.0 2.0 N/A Granitoid Ramos Mejia Igneous Complex
Tohver et al., 2008 246.0 1.0 N/A Granitoid Yaminue Complex
Luppo et al., 2018 248.0 2.0 U-Pb SHRIMP Dacitic ignimbrite Los Menucos Complex
Pankhurst et al., 2014 249.0 2.0 U-Pb SHRIMP Granitoid Yaminue Complex
Pankhurst et al., 2006 250.0 2.0 U-Pb SHRIMP Granite Calvo Granite
Pankhurst et al., 2014 251.0 1.0 U-Pb SHRIMP Granitoid Yaminue Complex
Luppo et al., 2018 252.0 2.0 U-Pb SHRIMP Andesite Los Menucos Complex
Martinez Dopico et al., 2016 252.0 5.0 U-Pb SHRIMP Granite Cabeza de Vaca Leucogranite
Martinez Dopico et al., 2017 254.0 2.0 U-Pb SHRIMP Granitoid Yaminue Complex
Martinez Dopico et al., 2017 255.0 2.0 U-Pb SHRIMP Granodiorite Prieto Granodiorite
Luppo et al., 2018 257.0 2.0 U-Pb SHRIMP Rhyolitic ignimbrite Los Menucos Complex
Martinez Dopico et al., 2017 260.0 2.0 U-Pb SHRIMP Granite Donosa Granite
Chernicoff et al., 2012 261.0 3.0 U-Pb SHRIMP Granitoid N/A
Pankhurst et al., 2006 264.0 2.0 U-Pb SHRIMP Rhyolite dome La Esperanza Complex
Pankhurst et al., 2006 273.0 2.0 U-Pb SHRIMP Granodiorite Prieto Granodiorite
Pankhurst et al., 2006 290.0 3.0 U-Pb SHRIMP Granite Piedra del Aguila granite
Pankhurst et al., 2006 295.0 2.0 U-Pb SHRIMP Granite Tunnel Tonalite
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TABLE 2. REPRESENTATIVE ISOTOPIC AGES AVAILABLE FOR PROTEROZOIC TO EARLY CRETACEOUS ROCKS OF
CENTRAL ARGENTINA, SEPARATED BY GEOLOGICAL PROVINCES AS SHOWN IN FIGURE 10 (continued)

Geological province, period, and reference Age Error Method Rock Unit
North Patagonian Massif-Eastern Sector
Lower Jurassic (178-201 Ma)
Alric et al., 1996 178.7 0.4 Ar-Ar Rhyolite Marifil Complex
Alric et al., 1996 181.7 1.2 Ar-Ar Rhyolite Marifil Complex
Rapela and Pankhurst, 1993 181.4 71 Rb-Sr Rhyolite Marifil Complex
Pankhurst and Rapela, 1995 181.2 2.2 Rb-Sr Rhyolite Marifil Complex
Rapela and Pankhurst, 1993 182.6 1.5 Rb-Sr Rhyolite Marifil Complex
Alric et al., 1996 186.2 3.0 Ar-Ar Rhyolite Marifil Complex
Alric et al., 1996 187.4 1.2 Ar-Ar Rhyolite Marifil Complex
Pankhurst and Rapela, 1995 187.7 1.3 Rb-Sr Rhyolite Marifil Complex
Strazzere et al., 2017 190.6 3.2 U-Pb Rhyolite Marifil Complex
Pavon Pivetta et al., 2019 192.6 25 U-Pb Rhyolite Puesto Iris
Triassic-Permian (202-299 Ma)
Pankhurst et al., 2014 252.0 3.0 U-Pb SHRIMP Granitoids Madsen Tonalite
Pankhurst et al., 2006 281.0 3.0 U-Pb SHRIMP Granodiorite Navarrete Granodiorite
Ordovician (444-485)
Tohver et al., 2008 454.0 2.0 Ar-Ar (Ms) Granite Valcheta Granite
Tohver et al., 2008 468.0 5.0 Ar-Ar (Ms) Granite Valcheta Granite
Gozalvez, 2009 470.5 1.8 Ar-Ar (Ms) Leucogranite Valcheta Granite
Pankhurst et al., 2006 475.0 6.0 U-Pb SHRIMP Granite Arroyo Salado Granite
Pankhurst et al., 2006 476.0 6.0 U-Pb SHRIMP Granite Sierra Grande Granite
Pankhurst et al., 2006 476.0 4.0 U-Pb SHRIMP Granite Punta Bahia Granite
Cambrian (486-540 Ma)
Pankhurst et al., 2014 522.0 4.0 U-Pb SHRIMP Granodiorite Tardugno Granodiorite
Pankhurst et al., 2014 526.0 3.0 U-Pb SHRIMP Granodiorite Tardugno Granodiorite
Rapalini et al., 2013 528.5 3.5 U-Pb SHRIMP Granodiorite Tardugno Granodiorite
Gonzalez et al., 2018 515.0 2.2 U-Pb SHRIMP K bentonite El Jaguelito Formation
Gonzalez et al., 2018 529.4 8.4 U-Pb ICP-MS Rhyolitic ignimbrite El Jaguelito Formation
Gonzalez et al., 2018 532.9 7.3 U-Pb SHRIMP K bentonite El Jaguelito Formation
Chadileuvu Block
Triassic—Permian (202-299 Ma)
Domeier et al., 2011 257.0 2.8 U-Pb SHRIMP Trachyandesite Sierra Chica Complex
Domeier et al., 2011 263.0 5.7 U-Pb SHRIMP Rhyolite ignimbrite Sierra Chica Complex
Domeier et al., 2011 268.1 7.7 U-Pb SHRIMP Rhyolite ignimbrite Sierra Chica Complex
Ordovician (444-485)
Pankhurst et al., 2006 474.0 6.0 U-Pb SHRIMP Granite Rio Colorado Granite
Pankhurst et al., 2006 475.0 5.0 U-Pb SHRIMP Granite Curaco Granite
Chernicoff et al., 2010 465.0 3.0 U-Pb SHRIMP Metagabbro Paso del Bote granitoids
Chernicoff et al., 2010 475.3 23 U-Pb SHRIMP Metadiorite Paso del Bote granitoids
Cambrian (486-540 Ma)
Chernicoff et al., 2012 520.0 1.4 U-Pb SHRIMP Metadiorite El Carancho Igneous Complex
Chernicoff et al., 2012 528.0 5.0 U-Pb SHRIMP Metapyroxenite El Carancho Igneous Complex

