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ABSTRACT: The carbonate-mudstone-dominated Lower Cretaceous Agrio Formation is the youngest marine source
rock of the hydrocarbon-prolific Neuquén Basin in Argentina, yet its facies variability and unconventional
hydrocarbon potential remains relatively understudied. Detailed studies of mudstone facies variability in thick,
carbonate mudstone successions deposited largely below storm wave base (i.e., chalk–marl, black shale, limestone),
like the Agrio Formation, are rare and instead commonly focus on biostratigraphy or organic geochemistry alone. A
continuous northern section of the Agrio Formation and a southern composite section of the lower Pilmatué and
middle Avilé members, totaling ~ 1,200 m of outcrop, were measured. From these measured sections, programmed
pyrolysis (n¼ 339 samples), X-ray diffraction (XRD; n¼ 69), and thin sections (n¼ 69) were used to develop a high-
resolution integrated macrofacies and microfacies scheme. The four most volumetrically abundant facies include
detrital-quartz-silt-bearing fine mudstone (facies 1), radiolarian-bearing calcareous fine mudstone (facies 2), detrital-
quartz-silt- and shell-bearing calcareous fine mudstone (facies 3), and calcareous wackestone (facies 4). All four facies
are volumetrically dominated by carbonate mud matrix (i.e., micrite) that represents either 1) original pelagic
coccolithophore deposition modified by diagenesis, 2) transported carbonate mud (i.e., bottom currents like contour
currents or sediment gravity flows), or 3) a combination of both. Outcrop observations, XRD mineralogic trends, and
petrographic variations in grain composition between detrital quartz silt, radiolarian and microfossil to macrofossil
content (mainly benthic foraminifera and bivalves) distinguish the four mudstone facies. The facies scheme indicates
distinctly more heterogeneous and current-influenced sedimentation in the downdip sub-storm wave base than
previously described in the Agrio and in carbonate-dominated basinal settings in general. A depositional model is
proposed for further testing that may prove valuable towards re-evaluating basinal carbonate mudstone successions
worldwide. Utilizing TOC, S2, and HI value cutoffs, this study defines five discrete stratigraphic packages in the Agrio
Formation that have the highest source potential, collectively totaling ~ 140 m thick. The novel integration of
macrofacies and microfacies analysis, stratigraphy, and a geochemical analysis allow both depositional insights and
the assessment of a potential source rock. The study adds to a growing body of literature on 1) carbonate ramp (or
slope) to basinal processes and 2) facies models for organic-rich, carbonate-dominated mudstone successions that are
unconventional hydrocarbon systems.

INTRODUCTION

Mesozoic, organic-rich carbonate mudstone successions deposited in

carbonate ramp (or slope) to basinal settings (i.e., chalk–marl, black shale,

limestone) are common worldwide and are increasingly viewed as valuable

unconventional hydrocarbon resources. Examples include the Eagle Ford

and Niobrara of the Cretaceous Western Interior Seaway (U.S.A.), the

Haynesville Shale of the east Texas and north Louisiana salt basins

(U.S.A), the Vaca Muerta Formation of the Neuquén Basin (Argentina), the

Hanifa and Tuwaiq Mountain formations of the Arabian Basin (Saudi

Arabia), and North Sea Chalk plays (Back et al. 2011; Hammes et al. 2011;

Sonnenberg 2011; Kietzmann et al. 2014, 2016; Al Ibrahim et al. 2017;

Minisini et al. 2018). These systems, though mostly deposited in relatively

shallow seaways, were deposited largely below storm wave base and are

considered pelagic rather than neritic carbonate systems. Previous studies

of organic-rich, carbonate mudstone successions (chalk-marls or shale–

limestones) have largely focused on biostratigraphy or organic geochem-

istry, rather than facies variability and depositional mechanisms, resulting

in relatively simplistic facies models of these environments that include a

pelagic biogenic carbonate mud factory with varying degrees of detrital-
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clay dilution (i.e., chalks and marls) (e.g., Aguirre-Urreta et al. 2005;

Tyson et al. 2005; Back et al. 2011; Sonnenberg 2011). With the exception

of Al Ibrahim et al. (2017), integrating detailed sedimentology and

geochemistry is relatively rare in the broader literature. In contrast to

previous models that depict mud-dominated systems as recording quiet

depositional conditions with mud settling slowly out of suspension, many

of these systems are now considered to be current-influenced with a broad

range of sedimentation rates and more variable energy conditions

(Bhattacharya and MacEachern 2009; Plint et al. 2009; Schieber and

Yawar 2009; Macquaker et al. 2010a; Zeller et al. 2015; Schieber 2016).

A basic, early understanding of unconventional plays purported that, in

contrast to conventional plays, the source, reservoir, and seal rock occupy a

common stratigraphic unit (Schmoker 2002; Zou et al. 2013; Zhao et al.

2019). However, a closer inspection at the bed or even pore scale indicates

that intraformational migration between source intervals and carrier

(reservoir) beds is an important factor to consider in many unconventional

plays, particularly in thick mudstone successions (Abrams and Thomas in

press). For instance, many leading carbonate-rich unconventional plays,

including the Eagle Ford, Niobrara, and, at a larger scale, the Bakken and

Three Forks, display organic-rich intervals with source or hydrocarbon-

generation potential as well as reservoir intervals that display increased

porosity and permeability and/or brittle behavior conducive to hydraulic

fracturing and production (Johnston et al. 2010; Sonnenberg 2011; Taylor

and Sonnenberg 2014; Breyer 2016; Hogancamp and Pocknall 2018).

Therefore, hydrocarbon generation (source quality) should be evaluated

separately from hydrocarbon storage and production (reservoir) in

mudstone successions.

The Early Cretaceous Agrio Formation of the Neuquén Basin,

Argentina, is an ideal candidate on which to conduct a detailed, integrated

sedimentologic, stratigraphic, and organic geochemical study due to the

accessibility of thick, well-exposed carbonate mudstone deposits (histor-

ically described as interbedded organic-rich shales, marls, and limestones)

in the outcrop area in northernmost Neuquén province (qualities rare for

exposures of mudstone-dominated successions).

Despite the importance of the Agrio Formation as being one of three

marine source rocks in the Neuquén Basin, the unconventional

hydrocarbon potential of this unit remains relatively understudied. Though

extensive biostratigraphic, sedimentary, and stratigraphic studies have been

performed on the formation, there has been little integration of these

analyses with multiproxy geochemical and geomechanical assessments.

Previous studies indicate that, throughout the basin, the upper and lower

members of the Agrio Formation record siliciclastic shoreface to basinal

carbonate deposits in an open marine ramp (Legarreta and Uliana 1991,

1999; Spalletti et al. 2001a, 2001b; Lazo et al. 2005; Lazo 2006, 2007a,

2007b). Older, more general stratigraphic and sedimentological studies and

several more recent sedimentary-facies studies (e.g., Spalletti et al. 2011;

Comerio et al. 2018; Schwarz et al. 2018) provide a comprehensive

description of the current facies models for the Agrio Formation

throughout the Neuquén Basin, based largely on previous work done 40

to 100 km south of this study’s southernmost locality (Fig. 1A). It is well

established that the Agrio Formation represents a marine ramp environ-

ment with siliciclastic deposits dominating more paleoshore proximal

regions in the southern Neuquén region and carbonate deposits dominating

more distal basinal regions in the northern Mendoza region (Fig. 2;

Legarreta and Uliana 1991, 1999; Sagasti 2002, 2005; Lazo et al. 2005). In

this study, we focus on detailed descriptions of the facies from the more

distal carbonate-rich northern part of the Neuquén province. This distal,

northern part of the basin is also where the highest potential organic

richness is predicted (Legarreta and Uliana 1991; Uliana and Legarreta

1993; Cruz et al. 1996; Kozlowski et al. 1998; Uliana et al. 1999). The

most distal facies in the Agrio Formation are underrepresented in many

facies studies and are usually described as interbedded shales, marls, and

limestones (Spalletti et al. 2001a, 2001b; Lazo et al. 2005; Spalletti et al.

2011). Due to high variability in the descriptions used for fine-grained

sedimentary rocks between various studies, these terms can be problematic

and do not best capture the heterogeneity of these deposits.

The goals of this study are: 1) categorize facies variability in the distal

part of the Agrio system (i.e., chalk–marl, black shale, limestone) by

integrating macrofacies, microfacies, and geochemical analyses, 2) utilize

this understanding of facies heterogeneity to propose a depositional model

for further testing, and 3) establish the source potential of these distal

deposits in the context of the facies and stratigraphic framework.

Establishing the relationship between facies, depositional environment,

and source quality better informs play prospectivity of the unconventional

Agrio Formation. More broadly, this study provides an integrated method

of defining facies, depositional mechanisms, and the hydrocarbon potential

of source rock that is analogous to carbonate-dominated mudstone

successions of interest worldwide, particularly those of Mesozoic age.

This study moves away from a long-standing depositional interpretation

paradigm of a simplistic, hemipelagic depositional model resulting in

chalk–marl cyclicity and towards a more complex paleogeographic

reconstruction of dynamic currents that operated below storm wave base

in a carbonate-dominated environment.

GEOLOGIC BACKGROUND AND STUDY AREA

The retroarc Neuquén Basin (35–398 S lat. to 69–708 W long.) was

initiated as a rift basin in the Late Triassic and is the thickest rift fill of a

linked system of northwest–southeast-trending extensional basins in west-

central Argentina (Urien et al. 1995; Aguirre-Urreta et al. 1999; Ramos

and Folguera 2005) (Fig. 1A). From the Late Triassic to the Early Jurassic

the Neuquén Basin was characterized by intraplate extension and a

resulting system of long, narrow half grabens. From the Early Jurassic

through the Early Cretaceous, the basin was characterized by widespread

protracted thermal, backarc subsidence related to oceanic-plate subduction

below the western margin of Gondwana and the emplacement of the

Andean magmatic arc. The Andean magmatic arc was nearly fully

developed by the Late Jurassic (Howell et al. 2005). Previous studies hold

that sedimentation during the Late Jurassic and Early Cretaceous was

affected by widespread transgressive–regressive cycles of varying

magnitude, which were the result of a combination of eustatic oscillations

and tectonic factors such as local uplift and changes in subsidence rates

(Legarreta and Uliana 1991; Vergani et al. 1995; Burgess et al. 2000).

