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A B S T R A C T

Climate impact on alluvial organization owing to its control on water availability and sediment delivery within
the catchment, but temporal changes in stacking patterns are often interpreted to reflect changes in subsidence
and base level. To test for evidence of climatic control on the stacking pattern, we study an outcrop succession
with two styles of stacking within the Upper Cretaceous Bajo Barreal Formation in the Cerro Ballena anticline,
Golfo San Jorge Basin, Argentina. The 385m thick and 2.5 km wide exposure has layer-cake geometry, lacking
either large-scale erosional surfaces, fluvial terraces, or evident paleosols, dismissing either local tectonic ac-
tivity or base-levels shifts. Rooted in a paleohydrological study recognizing upward increasing in both channel
width and flow depth of formative rivers, we use spectral gamma-ray logs, x-ray diffraction in mudstones, and
sandstone petrography to understand the controls on the stacking pattern. At the base, Section A consists of
small-scale, isolated channels fills in a siliciclastic floodplain with sand:mud ratio of ~1:6, whereas the overlying
Section B has a sand-mud ratio of ~1:3, with larger-scale channels and greater inter-connectivity within a
volcaniclastic floodplain. Upward reduction in K percentage through Section A parallel with increasing kaolinite
content, and mudstone samples from Section B contains a higher proportion of kaolinite than Section A samples,
evidencing an upward increase in paleo-weathering in humid conditions. Detrital components of Section A
indicate several volcanic sources (e.g., basic-intermediate components derived from the Middle Jurassic Bahía
Laura Group and acidic components sourced from the Andes Cordillera), whereas Section B exclusively contains
acidic clasts derived from the Andes Cordillera. Simultaneous changes in detrital constituents, suspended load
type, and increasing scale of the rivers in Section B occur coeval with increases in channel inter-connectivity,
here related to the increase of river discharge and sediment supply in a humid climate, favoring more frequent
avulsions or higher channel migration rates in a relatively flat geomorphic scenario. The study demonstrates,
combining independent lines of evidence, that climate change can impact the stacking and connectivity of
potential sandstone reservoirs.

1. Introduction

Ancient fluvial systems contain significant hydrocarbon accumula-
tions on many continental basins, representing up to 20% of the re-
maining reserves of hydrocarbons of the world. Advances in the un-
derstanding of fluvial successions come from several inter-related
disciplines, as 3-D seismic surveys (Posamentier et al., 2007; Ethridge
and Schumm, 2007; Reijenstein et al., 2011) modelling studies
(Karssenberg et al., 2001; Hajek and Wolinsky, 2012; Keogh et al.,
2014; Chamberlin and Hajek, 2015) and field-based studies

(Labourdette, 2011; Allen et al., 2014; Ghinassi et al., 2016, among
others). Outcrop analogs contribute to a better understanding of the
controls on the alluvial organization and evolution of coeval fluvial
reservoirs by analyzing changes in the alluvial architecture, channel-
scale stacking styles and relationship with adjacent floodplain facies
(Pranter and Sommer, 2011; Rittersbacher et al., 2014; Pranter et al.,
2014; Paredes et al., 2016). Notably, changes in stacking styles (e.g.,
isolated versus densely amalgamated channel belts) constitute a
common feature identified both in outcrops and subsurface, commonly
used to assess relative aggradation rates in fluvial successions (Allen,
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1978; Bridge and Leeder, 1979). Those changes are generally related to
changes in the ratio of accommodation to sediment supply (Wright and
Marriott, 1993; Shanley and McCabe, 1994; Olsen et al., 1995;
Kjemperud et al., 2008), although mentions to other variables as ve-
getation types exist (Davies and Gibling, 2010; Davies et al., 2011).
Alternatively, Hajek and Heller (2012) pointed out that changes in
amalgamation in fluvial successions, and hence connectivity of poten-
tial sandstone reservoirs, may result from variations in flow depth and
style of the involved rivers, being an autogenic process that might not
require coeval changes in subsidence or base level.

To assess paleoclimatic reconstruction of ancient successions, out-
crop spectral gamma-ray (SGR) combined with facies analysis and
geochemistry proved to be useful (Myers and Wignall, 1987; Ruffell
et al., 2003; Ghasemi-Nejad et al., 2010), being also a critical tool to
highlight relationships between texture, composition and provenance
(North and Boering, 1999; Corbeanu et al., 2001; Evans et al., 2007;
Šimíček et al., 2012), and for stratigraphic analysis (Myers and Bristow,
1989; Parkinson, 1996). Outcrop SGR also allows correlating outcrop
sections with wire-line data using the vertical variation of K, U, and Th
(Hampson et al., 2005; Keeton et al., 2015).

The study succession of the Bajo Barreal Formation at Cerro Ballena
anticline is a good outcrop analog to subsurface alluvial successions and
can be used to test the relative importance of allogenic forcing factors
on the alluvial organization and of stacking pattern because it has a
scale that is comparable to that of hydrocarbon reservoirs (2.5 km wide
x 385m thick) and has well-exposed facies relationships. A siliciclastic
section with isolated, small scale channel bodies at the base (Section A,
180m thick sensu Figari et al., 1998) characterize the Cerro Ballena
exposures, covered by densely-stacked channel belts encased in a fine-
grained volcaniclastic floodplain (Section B, 250m thick sensu Figari
et al., 1998). In this research, we provide results of detailed outcrop
SGR logging of the Cerro Ballena exposures, complemented with x-ray
diffraction analysis and sandstone petrography within channel fills.
These data, integrated with paleo-hydraulical estimations derived from
measurements of cross-bed set thickness in channel fill and measure-
ments of channel sizes (Paredes et al., 2018a), aimed at tracing cli-
matically controlled variations in the overall stacking of the fluvial
succession. The main purpose of this paper is to understand the strati-
graphic organization of the fluvial succession and to discuss the main
controls on the stacking pattern. Our key research questions were: What
were the first-order controls on the stacking pattern? What evidence is
available to assess paleoclimate at the time of deposition? Can the
distinctive lithological sections with different stacking patterns be
correlated with the subsurface using outcrop SGR logs, and, if so, can
the identified log-motifs be linked to any change in the forcing-factors
of the fluvial system?

This research shows how a combination of different techniques can
be used to better understand the allogenic and autogenic controls on the
alluvial architecture and stacking styles of fluvial successions, with
implications for oilfield development.

2. Geological setting

The Golfo San Jorge basin, located in Central Patagonia between 45
and 47° S latitude, has produced approximately 10 billion barrels of oil
(1500 million m3) during its more than 100 years of development
history, currently providing up to 48% of the liquid hydrocarbons of the
country production (Secretaría de Energía, 2017). Up to 90% of those
hydrocarbons are recovered from coarse-grained facies in channel fills
within the Upper Cretaceous Bajo Barreal Formation, and subsurface
equivalents.