(continued)
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TABLE 2. REPRESENTATIVE ISOTOPIC AGES AVAILABLE FOR PROTEROZOIC TO EARLY CRETACEOUS ROCKS OF
CENTRAL ARGENTINA, SEPARATED BY GEOLOGICAL PROVINCES AS SHOWN IN FIGURE 10 (continued)

Geological province, period, and reference Age Error Method Rock Unit

Sierra de la Ventana Belt
Triassic—Permian (202-299 Ma)
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Pankhurst et al., 2006 258.0 2.0 U-Pb SHRIMP Syenite Lépez Lecube syenite
Cambrian (486-540 Ma)

Rapela et al., 2003 509.0 5.3 U-Pb SHRIMP Rhyolite La Ermita Rhyolite

Rapela et al., 2003 524.3 5.3 U-Pb SHRIMP Granite San Mario Granite

Rapela et al., 2003 531.1 3.1 U-Pb SHRIMP Granite Cerro Colorado Granite
Neoproterozoic (541-1000 Ma)

Rapela et al., 2003 607.0 5.2 U-Pb SHRIMP Granite Cerro del Corral Granite
Saldania Belt
Lower Jurassic (178-201 Ma)

Riley et al., 2004 in Rapela et al. 2005 180.0 2.0 U-Pb SHRIMP Rhyolite Karoo volcanic province

Riley et al., 2004 in Rapela et al. 2005 182.0 3.0 U-Pb SHRIMP Rhyolite Karoo volcanic province

Cambrian (486-540 Ma)

Chemale et al., 2011 524.0 5.0 U-Pb single crystal A-type granite N/A

Chemale et al., 2011 510.0 4.0 U-Pb single crystal A-type granite N/A

Da Silva et al., 2000 536.0 5.0 U-Pb SHRIMP I-type granite Robertson Pluton (Type 1)
Farina et al., 2014 537.8 1.6 U-Pb ICP-MS S-type granite Peninsula Pluton

Da Silva et al., 2000 547.0 6.0 U-Pb SHRIMP S-type granite Darling Pluton

Note: Italicized terms represent the group ages discussed in the text; not all are present in the different regions. Abbreviations: ICP—inductively coupled
plasma; MS—mass spectrometry; SHRIMP—sensitive high-resolution ion microprobe; ms—muscovite.

the Pilmatué zircon grains (discussed below). The
Pilmatué delivery system could have incorporated
some Karoo basaltic volcanics that were attached
to Patagonia in the Hauterivian, but only the less
common rhyolites would have provided a signifi-
cant number of zircon grains to the Pilmatué system
based on average zircon fertilities of igneous rocks.
In any case, the true extent of the northeastern Pata-
gonia rhyolitic plateau in southwestern Gondwana
is not well defined and could have easily extended
to the east under the present Argentine continental
shelf (Lovecchio et al., 2019) (Fig. 10).

5.2 Early Triassic to Early Permian (Ca. 245—
300 Ma) Sources
5.2.1 Potential Sources

Pilmatué detrital-zircon grains have a predom-
inance of Early Triassic to Early Permian ages with

peaks ca. 245-255 and 280 Ma (Fig. 8A). The pro-
portion of this age population slightly decreases
with time in the proximal zone (from EM-1 to EM-2)
but increases spatially from the proximal to the
distal localities (Fig. 8B). Significantly, Middle and
Late Triassic zircon grains (201-240 Ma) are very
rare in the four samples despite the fact that synrift
volcanics of Late Triassic age (ca. 203-210 Ma) are
commonly reported from the Main Cordillera and
Embayment of the Neuquén Basin (Fig. 10).

Early Triassic to Early Permian plutonic and
volcanic rocks are widespread in central western
Argentina and are known as the Choiyoi magmatic
province. This belt is interpreted as the most con-
spicuous feature along the Late Paleozoic continental
margin of southwestern Gondwana, extending
from northern Patagonia to northern Chile (Sato
et al., 2015, and references therein). In the central
region of northern Patagonia, plutonic and volcanic
rocks, collectively known as the Los Menucos and
La Esperanza complexes, are extensively exposed