During this time, more than 4000 m of marine and continental, carbonate,

siliciclastic, and evaporitic sediments were deposited. The 120,000 km2

marine embayment in which the Agrio Formation was deposited formed by

the Early Cretaceous. This embayment was bordered by the Andean

magmatic arc along its western margin where it connected to the proto–

Pacific Ocean and is described as triangular in shape (in plan view) with a

low-gradient depositional surface and a shallow-water depositional

environment (Fig. 2; Legarreta and Gulisano 1989; Legarreta and Uliana

1991, 1999; Howell et al. 2005; Lazo et al. 2008). From the Late

Cretaceous to the Cenozoic, acceleration of plate convergence along the

western margin of South America resulted in compression and the

evolution of a foreland basin in the Neuquén Basin, closing the

embayment. Throughout the basin’s formation, its expansion was limited

to the northeast by the Sierra Pintada System and to the south by the North

Patagonia Massif (Fig. 1A; Vergani et al. 1995; Howell et al. 2005; Ramos

and Folguera 2005). The uplift that formed the present-day structure of the

outcrops examined in this study occurred in two main phases—a phase of

continuous contractional deformation from the Late Albian to the Late

Lutetian (~ 100–40 Ma) and a second continuous contractional

deformation phase from the Miocene onward (~ 25 Ma onward) (Tunik

et al. 2010; Rainoldi et al. 2014; Sánchez et al. 2018).

The Agrio Formation is part of a large Mesozoic sedimentary cycle

known as the Middle Supersequences and makes up the majority of the
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Middle and Upper Mendoza Mesosequences (Fig. 3). These sequences

were established based on basin-wide assessments of transgressive–

regressive cycles (Gulisano et al. 1984; Legarreta and Gulisano 1989). The

Lower Cretaceous (Early Valanginian to Latest Hauterivian or Earliest

Barremian) Agrio Formation was deposited over a maximum of ~ 10 My

from 136 to 126 My (Aguirre-Urreta et al. 1999, 2017; Sagasti and Ballent

2002) and is the youngest of the three main source rocks of the Neuquén

Basin. The older two are the Early–Middle Jurassic Los Molles Formation

and the Late Jurassic to Earliest Cretaceous Vaca Muerta Formation, the

latter of which is the most prolific hydrocarbon source rock in the basin

(Villar et al. 1998; Legarreta et al. 2005; Legarreta and Villar 2012). The

Los Molles and Vaca Muerta formations are both being developed as

unconventional petroleum systems. The Agrio Formation is an emerging

unconventional play. The underlying contact of the marine Agrio

Formation with the marginal marine to continental Mulichinco Formation

is gradational, but the base of the first thick marine black shale unit is

typically taken to mark the diachronous lithostratigraphic contact between

the two formations (Aguirre-Urreta and Rawson 1997). The Agrio

Formation is unconformably overlain by the siliciclastic and evaporitic

beds of the Huitrı́n Formation, which mark the end of marine-influenced

sedimentation in the Neuquén Basin during the Barremian (Urien et al.

1995; Aguirre-Urreta et al. 1999). Three members have been identified in

the Agrio Formation. The lower Pilmatué Member and upper Agua de la

Mula Member, formally named by Leanza et al. (2001), are generally

associated with accumulation during transgressive periods in a slowly

subsiding marine ramp environment, and the central sandstone-dominated

Avilé Member, named by Weaver (1931), is associated with an abrupt

FIG. 1.—A) Location map of the Neuquén Basin (gray polygon) with the study area in a red box. Province borders are dashed gray lines. Adapted from Vergani et al. (1995)

and Kietzmann et al. (2016). The localities of this study are marked by white dots and previous sedimentological studies reviewed by Spalletti et al. (2011) are marked by gray

dots. B) Google Earth image of the study area with major towns and roads marked. The localities of this study are marked with white dots. C) Stratigraphic correlation of the

outcrops measured in this study, showing the members present and stratigraphic height measured at each locality. Stratigraphic heights shown in gray were calculated from

thickness and dip angle where section was missing. Outcrop sections are represented by their interpreted depositional environments (see Fig. 4 for key). The contact between

the Avilé and Agua de la Mula members is the datum horizon.
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regression that occurred in the mid-Hauterivian (Legarreta and Gulisano

1989; Legarreta and Uliana 1991; Spalletti et al. 2011).

Previous studies indicate that, during deposition of the Agrio Formation,

the Neuquén Basin was dominated by coastal to lower-shoreface

siliciclastic deposits in the southern to southeastern parts of the basin

with a complex carbonate and siliciclastic shoreline forming the eastern

margin of the basin (Legarreta and Uliana 1991, 1999; Sagasti 2002, 2005;

Lazo et al. 2005; Spalletti et al. 2011) (Fig. 2). Distal marine deposits were

restricted to the central and northwestern parts of the basin (Sagasti 2005;

Spalletti et al. 2011). These previous paleogeographic reconstructions,

though valuable as an overview, have relied on relatively generalized

observations from widely spaced localities and have been somewhat

model-driven. A closer inspection of the distal environments was needed to

describe this region and is provided here. Previous sedimentological

studies indicate a homoclinal geometry for this mixed carbonate–

siliciclastic ramp, though localized examples of short-term distal

steepening have been noted in deposits of the Pilmatué Member (Lazo et

al. 2005; Schwarz et al. 2011). The study area of this work is located near

the town of Chos Malal (Fig. 1A, B), where the most distal carbonate-rich

deposits of the Pilmatué and Agua de la Mula members with the highest

predicted organic richness in the Neuquén province are found (Legarreta

and Uliana 1991; Uliana and Legarreta 1993; Uliana et al. 1999; Sagasti

2005; Spalletti et al. 2011; Aguirre-Urreta et al. 2017). The Avilé Member

is fairly well studied in this area (Rossi 2001; Veiga et al. 2011) and is not

the focus of this study.

DATA SET AND METHODS

In order to construct a depositional model for the Agrio Formation and

to assess its source potential, this study combines field data from over 1200

m of measured sections from three localities, petrographic analysis of 69

thin sections (~ 20 lm), X-ray diffraction (XRD) analysis on 69 samples,

and programmed pyrolysis data from 339 samples.

Four outcrop sections from three localities were measured at the

centimeter scale with particular emphasis placed on sedimentary structures,

bedding style, trace fossils, and stratigraphic stacking patterns. Moving

from north to south, these localities are El Portón (~ 655 m), Puerta

Curaco (~ 285 m), and Puesto Chivito (~ 300 m) (Fig. 1B, C). Where

outcrop was not continuous and was too weathered to measure, significant

member or formation contacts, thickness, and dip angles were utilized to

establish stratigraphic thickness. 423 samples were hammered out of the

outcrop at an average sampling interval of ~ 2.5 m. Sample spacing varied

as outcrop and bed quality allowed (i.e., poorly exposed intervals were

skipped altogether). Because outcrop quality did not allow consistent

stratigraphic spacing between samples, special attention was paid to collect

proportions of different mudstone facies that reflected their overall

thickness distribution in outcrop. So the sampling scheme was designed

to principally reflect facies proportions and secondarily achieve strati-

graphic coverage. Larger sampling intervals were also used through non-

mudstone-dominated sections. Every attempt was made to acquire the

cleanest sample possible and to collect a representative suite of the facies

present. Grain composition, fossil content, bioturbation, and diagenetic

features were described in thin section, allowing for a comparison with the

outcrop based macrofacies. Grain composition percentages were based on

visual estimates. An adaptation of the Lazar et al. (2015) facies naming

scheme was utilized in the analyses of both outcrop facies and petrographic

facies. Terminology for carbonate mudstone and wackestone is used

following Dunham (1962). Modifiers indicate the dominant grains present

in each facies, even where grains are rare. The Bioturbation Index (BI)

used in macroscale outcrop observations is based on Taylor and Goldring

(1993), and the recognition of cryptobioturbation in microscale petro-

graphic observations follows Pemberton et al. 2008 and Wilson and

Schieber 2015. The combination of macrofacies and microfacies

observations is key to the creation of the unified facies scheme presented

herein.

FIG. 2.—Paleogeographic reconstruction of the

Neuquén Basin during the Early Cretaceous at the

time of Agrio Formation deposition. Adapted

from Howell et al. (2005). Overlays of deposi-

tional environments are adapted from Spalletti et

al. (2011) and Schwarz et al. (2018).
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Whole-rock and clay XRD analyses were performed using a Bruker D8

ADVANCE X-ray diffractometer at the Energy and Geoscience Institute,

University of Utah. When analyzing both the clay-size fraction and the

bulk samples, the following calibration parameters were used: Cu Ka
radiation at 40 kV and 40 mA, 0.028 2h step size, and 0.4 and 0.6 seconds

per step, for clay and bulk samples, respectively. Clay samples were

examined from beam diffraction angles 2 to 458 2h and the bulk samples

from 4 to 658 2h. At a minimum, three analyses were conducted on each

sample—two or more on the clay-sized fraction and one on the bulk

sample.

Programmed pyrolysis analysis was performed on the HAWK

instrument at Energy and Geoscience Institute, University of Utah. All

samples were hand crushed using a mortar and pestle in order to avoid

degradation of hydrogen through the frictional heating involved with

mechanized crushing methods. An empty crucible, a Wildcat Technologies

rock standard, and an internal standard were placed in 25 sample intervals

in the run sequence to ensure that acceptable percent error was maintained.

A large benefit to conducting programmed pyrolysis using the HAWK

instrument is that acid preparation of samples is unnecessary even in

samples containing high percentages of carbonate. To ensure that

carbonate content did not skew the data produced by the HAWK

instrument, a subset of 15 samples were treated with acid and analyzed

following industry standard ‘‘Bulk-rock/basic’’ method/cycle procedure on

a Rock-Eval 6 device at the StratoChem lab in Cairo, Egypt. Analyses from

both methods yielded nearly identical results providing a high confidence

in the data derived from the HAWK. This is consistent with findings that

the results from the HAWK instrument are comparable to those of other

programmed pyrolysis instrumentation (Birdwell et al. 2017).

The main programmed pyrolysis proxies of interest for evaluating

source potential and thermal maturity are total organic carbon (TOC), S2

(the remaining generative potential), hydrogen indices (HI), oxygen indices

(OI), and Tmax (the temperature of peak hydrocarbon generation during

pyrolysis). TOC informs the quantity of organic material, S2 is a proxy for

the quality of organic material, and HI and OI are proxies for the type of

organic material. Tmax acts as a proxy for thermal maturity.

FIG. 3.—Stratigraphic column of the Neuquén Basin, including major tectonic stages and a schematic stratigraphic section of the Early Cretaceous units. Study interval

highlighted in blue and older marine source rocks of the Neuquén Basin are highlighted in purple. Adapted from Urien and Zambrano (1994), Aguirre-Urreta and Rawson

(1997), Howell et al. (2005), and Veiga et al. (2005). Age dates for the base of the Valanginian, Hauterivian, and Barremian are from Aguirre-Urreta et al. (2017).
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SEDIMENTARY FACIES AND PROCESSES

Analyses of outcrops, petrographic assessment of thin sections, and

XRD were used to establish seven facies in the Pilmatué and Agua de la

Mula members (Table 1; Fig. 4). Though four facies specific to the

upper 45 m of the Agua de la Mula Member at El Portón and eight

facies in the Avilé Member of the Agrio Formation were also

established, other studies have focused more directly on describing

these siliciclastic-dominated facies with similar results (Legarreta et al.