The Golfo San Jorge basin formed as response to the Gondwana
breakup (Uliana et al., 1989; Fitzgerald et al., 1990), with several
phases of extensional reactivation during the Cretaceous (Paredes et al.,
2018b; Giampaoli, 2019), followed by a process of positive inversion
tectonics along the San Bernardo fold belt (Fig. 1), which rose up

mainly during Neogene times (Peroni et al., 1995; Homovc et al.,
1995).

The initial basin infill is represented by a siliciclastic lacustrine
succession included within the Late Jurassic-Early Cretaceous Las Heras
Group (Lesta et al., 1980), preserved in active half-grabens, and over-
lying a Middle-Jurassic volcanic-volcaniclastic sequence known as
Bahía Laura Group (Feruglio, 1949) or Lonco Trapial Group (Lesta and
Ferello, 1972). The remaining of the Cretaceous sedimentation corre-
sponds to the Late Barremian-Maastrichtian Chubut Group (). Initial
sedimentation of the Chubut Group occurred in a wide lake (Pozo D-
129 Formation, Barremian? to Aptian) which was sourced from the
north by fluvial systems within the Matasiete Formation (Paredes et al.,
2007; Allard et al., 2015). The fluvial Castillo Formation (Albian)
overlies both units, characterized by an elevated content of reworked
ash on floodplains and channel fills (Umazano et al., 2012; Paredes
et al., 2015), being replaced in the subsurface of the basin by the Mina
del Carmen Formation (Lesta, 1968). The overlying Bajo Barreal For-
mation has been extensively studied because of its prolific hydrocarbon
production and remaining potential (Feruglio, 1949; Lesta and Ferello,
1972). Toward the basin margins, the Bajo Barreal Formation is cov-
ered by the fluvial Laguna Palacios Formation (Sciutto, 1981) and by
Campanian to Maastrichtian deposits of the Lago Colhué Huapi For-
mation (Casal et al., 2015; Vallati et al., 2016), being subsequently
overlaid by marine and continental Cenozoic sedimentary rocks
(Fig. 2).

3. The Bajo Barreal Formation

Deposition of the Bajo Barreal Formation (Lesta and Ferello, 1972)
occurred in an endorheic basin over an area exceeding 150,000 km2,
with maximum thickness up to 1300m. Due to its wide distribution, the
paleoenvironment interpretations change across the basin, being re-
presented by lacustrine fan-deltas, volcaniclastic alluvial fans, mean-
dering and braided rivers, and ephemeral rivers (Brown et al., 1982;
Barcat et al., 1989; Hechem et al., 1990; Legarreta et al., 1993; Hechem,
1997; Di Benedetto et al., 2006; Umazano et al., 2008; Georgieff et al.,
2009). Outcrop analysis along most of the San Bernardo fold belt re-
cognized a Lower Member and an Upper Member, a distinction based
on the floodplain composition and the scale of the sandbodies. The
Lower Member is characterized by channelized sandstones interbedded
with fine-grained (very fine sand-size) tuffaceous strata, whereas the
Upper Member is composed of larger-scale, isolated channel sandbodies
surrounded by grey siltstones and siliciclastic mudstones (Figari et al.,
1990; Rodríguez, 1993). Most sedimentological outcrop studies in-
dicate the occurrence of fluvial systems with considerable discharge
variation (Umazano et al., 2008; Paredes et al., 2016) or ephemeral
rivers (Hechem, 1994), whereas a palynological assemblage recovered
in the subsurface of the basin (Archangelsky et al., 1994) from the
Lower Bajo Barreal Formation indicate humid, continental mild to
warm climate.

The Cerro Ballena anticline constitutes the western limb of a faulted,
plunging anticline, whose axial trace is oriented NNW-SSE (Fig. 3).
Figari et al. (1998) established the principal subdivisions of the Bajo
Barreal Formation at Cerro Ballena anticline, identifying three main
stratigraphic intervals defined according to the occurrence of dis-
continuities, lithofacies types and stacking patterns, named A, B, and C
in ascending order. Exposures of Sections A and B occur in the core and
western limb of the Cerro Ballena (Fig. 3) and constitute the main
subject of this research, while Section C is partially identified in the
southern plunge of the anticline and mainly southward of the Deseado
river (Figari et al., 1998).

A detailed characterization of the fluvial succession was provided by
Bridge et al. (2000) using photomosaics and detailed sedimentological
logs, where measurements of geometry, lithofacies, and spatial dis-
tribution of channel bodies provided support for paleo-hydraulic re-
constructions, complemented with a line drawing of internal surfaces of
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selected sandbodies. They also provided an Ar/Ar age of 91± 0.49Ma
from a distinctive level that separates Sections A and B, interpreted as
an ignimbrite (Bridge et al., 2000).

In a recent re-evaluation of the Cerro Ballena exposures, Paredes
et al. (2018a) interpreted an anabranching fluvial system with seven
distinctive fluvial styles, considerable spatio-temporal variation in
channel geometries and dominance of avulsion deposits (Fig. 5).
Paredes et al. (2018a: their Fig. 14) identified a systematic vertical
(temporal) increase in single-channel dimensions of the formative rivers
through Section A and B using GPS measurements on extremes of the
channels (see Fig. 5B). Data using empirical equations derived from
modern rivers (Leclair and Bridge, 2001; Leclair, 2002; Bridge and Tye,
2000; Bridge and Mackey, 1993) also allowed identify an increase in
both average flow depth (dm), mean bankfull channel depth (db), and
mean bankfull channel width of single channels (Wc) from Section A to
Section B (Fig. 5B), with values of Wc very close to those obtained using
GPS measurements of width of single channels (Paredes et al., 2018a:
their Table 2). Converging results of both measurements of single-
channel dimensions and use of empirical relations derived from set
thickness of cross-beds within channel fills were considered as sup-
porting evidence of discharge increase towards Section B, a trend that
was associated with a climatic shift toward more humid climatic con-
ditions (Paredes et al., 2018a). Based on current understanding, the
present research aims to complement the previous results using several
techniques (i.e., spectral gamma-ray logs, x-ray diffraction analysis,
sandstone petrography), to find further evidence of climatic change in
the analyzed fluvial succession, or alternatively to test other forcing
factors that could be relevant to understand the alluvial organization of
the fluvial succession.

4. Methodology

4.1. Outcrop spectral gamma-ray logs

Three outcrop gamma-ray logs (Log X, Log Y, and Log Z in Fig. 5)
were obtained along the cliff face, through approximately 385m of the
Bajo Barreal Formation, with measurements using a vertical separation
of 50 cm. We adopted a counting time of 2min during the fieldwork.