(Llambias and Rapela, 1984; Luppo et al., 2018, and
references therein) (Fig. 10; Table 2). Luppo et al.
(2018) compiled the available geochronologic data
of this magmatic belt and suggested a main phase
of granitoid intrusion and lava extrusion that spans
ca. 245-270 Ma (Early Triassic-Middle Permian). Due
to the widespread distribution of this magmatism in
northern Patagonia, these authors even suggested
that the Los Menucos and La Esperanza complexes
could be regarded as a separate magmatic event
from the Choiyoi province, with a probable peak of
magmatism around the Permian-Triassic bound-
ary (Luppo et al., 2018). Early Permian rocks, in
contrast, are uncommon in the North Patagonian
Massif, except for a granite dated as 281 Ma near
the town of Valcheta and granites with U-Pb ages of
290-295 Ma in the westernmost sector of the NPM
(Fig. 10; Table 2). These older granites are presently
exposed from Piedra del Aguila to Rio Chico and are
grouped in the Rio Chico Complex with a confirmed
Late Permian age (Pankhurst et al., 2006).
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Choiyoi granitoids, volcanics, and volcani-
clastics also comprise part of the Neuquén Basin
basement (Schiuma and Llambias, 2008). A few
available ages from subsurface data show granit-
oids of 286 Ma in the south and ignimbrites dated
as 246 Ma in the north (Schiuma and Llambias,
2008; Barrionuevo et al., 2013) (Fig. 10). Early Tri-
assic to Middle Permian rocks are also found in the
Chadileuvu Block, where outcrops of volcanic and
pyroclastic units are patchy (Domeier et al., 2011;
Sato et al. 2015). There, the Sierra Chica silicic vol-
canic complex has U-Pb ages ranging from 268 to
257 Ma (Fig. 10). In the Las Matras Block, farther to
the north, Choiyoi-related volcanic and pyroclastic
rocks are common, with U-Pb ages ranging from
276 to 261 Ma (Tickyj et al., 2010; Barrionuevo et al.,
2013). In the Sierra de la Ventana Belt and Rio de La
Plata Craton, Early Triassic-Early Permian rocks are
not present, with the exception of the Lopez Lecube
syenite, which was dated as 258 Ma (Pankhurst et
al., 2006) (Fig. 10).

5.2.2 Interpretation

The Early Triassic-Middle Permian (240-272 Ma)
zircon population of the Pilmatué Member with a
245-255 Ma peak appears to have a clear affinity
with the northern Patagonian Los Menucos and
Esperanza complexes, but a subordinate prov-
enance from the Chadileuvu Block can also be
considered. Although similar-age rocks are located
farther to the north in the Las Matras and the San
Rafael Blocks, the paleogeographic reconstruction
for the Pilmatué delivery system makes it difficult to
postulate a main source from this northern region,
especially for the proximal samples representing
delta-plain to fluvial sediments (EM-1 and EM-2,
Fig. 10).

The Early Permian age population (273-299 Ma)
of the Pilmatué sandstones with the 280 Ma peak
seems to be comparatively underrepresented in
the present geochronological data from the areas
surrounding the Neuquén Basin (Fig. 10), although
the presently sparse 280-295 Ma granites located
in the western sector of the NPM could have been
the source for this age population. Early Permian

ages are also found in the Choiyoi basement of the
Neuquén Basin, but these plutonic and volcanic
rocks were subsequently covered by synrift and
postrift sedimentary successions several thousands
of meters thick (Howell et al., 2005) and thus were
not exposed when the Pilmatué sediments were
being deposited. The relative increase in Permian
zircon grains in the distal samples (Fig. 8B) could
be an indication of an additional contribution from
the granites located in the westernmost sector of
the North Patagonian Massif and thus reflecting the
marine mixing of two different dispersal systems.
According to Pankhurst et al. (2006), the emplace-
ment of Permian magmatism began ca. 295 Ma
and gradually moved toward the NE, which would
explain the abundance of Early Permian (older)
plutonic rocks in this western region. However,
a catchment area located in the SW would also
require a significant contribution from older Paleo-
zoic rocks (Silurian to Carboniferous, see below),
which is not recorded in the Pilmatué detrital-zircon
age pattern (Fig. 8B). If both Permian and Paleozoic
rocks were exposed in Early Cretaceous times, an
alternative explanation would be that the Pilmatué
source area did not extend into the North Patago-
nian Andes.

5.3 Silurian to Carboniferous (300-443 Ma)
Sources

5.3.1 Potential Sources

Detrital-zircon grains from this population
are very rare in the Pilmatué sandstones (Fig. 8).
Devonian (390-401 Ma) and Carboniferous (ca.
320-330 Ma) plutonic rocks are presently exposed
in the North Patagonian Andes, from San Martin
de los Andes to El Bolson (Fig. 10). The Devo-
nian granitoids are attributed to magmatism and
migmatization related to the Chanic orogenic belt
that is well recorded in areas north of Patagonia
(Hervé et al., 2018), whereas the early Carbonif-
erous I-type granites were related to subduction
and subsequent collision of the Deseado Massif
with the North Patagonian Massif (Pankhurst et
al., 2006).

5.3.2 Interpretation

The paleogeographic reconstruction proposed
for the Pilmatué delivery system with predominant
sediment flux from the east is consistent with the
very low abundance of Devonian—-Carboniferous
zircon grains from these western Patagonian rocks,
if they were exposed during the Early Cretaceous.
Lower Permian granites contain zircon grains inher-
ited from older rocks (namely from ca. 320 Ma,
Pankhurst et al., 2006); so this could be an alterna-
tive origin for the few zircon grains present in the
Pilmatué sandstones.