1981; Veiga and Vergani 1993; Veiga et al. 2002, 2005, 2007, 2011;

Tunik et al. 2009; Spalletti et al. 2011). For this reason, and because this

study focuses on distinguishing mudstone-dominated facies and

environments, only the seven facies specific to the Agua de la Mula

and Pilmatué members are addressed herein. Of these seven facies that

were identified (Table 1), there are four key facies, all carbonates, that

make up the highest volume of the Pilmatué and Agua de la Mula

members in the distal ramp part of the basin. Thus, only these four

calcareous micritic facies are described in detail below and brief

descriptions are provided for less volumetrically significant facies

identified in these two members. Supplemental information provides

outcrop measured sections (Appendices A, B, C) and detailed

descriptions of the mudstone-dominated Pilmatué and Agua de la Mula

Member facies not presented in detail (Appendix D).

Facies 1: Detrital-Quartz-Silt-Bearing Fine Mudstone

Detrital-quartz-silt-bearing fine mudstone (fMs), facies 1, is the most

volumetrically abundant facies in the Pilmatué and Agua de la Mula

members at all localities in this study. Facies 1 constitutes an estimated

50% of the measured sections. In outcrop, facies 1 appears black to gray

in color, fizzes in response to hydrochloric acid (i.e., are carbonates),

and is recessed with a fissile weathering appearance (i.e., ‘‘black shale,’’

Fig. 5A, D). Beds of this facies can be up to 13 m thick, but most

commonly they are only a few centimeters thick due to high-frequency

interbedding with facies 2, 3, and 7 and, to a lesser degree, facies 4, 5,

and 6 (Table 1; Appendix D). No sedimentary structures, bioclastic

material, or trace fossils are visible in outcrop other than rare ammonite

casts.

In thin section (n¼ 27), detrital-quartz-silt-bearing fMs is dominated by

micritic matrix. The grain fraction accounts for ~ 11% of this facies on

average and is dominated by subangular, medium-silt-sized dispersed

detrital quartz grains (Figs. 5B, 6). The grain fraction also includes silt-size

dispersed bioclastic shell material and rare Radiolaria and Foraminifera.

The shell material is largely on the microfossil scale, but some samples

include identifiable gastropods, bivalves, echinoid spines, and ostracod

macrofossil fragments (Fig. 5C). All bioclastic and biogenic material has

been recrystallized, if originally aragonite or calcite, or replaced, if

originally siliceous, by drusy and/or blocky spar calcite cement. The sand

fraction accounts for less than 3% of the composition of this facies on

average but consists largely of partially degraded plagioclase grains (Figs.

5B, 6). Though definitive outlines of individual burrowers are difficult to

identify in thin section, visible clotted organic-rich (silt-free) and dispersed

detrital-silt-rich domains in thin section suggest that heavy bioturbation

characterizes this facies (Fig. 5E). Cryptobioturbation has admixed the

sediment and destroyed original sedimentary structures completely (Fig.

5B, E).

XRD analyses on 28 samples of facies 1 indicate that the matrix in the

detrital-quartz-silt-bearing fMs is composed of calcite and detrital illite

with minor amounts of other detrital clay minerals (Fig. 7A). For all facies,

the XRD calcite content represents both carbonate mud and the calcite

cement recrystallizing and/or replacing all bioclastic and biogenic material.

On average, clay minerals, feldspars, and silica constitute over 55% of

facies 1. Only minor amounts of dolomite, pyrite, and other accessory

minerals are present.

Programmed pyrolysis results on 155 samples of facies 1 (Table 2) show

TOC content ranging from 0.31 to 10.66 wt.% with an average of 1.57

wt.% (Fig. 8A). S2 values range from 0.04 to 70.28 mg HC/g rock with an

average of 3.44 mg HC/g rock (Fig. 8B), and HI values ranging from 6 to

709 mg HC/g TOC with an average of 153 mg HC/g TOC (Fig. 8C).

Kerogen types inferred from these geochemical proxies range widely from

terrigenous- to marine-dominated, with many samples showing a mixed

terrigenous and marine signature (Type II/III) or a biodegraded marine

(Type II) signature (Fig. 9).

Facies 2: Radiolarian-Bearing Calcareous Fine Mudstone

Radiolarian-bearing calcareous fMs, facies 2, is the second most

volumetrically abundant facies in the Pilmatué and Agua de la Mula

members at all localities in this study. Facies 2 constitutes an estimated

30% percent of the measured sections. Facies 2 is resistant in outcrop,

creating thin to thick (0.03–1.1 m), laterally continuous beds with sharp

non-erosional bases. Beds in outcrop fizz in response to hydrochloric acid

(i.e., are carbonates) and are commonly referred to as ‘‘limestones.’’ These

beds are interbedded with facies 1 and are either discrete or grouped in

packages, which amalgamate laterally in some cases (Fig. 10A, B). They

commonly display a white weathering appearance but are dominantly black

beneath on a fresh surface (Fig. 10B). Though largely structureless, rare

beds show either continuous planar parallel, discontinuous wavy parallel,

or discontinuous wavy nonparallel laminae (Fig. 10C). Bioclastic material

is not visible in outcrop, but ammonite casts are common. Planolites and

Thalassinoides trace fossils are uncommonly visible on the upper bedding

planes of this facies in outcrop, usually where it is overlain by facies 7

(Table 1; Fig. 10D). BI is most commonly 1, but ranges from 1 to 4 in

outcrop.

Radiolarian-bearing fMs is dominated by micritic matrix in thin section

(n ¼ 21 total). The grain fraction accounts for ~ 9% of this facies on

average and is heavily dominated by very fine-sand-sized Radiolaria that

have been completely replaced by blocky spar calcite cement (Fig. 10E, F).

The rest of the sand fraction consists of benthic foraminifera, some

unidentifiable macrofossil shell material, identifiable macrofossil bivalves,

gastropods, echinoderm plates, and rare degraded feldspar grains (Fig. 10–

I). The foraminifera assemblage appears polytypic (Fig. 10H, I). The silt

fraction consists of approximately equal percentages of medium-silt-size,

subangular detrital quartz grains and dispersed microfossil shell material.

Rare sponge spicules are also present in some cases. As in facies 1, all

bioclastic and biogenic material has been recrystallized or replaced by

drusy and/or blocky spar calcite cement. Though detrital silt is not as

abundant as in facies 1, it also is completely dispersed in thin sections of

facies 2, indicating that the sediment was admixed through heavy

cryptobioturbation.

XRD analyses on 24 samples of facies 2 indicates that the matrix of

facies 2 is composed mainly of calcite with minor detrital clay minerals, the

most common of which is illite (Fig. 7A). On average, clay minerals,

feldspars, and silica account for less than 30% of facies 2. Facies 2 has a

relatively high percentage of dolomite at ~ 15% as compared with other

facies, with very minor amounts of pyrite and other accessory minerals.

Programmed pyrolysis results on 107 samples from facies 2 (Table 2)

show TOC content ranging from 0.25 to 3.8 wt.% with an average of 1.20

wt.% (Fig. 8A). S2 values range from 0.06 to 21.29 mg HC/g rock with an

average of 3.97 mg HC/g rock (Fig. 8B), and HI values range from 14 to

637 mg HC/g TOC with an average of 262 mg HC/g TOC (Fig. 8C).

Kerogen types inferred from these geochemical proxies show a variability

and range similar to that of facies 1. However, facies 2 shows a distinct

trend of more marine-dominated organic material (Type II) and/or a marine

signature with less biodegradation (Fig. 9).
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Facies 3: Detrital-Quartz-Silt- and Shell-Bearing Calcareous Fine

Mudstone

Detrital-quartz-silt- and shell-bearing calcareous fMs, facies 3, is

slightly less volumetrically abundant than facies 2 in the Pilmatué and

Agua de la Mula members and is commonly interbedded with facies 1 in

outcrop and rarely with facies 2. Facies 3 constitutes an estimated 10%

percent of the measured sections. In outcrop, this facies forms semi-

resistant, relatively thin (0.03–0.5 m) beds that are generally laterally

continuous but are commonly too weathered to distinguish easily from

facies 1 (Fig. 5D). These beds fizz in response to hydrochloric acid (i.e.,

are carbonates). No trace fossils, sedimentary structures, or bioclastic

material are visible in outcrop.

Detrital-quartz-silt- and shell-bearing calcareous fMs is dominated by

micritic matrix in thin section (n ¼ 8), with the grain fraction accounting

for ~ 14% on average. The grain fraction is dominated by a slightly more

mixed percentage of bioclastic material and subangular, medium-silt-size,

dispersed detrital quartz grains than present in facies 1(Figs. 5E, 6). The

bioclastic material is mainly unidentifiable microfossil shell fragments with

some gastropod, bivalve, ostracod, and echinoderm plates macrofossil

fragments (Fig. 5G, H). Facies 3 also contains elevated percentages of very

fine-sand-size Radiolaria and foraminifera compared with facies 1 (Figs.

5H, 6). Foraminifera appear admixed with a mixed assemblage of

bioclastic material. As in facies 1 and 2, all carbonate bioclastic and

biogenic material has been recrystallized or replaced by drusy and/or

blocky spar calcite cement, and all silica Radiolaria have been replaced and

filled with calcite. Additionally, syntaxial overgrowths are apparent on

some echinoderm plates (Fig. 5H). Similar to facies 1, thin sections of

facies 3 show visible mottled organic-rich and dispersed detrital-silt-rich

domains suggesting that cryptobioturbation destroyed original sedimentary

structures.

XRD analyses of two samples of facies 3 indicate that the matrix of

facies 3 is composed almost entirely of calcite with only very small

amounts of detrital illite (Fig. 7A). The high concentration of calcite-

recrystallized or -replaced bioclastic and biogenic material in the grain

fraction of this facies also contributes to a high average calcite content. On

average, clay minerals, feldspars, silica, dolomite, pyrite, and other

minerals account for less than 25% of facies 3.

Programmed pyrolysis results on 13 samples of facies 3 (Table 2) show

TOC content ranging from 0.46 to 15.9 wt.% with an average of 2.67 wt.%

(Fig. 8A). S2 values range from 0.12 to 106.32 mg HC/g rock with an

average of 13.02 mg HC/g rock (Fig. 8B), and HI values show a range

from 21 to 673 mg HC/g TOC with an average of 272 mg HC/g TOC (Fig.

8C). Kerogen types inferred from these geochemical proxies show a

bimodal trend of terrigenous-dominated (Type III) and marine-dominated

samples (Type II) (Fig. 9).