Weathering and local rubble coverage of the fine-grained sections led to
the need for extensive trenching to achieve unweathered surface ex-
posures. The natural radioactivity of the rock units was measured with
a hand-held spectral gamma-ray scintillometer (Radiation Solutions
model RS-125), which allows to show the result as the numerical value
recorded by the spectroscope either as counts per minute over the de-
termined sample time or as the content of radioactive elements in the
sample (% of K2O or ppm of U and Th).

4.2. X-ray diffraction analysis

The mineralogical compositions and clay identification of eighteen
mudstone samples were determined via x-ray diffraction (XRD) ana-
lysis. Samples were collected from mudstones showing distinctive va-
lues in both Total GR and K values in the SGR logs, in order to find a
link between K values in SGR log and clay types. Clays were separated
using standard techniques, mounted in on glass slides and analyzed by
x-ray diffraction including both air-dried and glycolate treatment. Clay
minerals were identified according to Moore and Reynolds (1997), and
I/S, mixed-layer clays after Srodon (1984). The following 001 peaks in
the glycolate samples were used for identifying specific clays: smectite
17 Å, illite 10 Å, kaolinite 7.2 Å, chlorite 14 Å, and 4.26 for quartz; 001
peak height relative to the background was used as a relative indicator
of the abundance of smectite. Kaolinite relative abundance compared to
chlorite based on the 3.57/3.53 Å peak heights ratio in glycolate sam-
ples (Chamley, 1989).

4.3. Sandstone petrography

Thirty-one sandstone samples from the Bajo Barreal Formation at
Cerro Ballena exposures were collected from sedimentological logs X
and Y. All samples represent the fine-to medium-grained, typically
cross-stratified sandstones that are distinctive of channel fills in the
Bajo Barreal Formation. The modal composition of the Cerro Ballena
samples was analyzed by counting 500 points per thin section in a
rectangular grid of 1mm of spacing, following the Gazzi-Dickinson
methodology (Ingersoll et al., 1984; Zuffa, 1985). The thin sections
were impregnated with blue epoxy resin before thin section preparation

Fig. 1. (A) Location map of the Golfo San Jorge basin in southern Argentina. (B) Location of the study area, oilfields, and principal localities. The Cerro Ballena
anticline (star) is located in the San Bernardo fold belt area. LH=Las Heras city; CV= Cañadón Vasco oilfield. EC=El Cordón oilfield.
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for the recognition of microscopy porosity. To discriminate dolomite
from calcite, thin sections were stained with Alizarin Red-S (Dickson,
1966). Rounding and sphericity of grains were evaluated visually,
based on the approach by Powers (1953).

5. Outcrop spectral gamma-ray logs

The three outcrop SGR logs from the Cerro Ballena anticline (loca-
tion in Fig. 4) are shown in Figs. 6–8, together with the sedimentary
log.

5.1. SGR counts, lithology and grain size trends

SGR data from the Cerro Ballena anticline show moderately high
radioactivity (dose rate: 45.6–180.0 nGy/h; Total GR: 42.4–175.0 ppm)
and concentration of K (0.4–3.4%), U (0–17.6 ppm) and Th
(4.1–22.1 ppm). The Total GR log is dominated by the potassium con-
tent shown by the high correlation (using the Pearson correlation
coefficient -r- as a measure of a linear relationship between variables)
between potassium log and the total counts (r=0.78) although U also
shows high correlations with total counts (r=0.75), and Th displays
the less direct relation with total counts (r=0.37). The generally weak
correlation between elements (Th-K r=0.20; Th-U r=0.17; U-K
r=0.35) suggests that the sum radioactivity is sourced from multiple

mineral carriers. The control of the K content on Total GR values is also
identified due to similar shapes of the K and Total GR logs for the whole
sections, indicating that K-bearing minerals are responsible for the
majority of the total gamma radiation from these rocks.

For our purposes, we grouped the SGR data according to the de-
scribed lithology and grain size in seven main facies categories, as
follow: LITH1: Conglomerates, LITH2: Sandstones, LITH3: Siliciclastic
siltstones, LITH4: Siliciclastic mudstones, LITH5: Fine-grained tuffs,
LITH 6: Tuffaceous siltstones, LITH 7: Coarse-grained lahar deposits. A
correlation matrix for Total GR and the three radioactive components is
shown for the overall data, and for the seven selected facies categories
(Fig. 9A). A statistical summary of the collected gamma-ray data, ar-
ranged by lithology/grain size, and stratigraphic interval (Section) is
shown in Fig. 9B.

Th measurements show increasing values from conglomerates to
mudstones, although the statistical overlapping is important, whereas U
values show decreasing record from conglomerates to mudstones, al-
though the U trend is less defined than for Th element. Moreover, the
distinctive marker bed that separated Sections A and B (identified as
LITH 7) shows very low values of K and total GR.

In conglomerates and sandstones, U and Total GR show high cor-
relations (sandstones r=0.83; conglomerates r=0.90), evidencing
that the main contributor to the total radioactivity is the U element.
High-radioactivity in conglomerates and sandstones is generally

Fig. 2. Stratigraphic column of the Golfo San Jorge basin.
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attributed to the contents of mica, K-feldspars, lithic fragments, and
heavy minerals (Rider, 1999). However, in our study area, high values
of U in conglomerates and sandstones are probably associated either
with diagenesis or with fluid migration and not with the occurrence of
heavy minerals in the fine-grained matrix, due to the characteristic oil
staining of the matrix of coarse-grained facies, observed during the
fieldwork. Although some trends can be identified using the con-
centration of U in sandstones and the Th distribution evidence some
relation with grain size (Fig. 9B), the considerable overlap of values and
small differences between facies categories do not allow to make li-
thological distinction using solely basic statistics.

5.2. SGR correlations and log motifs

The lateral correlation of the outcrop SGR logs (Fig. 10) use as a
datum the distinctive volcaniclastic marker bed showed in Fig. 5.
Paredes et al. (2018a) divided Section A into several major zones of tens
of meters according to its sandstone content (indicated as M1, S1, M2,
S2, and M3 in ascending order). The major subdivisions of Section A
can be traced confidently between the outcrop SGR logs with minimum
thickness variations, evidencing a layer-cake distribution of the main
packages. Moreover, we correlate outcrop SGR data with Well V and
Well W of the Cerro Wenceslao oilfield using two distinctive log motifs
identified within Section A. In the lowermost part of the fine-grained
succession of Section A, a upward reduction of GR values in subdivision
M1-B can be compared with an equivalent GR motif identified in Well
W. A second distinctive GR motif occurs in the S2 subdivision (Fig. 10),
associated with an upward reduction in both GR and K values.

The three sedimentological logs in Section B contain a larger
“sand:mud” ratio (Log X=0.45; Log Y=0.38; Log Z= 0.31, as mea-
sured in the vertical sections). The higher sandstone content produces a
more irregular motif in U and Total GR logs in Section B, revealing an

intricate pattern that makes it challenging to attempt lithological pre-
dictions or grain-size trends using SGR data alone.