5.4 Ordovician (Ca. 450-490 Ma) Sources
5.4.1 Potential Sources

Detrital-zircon grains ranging from 450 to
490 Ma are relatively abundant in the Pilmatué
sandstones, with a consistent peak ca. 460-475 Ma
(Fig. 8). This period corresponds to Famatinian mag-
matism that extended from the Sierras Pampeanas
north of the Neuquén Basin to the North Patagonia
Massif south of the basin (Rapela et al., 2018, and
references therein) (Fig. 1C). The Famatinian belt
outcrops extensively in the Sierras Pampeanas due
to Paleogene uplift. In contrast, Ordovician granites
in the Chadileuvu Block and in the eastern sector
of the NPM are represented by scattered and iso-
lated exposures (Rapela et al., 2018) (Fig. 10). Early
to Middle Ordovician meta-igneous rocks (465—
475 Ma) are present in the central sector of the
Chadileuvu Block (Chernicoff et al., 2010), whereas
Early Ordovician plutonic rocks, having a consis-
tent age of 475 Ma, are present in the south of the
block (Pankhurst et al., 2014). In the eastern sector
of the NPM, Early Ordovician granites (475-478 Ma)
crop out in the Sierra Grande area, near the Atlantic
coast (Rapela et al., 2018) (Fig. 10). Inland, in the
Valcheta region (Fig. 10), Ar-Ar and K-Ar cooling
ages for the Valcheta granites fall in the interval
430-470 Ma (Pankhurst et al., 2014, and references
therein). Ordovician igneous rocks have not been
documented from eastern Argentina (Sierra de la
Ventana Belt and Rio de La Plata Craton) or from the
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North Patagonian Andes (Fig. 10). Aside from igne-
ous rocks, in the Sierra Grande area the iron-bearing,
siliciclastic-dominated marine unit known as the
Sierra Grande Formation crops out (Spalletti, 1993)
(Fig. 10). It is mostly assigned to the Silurian-Early
Devonian, and its detrital-zircon age patterns show a
low to moderate contribution of Ordovician recycled
zircon grains having a peak in 470-480 Ma (Uriz et
al., 2011). In the Chadileuvu Block, Cambrian car-
bonates of the Sand Jorge Formation and Permian
sandstones of the Carapacha Formation are pres-
ently very discontinuously exposed (Llambias et al.,
1996; Melchor, 1999). However, no detrital-zircon
data are available for these units.

5.4.2 Interpretation

The Ordovician age population in the Pilmatué
detrital-zircon grains seems to correlate well with the
Early Ordovician Famatinian magmatism presentin
both the Chadileuvu Block and the eastern sector of
the NPM. Therefore, based on age alone, either of
these regions could have been potential provenance
areas for the Pilmatué delivery system. Significantly,
Rapela et al. (2018) reviewed the Famatinian mag-
matism along southern South America and showed
that this magmatic event has a peak of emplacement
of ca. 475-480 Ma, which strongly matches the peak
defined in the Pilmatué zircon population. The rela-
tively high abundance of the Ordovician population
in the zircon distributions versus the present-day
minimal extent of the igneous-related outcrops sug-
gests that a contribution from recycled zircon grains
provided by the denudation of sedimentary units
(such as the Sierra Grande Formation) is possible,
albeit hard to quantify. Alternatively, some of the
Ordovician zircon grains could be present as inher-
ited cores in the younger volcanic rocks.

5.5 Cambrian (510-540 Ma) Sources
5.5.1 Potential Sources

The Cambrian age population of the Pilmatué
zircon grains is restricted to ca. 510-540 Ma (Fig. 8A)

and is present as a consistent 10%-14% in all the
samples (Fig. 8B). Plutonic rocks of this interval
are well exposed all across the Sierras Pampeanas
in north-central Argentina (Fig. 1C) and are collec-
tively known as the Pampean magmatism (Rapela
et al., 2007; Casquet et al., 2018, among others).
Few other regions around the Neuquén Basin have
evidence for Cambrian igneous rocks, and their
exposures are even more aerially restricted than
the Ordovician rocks (Fig. 10), but their presence
is significant for evaluating provenance patterns in
Early Cretaceous time.

Locations of Cambrian igneous outcrops are
in northern Patagonia, the Chadileuvu Block, and
the Sierra de la Ventana Belt. In northern Patago-
nia, near Nahuel Niyeu (Fig. 10), a small Cambrian
granodiorite body of 522-529 Ma was identified
(Tardugno Granodiorite, Rapalini et al., 2013;
Pankhurst et al., 2014). In the Sierra Grande area, the
Ordovician granites (Fig. 10) intrude a volcanic-sedi-
mentary succession with low-grade metamorphism
known as the El Jaguelito Formation. A recent
thorough review with additional geochronologi-
cal evidence (Gonzalez et al., 2018, and references
therein) indicates an Early-Middle Cambrian age for
this unit with at least two stages of volcanism (ca.
515 and ca. 530 Ma). Therefore, Pilmatué Cambrian
zircon grains could have been recycled from this
metasedimentary unit and similar units exposed
close to the Nahuel Niyeu region. The detrital-zir-
con pattern of the El Jaglielito Formation has an
age population with a peak at ca. 533 Ma, while
the Nahuel Niyeu Formation has a similar peak in
ca. 526 Ma (Rapela and Pankhurst, 2020, and refer-
ences therein) (Fig. 11B). Lower Cambrian recycled
zircon grains are also common in the siliciclastic
sandstones of the Sierra Grande Formation (Fig. 10),
representing 10%-20% of the samples reported by
Uriz et al. (2011).

In the northern sector of the Chadileuva Block,
there are poorly exposed mafic granitoids dated as
520-528 Ma, which intrude Neoproterozoic high-
grade metasediments (Chernicoff et al., 2012). In
the Sierra de la Ventana Belt, Cambrian granites
formed the basement of the Paleozoic basin, and
their reported ages vary from 524 to 531 Ma (Rapela
et al., 2003) (Fig. 10). In the Western Saldania Belt of

South Africa, Cambrian (S-type and I-type) granites
are common (Kisters and Belcher, 2018) (Fig. 10).
U-Pb zircon ages indicate granites ranging from 550
to 515 Ma, with a peak of plutonic activity between
ca. 540 and 530 Ma (Farina et al., 2014; Kisters and
Belcher, 2018). The orogeny responsible for the
generation of the Saldania Belt is correlated to the
Pampean orogeny recorded in Argentina (Rapela
et al., 2007; Casquet et al., 2018).