Facies 4: Calcareous Wackestone

Calcareous wackestone, facies 4, displays an outcrop expression similar

to that of facies 2 in that it is resistant, tabular, and thin-bedded to thick-

bedded (0.03–1.1 m) with a white weathering surface and sharp non-

erosional bases. Similarly, beds are either discrete or amalgamated in

packages and have a fizz response to hydrochloric acid. Rare continuous

wavy nonparallel laminae and trace fossils are apparent in outcrop. This

facies differs from facies 2 in that it contains a higher percentage of silt- to

 
FIG. 4.—Stratigraphic correlation of the Pilmatué and Avilé Member outcrops

measured in this study. Shown from left to right at each locality is a lithologic log,

interpreted depositional environment, normalized XRD log, and the stratigraphic

position of thin section and programmed pyrolysis samples. The stratigraphic height

of the El Portón source intervals are boxed in black and labeled. The contact between

the Avilé and Agua de la Mula members is the datum horizon.
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FIG. 5.—Examples of key features in facies 1 (Detrital-quartz-silt-bearing fine mudstone) and facies 3 (Detrital-quartz-silt- and shell-bearing fine mudstone). A) Outcrop

view with facies 1 with a few isolated interbeds of facies 3 and facies 4. Scale bar is 4 m (~ 13 ft). B) Thin section of facies 1 with dispersed detrital-quartz-silt (Qtz), bladed shell

fragments (SF), and rare plagioclase grains (P). C) Bivalve shell fragment recrystallized by blocky spar calcite cement. D) Outcrop view of the fissility of facies 1. Hammer is 33

cm (13 in). E) Thin section of facies 1 showing darker clotted organic-rich and lighter dispersed detrital-silt-rich domains. Several examples of the darker silt-free domains are

outlined in white, and two uninterpreted examples are indicated with red arrows. F) Outcrop with facies 3 (marked by white arrows) interbedded with facies 1. G) Thin section

of facies 3 showing higher concentration of thin shell fragments and lower concentrations of detrital quartz silt than seen in facies 1. H) Echinoderm plates in the center and

radiolarian to the right recrystallized by sparry calcite cement and showing signs of compaction. The echinoderm plate shows evidence of a syntaxial overgrowth.
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sand-size grains (� 15%); thus, it is categorized as a wackestone. Grains

are composed mainly of reworked shell debris of variable size and/or

disarticulated bivalves (Fig. 11A–D). Beds contain between 5 and 15%

bioclastic material, and ammonite casts are common. Identifying specific

taxa and genera is beyond the scope of this work but has been the focus of

a number of other studies on the Agrio Formation (Aguirre-Urreta and

Rawson 1997; Lazo 2004, 2006, 2007a, 2007b; Lazo et al. 2005, 2008).

Thalassinoides and Planolites trace fossils were observed in outcrop in

only one bed at the Puesto Chivito locality (Fig. 11E). Facies 4 constitutes

an estimated 5% of the measured sections.

Though calcareous wackestone is dominated by micritic matrix in thin

section (n ¼ 5), the grain fraction accounts for ~ 30% on average. The

grain fraction is dominated by sand- to silt-size shell material, consisting of

bivalve, gastropod, ostracod, and unidentifiable fragments (Figs. 6, 11F–I).

Most of the shell material is dispersed, but some larger shell fragments

show parallel to subparallel alignment with the bedding plane (Fig. 11H).

The grain fraction also contains medium-silt-size dispersed detrital quartz

grains in quantities similar to those seen in facies 1, relatively high

concentrations of medium-sand-size foraminifera, and minor Radiolaria,

dolomite, feldspar, and pyrite. The foraminifera assemblage appears to be

largely monotypic. All bioclastic and biogenic material has been

recrystallized or replaced by drusy and/or blocky spar calcite cement.

Some micritization is also visible (Fig. 11I). Similar to facies 2, intense

bioturbation is inferred from the dispersed nature of the detrital silt in

facies 4.

TABLE 2.—Programmed pyrolysis data by facies with averages shown in bold.

Facies TOC (wt. %) S2 (mg HC/g rock) HI (mg HC/g TOC) Kerogen Type

Facies 1 (n ¼ 155) 0.31–10.66 (1.57) 0.04–70.28 (3.44) 6–709 (153) Type I–Type IV

Facies 2 (n ¼ 107) 0.25–3.8 (1.20) 0.06–21.29 (3.97) 14–637 (262) Type I–Type IV

Facies 3 (n ¼ 13) 0.46–15.9 (2.67) 0.12–106.32 (13.02) 21–673 (272) Type I–Type IV

Facies 4 (n ¼ 14) 0.54–4.14 (1.77) 1.42–24.73 (8.86) 261–682 (474) Type I–Type II/III

Facies 5 (n ¼ 2) 1.66 8.73 526 Type I

FIG. 6.—Proximal-to-distal trends by facies based on normalized grain populations and total compositions established through petrographic assessment of thin sections.
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XRD analyses on five samples of facies 4 indicate that the matrix of the

facies is composed mainly of calcite with minor detrital clay-mineral

composition, the most common of which is illite (Fig. 7A). Similar to

facies 3, the high concentration of calcite-recrystallized or -replaced

bioclastic and biogenic material in the grain fraction of facies 4 contributes

to a high average calcite content. On average, clay minerals, feldspars, and

silica account for around 40% of facies 4, which is dominated by ~ 55%

calcite. Facies 4 contains minor amounts of dolomite, pyrite, and other

accessory minerals.

Programmed pyrolysis results on 14 samples of facies 4 (Table 2) show

TOC content ranging from 0.54 to 4.14 wt.% with an average of 1.77

wt.% TOC (Fig. 8A). S2 values range from 1.42 to 24.73 mg HC/g rock

with an average of 8.86 mg HC/g rock (Fig. 8B), and HI values range

from 261 to 682 mg HC/g TOC with an average of 474 mg HC/g TOC

(Fig. 8C). Kerogen types inferred from these geochemical proxies are

marine-dominated (Type II) to mixed terrigenous and marine (Type II/III)

(Fig. 9).

Facies Interpretations: Proximal-to-Distal Trends

The main constituents of the four volumetrically most abundant facies of

the Pilmatué and Agua de la Mula members in this distal part of the basin

can be separated into three groups: detrital material, benthic and/or pelagic

biogenic material, and carbonate mud (micrite). The mud-dominated nature

of these facies indicates that they were likely deposited in a relatively low-

energy environment, below storm wave base (Morris et al. 2006; Wilson

and Schieber 2014; Schwarz et al. 2018) It is important to note that storm

wave base may not represent one depth, but a range of depths dependent on

storm strength (Peters and Loss 2012). The average depth of storm wave

base in open-ramp systems is between 20 and 70 m, and the maximum

water depth reported for the Early Cretaceous Neuquén embayment was

~ 200 m (Sagasti 2005; Immenhauser 2009). Therefore, the approximate

water-depth range for these deposits is between ~ 50 and 200 m. Though

rare storm events may have occurred during the deposition of these facies,

the presence of pervasive cryptobioturbation in thin section, horizontal

trace fossils in outcrop in facies 2 and 4, and a lack of scouring and other

storm-deposit indicators (e.g., HCS) suggest that this system is generally

characterized by lower-energy conditions (Burchette and Wright 1992;

MacEachern et al. 2010). Though cryptobioturbation prevents the

identification of sedimentary features in thin section, no outcrop

observation in this field area, such as slumping or debris-flow deposits,

were seen that indicate a departure from a homoclinal-ramp geometry.

However, the exact nature and ramp angle through space and time requires

additional focused evaluation and cannot be confidently determined based

only on the data presented herein. Therefore, we defer to the low-gradient-

ramp model well established in the literature (Legarreta and Gulisano

1989; Legarreta and Uliana 1991, 1999; Sagasti 2005; Lazo et al. 2005,

2008; Schwarz et al. 2011).

The detrital-material component consists of siliciclastic detrital silt

(mainly quartz with minor plagioclase and K-feldspar), detrital argilla-

ceous mud (clay), and reworked bioclastic shell material. This detrital

material was largely transported offshore from a siliciclastic-dominated

shoreline and could have been transported by either 1) hyperpycnal flows,

2) hypopycnal plumes, or 3) wave- and/or current-enhanced sediment-

gravity-flow remobilization of siliciclastic and bioclastic shallow marine

deposits (Bhattacharya and MacEachern 2009; Wilson and Schieber 2014;

Denommee et al. 2016; Schieber 2016; Birgenheier et al. 2017). The

shallow-ramp, low-angle-gradient model for the Early Cretaceous Neuquén

Basin supports these three possible depositional mechanisms for detrital

material (Schieber 2016). The highly fragmented nature of the bioclastic

shell material indicates a long transport distance from more shore-proximal

zones (Egenhoff and Fishman 2013) located roughly ~ 150 km south and

FIG. 7.—A) Mineralogy by facies based on X-ray diffraction. B) Composition of the upper Agua de la Mula Member and lower Pilmatué Member of the Agrio Formation

based on X-ray diffraction values for normalized total quartz, total clay, and total carbonate.
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~ 60 km east of these localities (Fig. 2), likely through the same

mechanism responsible for the transport of the detrital silt and argillaceous

mud. The shore-proximal zone to the east is mentioned because some of

the shell material may have been sourced from the neritic carbonate factory

along the eastern margin of the basin.

Benthic foraminifera indicate some benthic production of biogenic

material with the possibility of further transport via traction currents

(Egenhoff and Fishman 2013), which may be evident from the admixing of

foraminifera with other bioclastic material seen in facies 3. The presence of

Radiolaria indicates some pelagic production of biogenic material that was

likely deposited by suspension settling. Possible sources for carbonate mud

commonly described for Cretaceous marine systems are 1) pelagic

calcareous nannofossils, 2) whitings, and/or 3) transported, shallow

marine, benthic carbonate that has been disarticulated and reworked into

mud, particularly from calcareous algae (Bathurst 1975; Bornemann et al.

2003).

Based on the processes indicated above, grain population trends within

these facies can be utilized to establish relatively higher energy to relatively

lower energy or shoreline proximal to distal depositional trends,

respectively (Fig. 12). Facies 4 has the highest percentage of grains

(versus matrix) at ~ 30%, and the dominant grain populations are shell

fragments, principally macrofossils, and detrital quartz grains (Fig. 6). This

relatively high percentage of macrofossils and detrital silt indicates that

facies 4 was deposited under the highest-energy conditions and is likely the

most proximal facies, with the highest input of detrital material transported

from a siliciclastic-dominated shore-proximal zone (Fig. 12). The high

FIG. 8.—Variations in geochemical properties by facies based on programmed pyrolysis. Box plots show median, distribution quartile, non-outlier range, and outliers of

each parameter.
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carbonate percentage compared to quartz and argillaceous clay minerals

from XRD is a function of the high percentage of calcite derived from

recrystallized or replaced macrofossil and microfossil bioclastic material

and biogenic material, which dilutes the detrital-quartz and clay signal.

