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Abstract:

Climate impact on alluvial organization owing te @ontrol on water availability and
sediment delivery within the catchment, but tempolhanges in stacking patterns are
often interpreted to reflect changes in subsidemckbase level. To test for evidence of
climatic control on the stacking pattern, we stadyoutcrop succession with two styles
of stacking within the Upper Cretaceous Bajo BdrFremmation in the Cerro Ballena
anticline, Golfo San Jorge Basin, Argentina. ThB B8thick and 2.5 km wide exposure
has layer-cake geometry, lacking either large-seadsional surfaces, fluvial terraces,
or evident paleosols, dismissing either local teict@activity or base-levels shifts.
Rooted in a paleohydrological study recognizing agghincreasing in both channel
width and flow depth of formative rivers, we usesipal gamma-ray logs, x-ray
diffraction in mudstones, and sandstone petrograplwderstand the controls on the
stacking pattern. At the base, Section A consistsrall-scale, isolated channels fills in
a siliciclastic floodplain with sand:mud ratio ofl:6, whereas the overlying Section B
has a sand-mud ratio of ~1:3, with larger-scalennobls and greater inter-connectivity
within a volcaniclastic floodplain. Upward reduction K percentage through Section A
parallel with increasing kaolinite content, and siothe samples from Section B
contains a higher proportion of kaolinite than 8tTA samples, evidencing an upward
increase in paleo-weathering in humid conditionstribal components of Section A
indicate several volcanic sources (e.g., basiagnméeliate components derived from the
Middle Jurassic Bahia Laura Group and acidic coreptssourced from the Andes
Cordillera), whereas Section B exclusively contaiomlic clasts derived from the
Andes Cordillera. Simultaneous changes in detraktituents, suspended load type,
and increasing scale of the rivers in Section Biocoeval with increases in channel

inter-connectivity, here related to the increasewdr discharge and sediment supply in
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a humid climate, favoring more frequent avulsionkigher channel migration rates in
a relatively flat geomorphic scenario. The studyndastrates, combining independent
lines of evidence, that climate change can imgaestacking and connectivity of

potential sandstone reservoirs.

Keywords: outcrop gamma-ray spectra, chemical weatheringjjrikte variation,

detrital provenance changes, humid climate, uppetaCeous, Patagonia
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1. Introduction

Ancient fluvial systems contain significant hydrdoan accumulations on many
continental basins, representing up to 20 % ofrémeaining reserves of hydrocarbons
of the world. Advances in the understanding of #ilisuccessions come from several
inter-related disciplines, as 3-D seismic surva3gs@mentier et al., 2007; Ethridge and
Schumm, 2007; Reijenstein et al., 2011) modellinglies (Karssenberg et al., 2001,
Hajek and Wolinsky, 2012; Keogh et al., 2014; Chartib and Hajek, 2015) and field-
based studies (Labourdette, 2011; Allen et al.,4203&hinassi et al., 2016, among
others). Outcrop analogs contribute to a betteretstdnding of the controls on the
alluvial organization and evolution of coeval flavreservoirs by analyzing changes in
the alluvial architecture, channel-scale stackityes and relationship with adjacent
floodplain facies (Pranter and Sommer, 2011; Ritiacher et al., 2014; Pranter et al.,
2014; Paredes et al., 2016). Notably, changesackstg styles (e.g., isolated versus
densely amalgamated channel belts) constitute anommfeature identified both in
outcrops and subsurface, commonly used to asskesiwveeaggradation rates in fluvial
successions (Allen, 1978; Bridge and Leeder, 19T8pse changes are generally
related to changes in the ratio of accommodatiorseédiment supply (Wright and
Marriott, 1993; Shanley and McCabe, 1994; Olseal.etl995; Kjemperud et al., 2008),
although mentions to other variables as vegetatypes exist (Davies and Gibling,
2010; Davies et al.,, 2011). Alternatively, HajekdaHeller (2012) pointed out that
changes in amalgamation in fluvial successions, famkce connectivity of potential
sandstone reservoirs, may result from variationfoin depth and style of the involved
rivers, being an autogenic process that might equire coeval changes in subsidence

or base level.
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To assess paleoclimatic reconstruction of anciemcessions, outcrop spectral
gamma-ray (SGR) combined with facies analysis awtigemistry proved to be useful
(Myers and Wignall, 1987; Ruffell et al., 2003; Gbai-Nejad et al., 2010), being also
a critical tool to highlight relationships betwetaxture, composition and provenance
(North and Boering, 1999; Corbeanu et al., 2001arvet al., 2007Simicek et al.,
2012), and for stratigraphic analysis (Myers andstBw, 1989; Parkinson, 1996).
Outcrop SGR also allows correlating outcrop sectianth wire-line data using the
vertical variation of K, U, and Th (Hampson et aD05; Keeton et al., 2015).