5.5.2 Interpretation

Cambrian zircon grains in the Pilmatué sands
could have derived from a vast region ranging
from the Chadileuvu Block and Sierra de la Ven-
tana Belt toward the northeast, to the eastern sector
of the NPM in the southeast. Rapela and Pankhurst
(2020) recently reviewed the extent of Cambrian
magmatism in northeast Patagonia and inferred
that a poorly exposed Early Cambrian basement
could be a significant component of the middle
continental crust beneath this region and its exten-
sion onto the continental shelf to the east. Thus, it
is possible that a larger area of Cambrian igneous
rocks, as well as middle Paleozoic sedimentary
successions (namely the Sierra Grande Formation),
could have been exposed during deposition of the
Pilmatué sands in the Early Cretaceous. It is also
worthwhile to note that this Cambrian source could
have extended farther into mid-continent positions
of the supercontinent of Gondwana, as evidenced
by Cambrian igneous ages in the Saldania Belt of
South Africa.

5.6 Neoproterozoic (Ca. 580-635 Ma) and
Mesoproterozoic (Ca. 1000-1100 Ma) Sources

5.6.1 Potential Sources

The Pilmatué sandstones have two significant
Proterozoic zircon populations that span ca. 580-
635 Ma (Ediacaran) and ca. 1000-1100 Ma (Stenian),
respectively (Figs. 8 and 11A). These age popula-
tions are found as detrital-zircon grains in Cambrian
metasedimentary units (El Jaglelito and Nahuel
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Niyeu Formations) and middle Paleozoic sedimen-
tary successions (Sierra Grande Formation), located
in the eastern sector of the NPM (Fig. 10). The El
Jaglelito Formation has a small population of Neo-
proterozoic grains and also Mesoproterozoic ages
with a peak at 1050 Ma, while the Nahuel Niyeu
Formation has remarkably similar age peaks in
its Neoproterozoic (635 Ma) and Mesoproterozoic
(1036 Ma) populations (Rapela and Pankhurst, 2020)
(Fig. 11B). The Proterozoic detrital-zircon pattern
for the Silurian-Devonian Sierra Grande Formation
also mimics the pattern identified for the Nahuel
Niyeu Formation (620 and 1050 Ma, Pankhurst et
al., 2014) (Fig. 10).

Additionally, inherited zircon cores found in
Cambrian, Ordovician, and Permian granites of the
eastern sector of the NPM also have similar Neo-
proterozoic and Mesoproterozoic ages (Fig. 10). For
example, the Cambrian Tardugno Granodiorite has
zircon cores with peaks at 545, 630, and 1075 Ma
(Pankhurst et al., 2014; Rapela and Pankhurst, 2020)
(Fig. 11C), and the Permian Navarrete granite has
inherited cores with ages of ca. 650 and ca. 1000 Ma
(Pankhurst et al., 2006). Farther to the north, it has
been demonstrated that sedimentary protoliths of
the Sierras Pampeanas (Fig. 1C) are dominated
by Neoproterozoic (broadly ca. 610-630 Ma) and
late Mesoproterozoic (ca. 1000-1080 Ma) zircon
grains, for example, in the Puncoviscana Forma-
tion (Rapela et al., 2007, 2011). Ediacaran-Early
Cambrian low-grade metasedimentary rocks with
similar zircon age patterns are also found in the
Saldania Belt (Malmesbury Group, Casquet et al.,
2018) (Fig 10); dominant age populations fall within
580-700, 700-960 Ma, and 960-1100 Ma (Frimmel
et al., 2013). The single Proterozoic igneous rocks
within the study region are found in the Sierra de

la Ventana Belt (Fig. 10) and are represented by a
limited outcrop of a granite that provided an Edi-
acaran age (607 Ma; Rapela et al., 2003).

5.6.2 Interpretation

The Neoproterozoic and Mesoproterozoic age
populations of the Pilmatué sandstones could have
been derived from denudation of the metasedimen-
tary and sedimentary units (El Jaglelito, Nahuel
Niyeu, and Sierra Grande Formations), as well as
from inherited zircon grains within various younger
magmatic rocks that occur in several regions of
the eastern sector of the North Patagonian Massif.
A single provenance from the granitoids of Sierra de
la Ventana Belt would fail to explain the Mesopro-
terozoic population, but they could have provided
some of the Ediacaran zircon grains. A contribution
from more distant areas to the east, namely the
Saldania Belt, also cannot be completely ruled out.

H 6. DISCUSSION
6.1 Remote versus Nearby Source Areas

This study presents the first detrital-zircon
U-Pb ages of the Pilmatué Member (of the Agrio
Formation), which represents deposition from the
late Valanginian to the early Hauterivian in the
Neuquén Basin (Fig. 12A). Previous data from the
Agrio Formation is restricted to Tunik et al. (2010),
who presented data from the late Hauterivian
Avilé Member (Fig. 12B). Our findings suggest that
Triassic-Permian age populations of the Pilmatué
Member were probably sourced from the western
sector of the North Patagonian Massif, whereas
Early Jurassic, Cambrian, and Ordovician source
rocks were most likely sourced from its eastern
sector, with subordinate contributions from the
Chadileuvu Block, the Sierra de la Ventana Belt,
and probably the Saldania Belt (Figs. 10 and 12A).