Facies 3 displays XRD percentages and normalized grain population

percentages similar to facies 4, yet with a markedly lower percentage of

grains at ~ 14%, a dominance of microfossil shell fragments as opposed to

macrofossils, and a lower abundance of benthic forams (Fig. 6). Therefore,

facies 3 represents a slightly more distal, lower-energy environment than

facies 4 (Fig. 12). Facies 1 contains slightly fewer grains than facies 4 and

3, at ~ 11%, with a marked shift in grain population from mixed

bioclastic- and quartz-dominated to strongly quartz-dominated (Fig. 6).

This is apparent in the XRD data, which display a relatively high

percentage of detrital argillaceous clay minerals, and a calcite dilution of

detrital components is lacking (Fig. 7). The relatively high percentage of

detrital silt and detrital argillaceous mud in facies 1 (though lower absolute

detrital-silt percentages than facies 4 and 3), along with a slightly lower

microfossil abundance compared with facies 3, is interpreted as

representing slightly more distal, lower-energy deposition than facies 3

(Fig. 12). Facies 2 has the lowest percentage of grains at 9%, the lowest

absolute abundance of detrital quartz grains, and is dominated by pelagic

Radiolaria (Fig. 6). As such, it is interpreted as representing the most distal

or lowest-energy deposits (Fig. 12).

Based on the model for the distribution of grain populations presented

here, it would be expected that Radiolaria would be more abundant in the

distal facies than in the more proximal facies. This trend is clearly seen in

the comparison of facies 1 and facies 2, but is less substantial when

comparing facies 2 with facies 3 and 4 (Fig. 6). The similar overall high

abundance of Radiolaria in the most proximal (facies 4) and most distal

(facies 2) facies may have several explanations. From a depositional

standpoint, this similarity in abundance may be a result of increased

winnowing out of mud in the more proximal, high-energy zones leading to

concentrations of Radiolaria. Conversely, this trend could indicate that

radiolarian abundances do not follow proximal-to-distal trends as they are

responding to other drivers, such as nutrient upwellings and/or silica

supply. Alternately, Radiolaria abundance by facies may reflect not only

production but also the preservation of Radiolaria, which may be affected

by diagenesis inequality across facies types (Frank et al. 1999; Westphal et

al. 2004). Finally, it should also be considered that the sample size for thin

sections of facies 1 (n¼ 27) and facies 2 (n¼ 21) is more substantial and

comparable with that of facies 3 (n ¼ 8) and facies 4 (n ¼ 5) due to their

relative abundance in outcrop.

Facies 2 displays the highest ratio of marine-dominated organic

matter to terrestrial organic matter (Fig. 9). Thus, the organic

geochemical data support facies 2 as the most distal or low-energy

facies with the lowest amount of dilution by hinterland-derived material.

Similarly, facies 1, which is interpreted as more proximal or high energy

with a higher detrital component compared with facies 2, displays a

mixed terrestrial and marine organic matter signal or a biodegraded

marine organic matter signal. Both of these signals would be prominent

in more proximal settings prone to offshore transport of terrestrial

material and conditions less conducive to the preservation of organic

material (Fig. 9).

Rare Facies of the Pilmatué and Agua de la Mula Members

There are three facies (facies 5–7) in the distal ramp of the Pilmatué

and Agua de la Mula members that are not volumetrically significant

(Table 1). All beds of facies 5, calcareous intraclastic packstone,

collectively account for only ~ 2 m of the ~ 1200 m measured. Facies

5 is interpreted as resulting from subaqueous erosion and redistribution

of rapidly stabilized offshore to basinal carbonate mudstone deposits,

possibly related to energetic transgressive events or ravinement surfaces.

Facies 6, calcareous floatstone, is observed as only several centimeter-

FIG. 9.—A) Hydrocarbon index versus oxygen index (pseudo–van Krevelen diagram). B) S2 versus total organic carbon (TOC). Trendlines represent HI values (marine,

600 HI; terrigenous, 150 HI) calculated from S2 and TOC. Both are colored by facies with shapes denoting location.
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thick beds in the upper part of the Pilmatué Member at Puesto Chivito.

Facies 6 is interpreted as representative of isolated and localized

bioherms, due to their rarity, lack of lateral continuity and lenticular

shape, and the nature and positioning of the included bioclastic material.

Facies 7, tuff, though less volumetrically limited than facies 5 and 6, is

interpreted as distal ash-fall deposits from the active magmatic arc to the

west. A lack of sedimentary structures in deposits of facies 7 indicate

these deposits likely settled out of suspension.

FIG. 10.—Examples of key features in facies 2 (Radiolarian-bearing fine mudstone). A) Outcrop with resistant facies 2 thinly interbedded with recessed facies 1. Both

facies are laterally continuous. Hammer is 33 cm (13 in). B) Close-up of facies 2 showing the white weathering appearance. C) Facies 2 showing discontinuous, wavy,

nonparallel laminae. D) Bedding plane of facies 2 with orange tuff-stained Thalassinoides trace fossils visible. One example is outlined and annotated and two uninterpreted

examples are indicated with red arrows. Pencil is 14.5 cm (5.70 in). E) Thin section of facies 2 showing blocky-spar-calcite-replaced radiolarians (R). F) Sparry-calcite-

replaced radiolarian with preserved spine (red arrow). G) Blocky-spar-calcite-recrystallized gastropod. H, I) Blocky-spar-calcite-recrystallized or -replaced benthic

foraminifera with some of its original test morphology preserved (H, possibly agglutinated: I, possibly Nodosaridae).
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FIG. 11.—Examples of key feature in facies 4 (Calcareous wackestone). A) Outcrop with facies 4 showing a large bivalve shell, B) a cast of an articulated bivalve, C) a

gastropod fragment, D) millimeter-scale dispersed shell fragments (white arrows), and E) abundant Thalassinoides and rare Planolites trace fossils visible on top of bedding

plane. One example of each is annotated. F) Dual carbonate-stained thin section showing wackestone with Epistomina benthic foraminifera (F), shell fragments (SF), detrital-

quartz-silt (red arrow), and plagioclase crystals (P). G) Thin section showing a wackestone with shell fragments (SF), gastropods (G), forams (F), (possibly agglutinated), and

Radiolaria (R). H) Thin section showing wackestone displaying blocky-spar-calcite-recrystallized shell fragments oriented subparallel to lamination. Replaced Radiolaria are

visible. I) Blocky-spar-calcite-recrystallized articulated shell; note micrite in the cell center. J) A slightly compressed, calcite-recrystallized ostracod.
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SOURCE POTENTIAL

The main programmed pyrolysis proxies of interest for evaluating

source potential and thermal maturity in this assessment are TOC, S2, HI,

OI, and Tmax. The programmed pyrolysis data from the measured sections

in this study allow a comparison of source potential by facies as well as by

locality and stratigraphic interval. This makes possible a south (paleo-

updip and proximal) to north (paleo-downdip and distal) proxy comparison

in the Pilmatué Member, as well as a proxy understanding of the Agua de

la Mula Member in the north only (Figs. 1C, 4).

For several reasons, an evaluation of source potential by facies will

focus on facies 1 and 2 only. First, these are the most volumetrically

abundant facies by a significant margin (Appendices A, B, C). As such,

they are the only facies with a statistically significant number of

programmed pyrolysis data points (Table 2). Additionally, these facies are

most relevant and comparable with previous literature concerning the

source potential of the Agrio, with facies 1 equivalents (‘‘black shale’’)

typically described as the main organic-matter-bearing facies (Cruz et al.

1996; Tyson et al. 2005). Contrary to this assumption, geochemical

analysis of programmed pyrolysis data indicates facies 1, on average, is

only slightly TOC enriched (avg. 1.57 wt.%) relative to facies 2 (avg. 1.2

wt.%), and S2 values indicate that facies 2 (avg. 3.97 mg HC/g rock) has

a slightly higher source quality than facies 1 (avg. 3.44 mg HC/g rock).

Overall, there is a high degree of heterogeneity associated with the source

of organic material in these samples, particularly for facies 1 and 2, with

HI and OI trends plotting largely along Type II and mixed Type II–III

trends (Fig. 9A). Perhaps most significantly, facies 2 displays more

marine-dominated trends in organic matter than the more mixed

terrigenous and marine trends of facies 1 (Fig. 9B). This indicates that

facies 2 may be more oil prone in general than facies 1. Because of this

weak relationship between source potential and facies, with both of the

dominant facies acting as potential source units, identification of source

intervals herein focuses on identifying temporally or stratigraphically

significant intervals.

In this study, high source potential is defined as samples that display the

following geochemical characteristics: TOC � 2 wt.%, S2 � 5 mg HC/g

rock, and HI � 300 mg HC/g TOC (Peters 1986; Peters and Cassa 1994;

Pepper and Corvi 1995a, 1995b). Both northern and southern localities

display samples that meet the established TOC and S2 value criteria for

high source potential (Table 3; Fig. 13A, B). However, HI values are low

throughout the southern localities (Table 3; Fig. 13C) with no southern

samples meeting the established HI value criteria. HI values and

geochemical diagrams of the data indicate the northern locality, El Portón,

is dominated by marine to mixed terrigenous and marine organic material,

whereas the southern localities, Puerta Curaco and Puesto Chivito, are

dominated by terrigenous to inert organic material (Figs. 9, 13C). Tmax

values indicate that the Pilmatué Member ranges from early oil to peak oil

maturity in the north and from peak oil to late oil maturity at the southern

localities (Fig. 13D). The Agua de la Mula in the north ranges largely from

immature to early oil mature (Fig. 13D).

Based on stratigraphic clustering of samples reaching the above-

established geochemical cutoffs, five source intervals have been estab-

lished in the Aqua de la Mula and Pilmatué members at the northern El

Portón locality (Table 4). Source interval one (SI1) is positioned in the

basal section of the Pilmatué Member and has a thickness of ~ 30 m (Figs.

4, 14). Source interval two (SI2) is positioned in the lower half of the

Pilmatué Member and has a thickness of ~ 25 m (Figs. 4, 14). Source

interval 3 (SI3) is isolated to the upper section of the Pilmatué Member and

is ~ 20 m thick (Figs. 4, 14). Source intervals 4 and 5 (SI4, SI5) are

located in the Agua de la Mula Member and are ~ 7 m and ~ 50 m thick,

respectively (Fig. 15).

FIG. 12.—Summary schematic diagram showing the distribution of grain populations across the distal part of a carbonate ramp with interpreted ranges of facies denoted.