6. Clay mineralogy and SGR record

We select ten mudstone samples for analysis by x-ray diffraction
from Section A, and eight additional samples were collected from
Section B. As mentioned, the sampling procedure was guided by ob-
served trends in both Total GR and K values in the outcrop SGR logs,
testing a possible link between K values in SGR log and clay minerals.

6.1. Trends in clay composition within section A

In fine-grained samples from Section A in Log Z (Fig. 11), the whole-
rock composition is dominated by quartz (about 32–60%) and clay
minerals (37–65%), with minor amounts of K feldspar (traces to 1%),
plagioclases (1–3%), and calcite in three samples (traces to 2%). The
main clay minerals in all ten samples are smectite (45–79%), kaolinite
(1–55%), and a single sample contains mixed-layer illite-smectite
(99%). X-ray diffraction data indicate that although feldspars are pre-
sent, clay minerals are volumetrically the most important source of
K2O, suggesting that clay mineral distribution and type will be the
primary control on K2O distribution in the K log. Samples from the
basal levels of S2 stratigraphic interval are dominated by smectite,
whereas clay minerals gradually change upward from smectite to
kaolinite through S3, and parallel the gradual and systematic upward
reduction in both the GR and K content.

6.2. Trend in clay composition within section B

With increasing sandstone content within Section B, we recognize
an extra level of heterogeneity associated with the U enrichment in

Fig. 3. (A) Simplified geological map of the area of the Cerro Ballena anticline, southwestern Golfo San Jorge Basin (after Figari et al., 1998). (B) Satellite image of
the Cerro Ballena anticline, with the location of the position of the SGR logs (Logs X, Y and Z). Local roads are indicated as dotted lines. Image from Google Earth™.
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porous media (Osmond and Ivanovich, 1992), favoring the general lack
of predictable GR trends in this stratigraphic interval, and making
correlation from GR log pattern very difficult. We collected eight
samples from a 25m thick section within Section B in Log Z (location in
Fig. 8) in order to test genetic relationships between GR-SGR values and
clay minerals, after identifying a log trend of increasing, and then de-
creasing values in both Total GR and K logs (Fig. 12). Thus, we analyze
the samples in the likelihood that they contained a systematic variation
in clay content regarding the measured Total GR and K content. Whole-
rock composition of the samples show elevated quartz content (range
48–80%) and clay minerals (19–49%), with subordinate amounts of K

feldspar (traces to 2%), plagioclases in two samples (2–5%), calcite in
three samples (traces to 12%), and ankerite (4%) and hematite (1%) in
a single sample. The main clay minerals are represented by kaolinite in
all samples (34–98%), smectite in three samples (18–66%), minor
content of illite in six samples (1–8%), and a single sample contain
mixed-layer illite-smectite (10%). Crystallinity is good in kaolinite,
good to regular in illite, regular to poor in smectite, and poor in I/S
samples. Moreover, samples showing high kaolinite content (e.g.,
samples CB-11 and CB-18) record the lowermost Total GR values and K
content within the sampled interval. Those samples containing smectite
show intermediate to high SGR counts, whereas the illite content, to a

Fig. 4. Field appearance and interpreted channel bodies over gigapans of the Bajo Barreal Formation in the Cerro Ballena anticline. Pale brown polygons outline
interpreted channel belts, whereas a distinctive marker bed that separates Section A of the overlying Section B is indicated as a red, dotted line. The location and an
approximate trace of the three outcrop SGR logs are indicated. (For interpretation of the references to color in this figure legend, the reader is referred to the Web
version of this article.)
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certain extent, shows direct correspondence with the count in K (e.g.,
from samples CB-11 to CB-13).

7. Detrital sandstone composition

Point-count results were tabulated and recalculated, and the entire
dataset is shown in the Supplementary Material. A general description
of the detrital constituents is provided next, after Olazábal et al. (2019).

Detrital quartz is generally sub-rounded to sub-angular with vari-
able grain size ranging between coarse-to fine-grained. Grains are
predominantly monocrystalline, with embayed volcanic and fluid in-
clusions. Polycrystalline quartz is present in low proportion, displaying

mainly straight to curved sutured contacts between individual crystals,
with more than three sub-grains displaying preferred crystallographic
fabric, probably of metamorphic origin.

K-feldspars are in all samples more abundant than plagioclase.
Distinctive orthoclase and sanidine grains are present in most samples,
whereas the plagioclase composition varies from oligoclase to andesine.
Both components are altered and corroded and partially dissolved.

Volcanic rock fragments are abundant. Basic and intermediate vol-
canic rocks were identified based on lathwork and microlithic textures
(Ingersoll and Cavazza, 1991), whereas the occurrence of porphyritic
and felsitic textures suggests acidic lava flows as the likely source.
Lithic fragments with vitreous and eutaxitic textures are indicative of a

Fig. 5. (A) Panel showing mapped stratigraphy and facies architecture in the Bajo Barreal Formation along the western flank of the Cerro Ballena anticline, with the
position of the measured spectral gamma-ray logs X, Y, and Z. Average paleoflow data and subdivisions of Section A are indicated (modified of Paredes et al., 2018a).
(B) Summary of measurements of single-channel sizes and paleohydrological estimations derived from measurements of thickness set of dune-scale cross-beds in
single-channel fills. We obtained the width of single channels using GPS data on 58 channels of Section A, and on 160 channels of Section B. Cross-set thickness data
were obtained from 11 channels of Section A, and on 30 channels of Section B (after Paredes et al., 2018a).
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pyroclastic source, and the occurrence of pumice components and glass
shards reflects coeval, acidic volcanic activity (Umazano et al., 2009;
Tunik et al., 2015). Metamorphic rock fragments are rare, where pre-
sent they are of high-medium metamorphic rank (Garzanti and Vezzoli,
2003).

The proportion of matrix is generally low (less than 2%), consisting
of interstitial clay minerals and pseudomatrix (Dickinson, 1970; Dunn,
1992). Biotite, muscovite, zircon, and heavy minerals are minor con-
stituents of all sandstones. The most abundant types of cement are
carbonates (calcite, dawsonite, and dolomite), whereas clay coatings
are common, with the limited occurrence of iron oxide cement. Several
samples of Section B and the marker bed show dawsonite, as a perva-
sive alteration of detrital components.

The porosity evaluated on thin sections occurs as both secondary
and altered primary types. Most of the secondary porosity form moldic

pores, but dissolution pores were formed as a result of both dissolution
of framework grains and calcite cement, and fracture pores are locally
found.