Tunik et al. (2010) reported detrital-zircon ages
from two samples of the Avilé Member (Fig. 12B),
the sand-prone continental unit that overlies
the Pilmatué Member and that developed after
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a dramatic base-level fall and disconnection
with the proto-Pacific Ocean (Veiga et al., 2011)
(Fig. 3A). Tunik et al. (2010), and subsequently
Naipauer et al. (2014) and Naipauer and Ramos
(2016), reviewing the same data set, assigned
the prominent Early Jurassic peak in those data
as representing provenance from synrift volcanic
rocks within the Neuquén Basin (Precuyano Cycle).
They also recognized prominent Triassic-Permian
and Ordovician—-Neoproterozoic age populations
that they interpreted as reflecting sediment flux
from the basement of the Neuquén Basin (Choiyoi
Group) and from eastern foreland cratonic regions
related to the Grenville, Pampean, and Famatian
magmatic arcs (Fig. 12B). Their paleogeographic
reconstructions for the Avilé Member commonly
show sediment dispersal from the Sierra Pintada
(San Rafael) and/or Las Matras blocks and from
the central sector of the North Patagonian Massif
(Fig. 12C). Although not specifically stated, these
source areas were usually visualized as narrow
regions not wider than 150 km.

The age populations defined for both the late
Valanginian an early Hauterivian samples of the
Pilmatué Member are remarkably similar to the late
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Hauterivian Avilé zircon patterns (compare Figs. 12A
and 12B). A key difference is the interpreted origin
for the provenance of the Early Jurassic age popu-
lation (175-190 Ma). A Precuyano cycle provenance
for the Pilmatué Member age population is here
discarded based on the fact that these synrift vol-
canic rocks were covered by hundreds of meters of
postrift sedimentary strata by the time of Pilmatué
accumulation (Howell et al., 2005; Ifigo et al., 2018).
A western provenance from the North Patagonian
Andes (Subcordilleran belt) is also dismissed for the
Pilmatué sandstone based on the regional paleo-
geographic reconstruction demonstrating sediment
dispersal from the southeast (Fig. 6) and the lack
of a significant Devonian-Carboniferous zircon
population that would have been derived from the
southwest (Fig. 8). Late Paleozoic plutonic rocks are
widespread in the western sector of the North Pata-
gonian Massif (Fig. 10). Provenance from the Sierra
Pintada-Las Matras blocks can also be ruled out
because Early Jurassic rocks are not present there,
and based on detailed sedimentologic studies, the
main delivery system of the Pilmatué sands was
located much farther to the south.

Additional evidence that supports a north-
eastern Patagonian provenance for the Early
Jurassic age populations was indirectly provided
by Naipauer et al. (2018). They reported U-Pb
detrital-zircon patterns (Fig. 12D) and Hf isotope
data from Middle Jurassic strata in the southern
Neuquén Basin (Challacé Formation) and found
consistent negative eHf values (-15.5 to —0.7) for
a population of detrital-zircon grains ranging from
177 to 182 Ma, suggesting strong crustal contam-
ination. Based on that evidence, Naipauer et al.
(2018) concluded that these zircon grains were
most probably derived from rhyolitic volcanic
rocks presently exposed solely in the eastern sec-
tor of the NPM and highlighted the potential role
that the Marifil Complex could have had as a major
source of clastics to the Jurassic sediments of the
Neuquén Basin. Therefore, both remote and rela-
tively nearby source areas such as Huincul-related
intra-basinal highs and the western magmatic arc
would have been providing sediment to the basin
during Middle Jurassic time (Naipauer and Ramos,
2016; Pujols et al., 2018).

The eastern sector of the North Patagonian
Massif appears to continue beneath the Argentine
shelf as evidenced by similar geophysical attri-
butes and NNW-oriented fabrics (Max et al., 1999;
Pangaro and Ramos, 2012). Moreover, Lovecchio
et al. (2019, their fig. 2) recently suggested that
the Early Jurassic Chon Aike magmatic province
could have extended to the North Malvinas Basin,
likely located a few hundreds of kilometers from
the present-day Atlantic Patagonian coastline. So
the major source region for the Pilmatué sands
could have easily extended to the eastern margin
of Argentina, located at least 250 km to the east
of Peninsula Valdés (Fig. 10). Importantly, how-
ever, the Saldania Belt in southern South Africa
is also dominated by Neoproterozoic (Ediacaran)
metasedimentary units intruded by Cambrian
granites (Fig. 10), which together contain all the
same ages that are present in the Pilmatué detri-
tal-zircon grains. According to Pangaro and Ramos
(2012, their fig. 14), the Saldania Belt was located
~600 km east of the Peninsula Valdés in Valanginian—
Hauterivian times, just before Atlantic break-up at
this latitude. So, in a Gondwana-scale perspective,
it could be possible that the source areas of the
Pilmatué sands extended ~1000 km east into the
mid-continent region of Gondwana.