Interpreted depositional sub-environments from the sections measured in this study are shown. Adapted from Burchette and Wright (1992).
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DISCUSSION

Depositional Mechanisms

Facies 1 through 4 of the Pilmatué and Agua de la Mula members are

dominated by calcareous micrite by more than 84% on average (Figs. 6, 7),

making for a thick accumulation (~ 600 m) of interbedded carbonate

mudstone deposits. The interpretation that most of the Pilmatué and Agua

de la Mula members deposited below storm wave base is consistent with

the placement of storm wave base in a paleo-updip study conducted by

Schwarz et al. (2018). Previous depositional models of the Agrio

Formation have called upon suspension settling of mud as the dominant,

if not sole, depositional mechanism below storm wave base (Sagasti 2005;

Veiga and Schwarz 2017; Schwarz et al. 2018). One marked exception is

the work of Comerio et al. (2018), which highlights evidence of current-

influenced sedimentation in the basal part of the Aqua de la Mula member

in deposits south of this study. Our detailed study of the mudstone-

dominated facies of the Agrio Formation indicates the sub-storm-wave-

base system was much more dynamic than simple suspension settling

throughout the deposition of the unit.

The percentage of diagenetic versus depositional micrite or carbonate

mud was not quantified as part of this study. A full detailed diagenetic

study of the carbonate mudstone-dominated facies in the Agrio Formation,

defined systematically here, is needed to truly isolate depositional micrite

from diagenetic overprinting. With that caveat, we propose that interpreted

FIG. 13.—Variations in geochemical properties by location and member based on programmed pyrolysis. Box plots show median, distribution quartile, non-outlier range,

and outliers of each parameter.
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depositional mechanisms for each facies below that should be further

tested with cathodoluminescence (CL) and scanning electron microscopy

(SEM) techniques to highlight diagenetic features.

Distinct features in facies 1–4 collectively can be explained by three

main depositional mechanisms: 1) wave- and/or current-enhanced gravity

flows delivering siliciclastic fluvial, and siliciclastic and bioclastic shallow

marine sediments from areas paleodepositionally updip (Veiga and

Schwarz 2017; Schwarz et al. 2018) to the offshore realm, 2) along-shore

and oblique shallow water bottom-current-transported carbonate mud,

sourced from the shallow marine carbonate-factory part of the shoreline,

and 3) production of benthic and pelagic tests, both calcareous and

siliceous (i.e., nannofossil and microfossils) (Fig. 16).

Wave- and/or Current-Enhanced Sediment Gravity Flows.—There

are three possible depositional mechanisms that could be responsible for

transporting fine-grained siliciclastic detrital silt (mainly quartz with minor

plagioclase and K-feldspar), detrital argillaceous mud, and reworked

bioclastic material offshore in this system: hyperpycnal flows, hypopycnal

plumes, and wave- and/or current-enhanced sediment gravity flows

(Bhattacharya and MacEachern 2009; Wilson and Schieber 2014;

Denommee et al. 2016; Schieber 2016; Birgenheier et al. 2017). Though

these sedimentary processes are typically distinguished using characteristic

sedimentary structures, cryptobioturbation obliterated these in the Agrio

Formation, preventing a definitive interpretation in this way. However,

through the established understanding of the paleogeography of the

Neuquén Basin, namely distance from the shoreline and estimated slope

angles, we interpret that wave- and/or current-enhanced sediment gravity

flows were responsible for transporting fine-grained detrital material

offshore. Units in this study were deposited between ~ 20 and ~ 60 km

from the nearest sandstone shallow marine shoreface deposits, which were

dominated by longshore drift, but were at least ~ 150 km away from the

southern fluvial–deltaic point source that could have produced hyperpycnal

flows and hypopycnal plumes (Sagasti 2005; Wilson and Schieber 2014;

Schwarz et al. 2018). Additionally, previous works indicate slope angles in

the inner ramp to middle ramp ranging from 0.1 to 0.01 degrees for the

Neuquén Basin during deposition of the Agrio Formation (Hampson 2000;

Sagasti 2005). Wave- and/or current-enhanced sediment gravity flows are

the only documented process capable of transporting detrital silt over 150

km from the deltaic-dominated shoreline, particularly at this low slope

angle (Schieber 2016) (Fig. 16). The slope gradient was likely too low for

turbidity currents to be initiated through slope failure (Schieber 2016).

Though several offshore marine depositional models infer detrital-

quartz-silt sourced from eolian or volcanic input (Werne et al. 2002;

Sageman et al. 2003; Gabbott et al. 2010; Egenhoff and Fishman 2013),

evidence in the four facies presented in detail herein do not support these

interpretations. The dominance of subangular grains, rather than euhedral

quartz grains, suggests that volcanic input is unlikely. Additionally,

previous studies of altered tuffs in the Agrio Formation indicate that they

consist primarily of volcanic glass shards with very little quartz and

plagioclase present (Aguirre-Urreta et al. 2015, 2017; Schwarz et al. 2016).

Eolian input is also unlikely because it fails to account for the transport of

the detrital argillaceous mud, since flocculated clay particles cohesively

form and act like silt- or sand-size particles that generally are not

transported by wind (Nichols 2009; Schieber and Yawar 2009). The

cohesive behavior of mud-size particles over a wide range of compositional

variations and experimental conditions is well established (e.g., Schieber et

al. 2007; Aplin and Macquaker 2011). Additionally, updip siliciclastic

shoreface and offshore deposits documented by Schwarz et al. (2018) favor

a siliciclastic shoreline over an eolian origin, inasmuch as there is no

documentation of updip eolian deposits.

Oxygenation and the Preservation of Organic Matter.—It has been

suggested that in shallow (� 300 m), ancient epeiric seas, the development

of seasonal thermal stratification related to dysoxic to anoxic periods

would be likely, particularly under greenhouse conditions such as those

that characterize the Early Cretaceous (Tyson and Pearson 1991; Sageman

et al. 2003). Thalassinoides traces and cryptobioturbation occur in

environments with oxygen levels ranging from dysoxic to oxic and

suboxic to oxic, respectively. The presence of Thalassinoides burrows seen

in outcrop and cryptobioturbation seen in thin section suggests that

oxygenated to suboxic conditions existed at the sediment–water interface

during the deposition of the Agrio Formation. Therefore, sedimentologic

lines of evidence do not support prolonged anoxic periods of deposition.

Yet, clearly, a subset of samples preserves a high amount of organic

material (Fig. 8). Most established geochemical models would assert that

this defined subset of samples preserves evidence of anoxic conditions to

promote the preservation of organic matter and deter biodegradation

(Demaison and Moore 1980; Pedersen and Calvert 1990; Ingall et al. 1993;

Calvert et al. 1996; Tyson 2001; Van Dongen et al. 2006). However, the

preservation of organic material in an oxygenated water column may also

be explained by optimal rates of production, destruction, or dilution. For

example, the encapsulation of organic matter into ‘‘marine snow’’ created

local pore-water anoxia in the algal masses (Bohacs et al. 2005; Macquaker

et al. 2010b) that reached the sea floor during periods of relative calm when

weak bottom currents slightly buried and preserved it (Comerio et al. 2018;

Minisini et al. 2018). Furthermore, the preservation of organic material

TABLE 3.—Programmed pyrolysis data by area and member with averages shown in bold.

Area Member TOC (w.t %) S2 (mg HC/g rock) HI (mg HC/g TOC)

North Agua de la Mula (n ¼ 97) 0.31–15.9 (1.56) 0.04–106.32 (7.14) 6–709 (339)

Pilmatué (n ¼ 55) 0.25–10.66 (1.69) 0.05–70.28 (6.38) 7–695 (289)

South Pilmatué (n ¼ 137) 0.35–6.12 (1.37) 0.06–7.30 (1.52) 14–234 (96)

TABLE 4.—Programmed pyrolysis data of the El Portón source intervals.

Member Source Interval

Stratigraphic

Height (m)

Stratigraphic

Thickness (m) TOC (wt. %) S2 (mg HC/g rock) HI (mg HC/g TOC)

Agua de la Mula 5 (n ¼ 29) 415–465 50 0.54–6.18 (2.05) 1.02–43.80 (10.20) 102–709 (448)

4 (n ¼ 6) 350–357 7 1.55–15.9 (4.52) 4.32–106.32 (27.95) 276–668 (537)

Pilmatué 3 (n ¼ 4) 260–285 25 2.39–3.61 (2.86) 5.92–21.29 (11.97) 216–588 (402)

2 (n ¼ 32) 105–130 25 0.51–17.22 (2.96) 0.56–82.29 (12.59) 32–659 (344)

1 (n ¼ 7) 30–62 32 2.12–4.14 (2.93) 3.80–18.56 (9.70) 175–114 (316)
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FIG. 14.—Log data for the Pilmatué Member at the northern El Portón locality including lithology, interpreted depositional environment, and XRD and programmed

pyrolysis data. Samples with source potential are marked with a star. Yellow stars are for samples for which stratigraphic height is precisely known, and white stars are for

samples for which approximate stratigraphic height is known. The stratigraphic height of individual XRD samples is marked by a black horizontal line in the XRD track.

Priority source intervals are numbered and highlighted in green, with the darker green representing conservative thickness and the lighter green representing liberal thickness.

See Figure 4 for lithologic, depositional environment, and XRD key.
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FIG. 15.—Log data for the Agua de la Mula Member at the northern El Portón locality including lithology, interpreted depositional environment, and XRD and

programmed pyrolysis data. Samples with source potential are marked with a star. Yellow stars are for samples for which stratigraphic height is precisely known, and white

stars are for samples for which approximate stratigraphic height is known. The stratigraphic height of individual XRD samples is marked by a black horizontal line in the

XRD track. Priority source intervals are numbered and highlighted in green, with the darker green representing conservative thickness and the lighter green representing

liberal thickness. See Figure 4 for lithologic, depositional environment, and XRD key.
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within an oxygenated sediment–water interface zone that supports

burrowing infauna can be explained by rapid deposition of the marine

snow when planktonic blooms outpaced the rate of organic-carbon decay

(Macquaker et al. 2010b). Future work on the inorganic geochemistry of

redox-sensitive elements (e.g., Mo, V, Cu, Co) should be conducted to

support these sedimentological findings.