The study succession of the Bajo Barreal Formadito€erro Ballena anticline is a
good outcrop analog to subsurface alluvial sucoassand can be used to test the
relative importance of allogenic forcing factors tre alluvial organization and of
stacking pattern because it has a scale that ispa@ble to that of hydrocarbon
reservoirs (2.5 km wide x 385 m thick) and has e&bosed facies relationships. A
siliciclastic section with isolated, small scaleanhel bodies at the base (Section A, 180
m thick sensu Figari et al., 1998) characterize the Cerro Ballerposures, covered by
densely-stacked channel belts encased in a fineegravolcaniclastic floodplain
(Section B, 250 m thickensu Figari et al., 1998). In this research, we provielults of
detailed outcrop SGR logging of the Cerro Ballexposures, complemented with x-ray
diffraction analysis and sandstone petrography iwitbhannel fills. These data,
integrated with paleo-hydraulical estimations dedifrom measurements of cross-bed
set thickness in channel fill and measurementshahgel sizes (Paredes et al., 2018a),
aimed at tracing climatically controlled variatiomsthe overall stacking of the fluvial
succession. The main purpose of this paper is tdenstand the stratigraphic
organization of the fluvial succession and to déscthe main controls on the stacking

pattern. Our key research questions were: What wezefirst-order controls on the
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stacking pattern? What evidence is available tesssgpaleoclimate at the time of

deposition? Can the distinctive lithological sesiawvith different stacking patterns be

correlated with the subsurface using outcrop SGR,land, if so, can the identified log-

motifs be linked to any change in the forcing-fastof the fluvial system?

This research shows how a combination of diffeteohniques can be used to better
understand the allogenic and autogenic controlheralluvial architecture and stacking

styles of fluvial successions, with implications @ilfield development.

2. Geological setting

The Golfo San Jorge basin, located in Central Paiagoetween 45 and 47° S latitude,
has produced approximately 10 billion barrels of(®500 million n¥) during its more
than 100 years of development history, currentiyvating up to 48 % of the liquid
hydrocarbons of the country production (Secretdeée&nergia, 2017). Up to 90 % of
those hydrocarbons are recovered from coarse-grdamges in channel fills within the
Upper Cretaceous Bajo Barreal Formation, and stdrseiequivalents.

The Golfo San Jorge basin formed as response tGahdwana breakup (Uliana
et al., 1989; Fitzgerald et al., 1990), with selgiaases of extensional reactivation
during the Cretaceous (Paredes et al., 2018b; Gialin2019), followed by a process
of positive inversion tectonics along the San Betadold belt Fig. 1), which rose up

mainly during Neogene times (Peroni et al., 199midvc et al., 1995).
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Figure 1: (A) Location map of the Golfo San Jorge basin in soutBegentina(B)
Location of the study area, oilfields, and printilpgalities. The Cerro Ballena anticline
(star) is located in the San Bernardo fold belaatdi= Las Heras city; CV= Cafiaddn

Vasco oilfield. EC=E| Corddn oilfield.

The initial basin infill is represented by a siistic lacustrine succession included
within the Late Jurassic-Early Cretaceous Las HeBasup (Lesta et al., 1980),
preserved in active half-grabens, and overlying add\-Jurassic volcanic-
volcaniclastic sequence known as Bahia Laura G(Bapuglio, 1949) or Lonco Trapial
Group (Lesta and Ferello, 1972). The remaining led Cretaceous sedimentation
corresponds to the Late Barremian-Maastrichtianb@h@Group (). Initial sedimentation
of the Chubut Group occurred in a wide lake (Pozt2@ Formation, Barremian? to
Aptian) which was sourced from the north by fluvigistems within the Matasiete
Formation (Paredes et al., 2007; Allard et al.,30The fluvial Castillo Formation
(Albian) overlies both units, characterized by devated content of reworked ash on
floodplains and channel fills (Umazano et al., 20Paredes et al., 2015), being

replaced in the subsurface of the basin by the MieaCarmen Formation (Lesta,
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1968). The overlying Bajo Barreal Formation hasrnbegtensively studied because of

its prolific hydrocarbon production and remainingtgntial (Feruglio, 1949; Lesta and

Ferello, 1972). Toward the basin margins, the EBgaeal Formation is covered by the

fluvial Laguna Palacios Formation (Sciutto, 198ty dy Campanian to Maastrichtian

deposits of the Lago Colhué Huapi Formation (Casall., 2015; Vallati et al., 2016),

being subsequently overlaid by marine and contale@enozoic sedimentary rocks

(Fig. 2).
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Figure 2: Stratigraphic column of the Golfo San Jorge basin.

3. The Bajo Barreal Formation
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Deposition of the Bajo Barreal Formation (Lesta d&wetello, 1972) occurred in an
endorheic basin over an area exceeding 150,000 &ith maximum thickness up to
1,300 meters. Due to its wide distribution, theepahvironment interpretations change
across the basin, being represented by lacustaimeléltas, volcaniclastic alluvial fans,
meandering and braided rivers, and ephemeral riBysvn et al., 1982; Barcat et al.,
1989; Hechem et al., 1990; Legarreta et al., 188&hem, 1997; Di Benedetto et al.,
2006; Umazano et al., 2008; Georgieff et al., 20QRjtcrop analysis along most of the
San Bernardo fold belt recognized a Lower Membed am Upper Member, a
distinction based on the floodplain composition dne scale of the sandbodies. The
Lower Member is characterized by channelized sanést interbedded with fine-
grained (very fine sand-size) tuffaceous strataerefis the Upper Member is composed
of larger-scale, isolated channel sandbodies sodedi by grey siltstones and
siliciclastic mudstones (Figari et al., 1990; Rgddz, 1993). Most sedimentological
outcrop studies indicate the occurrence of flugidtems with considerable discharge
variation (Umazano et al., 2008; Paredes et all6P@r ephemeral rivers (Hechem,
1994), whereas a palynological assemblage recovergde subsurface of the basin
(Archangelsky et al., 1994) from the Lower Bajo f@at Formation indicate humid,
continental mild to warm climate.