From the sedimentological point of view, one
of the more striking features of the Pilmatué Mem-
ber is that the maximum grain size is never coarser
than lower medium sand (0.30 mm), although the
proportion of sand varies from ~80% in the proximal
regions (El Mangrullo field) to 10% or less in distal
regions (Fig. 4). A hundred kilometers to the east,
where the unit becomes fully fluvial and is called
Lower Centenario Member (Centenario hydrocarbon
field, Fig. 1C), the dominant grain size is consistently
medium and coarse (Digregorio, 1972; Schwarz et
al., 2019). Therefore, the Pilmatué sands, which were
accumulated in ~2.8-3.0 m.y. and are distributed
across more than 40,000 km? (Fig. 6), were proba-
bly fed by a delivery system long enough to be able
to sort the different grain sizes and with a catchment
area large enough to constantly supply substantial
volumes of siliciclastics to the marine system. Veiga
et al. (2019) related the total detrital volume pro-
duced in 3 m.y. with sediment supply equations to

estimate that the size of the catchment area for the
Pilmatué-Centenario delivery system would be more
than ten times the size of the total marine depocenter
(a minimum size of ~1,000,000 km?). This vast sed-
iment source region agrees with source areas for
the Pilmatué sands located as far as 1000 km from
the coeval shoreline.

6.2 Pilmatué Sands: The End of a Long-Lived
Delivery System in SW Gondwana?

Sedimentary basins located at the margins of
continents act as the final base level for mid-conti-
nent regions that are sometimes located thousands
of kilometers away from the basin (e.g., Latrubesse,
2015). This condition of exceptionally long sediment
transfer zones is probably reinforced in superconti-
nents. For example, the Late Paleozoic Karoo Basin
of southern Pangea has been proposed as the final
repository of clastic detritus mostly denuded from
plutonic and volcanic rocks of the Choiyoi group
presently located in western Argentina and Chile
(Johnson, 1991; Van Lente, 2004; Sato et al., 2015;
Gomis-Cartesio et al., 2018). This would imply a
delivery system running from west to east across
southern Pangea over 1500 km. Unsurprisingly, the
clastic sediments that reached the marine realm
and eventually the deep-water settings were fine-
grained sand or finer caliber (e.g., Hodgson et
al., 2006; Gomis-Cartesio et al., 2018). Nonethe-
less, the large supply of sediments was enough
to build a long-term progradational system from
fluvial to deep-water to fluvial deposits (Hodgson
et al., 2006); this system is more than 3500 m thick.
Although the age of this Permian-Triassic prograda-
tional succession (Ecca and Beaufort Groups) is not
well constrained, it would have endured for ~40 m.y.
(from ca. 290-253 Ma according to Sato et al., 2015,
and discussions therein). This Patagonian-South
African source-to-sink delivery system would have
been not only vast but also long lasting.

The marine Neuquén Basin clearly acted as a
base level for southwestern Gondwana delivery
systems during the Jurassic and Early Cretaceous
(Macdonald et al., 2003), but it was not connected
continuously with the proto-Pacific Ocean. During
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episodes of major tectonic uplift and arc growth,
there was complete disconnection from the
adjacent ocean and onset of fully continental dep-
ositional systems with significant clastic volume
provided by local sources with abundant coarse
gravel to coarse sand deposited in alluvial settings.
The Kimmeridgian Tordillo Formation represents
one of these intervals (Fig. 2), and detrital-zircon
grains from this unit show a dominance of arc-
derived provenance (Naipauer et al., 2014; Naipauer
and Ramos, 2016) (Fig. 12E) that clearly contrasts
with the Agrio zircon patterns reported from the
Pilmatué and Avilé members (Figs. 12A and 12B).
The Pilmatué Member strata and their detri-
tal-zircon grains represent a time of relative tectonic
quiescence (Vergani et al., 1995) and long-term pro-
gradation dominated by fine sand or finer
sediments (Schwarz et al., 2018a, 2018b; Schwarz
et al., 2019). We propose that there was a main
delivery system with an elongated geometry bring-
ing clastic sediment from mid-continent regions of
southern Gondwana at that time (Fig. 13). Along
the way, the system was effective at sorting and
therefore transported and deposited only fine-
grained sands in the distal segment of the system
found in the Neuquén Basin. The elongated catch-
ment area had a complex geological composition,
including Lower Jurassic volcanic rocks, Triassic to
Permian igneous rocks, and Lower Paleozoic to
Neoproterozoic plutonic, volcanic, and metasedi-
mentary rocks (Fig. 13). These detrital materials
were mostly eroded from the eastern and western
sectors of the North Patagonian Massif and its east-
ern continuation beneath the Argentine continental
shelf, but probably also from some regions in the
present Chadileuvu Block and Sierra de la Ventana
Belt, which were probably positive topographic
features during Early Cretaceous times (Pangaro
and Ramos, 2012), and thus limiting the northern
extension of this vast delivery system (Fig. 13).
The geographic location of this Valanginian-
Hauterivian longitudinal delivery system
approximately correlates with several key features
in southern South America. The Negro River valley,
the largest river in Patagonia (in relation to flow
rate), runs eastwards from the Andes to the South
Atlantic Ocean and occupies a similar location as

the proposed Pilmatué system (Figs. 1A and 10).
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ages to the east of the Neuquén Basin (colors as in Fig. 10). The axis of this system could have approx-
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America (Fig. 13). This geological structure holds

In addition, the inferred location runs subparal-
lel to the Huincul-Colorado structure (Macdonald
et al., 2003) or Huincul fault zone (Gregori et al.,
2008), which represents a first-order geologi-
cal and morphological feature of present South

key components of the history of the Neoprotero-
zoic to Early Cambrian amalgamation of southwest
Gondwana (Gregori et al., 2008; Rapalini et al., 2013;
Pankhurst et al., 2014). The inferred delivery system
probably would have been located immediately to
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the north of the Huincul fault zone (Fig. 13). The
proposed delivery system also correlates approxi-
mately with the elongation of the offshore Colorado
Basin (Fig. 1C), which after several Jurassic syn-
rift episodes characterized by small-scale grabens,
eventually became a larger basin post-break-up
of the South Atlantic in Barremian-Albian time
(Macdonald et al., 2003; Lovecchio et al., 2018).
Thus, this delivery system appears to have been a
significant, long-lasting geomorphological feature
in southwest Gondwana and is herein termed the
Negro-Colorado Delivery System.