Origin of Carbonate Mud.—Models of deep marine Cretaceous

systems typically assert that the bulk of carbonate mud or micrite is

composed of calcareous nannofossils that lived in the water column and

then settled to the sea floor (Bornemann et al. 2003; Sonnenberg 2011;

Eldrett et al. 2015; Fairbanks et al. 2016). Though a number of studies have

identified nannofossils in the Agrio Formation, chiefly for biostratigraphic

assessments, no study has attempted to quantify what percentage of a given

sample they account for (Aguirre-Urreta et al. 1999, 2005, 2017; Comerio

et al. 2018). Slide-smear analyses reveal that the matrix contains rare,

barely identifiable nannofossil tests of the most dissolution-resistant

Cretaceous nannofossil species Watznaueria barnesiae (Fig. 17), but

severe burial and weathering diagenesis makes quantifying the original

volume of nannofossils present impossible (David Watkins, personal

FIG. 16.—Schematic illustration of interpreted distal environments of deposition from the sections measured in this study, with depositional mechanisms outlined. The

southern siliciclastic shoreline is modified from Schwarz et al. (2018), and the northern carbonate and siliciclastic shoreline is modified from Spalletti et al. (2011).
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communication 2018). An average of sedimentation rates established and

compiled by Locklair et al. (2011) for Cretaceous marine chalk deposits in

pelagic environments indicates a sedimentation rate of 1.84 cm/ky (ranging

from 1.1 to 3.5 cm/ky), suggesting that nannofossil sedimentation rates

would be of a similar magnitude. Approximate sedimentation rates, based

on extensive biostratigraphic studies and available U-Pb age dates, indicate

a sediment accumulation rate of 8.93 cm/ky for the Agua de la Mula

Member and an average sediment accumulation rate of 7.17 cm/ky for the

Pilmatué Member in this part of the basin (Martinez et al. 2012, 2015,

Aguirre-Urreta et al. 2015, 2017; Schwarz et al. 2016). Because the

sediment accumulation rates in the distal part of the Agrio Formation are

almost an order of magnitude greater than those explained by nannofossil

accumulation alone, and because the dominant component of the facies is

carbonate mud, we propose the hypothesis that there was likely an

additional depositional source and a depositional mechanism besides

pelagic settling of carbonate mud alone. This hypothesis should be further

tested from other localities and with more detailed diagenetic studies that

quantify the percentage of diagenetic versus depositional micrite.

Additional micritic carbonate may have been derived from siliciclastic-

poor, shallow carbonate-rich regions of the shoreline, where the fine-

grained fraction was winnowed out of shallow carbonate periplatform

sediment, transported laterally and obliquely, and deposited offshore as a

drift (Betzler et al. 2013, 2014; Eberli and Betzler 2019). Existing

paleogeographic reconstructions document a siliciclastic shoreline to the

south and a shallow carbonate platform, or neritic carbonate factory in the

context of a ramp system, to the east and northeast (Spalletti et al. 2011;

Schwarz et al. 2018). Carbonate platform environments produce large

amounts of mud-size grains through varying degrees of mechanical

degradation of skeletal material (e.g., calcareous green algae), bioerosion,

and chemical and/or biochemical precipitation (Neumann and Land 1975;

Gischler and Zingeler 2002; Betzler et al. 2013). As such, we propose

neritic-carbonate-factory-derived mud may have been transported offshore

and deposited along and oblique to the shoreline by offshore to oblique-to-

shore bottom currents (Figs. 2, 16). One possible bottom-current

mechanism is contour currents that originated from paleoceanographic

circulation patterns driven by a combination of thermohaline- and wind-

driven currents (Stow et al. 2002; Frébourg et al. 2016). These currents

would likely have been modified by interaction with the seafloor

topography and deflected clock-wise offshore by the Coriolis force. These

inferred shallow-water contour currents may have formed a shoreline-

parallel carbonate mudbelt. The range of sediment accumulation rates

associated with carbonate-factory marginal environments, ~ 4–30 cm/ky,

are more in line with the magnitude of sediment accumulation calculated

for the measured sections in this study (McNeill 2005; Lokier and Steuber

2008; Phelps et al. 2015). Thus, a combination of pelagic nannofossil

production and shallow-water bottom currents accounts for the carbonate

mud in the Agrio system, inasmuch as nannofossil test production alone is

unlikely to account for the documented high sedimentation rates (Fig. 16).

A higher component of shallow platform-derived micrite than pelagic

calcareous production has been briefly suggested by Sagasti (2005) and is

further supported by accumulation rates presented here.

Benthic and Pelagic Deposition.—Benthic biogenic production in this

system resulted in the deposition of benthic foraminifera (Fig. 16). Where

concentrations of these benthic forams in the succession are high and

rather monotypic, such as high concentrations of Epistomina in facies 4,

they represent a local population, with limited secondary transport

(Sagasti and Ballent 2002). Since other lines of evidence suggest that

active currents characterized the system, where the foraminifera

assemblages are more mixed and are admixed with other transported

shell material, such as seen in facies 3, microfossils may have

experienced entrainment, transport in active currents, and subsequent

redeposition. Pelagic biogenic calcareous-test and silica-test production

in this system resulted in the deposition of calcareous nannofossils and

dispersed Radiolaria through suspension settling (Fig. 16). Note that

Radiolaria tests that were originally siliceous have been dissolved and

replaced with blocky spar calcite cement, a significant diagenetic event.

The lack of preservation of nannofossil tests also indicated extensive

diagenesis.

Facies Assemblages and Depositional Environments

The relative influence of each of the three depositional mechanisms

outlined above in each facies indicates depositional sub-environments in

the distal offshore realm of a mixed siliciclastic to carbonate ramp. Facies

stack stratigraphically into facies assemblages that record deposition in one

sub-environment. We propose that this part of the ramp, which was

previously characterized as simply basinal, is divided into the following

three depositional sub-environments: basinal ramp, distal outer ramp, and

proximal outer ramp (Table 5; Figs. 12, 16, 18). The vertical stacking

pattern of these depositional sub-environments has been established for

each outcrop locality (Fig. 4). This depositional model should be further

tested in other localities.

Basinal Ramp (FA1).—This facies assemblage is dominated by

packages of facies 2 (radiolarian-bearing fMs) interbedded with volumet-

rically minor amounts of facies 1 and 3 (Table 5; Fig. 18). The environment

is dominated by micrite, derived from the likely combination of pelagic

nannofossils with shallow-water bottom-current-transported carbonate

sourced from the northeastern carbonate factory (Figs. 2, 16). This

environment is characterized by deposition of biogenic pelagic silica tests

(typical of facies 2) and low concentrations of transported detrital material

(Fig. 12). Although the percentage of diagenetic versus depositional

micrite cannot be quantified, the low amount of detrital silt and

argillaceous clay minerals in the facies dominating this assemblage (facies

2) indicates that this is the most distal environment.

Distal Outer Ramp (FA2).—This facies assemblage is dominated by

facies 1 (detrital-quartz-silt-bearing fMs) interbedded with rare facies 2 and

3 (and facies 7 in the southernmost location) (Table 5; Fig. 18). The

environment is also dominated by micrite, derived from a combination of

pelagic nannofossils and shallow-water bottom-current-transported car-

bonate derived from the northeastern carbonate factory (Figs. 2, 16).

However, it is characterized by relatively high dilution from detrital

FIG. 17.—Smear slide of facies 2 showing a Watznaueria barnesiae calcareous

nannofossil exhibiting advanced diagenetic alteration including breakage (red circle).
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material derived from gravity flows moving northward and westward from

the siliciclastic-dominated southern shoreline and deposition of relatively

minor biogenic pelagic silica test input compared to the basinal ramp

environment (Fig. 12). In the upper Pilmatué Member, facies 1 (four

samples) shows an increase in illite and a decrease in carbonate. At the

same stratigraphic positions, the southernmost locality contains isolated,

discontinuous, bivalve-dominated floatstone beds (facies 6). A detailed

taxonomic assessment was not conducted for this study, but generally these

floatstone beds have a mixed bivalve assemblage that is dominated by

oysters with possible inoceramids and Pholadomya gigantea. These

floatstone beds are interpreted herein as local bioherms, suggesting a more

proximal environment in the distal outer ramp. Analogous bivalve-

dominated outer-ramp buildups have been documented in similar

Cretaceous cratonic basins (Burchette and Wright 1992).

Proximal Outer Ramp (FA3).—This facies assemblage is dominated

by facies 4, wackestone, interbedded with volumetrically minor amounts of

facies 1 and 3, and even lesser amounts of facies 2 (Table 5; Fig. 18). The

FIG. 18.—Lithologic logs characteristic of the three depositional sub-environments established in this study.
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environment is also dominated by micrite, derived from a combination of

pelagic nannofossils and carbonate sourced from the northeastern

carbonate factory and transported by shallow-water bottom currents,

though to a lesser degree than in the distal outer ramp and basinal ramp

(Figs. 2, 16). Additionally, the proximal outer ramp is characterized by the

highest dilution of micritic matrix by sediment-gravity-flow-related detrital

material and the coarsest-grained reworked macrofossil shell debris. This

detrital material was likely sourced from the siliciclastic-dominated

southern shoreline and suggests a more proximal, high-energy location

compared to the distal outer ramp but still largely unaffected by storm

activity (e.g., below storm wave base) (Fig. 12).

Global Implications

This study is one of only a handful that identifies a combination of

pelagic suspension settling and dynamic current-influenced sedimentation

below storm wave base in carbonate-dominated mudstone successions. The

Eagle Ford Group (Cenomanian–Turonian, Western Interior Seaway) and

the Vaca Muerta Formation (Late Jurassic, Neuquén Basin) are the two

most notable examples that have recently been interpreted sedimentolog-

ically (Fairbanks et al. 2016; Frébourg et al. 2016; Minisini et al. 2018;

Kietzmann et al. in press). The Eagle Ford Group is a classic example of a

chalk–marl succession. However, the Agrio, with an accumulation rate

approximately an order of magnitude greater than that of the Eagle Ford, is

up to ~ 1,000 m thick, whereas the Eagle Ford is commonly ~ 60 m thick.

Additionally, the source of carbonate mud is pelagic in the Eagle Ford, as

opposed to pelagic and detrital (transported from the shallow carbonate

factory) in the Agrio (Minisini et al. 2018). The Vaca Muerta and the Agrio

are similar in that thick (~ 1000 m max) ‘‘deep’’-water carbonate-

dominated deposits (interbedded black shales, marls, and limestones) are

found in the distal part of the basin (Kietzmann et al. 2014, 2016; Zeller et

al 2015) and they are overall characterized by shallow-marine siliciclastic

deposition that transitions to a shallow-marine carbonate ramp (Kietzmann

et al. 2014).

The identification of currents in carbonate-dominated mudstone

successions sub-storm wave base calls for a re-evaluation of simplistic

facies models for interbedded chalk–marl or black shale–‘‘pelagic’’

limestone successions worldwide. Despite a paradigm shift in the

interpretation of mechanisms of mud deposition over the last decade from

suspension settling alone to current-influenced sedimentation (Macquaker

and Bohacs 2007; Schieber et al. 2007; Schieber et al. 2013), as it pertains

to transported carbonate mud, most existing carbonate facies models still

recognize only suspension settling of pelagically produced carbonate mud.

In fact, as evidenced in the Agrio Formation here, pelagic carbonate mud

may be reworked by currents sub-storm wave base. Additionally, neritically

produced carbonate may be transported offshore to basinal environments.

Literature on off-bank sediment-gravity-flow transport is well established

(e.g., Goldstein et al. 2012), and there is a growing amount of current

literature on carbonate slope processes and the reworking of sediment via

contour currents (e.g., Eberli and Betzler 2019). Even so, existing literature

on sediment gravity flows and contour currents are biased toward the

documentation and interpretation of coarser-grained carbonate facies, with

limited focus on carbonate mudstone facies. Future studies are needed to

further test the origin and transport of carbonate mud deposited below

storm wave base.