The Cerro Ballena anticline constitutes the weslieth of a faulted, plunging anticline,
whose axial trace is oriented NNW-SSHq; 3). Figari et al. (1998) established the
principal subdivisions of the Bajo Barreal Formatiat Cerro Ballena anticline,
identifying three main stratigraphic intervals aefil according to the occurrence of
discontinuities, lithofacies types and stackinggrats, named A, B, and C in ascending
order. Exposures of Sections A and B occur in thre @and western limb of the Cerro

Ballena Fig. 3) and constitute the main subject of this reseawdtile Section C is
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Figure 3: (A) Simplified geological map of the area of the CeBallena anticline,
southwestern Golfo San Jorge Basin (after Figaai.ef1998)(B) Satellite image of the
Cerro Ballena anticline, with the location of thespion of the SGR logs (Logs X, Y

and Z). Local roads are indicated as dotted lireage from Google Earth.

A detailed characterization of the fluvial succeasiwas provided by Bridge et al.
(2000) using photomosaics and detailed sediment@btpgs, where measurements of
geometry, lithofacies, and spatial distributionobfannel bodies provided support for
paleo-hydraulic reconstructions, complemented waitine drawing of internal surfaces
of selected sandbodies. They also provided an Aage of 91 +/- 0.49 Ma from a
distinctive level that separates Sections A anth&@ypreted as an ignimbrite (Bridge et

al., 2000).
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Barreal Formation in the Cerro Ballena anticlinealeP brown polygons outline
interpreted channel belts, whereas a distinctivekerebed that separates the Section A
of the overlying Section B is indicated as a reditetl line. The location and an

approximate trace of the three outcrop SGR logsmalieated.
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In a recent re-evaluation of the Cerro Ballena expes, Paredes et al. (2018a)
interpreted an anabranching fluvial system with esewdistinctive fluvial styles,
considerable spatio-temporal variation in channebngetries and dominance of
avulsion deposit¢§Fig. 5). Paredes et al. (2018a: their Fig. 14) identifedystematic
vertical (temporal) increase in single-channel disiens of the formative rivers
through Section A and B using GPS measurementxwanges of the channels (see
Fig. 5B).. Data using empirical equations derivednT modern rivers (Leclair and
Bridge, 2001; Leclair, 2002; Bridge and Tye, 20@80idge and Mackey, 1993) also
allowed identify an increase in both average flosptth (dm), mean bankfull channel
depth (db), and mean bankfull channel width of lempannels (Wc) from Section A to
Section B Fig. 5B), with values of Wc very close to those obtaineing GPS
measurements of width of single channels (Paredesl.e2018a: their Table II).
Converging results of both measurements of singiel dimensions and use of
empirical relations derived from set thickness wiss-beds within channel fills were
considered as supporting evidence of dischargeasertowards Section B, a trend that
was associated with a climatic shift toward morenfltliclimatic conditions (Paredes et
al., 2018a). Based on current understanding, theept research aims to complement
the previous results using several techniques, (sgectral gamma-ray logs, x-ray
diffraction analysis, sandstone petrography), na fiurther evidence of climatic change
in the analyzed fluvial succession, or alternagivtel test other forcing factors that could

be relevant to understand the alluvial organizatibtine fluvial succession.
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(b) 6 < d/hm < 10 (d=mean flow depth) (Bridge and Tye, 2000).

(c) Wc=8,88 dm"*#, dm=0.5 d (Bridge and Mackey, 1993).

(d) Q= Area.v; (v= velocity neccesary for dune migration, a v= 0,75 m/sec is assumed)

Figure 5: (A) Panel showing mapped stratigraphy and facies aathite in the Bajo
Barreal Formation along the western flank of ther@€eBallena anticline, with the
position of the measured spectral gamma-ray logg,)and Z. Average paleoflow data
and subdivisions of Section A are indicated (medifiof Paredes et al., 2018&B)
Summary of measurements of single-channel sizespal@hydrological estimations
derived from measurements of thickness set of dgaée cross-beds in single-channel
fills. We obtained the width of single channelsngsiGPS data on 58 channels of

Section A, and on 160 channels of Section B. Csasghickness data were obtained
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from 11 channels of Section A, and on 30 channtlSeation B (after Paredes et al.,

2018a).

4. Methodology

4.a. Outcrop spectral gamma-ray logs.

Three outcrop gamma-ray logs (Log X, Log Y, and Lbgn Fig. 5 were obtained
along the cliff face, through approximately 385 ftlee Bajo Barreal Formation, with
measurements using a vertical separation of 50ncetdrs. We adopted a counting time
of 2 minutes during the fieldwork. Weathering anddl rubble coverage of the fine-
grained sections led to the need for extensivechiag to achieve unweathered surface
exposures. The natural radioactivity of the rocksuwas measured with a hand-held
spectral gamma-ray scintillometer (Radiation Sohgi model RS-125), which allows to
show the result as the numerical value recordetthéppectroscope either as counts per
minute over the determined sample time or as théeot of radioactive elements in the

sample (% of KO or ppm of U and Th).

4.b. X-Ray diffraction analysis

The mineralogical compositions and clay identifimatof eighteen mudstone samples
were determined via x-ray diffraction (XRD) anal/sBamples were collected from
mudstones showing distinctive values in both T@Rl and K values in the SGR logs,
in order to find a link between K values in SGR lagd clay types. Clays were
separated using standard techniques, mounted giass slides and analyzed by x-ray
diffraction including both air-dried and glycolateeatment. Clay minerals were

identified according to Moore and Reynolds (19%f)d I/S, mixed-layer clays after
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Srodon (1984). The following 001 peaks in the glst® samples were used for
identifying specific clays: smectite 17 A, illit® 1A, kaolinite 7.2 A, chlorite 14 A, and

4.26 for quartz; 001 peak height relative to thekiggpound was used as a relative
indicator of the abundance of smectite. Kaolinigtative abundance compared to
chlorite based on the 3.57/3.53 A peak height® ratiglycolate samples (Chamley,

1989).