The Early to Middle Jurassic Cuyo Group suc-
cession (Toarcian-Callovian) of the Neuquén Basin
has recently been the focus of basin-scale studies
combining extensive 3D seismic-reflection and
well data (Brinkworth et al., 2018). Beginning with
the Toarcian strata, this up to 1000-m-thick succes-
sion shows a consistent and long-lived entry point
located around Neuquén city and a clear clinoform
progradation from southeast to northwest. From
Late Toarcian—Aalenian and onwards, an additional
entry point is identified in the northeast sectors of
the basin. As previously mentioned, detrital-zircon
patterns and Hf isotope signatures found in the
partially coeval succession exposed in the southern
Neuquén Basin (Fig. 12D) allowed Naipauer et al.
(2018) to highlight that the northeastern Patagonian
region was clearly an active source (albeit not the
only one, cf. Pujols et al., 2018) for fluvial and coeval
marine sediments since the early development of
the basin in the Toarcian (Los Molles Formation),
and it was still active some 20 m.y. later during the
Bathonian (Challaco Formation, Fig. 2).

Together, these pieces of evidence suggest that
the Negro-Colorado Delivery System was not only a
continental-scale system, but a long-lived one, which
was responsible for (and related to) denudation, ero-
sion, and transport of clastics across a large region
of southwestern Gondwana from the Early Jurassic
to Early Cretaceous, a timespan of ~60 m.y. Simi-
lar long-lived, large-scale systems are known from
other regions. For example, the paleo-Orange river
in South Africa is thought to have formed a paleo-
delta that was established ca. 103 Ma and existed
to ca. 60-70 Ma (Bluck et al., 2007). This drainage
system, with an area of ~900,000 km?, represents the

main sediment outfall for southern Africa (Bremner
etal., 1990). In North America, several detrital-zircon
studies have now demonstrated far-flung sediment
delivery systems that spanned the entire width of the
continent during the peak assembly of the Pangean
supercontinent (Pennsylvanian-Permian) (Gehrels
et al., 2011; Kissock et al., 2017; Thomas et al., 2020),
and the same would remain true for the source-to-
sink delivery system that would have connected
Patagonian source rocks with the Karoo basin during
the late Paleozoic (Johnson, 1991; Sato et al., 2015;
Gomis-Cartesio et al., 2018).

Significantly, by tracking the detrital-zircon
grain patterns of sand reaching the Neuquén Basin
through the Negro-Colorado Delivery System, it
is possible to reconstruct the denudation history
of its geological substrate though time. The Early
and Middle Jurassic sandstones lack detrital-zircon
grains from Ordovician and older rocks that are so
common in the Lower Cretaceous Pilmatué and
Avilé Members (compare Figs. 12A and 12E). This
could suggest a relatively simple source area com-
position in northeastern Patagonia for the Early
Jurassic, largely dominated by the almost coeval
Marifil rhyolitic extensive extrusive complex and the
Permian-Triassic igneous rocks of the Choiyoi group.
By the late Valanginian—early Hauterivian (132-
129 Ma), large volumes of the Jurassic rocks could
have been eroded from the source area and trans-
ferred to the Neuquén Basin, leaving exhumed a
more complex source composition with Ordovician,
Cambrian, and Proterozoic igneous, sedimentary,
and metamorphic rocks. Because this time approx-
imately matches the break-up and opening of the
South Atlantic Ocean at these latitudes (Macdonald
et al., 2003; Lovecchio et al., 2018; Will and Frim-
mel, 2018), the Gondwana-scale, Negro-Colorado
Delivery System, which probably transferred clastics
from present Africa all the way to present Chile for
~60 m.y., finally would have come to an end.

H 7. CONCLUSIONS

This contribution provides the first detailed
detrital-zircon U-Pb geochronology of sand-prone
deposits associated with distributary channels,

mouth bars (of delta-front settings), and shoreface
settings of the late Valanginian—early Hauterivian
Pilmatué Member in the Neuquén Basin (south-
western Gondwana) for a better understanding
of far-flung versus local fluvial delivery systems
to the basin. The basin-scale reconstructed paleo-
geography of the unit is characterized by a clear
proximal-distal trend, ranging from delta-plain
and/or fluvial settings in the southeast grading to
delta-front and/or shoreface and prodelta and/or
offshore environments in the west and northwest.
Delta-plain and fluvial deposits are dominated by
medium- and fine-grained sandstones, whereas
sand-rich, shallow-marine deposits are characterized
by fine to very fine-grained sandstones. Detrital-
zircon analysis suggests that Triassic-Permian age
populations of the Pilmatué Member were probably
sourced from the western sector of the North Pata-
gonian Massif, whereas Early Jurassic, Cambrian,
Ordovician, and Proterozoic source rocks were most
likely located in the eastern sector of the North Pata-
gonian Massif, with subordinate contributions from
the Chadileuvu Block, the Sierra de la Ventana Belt,
and probably the Saldania Belt in southernmost
Africa. We thus propose that the source areas of the
Pilmatué sands extended ~1000 km east of their final
repositories and that a long-lasting fluvial system,
here called Negro-Colorado Delivery System, was
responsible for (and related to) denudation, erosion,
and transport of clastics across a large region of
southwestern Gondwana.
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