Source Potential

There have been a number of studies focused on the petroleum system

of the Agrio Formation which utilize geochemical characterization of

source potential to various degrees (Legarreta and Uliana 1991; Uliana and

Legarreta 1993; Urien and Zambrano 1994; Cruz et al. 1996, 1998;

Kozlowski et al. 1998; Uliana et al. 1999; Tyson et al. 2005; Spalletti et al.

2011). In general, the geochemical analyses of these studies rely on limited

data points, focus almost exclusively on the basal section of the Agua de la

Mula and Pilmatué members, and lack more than a very basic integration

with stratigraphy and facies characterization. Previous work supports the

overall increase in source potential from south to north in the Neuquén

province that is suggested by the increase in S2 and HI values in the same

direction across this study area (Tyson et al. 2005) (Fig. 13). The

depositional model proposed for further testing herein sheds light on this

trend, with the more siliciclastic shoreline-proximal southern localities

receiving a higher proportion of original terrigenous organic matter (Fig.

2). Additionally, in the southern, more proximal part of the basin, organic

matter may have been affected by a higher degree of degradation due to

oxic conditions and/or increased bioturbation. Preferential degradation of

the more labile marine organic compounds would lead to enrichment of the

more molecularly stable terrigenous background organic matter (Hoefs et

al. 2002; Sinninghe Damsté et al. 2002; Forster et al. 2008). An alternative

explanation for the increase in source potential from south to north could

be differential thermal degradation of kerogen based on maturity trends

(Pepper and Corvi 1995a, 1995b; Pepper and Dodd 1995). A comparison

of the thicknesses of the Pilmatué Member from the southern to the

northern localities, ~ 500 m and ~ 260 m respectively, indicates that the

southern localities would have experienced greater depositional burial

depth, resulting in higher thermal maturity (Figs. 1C, 4). The higher

thermal maturity in the southern localities could cause increased kerogen

conversion behaviors, degrading the original or depositional source

potential in this part of the basin. Though it is beyond the scope of this

work, future studies could explore creating more detailed burial history

models and establishing kinetic models specific to the Agrio Formation to

correct the programmed pyrolysis data to original depositional values.

Previous outcrop- and well-based studies largely indicate that the basal

sections of the Agua de la Mula Member, informally known as the

‘‘Spitidiscus shale,’’ and the basal and upper sections of the Pilmatué

Member in the more northern part of the basin have the highest source

potential (Cruz et al. 1996, 1998; Kozlowski et al. 1998; Tyson 2001). By

utilizing a much higher density of sample points collected from entire

sections of each member in the part of the Neuquén province considered to

have the highest source potential, this study is able to identify additional

stratigraphic source intervals, SI2 and SI5, with well-constrained

stratigraphic heights and thicknesses (Figs. 4, 14, 15). Furthermore, this

study looks beyond TOC, applying filters for quality and type of organic

matter, and linking geochemistry, facies (depositional), and stratigraphic

patterns. An understanding of the vertical distribution of the proximal-to-

distal trends established in the depositional model presented here in

relation to these source intervals is the first step in establishing a robust

TABLE 5.—Facies assemblages of the Pilmatué and Agua de la Mula members within this study area.

Facies

Assemblage Facies Present

Depositional Environment

Interpretation

FA1 facies 2 dominant, minor facies 1 and facies 3 interbeds Basinal Ramp

FA2 facies 1 dominant, minor facies 2 and facies 3 interbeds Distal Outer Ramp

FA3 facies 4 dominant, minor facies 1 and facies 2 interbeds Proximal Outer Ramp
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understanding of their position in the subsurface. Future work can focus on

establishing a robust sequence stratigraphic framework based on a new

understanding of mudstone facies variations and associated depositional

environments.

CONCLUSIONS

In this study area, the greater part of the Pilmatué and Agua de la Mula

members of the Agrio Formation consist dominantly of four volumetrically

abundant facies, which are detrital-quartz-silt-bearing fine mudstone

(facies 1), radiolarian-bearing calcareous fine mudstone (facies 2),

detrital-quartz-silt- and shell-bearing calcareous fine mudstone (facies 3),

and calcareous wackestone (facies 4).

Based on the facies interpretation and a paleogeographic understanding

of the Neuquén Basin, three depositional mechanisms are recognized: 1)

wave- and/or current-enhanced sediment gravity flows that delivered updip

siliciclastic and bioclastic sediment to the offshore realm; 2) bottom-

current-transported carbonate mud, sourced from the shallow marine

carbonate factory and transported alongshore and oblique to shore by

shallow-water, offshore-directed, bottom currents, and 3) production of

pelagic and benthic tests, both calcareous and siliceous (i.e., nannofossils

and microfossils). The facies are grouped into three facies assemblages,

which are interpreted to have been deposited in a basinal ramp, distal outer

ramp, or proximal outer ramp depositional environment. Utilizing

previously established geochemical cutoffs, five source intervals have

been identified in the Agua de la Mula and Pilmatué members at El Portón.

The identification of stratigraphic source intervals and their potential to

extend to the subsurface is innovative in a mudstone-dominated system

such as the Agrio Formation.

Overall, facies variability, dominant current-influenced depositional

mechanisms, and documented lateral shoreline variability all played a large

role in the Agrio depositional system and have implications for source

quality. This study provides a novel integration of sedimentology,

stratigraphy, and inorganic and organic geochemical datasets, highlighting

systematic facies heterogeneity that is critical to constructing an

unconventional petroleum system model of the Agrio Formation and

other similar carbonate-mudstone-dominated successions worldwide.

Through detailed investigation, the results challenge the historical and

simplistic depositional model for chalk–marl successions, recognizing a

new level of complexity in carbonate mud transport and deposition below

storm wave base.

SUPPLEMENTAL MATERIALS

Supplemental materials, Appendices A–D, are available from SEPM’s data

archive: https://www.sepm.org/supplemental-materials.
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Neuquina (Triásico Superior–Terciario Inferior), in Chebli, G.A., and Spalletti, L.A.,

eds., Cuencas Sedimentarias Argentinas: Serie de Correlación Geológica, v. 6, p. 221–

243.

LEGARRETA, L., AND ULIANA, M.A., 1991, Jurassic–Cretaceous marine oscillations and

geometry of backarc basin fill, central Argentine Andes, in MacDonald, D.I.M., ed.,

Sedimentation, Tectonics and Eustasy, Sea Level Changes at Active Margins:

International Association of Sedimentologists, Special Publication, v. 12, p. 429–450.

LEGARRETA, L., AND ULIANA, M.A., 1999, El Jurásico y Cretácico de la Cordillera Principal

y la Cuenca Neuquina, in Caminos, R., ed., Geologı́a Argentina: Instituto de Geologı́a y

Recursos Minerales, Servicio Geológico Minero Argentino, Anales 29, p. 399–416.

LEGARRETA, L., AND VILLAR, H.J., 2012, Las facies generadoras de hidrocarburos de la

Cuenca Neuquina: Petrotecnia, v. Agosto, p. 14–39.

LEGARRETA, L., VILLAR, H.J., LAFFITTE, G.A., CRUZ, C.E., AND VERGANI, G., 2005, Cuenca

Neuquina: balance de masa enfocado a la evaluación del potencial exploratorio de los

distritos productivos y de las zonas no productivas: VI Congreso de Exploración y

Desarrollo de Hidrocarburos, p. 233–250.

S.A. MOORE ET AL.558 J S R

Downloaded from https://pubs.geoscienceworld.org/sepm/jsedres/article-pdf/90/5/533/5051449/i1527-1404-90-5-533.pdf
by Rice University user
on 30 May 2020



LOCKLAIR, R., SAGEMAN, B., AND LERMAN, A., 2011, Marine carbon burial flux and the

carbon isotope record of Late Cretaceous (Coniacian–Santonian) Oceanic Anoxic Event

III: Sedimentary Geology, v. 235, p. 38–49.

LOKIER, S., AND STEUBER, T., 2008, Quantification of carbonate-ramp sedimentation and

progradational rates for the late Holocene Abu Dhabi shoreline: Journal of Sedimentary

Research, v. 78, p. 423–431.

MACEACHERN, J.A., PEMBERTON, S.G., GINGRAS, M.K., AND BANN, K.L., 2010, Ichnology and

facies models, in James, N.P., and Dalrymple, R.W., eds., Facies Models 4: St. John’s,

Newfoundland, Geological Society of Canada, p. 19–58.

MACQUAKER, J.H.S., AND BOHACS, K.M., 2007, On the accumulation of mud: Science, v.

318, no. 5857, p. 1734–1735, doi:10.1126/science.1151980.

MACQUAKER, J.H.S., BENTLEY, S.J., AND BOHACS, K.M., 2010a, Wave-enhanced sediment-

gravity flows and mud dispersal across continental shelves: reappraising sediment

transport processes operating in ancient mudstone successions: Geology, v. 38, p. 947–

950.

MACQUAKER, J.H.S., KELLER, M.A., AND DAVIES, S.J., 2010b, Algal blooms and ‘‘marine

snow’’: mechanisms that enhance preservation of organic carbon in ancient fine-grained

sediments: Journal of Sedimentary Research, v. 80, p. 934–942, doi: http://doi.

org/10.2110/jsr.2010.085.

MARTINEZ, M., PELLENARD, P., DECONINCK, J.F., MONNA, F., RIQUIER, L., BOULILA, S.,

MOIROUD, M., AND COMPANY, M., 2012, An orbital floating time scale of the Hauterivian–

Barremian GSSP from a magnetic susceptibility signal (Rı́o Argos, Spain): Cretaceous

Research, v. 36, p. 106–115, doi:10.1016/j.cretres.2012.02.015.

MARTINEZ, M., DECONINCK, J.F., PELLENARD, P., RIQUIER, L., COMPANY, M., REBOULET, S., AND

MOIROUD, M., 2015, Astrochronology of the Valanginian–Hauterivian stages (Early

Cretaceous): chronological relationships between the Paraná–Etendeka large igneous
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ROSSI, G.R., 2001, Arenisca Avilé: facies, ambientes sedimentarios y estratigrafı́a de una

regresión forzada del Hauteriviano Inferior de la Cuenca Neuquina [Ph.D. Thesis]:

Universidad Nacional de La Plata, Buenos Aires, Argentina, 331 p.

SAGASTI, G., 2002, Estudio sedimentológico y de estratigrafı́a secuencial de las
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SPALLETTI, L., POIRÉ, D.G., PIRRIE, D., MATHEOS, S., AND DOYLE, P., 2001a, Respuesta

sedimentológica a cambios en el nivel de base en una secuencia mixta clástica–
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