4.c. Sandstone petrography

Thirty-one sandstone samples from the Bajo Barfe@mation at Cerro Ballena
exposures were collected from sedimentological lgend Y. All samples represent
the fine- to medium-grained, typically cross-sfratl sandstones that are distinctive of
channel fills in the Bajo Barreal Formation. The dab composition of the Cerro
Ballena samples was analyzed by counting 500 ppietghin section in a rectangular
grid of 1 mm of spacing, following the Gazzi-Dickon methodology (Ingersoll et al.,
1984; Zuffa, 1985). The thin sections were impreégdavith blue epoxy resin before
thin section preparation for the recognition of ragcopy porosity. To discriminate
dolomite from calcite, thin sections were staindthvlizarin Red-S (Dickson, 1966).
Rounding and sphericity of grains were evaluateially, based on the approach by

Powers (1953).

5. Outcrop spectral gamma-ray logs

The three outcrop SGR logs from the Cerro Ballemi#ckne (location inFig. 4) are

shown inFigures 6-8 together with the sedimentary log.

Page 15



201
292

293

294

295

296

297

99 B B9 EE BEEEEE
fipe A e ey i

180m—

T

160m

140m—

e

T

Wk M&WWV{\M ;
hy P Ak e

120m

100m-

80m-

SECTION B

MR A |

60m-|

T

covered
40m-| =

1H

20m cove red J

%

covered

1
W’t

MARKER BED

m= J 3 \ J += o~ | |
grain size | T 1 L N B A B —
NS 60 120 1800 1 4 8 12 5 10 15 20 25

Lithology Total GR (ppm) K (%) U (ppm) Th (ppm)
KEY OF LITHOLOGIES
Il LITH 1: Fine conglomerates [ LITH 5: Fine tuffs
[JLITH 2: Coarse to fine-grained sandstones [l LITH 6: Tuffaceous siltstones
[ LITH 3: Siliciclastic siltstones Il LITH 7: Coarse-grained lahar (marker bed)
LITH 4: Siliciclastic mudstones [n]Samples for petrographical studies

Figure 6: Outcrop gamma-ray logs through the Bajo Barreahfadion in the Cerro

Ballena anticline. See the location of Log X in.Fig The diagrams show, from left to
right, lithology, grain size, and then the gammygdata: Total GR (ppm), potassium (K
%), uranium (ppm U), thorium (Th ppm). Unexposedtisas hidden beneath talus,

where SGR data could not be collected, are shovgajgs.
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299 Figure 7: Sedimentary log and gamma-ray data for Log Y (@47Location in Fig. 5.
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301 and then the gamma-ray data: Total GR (ppm), potasgK %), uranium (ppm U),
302 thorium (Th ppm). The main subdivisions of Sectin physically correlated, and
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Figure 8: Sedimentary log and outcrop gamma-ray data forZ¢g10 m). Location in
Fig. 5. The diagram shows, from left to right, dtbgy (code facies as in Fig. 6), grain
size, and then the gamma-ray data: Total GR (ppotgssium (K %), uranium (ppm
U), thorium (Th ppm). Sampled intervals of fine4igead lithologies for x-ray diffraction

studies are marked right to the sedimentologiaal lo

5.a. SGR counts, lithology and grain size trends

SGR data from the Cerro Ballena anticline show matééy high radioactivity (dose
rate: 45.6 - 180.0 nGy/h; Total GR: 42.4 - 175.0np@and concentration of K (0.4 -

3.4%), U (0 — 17.6 ppm) and Th (4.1 — 22.1 ppm)e Tiotal GR log is dominated by
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328

329

330

331

332

333

334

335

the potassium content shown by the high correlafiming the Pearson correlation
coefficient ¥- as a measure of a linear relationship betweenabias) between
potassium log and the total counts(.78) although U also shows high correlations
with total counts =0.75), and Th displays the less direct relatiothwiotal counts
(r=0.37). The generally weak correlation between eles(Th-Kr=0.20; Th-Ur=0.17;
U-K r=0.35) suggests that the sum radioactivity is sedirrom multiple mineral
carriers. The control of the K content on Total @&ues is also identified due to
similar shapes of the K and Total GR logs for theole sections, indicating that K-
bearing minerals are responsible for the majoritythe total gamma radiation from
these rocks.

For our purposes, we grouped the SGR data accotditige described lithology and
grain size in seven main facies categories, asviolLITH1: Conglomerates, LITH2:
Sandstones, LITH3: Siliciclastic siltstones, LITHSiliciclastic mudstones, LITH5:
Fine-grained tuffs, LITH 6: Tuffaceous siltstonds,TH 7: Coarse-grained lahar
deposits. A correlation matrix for Total GR and tieee radioactive components is
shown for the overall data, and for the seven sadetacies categoriesif. 9A). A
statistical summary of the collected gamma-ray ,dateanged by lithology/grain size,

and stratigraphic interval (Section) is showrrig. 9B.
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CERRO BALLENAANTICLINE LITH 1 - CONGLOMERATES LITH 2 - SANDSTONES LITH 3 - SILICICLASTIC SILTSTONES
Ksgr  Usyr  Thyg GRTotal Kegr  Usgr  Theg GR Total Kigr  Usgr  Theg, GR Tolal Ksgr  Usgr  Thsg GR Total