According to Folk et al. (1970), the analyzed sandstones from Sec-
tion A (Fig. 13B) correspond to feldspathic litharenites (n= 7), lithar-
enites (n=1) and feldarenites (n=1) with modal averages Q20F33L47
and Lm1Lv99Ls0. Sandstones from Section A are mineralogically and
texturally immature, with an average of 32% of intergranular material
(matrix and cement) and 56% of detrital components. The lithic frac-
tion (Fig. 13A) mainly consist of lithic clasts of acidic volcanic rocks
(average abundance of 19%), pyroclastic fragments (46%) and highly
altered pyroclastic fragments (18%); all the samples contain inter-
mediate to basic volcanic fragments (14%), whereas fragments of me-
tamorphic and plutonic origin are uncommon (2%) and sedimentary
fragments are scarce (≪1%).

Fig. 6. Outcrop gamma-ray logs through the Bajo Barreal Formation in the Cerro Ballena anticline. See the location of Log X in Fig. 5. The diagrams show, from left to
right, lithology, grain size, and then the gamma-ray data: Total GR (ppm), potassium (K %), uranium (ppm U), thorium (Th ppm). Unexposed sections hidden beneath
talus, where SGR data could not be collected, are shown as gaps.
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In contrast, samples from Section B (n=18) correspond entirely to
litharenites with modal averages of Q31F7L62 and Lm1Lv99Ls1. The
detrital framework, on average, represents 40%, whereas intergranular
components are up to 48%. The lithic fraction consists of pyroclastic
fragments (53%), acidic volcanic rocks (average abundance of 22%)
and highly altered pyroclastic fragments (23%), whereas fragments of
metamorphic and plutonic origin are uncommon (2%) and sedimentary
fragments are scarce (≪1%). Samples from Section B show a sig-
nificative reduction in K content (7% average), whereas basic-inter-
mediate components are below 3% in seven samples (Fig. 13A).

Interpretation: Data indicate that sandstone samples from Section A
and Section B correspond to different petrofacies (Ingersoll, 1978) and
can be compared with previous petrographical results of the Bajo Bar-
real Formation. Ibañez et al. (2015) identified feldspar litharenites and
litharenites from samples along exposures of the Bajo Barreal

Formation in the Cerro Guadal oilfield, located 26 km toward NNW;
their data overlap the field of compositions in the QFL diagram (Folk
et al., 1970) of samples obtained in Section A of the Cerro Ballena.
Limarino and Giordano (2016) analyzed arenites from subsurface
samples of the Bajo Barreal Formation with comparable detrital com-
ponents to those recognized in Section A, identifying two distinctive
petrofacies, referred as VF and VP. Limarino and Giordano (2016)
consider both petrofacies as indicative of provenance from volcanic
terrains, discriminating VF and VP petrofacies by the relative propor-
tion of plagioclase and k-feldspar within the sandstones. The VP pet-
rofacies contain a percentage of plagioclase twice that of k-content and
are considered related to source areas located in the Deseado Region,
whereas in the VF petrofacies the K-content is similar to the plagioclase
percentage, being sourced from the Andes Cordillera (Limarino and
Giordano, 2016). Sandstone samples of Section A do not fix with the

Fig. 7. Sedimentary log and gamma-ray data for Log Y (247m). Location in Fig. 5. The diagram shows, from left to right, lithology (code facies as in Fig. 6), grain
size, and then the gamma-ray data: Total GR (ppm), potassium (K %), uranium (ppm U), thorium (Th ppm). The main subdivisions of Section A, physically correlated,
and walked out along the exposures, are indicated using operational markers.
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previous characterization of petrofacies VP and VF, because they con-
tain a more substantial proportion of basic-intermediate components,
and plagioclase percentages are similar to k-feldspar content. Thus, we
consider that the detrital composition of sandstone samples from Sec-
tion A reflects a mixture of components, with dominant acidic com-
ponents derived from the Andes Cordillera, and contribution from
basic-intermediate volcanic-volcaniclastic rocks derived from the un-
derlying Bajo Pobre Formation of the Bahía Laura Group (Clavijo, 1986;
Panza and Haller, 2002; Cobos and Panza, 2003), outcropped few
kilometers southward of the study area. All samples from Section B
corresponds to petrofacies VF of Limarino and Giordano (2016), and
thus they are linked to a source area dominated by acidic volcanic rocks
derived from the Andes Cordillera.

8. Discussion

The evolution of the Bajo Barreal Formation is discussed here with
particular attention to the links between stacking styles, the trends in
spectral gamma-ray log and clay composition as well as depositional
controls.

8.1. Origin of trends in SGR logs and clay minerals

Section A. The upward reduction in K and total GR through S-2 and
S-3 sub-units of Section A can be linked to the observed clay minerals.
Higher potassium values in basal levels of S2 sub-unit is probably a
result of the substitution of K in the structure of smectites before un-
dergoing diagenesis (Drief and Nieto, 2000). The upward increase in
Al2O3-enriched kaolinite through Section A (Fig. 11) constitutes the
likely reason for lower radiation values in both Total GR and K logs in
mudstone samples, probably reinforced by leaching from feldspars
during kaolinite formation (Parkinson, 1996).

Limarino et al. (2017) analyzed the diagenetic evolution of sub-
surface sandstone samples of the Bajo Barreal Formation at depths
ranging from ~500m to up to 2500m, identifying a complex evolutive
history with seven diagenetic stages. Although clay transformations
during the burial of the studied succession cannot be ruled out, the
Cerro Ballena is located very close to the southern basin boundary and
has been covered by limited (if any) Cenozoic strata, with Cenozoic
uplifting linked to the building of the San Bernardo Fold Belt. Conse-
quently, we consider that the succession has not undergone significative
burial, probably less than 500m, and clay mineral variations are at-
tributed to changes in the chemical weathering rate in the early

Fig. 8. Sedimentary log and outcrop gamma-ray data for Log Z (210m). Location in Fig. 5. The diagram shows, from left to right, lithology (code facies as in Fig. 6),
grain size, and then the gamma-ray data: Total GR (ppm), potassium (K %), uranium (ppm U), thorium (Th ppm). Sampled intervals of fine-grained lithologies for x-
ray diffraction studies are marked right to the sedimentological log.
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diagenesis.
We thus consider that the upward K reduction throughout Section A

identified in SGR logs and the corresponding increase in kaolinite va-
lues are associated with the increase of paleo-weathering in humid
conditions, while the low total GR counts values toward the top of
Section A are associated with both enhanced continental leaching and
changes in clay type. Several studies (Senkayi et al., 1987; Thiry, 2000;
Sáez et al., 2003; Worden and Morad, 2003; among others) pointed out
that kaolinite can result from the alteration of volcanic-volcaniclastic
components under warm and humid climatic conditions, whereas
smectite can be formed from the alteration of volcanic or volcaniclastic
material or a variety of authigenic processes and climatic conditions
(Chamley, 1989; McKinley et al., 2003; Galán, 2006). The single sample
containing I/S mixed layer may results from moderate chemical
weathering under surficial conditions (Chamley, 1989), and can occur
during the transformation of smectite under seasonal climates due to
pedogenetic processes (Wilson, 1999; Raucsik and Varga, 2008) or from
altered volcanic materials (Lindgreen and Surlyk, 2000; Shoval, 2004).