Kegr | 1.00 Kegr | 1.00 Ko | 1.00 Kege  |1.00
Ugr 035 1.00 Ugr  |076  1.00 Ug |051  1.00 U 054 1.00
Thege [0.20 047 100 Thege |040 -0.07 1.00 Theg |0.14 013 1.00 Theg (022 049 1.00

CRTotal| 0.78 075 037 1.00||GRTotal|0.88 090 0.10 1.00||GRTotal|0.82 0.83 029 1.00|/|GRTotal|0.79 087 037 1.00

LITH 4 - SILICICLASTIC MUDSTONES LITH 5 - FINE-GRAINED TUFFS LITH 6 - TUFFACEQUS SILTSTONES LITH 7 - COARSE GRAINED LAHAR
PEROM| Ksgr  Usgr  Thsge GR Total Ksgr  Usgr  Theg GR Total Ksgr  Usgr  Theg GRTotal | [IEEREM| Ksgr  Usgr  Thsgr GR Total

Ker | 1.00 Ky [1.00 Ker | 1.00 Kegr | 1.00
Ug |0.15  1.00 Ugr  |0.16  1.00 Ug |036 1.00 Ug |0.61  1.00
Thee [0.13 024 1.00 Thee [0.08 051 1.00 Thege 036 043 1.00 Thege |-0.08 -0.19 1.00

GRTotal| 0.78 054 037 1.00||GRTotal|0.53 083 046 1.00||GRTotal|0.79 071 057 1.00|[GRTotal|0.79 0.72 0.02 1.00

LITHOLOGY/GRAIN SIZE n |Total GR (ppm) K (%) U(ppm) | Th(ppm) ThiK Thiu
mean (StD) | mean (StD) [mean (StD)| mean (StD) | mean (StD)| mean (StD)
LITH 1: Conglomerates 12| 755(11.8) | 1.9(0.3) | 26(1.8) || 8.8(2.2) | 4.8(1.3) || 6.1(5.7)
LITH 2: Sandstones 230 80 (16) 1.7(04) | 35(24) || 9.9(29) | 6.1(2.5) || 6.4 (14.7)
LITH 3: Siliciclastic siltstones 179| 744 (171) | 1.7(0.4) | 26(2.3) |}10.2(2.7) | 6.5(2.4) |} 7.7 (13.5)
LITH 4: Siliciclastic mudstones 397| 80(10.2) 19(05) [ 1.9(1.2) (#12.2(2.3) | 6.8 (2.5) (011.4(17.4)
LITH 5: Fine-grained tuffs 74| 71.5(11.8) | 1.4(04) | 22(1.5) | 11.8(24) | 9.0(4.3) | 7.6(6.6)
LITH 6: Tuffaceous siltstones 383| 726(125) | 1.7(04) [ 1.7(1.2) | 11.6(2.8) | 7.3(3.2) | 12.6 (21.1)
LITH 7: Coarse-grained lahar (MB) | 18 66.4(6.8) | 1.1(0.2) | 21(1.4) | 11.2(25) | 10.1(2.7)| 8.1 (11.4)
STRATIGRAPHIC UNIT
Bajo Barreal Formation 1293| 76.31 (13.70)| 1.74 (0.46)|2.27 (1.78)| 11.28 (2.76)|6.96 (2.96)10.02 (17.29)
Section A 528 80.1(12) 1.8(0.5) | 23(1.7) | 11.8(25) | 6.9(2.8) | 10.3 (17.1)
Section B 765| 73.7(14.2) | 1.7(0.4) | 23(1.8) | 10.9(2.9) | 7.0(3.0) | 9.8(17.4)

Figure 9. (A) Correlation matrix for radioactive elements deteradi by SGR in the
entire dataset, and for each assigned facies agtagmng with the three SGR log®)

Mean values for total radioactivity, potassium (% Kranium (ppm U) and thorium
(ppm Th) contents of Log X, Log Y, and Log Z. Meadh/K and Th/U ratios are also

indicated. StD, standard deviation.

Th measurements show increasing values from coregktes to mudstones, although
the statistical overlapping is important, whereasallies show decreasing record from
conglomerates to mudstones, although the U tretebssdefined than for Th element.
Moreover, the distinctive marker bed that separ&@edtions A and B (identified as
LITH 7) shows very low values of K and total GR.

In conglomerates and sandstones, U and Total GR &ligh correlations (sandstones
r=0.83; conglomerates$=0.90), evidencing that the main contributor to tlotal

radioactivity is the U element. High-radioactivity conglomerates and sandstones is
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generally attributed to the contents of mica, Kidéglars, lithic fragments, and heavy
minerals (Rider, 1999). However, in our study aregh values of U in conglomerates
and sandstones are probably associated eitherdmgenesis or with fluid migration
and not with the occurrence of heavy minerals m fihe-grained matrix, due to the
characteristic oil staining of the matrix of coaggained facies, observed during the
fieldwork. Although some trends can be identifiesing the concentration of U in
sandstones and the Th distribution evidence sotagar with grain sizeKig. 9.B), the
considerable overlap of values and small differenoetween facies categories do not

allow to make lithological distinction using solddgsic statistics.