Section B. Increasing, and then decreasing GR counts and K content
in the sampled stratigraphic interval of Section B show close corre-
spondence with the variations in the kaolinite-smectite ratio (Fig. 12).
Our results suggest that reading of Total GR and K counts can be linked
with vertical changes in clay minerals within the study succession in
accordance with previous studies that related abundance of clay mi-
nerals in sedimentary rocks to the ratios of K, Th and U (Myers and
Bristow, 1989; Slatt et al., 1992; Ruffell and Worden, 2000). However,
the small number of XRD measurements in Section B prevents more
detailed statistical correlations between clay content and SGR values.

The results indicate an overall higher kaolinite content that samples
collected in Section A, supporting the inferences of higher weathering
rate toward upper levels of the analyzed succession (Millot, 1970;
Weaver, 1989). Besides, to date, no paleosol studies have been carried
out in the Cerro Ballena. Although during the fieldwork we do not find
evidence of either mature paleosols or distinctive soil horizons, more
research on the paleosols of the Bajo Barreal Formation in this area is
needed to evaluate subtle changes in soil-forming processes and mi-
neralogy. Probably, future research in micromorphological and geo-
chemical characteristics of poorly-evolved paleosols can improve our
understanding of the analyzed fluvial strata.

8.2. Origin of changes in detrital provenance

The vertical compositional trend observed within the sandstone
samples reveals a precise change in detrital modes at the boundary
between Section A and Section B. Particularly, we noted a noticeable
upward reduction in both potassium content and basic-intermediate
igneous components (see Fig. 13), and the increase in unstable, acidic
volcanic components, demonstrating changes in bedload composition
in the rivers of Section B. These changes occur synchronously to the
observed change in floodplain composition from epiclastic-derived,
grey-colored mudstones and siltstones of Section A to red-colored,
tuffaceous siltstones in Section B, and parallel the increase in channel
proportion (Figari et al., 1998). Floodplain construction within the Bajo
Barreal Formation has been associated with reworking by the water of
epiclastic and volcaniclastic components during floods (Umazano et al.,
2008), while only a minor proportion of ash-size beds are related to

Fig. 9. (A) Correlation matrix for radioactive elements determined by SGR in the entire dataset, and for each assigned facies category along with the three SGR logs.
(B) Mean values for total radioactivity, potassium (% K), uranium (ppm U) and thorium (ppm Th) contents of Log X, Log Y, and Log Z. Mean Th/K and Th/U ratios are
also indicated. StD, standard deviation.
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direct airfall derived from distal volcanic activity (Paredes et al., 2016).
As detrital composition changes occur as a result of erosion and un-
roofing, in a conformable succession, such changes in composition are
gradual and continuous (Graham et al., 1986). On the contrary, sig-
nificant breaks in sedimentation can be identified by sudden changes in
clast composition across an erosion surface (Colombo, 1994; Miall and
Arush, 2001), and are useful to define sequence boundaries.

From the above considerations, several likely explanations emerge
concerning the observed changes in the detrital modes. Synchronous
changes both in bedload mineralogy and in suspended-load types
should require a significant reorganization in the drainage network
toward the hinterlands, which would lead to the incorporation of a
considerable amount of unstable, volcaniclastic-derived components in
the flanks of the Andes Cordillera. Alternatively, stream piracy of a
larger-scale catchment in a closer position to the study site could also be
effective in producing sudden mineralogical changes, providing in-
stantaneously large volumes of pyroclastic-acidic components, with the
dilution of the basic-intermediate components. Besides, it is also pos-
sible that coeval changes in detrital provenance, suspended-load com-
ponents, and the scale of the channels could have been triggered by a
sudden reorganization of the channel network linked to increased vo-
lumes of water being transferred within the catchment in more humid
conditions. These impacts could be even reinforced due to the relative
low permeability of tephra components that built up the floodplains of
Section B in relation to epiclastic components of floodplains in Section

A, reducing the infiltration capacity of the floodplain and favouring
runoff increases during floods or heavy rains (e.g., Swanson et al., 1982;
Smith, 1991). In this scenario, the increase in both water and sediment
supply within the channel network in a relatively flat geomorphic
scenario can, in turn, led to either increasing frequency of channel
avulsion (Bryant et al., 1995) or increasing migration rates (Leeder,
1978; Mack and Leeder, 1998) favoring greater interconnectivity
among channel deposits.

8.3. Negligible influence of local tectonics or base level on stacking and
connectivity

In alluvial settings, the recognition of depositional sequences relies
on the identification and correlation of subaerial unconformities and
contrasting stacking patterns. Classical models of fluvial depositional
sequences define three systems tracts similar to that observed in marine
environments (Legarreta et al., 1993; Wright and Marriott, 1993;
Shanley and McCabe, 1994), but other studies proposed a model of
fluvial depositional sequences composed of only two systems tracts
(Martinsen et al., 1999; Catuneanu, 2006). In the two-stage scenario,
contrasting stacking pattern allows defining high- and low-accom-
modation systems tracts in fluvial sequence stratigraphy, defined by
variations in the overbank/fluvial channel ratio (Martinsen et al., 1999)
and by variations in the geometry of the involved channel belts
(Labourdette, 2011). Sediments within Section A can be interpreted as a

Fig. 10. SGR-log stratigraphic correlation between outcrop gamma-ray logs obtained in the Cerro Ballena anticline (Logs X, Y, and Z) and wells V and W of the Cerro
Wenceslao oilfield. The horizontal datum corresponds to the tuffaceous marker bed (MB) located at the base of Section B. The described lithologies are indicated to
the left of the GR logs. Major sub-divisions and distinctive log patterns observed in Section A and B are also represented. An upward decrease in Total GR and K counts
can be observed throughout S2 and M3 packages of Section A, which can be confidently identified in the subsurface. See the inset map for location. Key:
SP= spontaneous potential, AT90=deep resistivity.
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high-accommodation systems tract due to the low interconnectivity of
the channel belts, with a stacking density of 12%. Channel belts of
Section A are narrower than those of Section B, which can be associated
with higher aggradation rate of floodplain materials in relation to
avulsion frequency or channel migration rates. The sequence boundary
is established by changing stacking patterns between Sections A and B,
and also by the precise change in detrital composition (Miall and Arush,
2001).

On the other hand, Section B is considered a low-accommodation
systems tract owing to the elevated connectivity of channel belts.
Averaged stacking density of Section B is 32%, reflecting reduced ag-
gradation floodplain rate in relation to the lateral shift of the channel
belts onto the floodplain. Besides, fluvial sequence models related to
both base level shift and tectonic requires the occurrence of large in-
cisional relief at base of amalgamated channel complexes (Miall, 2002)
and coeval occurrence of mature paleosols in interfluves (Atchley et al.,
2004; Hampson et al., 2005) to support base level shifts and the de-
velopment of sequence boundaries Field observations and SGR corre-
lations show that mudstone strata are virtually parallel in the Cerro
Ballena area, indicating deposition of the stratigraphic intervals over a
relatively flat relief. Lack of degradational features (e.g., incised val-
leys, fluvial terraces) also constitute indirect evidence of an aggrada-
tional system. The correlation of outcrop gamma-ray logs with well-logs
of the Cerro Wenceslao oilfield (Fig. 10) indicates a layer-cake geo-
metry of the studied fluvial succession over up to 15 km that we in-
terpreted as evidence of negligible local tectonic activity in this part of
the basin. Parallel seismic packages and no thickness variation of

stratigraphic intervals within the Bajo Barreal Formation across faults
(not shown) in the Cerro Wenceslao oilfield also reflect a lack of tec-
tonic activity during deposition. However, it is worth mentioning that
Upper Cretaceous tectonic activity in the Andean margin (Folguera and
Iannizzotto, 2004; Folguera et al., 2011) would have increased the rate
of production of volcanic particles and relief generation, which in turn
could have produced larger volumes of volcaniclastic particles and a
distinctive mineralogy in the coeval drainage systems. Hence, although
the fluvial succession displays an overall aggradational pattern and
shows no changes in the flow direction (Fig. 5), sudden variations in
detrital modes and floodplain composition could be indirect evidence of
coeval volcanic activity in the hinterlands (see Paredes et al., 2018a).

8.4. Climatic control on staking and connectivity

Climate changes occur in a quasi-periodic way at several scales (e.g.,
Milankovich cyclicity, see Imbrie et al., 1984), conditioning the de-
livery of water and sediment to fluvial basins, and vegetation cover
(Leeder et al., 1998; Blum and Tornqvist, 2000; Blum and Hattier-
Womack, 2009). River systems respond to climatic shifts in different
forms, and the nature and amplitude of the climatic shifts necessary to
generate a distinctive signal in current fluvial systems are currently not
fully understood (Tandon and Sinha, 2007). Climate and channel
stacking constitute a recurrent (and challenging) issue in the last dec-
ades (Olsen, 1994; Blum and Tornqvist, 2000; Heller et al., 2015) and a
subject of active research (Foreman et al., 2012; Allen et al., 2013;
Foreman, 2014; Simpson and Castelltort, 2012; Colombera et al., 2017;

Fig. 11. Whole-rock and clay-sized fraction x-ray diffraction (XRD) data obtained in outcrop SGR Log Z (location in Fig. 8). Quartz and clay minerals are the
predominant components. Clay mineral assemblages of the M3 sub-unit are dominated by Al2O3-rich kaolinite, whereas the S2 sub-unit contains more proportion of
smectite.
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among others).
A detailed characterization of the channel fills in the Cerro Ballena

exposures was provided by Paredes et al. (2018a), identifying an up-
ward increase in both channel-fill width and flow depth toward Section
B. In the study area, stratigraphic intervals with higher inter-
connectivity of channel deposits (Section B) contain wider and thicker
channel bodies than intervals of lower interconnectivity of channel
deposits (Section A). Based on the results of paleohydrological esti-
mations (see Fig. 5), an upward shift toward more humid conditions
was proposed. Further evidence of wetter conditions toward the up-
permost part of the Cerro Ballena section has been presented in this
research using outcrop spectral gamma-ray logs and x-ray diffraction
analysis, where trends of change in both Total GR log and K contents
seen to parallel changes in clay minerals in floodplain facies (see Figs. 9
and 10). Mainly, upward increases in kaolinite content through Section
A are considered reliable evidence of increasing chemical weathering.
Moreover, the observed (inverse) relation between Total GR values and
kaolinite content in XRD analysis demonstrated that potassium hosted
in clay minerals is the primary source of the radiation in the fine-
grained fraction.

Hajek and Heller (2012) pointed out that increases in water avail-
ability promote the further erosive capacity of the flow during floods
and preservation of wider channel belts, removing a higher proportion
of fines during floods and increasing the overall connectivity of channel
deposits. The proposal implicitly states that climatic shifts can directly
impact the connectivity of fluvial successions, through the generation of
broader and deeper channel belts with higher connectivity during
periods of high water availability. On the contrary, we can speculate on
the occurrence of minor-scale, isolated single channels during stages of

reduced water availability. As channel sizes are related to water
availability and discharge of the formative rivers, our study demon-
strates that a shift toward more humid conditions upward in the Cerro
Ballena exposures has favored higher connectivity of the channelized
sandstones. Besides, the study succession lacks age constraints neces-
sary to infer aggradation rates; hence, temporal changes in accom-
modation regarding stacking density cannot be adequately evaluated.
Furthermore, a recent evaluation of the inverse relation between
channel-deposit proportion (and geometries) and floodplain aggrada-
tion rate values, do not follow the predicted behavior in fossil examples
(Colombera et al., 2015), revealing the need of a profound revision of
the fundamental principles of current fluvial stratigraphic models. In
this regard, the present research demonstrates, using several in-
dependent lines of evidence, that climatic changes can control the
variation in stacking density.

8.5. Implication for subsurface studies

In the subsurface, the results derived from this outcrop example can
be applied to understand the origin of channel deposits of variable scale
identified in stratigraphic intervals with different sand:mud ratio.
Seismic attributes directly image the geometry of potential reservoirs,
and constitute a common technique during oilfield development
(Wood, 2007; Hubbard et al., 2011; El-Mowafy and Marfurt, 2016),
providing relevant information for hydrocarbon production. In the
Chubut Group of the Golfo San Jorge basin, it is common during oilfield
development to identify stratigraphic intervals with vertical changes in
the stacking pattern of channelized deposits (e.g., Catuneanu, 2019: his
Fig. 14). Well-log information of upper levels of the Mina del Carmen

Fig. 12. Whole-rock and clay-sized fraction x-ray diffraction (XRD) data obtained in outcrop SGR Log Z (location in Fig. 8). All samples contain high kaolinite
content, suggesting an increase in the weathering rate regarding Section A samples.
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Formation in the El Cordón oilfield (Fig. 14A, location in Fig. 1) show
channel fills separated by thick floodplain fines, whereas in the Caleta
Olivia Member of the Cañadón Seco Formation (equivalent to the Lower
Bajo Barreal Formation) channels are thicker and floodplain fines are in
lower proportion. The visualization of channel belts was performed
using spectral decomposition volumes (see Partyka et al., 1999), al-
lowing to define channel margins, true width of the channels, and
patterns of displacement of channel belts in the interval of interest. A
blend of frequencies from individual volumes in the range of 24–56 Hz
was imaged, visualizing the geometries of channel belts from a seismic
horizon (H2) within the Mina del Carmen Formation (location in Fig. 1)
and from the top of the Mina del Carmen Formation (H1). In the seismic
volume around H1, we considered, due to a large number of channe-
lized features, that most of the geobodies belong to the Caleta Olivia
Member.