5.b. SGR correlations and log motifs

The lateral correlation of the outcrop SGR I¢g®). 10) use as a datum the distinctive
volcaniclastic marker bed showedHig. 5. Paredes et al. (2018a) divided the Section A
into several major zones of tens of meters accgrtbrits sandstone content (indicated
as M1, S1, M2, S2, and M3 in ascending order). Miagor subdivisions of Section A
can be traced confidently between the outcrop SG# Wwith minimum thickness
variations, evidencing a layer-cake distributiontieé main packages. Moreover, we
correlate outcrop SGR data with Well V and Well Wtlie Cerro Wenceslao oilfield
using two distinctive log motifs identified withfdection A. In the lowermost part of the
fine-grained succession of Section A, a upward ¢tdn of GR values in subdivision
M1-B can be compared with an equivalent GR motniified in Well W. A second
distinctive GR motif occurs in the S2 subdivisi@fig. 10), associated with an upward

reduction in both GR and K values.
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The three sedimentological logs in Section B contailarger “sand:mud” ratio (Log
X=0.45; Log Y=0.38; Log Z=0.31, as measured in Yeetical sections). The higher
sandstone content produces a more irregular nmotif and Total GR logs in Section B,
revealing an intricate pattern that makes it cinglieg to attempt lithological

predictions or grain-size trends using SGR dataealo
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Figure 10: SGR-log stratigraphic correlation between outggamma-ray logs obtained
in the Cerro Ballena anticline (Logs X, Y, and Z)dawells V and W of the Cerro
Wenceslao oilfield. The horizontal datum corresmomal the tuffaceous marker bed
(MB) located at the base of Section B. The desdriltkologies are indicated to the left
of the GR logs. Major sub-divisions and distinctleg patterns observed in Section A
and B are also represented. An upward decreasetal GR and K counts can be

observed throughout S2 and M3 packages of Sectiomwhch can be confidently
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identified in the subsurface. See the inset mapldoation. Key: SP=spontaneous

potential, AT90= deep resistivity.

6. Clay mineralogy and SGR record

We select ten mudstone samples for analysis by xhffraction from Section A, and
eight additional samples were collected from SeacBo As mentioned, the sampling
procedure was guided by observed trends in botal T&iR and K values in the outcrop

SGR logs, testing a possible link between K valo€3GR log and clay minerals.

6.a. Trendsin Clay composition within Section A.

In fine-grained samples from Section A in LogHd( 11), the whole-rock composition
is dominated by quartz (about 32-60 %) and clayemals (37-65 %), with minor
amounts of K feldspar (traces to 1 %), plagiocldde3 %), and calcite in three samples
(traces to 2 %). The main clay minerals in all samples are smectite (45-79 %),
kaolinite (1-55 %), and a single sample containseatilayer illite-smectite (99 %). X-
ray diffraction data indicate that although feldspare present, clay minerals are
volumetrically the most important source of,(X suggesting that clay mineral
distribution and type will be the primary contrah &;O distribution in the K log.
Samples from the basal levels of S2 stratigraphierval are dominated by smectite,
whereas clay minerals gradually change upward fsaractite to kaolinite through S3,

and parallel the gradual and systematic upwardatemtuin both the GR and K content.
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Figure 11: Whole-rock and clay-sized fraction x-ray diffracti®XRD) data obtained in
outcrop SGR Log Z (location in Figure 8). Quartzdaolay minerals are the
predominant components. Clay mineral assemblagésedf3 sub-unit are dominated

by Al,Os-rich kaolinite, whereas the S2 sub-unit contaimseyproportion of smectite.

6.b. Trend in Clay composition within Section B

With increasing sandstone content within Sectionm8, recognize an extra level of
heterogeneity associated with the U enrichment amoygps media (Osmond and
Ivanovich, 1992), favoring the general lack of pceble GR trends in this stratigraphic
interval, and making correlation from GR log patteery difficult. We collected eight
samples from a 25 m thick section within SectiomnB.og Z (location inFig. 8) in
order to test genetic relationships between GR-S@Res and clay minerals, after

identifying a log trend of increasing, and thenrdasing values in both Total GR and K
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433
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438

logs Fig. 12. Thus, we analyze the samples in the likelihdeat they contained a
systematic variation in clay content regarding mheasured Total GR and K content.
Whole-rock composition of the samples show elevapeairtz content (range 48-80%)
and clay minerals (19-49 %), with subordinate an®uri K feldspar (traces to 2 %),
plagioclases in two samples (2-5 %), calcite ire¢hsamples (traces to 12 %), and
ankerite (4 %) and hematite (1 %) in a single samphe main clay minerals are
represented by kaolinite in all samples (34-98 $f)ectite in three samples (18-66 %),
minor content of illite in six samples (1-8 %), aadingle sample contain mixed-layer
illite-smectite (10 %). Crystallinity is good in &Bnite, good to regular in illite, regular
to poor in smectite, and poor in I/S samples. Meeeposamples showing high kaolinite
content (e.g., samples CB-11 and CB-18) recordaWermost Total GR values and K
content within the sampled interval. Those sampbtemtaining smectite show
intermediate to high SGR counts, whereas the iddetent, to a certain extent, shows

direct correspondence with the count in K (e.@pnfrsamples CB-11 to CB-13).
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Figure 12: Whole-rock and clay-sized fraction x-ray diffraxcti(XRD) data obtained in
outcrop SGR Log Z (location in Figure 8). All samplcontain high kaolinite content,

suggesting an increase in the weathering rate degpBection A samples.
7. Detrital sandstone composition

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

Detrital quartz is generally sub-rounded to subtgergwith variable grain size ranging
between coarse- to fine-grained. Grains are pred@mly monocrystalline, with
embayed volcanic and fluid inclusions. Polycrystall quartz is present in low

proportion, displaying mainly straight to curvedised contacts between individual
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crystals, with more than three sub-grains displgypneferred crystallographic fabric,
probably of metamorphic origin.