By using spectral decomposition in the H2 seismic horizon (Upper
Mina del Carmen Formation) several low-sinuosity fluvial channels
with variable orientation are identified, with channel-body widths in
the order of 140–200m. On the other hand, fluvial channels imaged
within the Caleta Olivia Member are of high-sinuosity and larger scale,

with channel-fill widths up to 450m, and channel-belt widths com-
monly up to 2500m. Hence, stratigraphic intervals of higher sand:mud
ratio display wider fluvial channels that those of lower sand:mud ratio,
where narrow fluvial channels predominate. Although the natural
variability of the fluvial systems is extremely high, and no general rules
can be derived from this single example, our analysis of the Bajo Barreal
Formation have provided a reliable example in which the stacking (and
hence inter-connectivity) of fluvial channels occur synchronously with
variations in the scale (true width, flow depth?) and style of the for-
mative rivers. From this, the identification of climatic cycles in the
subsurface can be attempted through the integration of spectral
gamma-ray logs and clay mineralogy changes plus imaging of fluvial
geobodies using seismic attributes. The integration of results derived
from the present approach, with palaeohydrological estimations de-
rived from morphometric parameters of imaged channel belts using
empirical relations obtained for current rivers (Reijenstein et al., 2011;
Wood, 2007; Musial et al., 2012) constitute a promising field of re-
search in order to assess climatic variation associated with changes in
channel dimensions in the subsurface environment.

Fig. 13. Detrital petrographic composition of sandstone samples from Section A and Section B of the Bajo Barreal Formation at Cerro Ballena Anticline, Santa Cruz
province. (A) Vertical trends of total quartz, total feldspars, and total lithics, expressed as a percent of total detrital components, and source of lithic components. The
sample position indicated left to the figure, is shown in Figs. 6 and 7. Notice the abrupt reduction in basic-intermediate volcanic components in Section B and the
corresponding upward increase of components derived from acid volcanic sources. (B) Ternary diagrams of sandstones (after Folk et al., 1970). Qt, total quartz; F,
total feldspar; L, lithic fragments.
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Fig. 14. Variability in stacking of the Bajo Barreal Formation in the El Cordón oilfield (location in Fig. 1). (A) The stratigraphic pattern of Mina del Carmen and
Cañadón Seco formations, with alternating packages of high and low sand:mud ratio. (B) Techniques of channel visualizations applied to a seismic horizon within the
Mina del Carmen Formation (H2) and to a seismic horizon close to the top of the Mina del Carmen Formation (H1). (C) Comparison of channel dimensions of channel
fills visualized in the Mina del Carmen Formation and Caleta Olivia Member of the Cañadón Seco Formation.
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9. Concluding remarks

Fluvial deposits of the Bajo Barreal Formation (Upper Cretaceous)
record deposition of contrasting styles of stacking (e.g., isolated vs.
highly interconnected channel fills) among two distinctive lithological
sections in the Cerro Ballena anticline. Rooted in a published sedi-
mentological study that recognized increases in both channel width and
flow depth upward of the studied succession, and hence the temporal
increase in river discharge and water availability, we collect informa-
tion recording three spectral gamma-ray logs, eighteen x-ray diffraction
data of mudstone samples, and petrography of sandstones within 31
channel fills. The conclusion includes the following.

1. We interpreted a nearly flat geomorphic scenario for the study
succession based in the correlation of distinctive log motifs within
Section A in outcrop spectral gamma-ray logs, with subsurface
gamma-ray logs in the Cerro Wenceslao oilfield, distant up to 12 km
from the outcrops. The layer-cake distribution, lack of either large-
scale erosional surfaces, terraces, or evident paleosol successions,
and relatively constant paleoflow directions (the later feature
identified in Paredes et al., 2018a, b) suggest lack of either local
tectonic activity or base-level shifts during deposition.

2. The integration of results derived from the SGR logs and XRD dif-
fraction analysis revealed a genetic link between both Total GR
values and K content with the proportion of different clay minerals.
An upward K reduction through Section A identified using spectral
gamma-ray logs parallel with the increase in kaolinite content in
XRD analysis of mudstones. Increase in kaolinite content is also the
likely reason of lower radiation values observed in the Total GR log
toward upper levels of Section A. Within Section B, mudstone
samples have higher proportion of kaolinite content that samples in
Section A. These results can be integrated with previous paleohy-
drological estimations of the studied succession, supporting a cli-
matic shift toward more humid conditions in upper levels of the
Cerro Ballena Anticline.

3. The detrital provenance of Section A indicates the mixing of vol-
canic components, which were derived mainly from acidic sources
in the coeval Andes Cordillera, with basic-intermediate sources de-
rived from the middle Jurassic Bahía Laura Group in the Deseado
Massif. Samples from Section A are feldspathic litharenites, lithar-
enites and feldsarenites with modal averages Q20F33L47 and
Lm1Lv99Ls0, and moderate contribution of intermediate to basic
volcanic fragments (average 14%). Samples from Section B contain
an abundance of volcaniclastic, mainly pyroclastic, compositions
derived exclusively from the Andes Cordillera, corresponding to li-
tharenites with a modal average of Q31F7L62 and Lm1Lv99Ls1, and
reflect a significative reduction in both K content and intermediate-
basic components.

4. A major reorganization of the fluvial system occurs at the boundary
between Section A and Section B, where synchronic changes in (i)
bedload composition, (ii) suspended-load type, and (iii) channel
sizes (width, flow depth) is coincident with changes in the stacking
density and inter-connectivity of fluvial channels. The most prob-
able reason for the upward increase of the sand:mud ratio is a sig-
nificative increase in both sediment supply and discharge of the
rivers, which could generate either the increasing frequency of
channel avulsion or higher channel migration rates. Thus, our ap-
proach combining several independent techniques indicate that
climate changes can directly impact on the stacking and con-
nectivity of potential sandstone reservoirs.

5. The integration of outcrop methodologies presents future research
opportunities and challenges for subsurface environments. Our ex-
ample of an oil-bearing fluvial succession in the nearby El Cordón
oilfield reveals that stratigraphic intervals with high sand:mud ratio
is characterized by large-scale fluvial channels with a meandering
pattern, whereas intervals of low sand:mud ratio show low-

sinuosity, narrow fluvial channels. Thus, it is likely that the corre-
spondence between vertical stacking changes, as identified in wire-
line logs, and variation in the style and scale of the fluvial channels
using seismic attributes, can be integrated with geochemical in-
formation linked to temporal variations in the chemical weathering
throughout (geochemical profiles, XRD, SGR logs), being helpful to
identify climatic cycles in the subsurface record.
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