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

Volcanic rock fragments are abundant. Basic andrimédiate volcanic rocks were
identified based on lathwork and microlithic texdsir(Ingersoll and Cavazza, 1991),
whereas the occurrence of porphyritic and felséidures suggests acidic lava flows as
the likely source. Lithic fragments with vitreousdaeutaxitic textures are indicative of
a pyroclastic source, and the occurrence of pugoceponents and glass shards reflects
coeval, acidic volcanic activity (Umazano et aD09; Tunik et al., 2015). Metamorphic
rock fragments are rare, where present they arbigif-medium metamorphic rank
(Garzanti and Vezzoli, 2003).

The proportion of matrix is generally low (lessrh2 %), consisting of interstitial clay
minerals and pseudomatrix (Dickinson, 1970; Dur8#92). Biotite, muscovite, zircon,
and heavy minerals are minor constituents of aldstones. The most abundant types
of cement are carbonates (calcite, dawsonite, afarite), whereas clay coatings are
common, with the limited occurrence of iron oxiderent. Several samples of Section
B and the marker bed show dawsonite, as a pervakemtion of detrital components.
The porosity evaluated on thin sections occursal becondary and altered primary
types. Most of the secondary porosity form moldorgs, but dissolution pores were
formed as a result of both dissolution of framewgrkins and calcite cement, and

fracture pores are locally found.
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According to Folk et al. (1970), the analyzed s#émmiss from Section ARig. 13B)
correspond to feldspathic litharenites (n=7), lidmates (n=1) and feldarenites (n=1)
with modal averages fgFssLs7 and LmlLvgdlsy. Sandstones from Section A are
mineralogically and texturally immature, with anesage of 32 % of intergranular
material (matrix and cement) and 56% of detritahponents. The lithic fractiorF{g.
13.A) mainly consist of lithic clasts of acidic volcamocks (average abundance of 19
%), pyroclastic fragments (46 %) and highly altepgaloclastic fragments (18 %); all
the samples contain intermediate to basic volcagments (14 %), whereas fragments
of metamorphic and plutonic origin are uncommor?gP and sedimentary fragments
are scarce (<<1 %).

In contrast, samples from Section B (n=18) corradpentirely to litharenites with
modal averages of 4F7Lg; and LmLvggls;. The detrital framework, on average,
represents 40%, whereas intergranular componeeatsmto 48 %. The lithic fraction
consists of pyroclastic fragments (53 %), aciditcanic rocks (average abundance of
22 %) and highly altered pyroclastic fragments (23, whereas fragments of
metamorphic and plutonic origin are uncommon (2a&#t) sedimentary fragments are
scarce (<<1 %). Samples from Section B show a fstgtive reduction in K content (7
% average), whereas basic-intermediate componeatbedow 3 % in seven samples

(Fig. 13A).

Interpretation: Data indicate that sandstone samples from Seciand Section B
correspond to different petrofacies (Ingersoll, 8Rand can be compared with previous
petrographical results of the Bajo Barreal Formmatitbaiiez et al. (2015) identified
feldspar litharenites and litharenites from sampllesng exposures of the Bajo Barreal

Formation in the Cerro Guadal olilfield, locatedk26 toward NNW; their data overlap
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the field of compositions in the QFL diagram (Felkkal., 1980) of samples obtained in
Section A of the Cerro Ballena. Limarino and Gaord (2016) analyzed arenites from
subsurface samples of the Bajo Barreal Formatidh eémparable detrital components
to those recognized in Section A, identifying twstiehctive petrofacies, referred as VF
and VP. Limarino and Giordano (2016) consider bp#trofacies as indicative of
provenance from volcanic terrains, discriminatinig &d VP petrofacies by the relative
proportion of plagioclase and k-feldspar within th@ndstones. The VP petrofacies
contain a percentage of plagioclase twice thatocbikitent and are considered related to
source areas located in the Deseado Region, wheretee VF petrofacies the K-
content is similar to the plagioclase percentageind sourced from the Andes
Cordillera (Limarino and Giordano, 2016). Sandsteamples of Section A do not fix
with the previous characterization of petrofacie® &d VF, because they contain a
more substantial proportion of basic-intermediatemponents, and plagioclase
percentages are similar to k-feldspar content. Thws consider that the detrital
composition of sandstone samples from Section kectf a mixture of components,
with dominant acidic components derived from thed@s Cordillera, and contribution
from basic-intermediate volcanic-volcaniclastickederived from the underlying Bajo
Pobre Formation of the Bahia Laura Group (Clavije86; Panza and Haller, 2002;
Cobos and Panza, 2003), outcropped few kilometuthward of the study area. All
samples from Section B corresponds to petrofacieso¥ Limarino and Giordano
(2016), and thus they are linked to a source aorairthted by acidic volcanic rocks

derived from the Andes Cordillera.
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Figure 13: Detrital petrographic composition of sandstone damfrom Section A and
Section B of the Bajo Barreal Formation at Cerrdldde Anticline, Santa Cruz
province.(A) Vertical trends of total quartz, total feldspansddotal lithics, expressed
as a percent of total detrital components, andcgoaf lithic components. The sample
position indicated left to the figure, is shown Rigures 6 and 7. Notice the abrupt
reduction in basic-intermediate volcanic components Section B and the
corresponding upward increase of components defioed acid volcanic sourceéB)
Ternary diagrams of sandstones (after Folk et 1870). Qt, total quartz; F, total

feldspar; L, lithic fragments.

8. Discussion
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The evolution of the Bajo Barreal Formation is dissed here with particular attention
to the links between stacking styles, the trendspactral gamma-ray log and clay

composition as well as depositional controls.

8.a. Origin of trendsin SGR logs and clay minerals

Section A. The upward reduction in K and total GR through 82l S-3 sub-units of
Section A can be linked to the observed clay misekigher potassium values in basal
levels of S2 sub-unit is probably a result of thisitution of K in the structure of
smectites before undergoing diagenesis (Drief aietbN2000). The upward increase in
Al,Os-enriched kaolinite through Section (&ig. 11) constitutes the likely reason for
lower radiation values in both Total GR and K lagsmudstone samples, probably
reinforced by leaching from feldspars during kaibdiiormation (Parkinson, 1996).
Limarino et al. (2017) analyzed the diagenetic ettoh of subsurface sandstone
samples of the Bajo Barreal Formation at depthgingnfrom ~500 m to up to 2500 m,
identifying a complex evolutive history with seveimgenetic stages. Although clay
transformations during the burial of the studiedcgssion cannot be ruled out, the
Cerro Ballena is located very close to the southasin boundary and has been covered
by limited (if any) Cenozoic strata, with Cenozaglifting linked to the building of the
San Bernardo Fold Belt. Consequently, we consithat the succession has not
undergone significative burial, probably less tB80 m, and clay mineral variations are
attributed to changes in the chemical weatheritgyirathe early diagenesis.

We thus consider that the upward K reduction thhowg Section A identified in SGR
logs and the corresponding increase in kaolinitaesare associated with the increase

of paleo-weathering in humid conditions, while tbes total GR counts values toward
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the top of Section A are associated with both eoddncontinental leaching and
changes in clay type. Several studies (Senkayi.gt987; Thiry, 2000; Séez et al.,
2003; Worden and Morad, 2003; among others) poiotgdthat kaolinite can result
from the alteration of volcanic-volcaniclastic cooments under warm and humid
climatic conditions, whereas smectite can be forfnech the alteration of volcanic or
volcaniclastic material or a variety of authigemmcesses and climatic conditions
(Chamley, 1989; McKinley et al., 2003; Galan, 2008)e single sample containing I/S
mixed layer may results from moderate chemical heatg under surficial conditions
(Chamley, 1989), and can occur during the transition of smectite under seasonal
climates due to pedogenetic processes (Wilson, ;1B88csik and Varga, 2008) or
from altered volcanic materials (Lindgreen and Byr2000; Shoval, 2004).

Section B. Increasing, and then decreasing GR counts and keebin the sampled
stratigraphic interval of Section B show close espondence with the variations in the
kaolinite-smectite ratioHig. 12). Our results suggest that reading of Total GR knd
counts can be linked with vertical changes in ctagerals within the study succession
in accordance with previous studies that relatedndance of clay minerals in
sedimentary rocks to the ratios of K, Th and U (kyand Bristow, 1989; Slatt et al.,
1992; Ruffell and Worden, 2000). However, the smathber of XRD measurements in
Section B prevents more detailed statistical cati@hs between clay content and SGR
values. The results indicate an overall higher ikéel content that samples collected in
Section A, supporting the inferences of higher Wweang rate toward upper levels of
the analyzed succession (Millot, 1970; Weaver, 198@sides, to date, no paleosol
studies have been carried out in the Cerro Ballattaough during the fieldwork we do
not find evidence of either mature paleosols otirttsve soil horizons, more research

on the paleosols of the Bajo Barreal Formatiorhia area is needed to evaluate subtle
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changes in soil-forming processes and mineralogpbdbly, future research in
micromorphological and geochemical characteristicpoorly-evolved paleosols can

improve our understanding of the analyzed fluviedts.

8.b. Origin of changesin detrital provenance

The vertical compositional trend observed withire thbandstone samples reveals a
precise change in detrital modes at the boundatwds® Section A and Section B.
Particularly, we noted a noticeable upward reduciio both potassium content and
basic-intermediate igneous components (Bee 13, and the increase in unstable,
acidic volcanic components, demonstrating change$®edload composition in the
rivers of Section B. These changes occur synchgpadio the observed change in
floodplain composition from epiclastic-derived, gieolored mudstones and siltstones
of Section A to red-colored, tuffaceous siltstomeSection B, and parallel the increase
in channel proportion (Figari et al., 1998). Flolip construction within the Bajo
Barreal Formation has been associated with rewgrkiy the water of epiclastic and
volcaniclastic components during floods (Umazanalet 2008), while only a minor
proportion of ash-size beds are related to dirgtaladerived from distal volcanic
activity (Paredes et al., 2016). As detrital conifims changes occur as a result of
erosion and unroofing, in a conformable successanh changes in composition are
gradual and continuous (Graham et al., 1986). @nctimtrary, significant breaks in
sedimentation can be identified by sudden changeslast composition across an
erosion surface (Colombo, 1994; Miall and ArushpP) and are useful to define
sequence boundaries.

From the above considerations, several likely engtians emerge concerning the

observed changes in the detrital modes. Synchroratasiges both in bedload
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mineralogy and in suspended-load types should reguisignificant reorganization in
the drainage network toward the hinterlands, whvolild lead to the incorporation of a
considerable amount of unstable, volcaniclastieGveéercomponents in the flanks of the
Andes Cordillera. Alternatively, stream piracy ofasiger-scale catchment in a closer
position to the study site could also be effectiveproducing sudden mineralogical
changes, providing instantaneously large volumegybclastic-acidic components,
with the dilution of the basic-intermediate compiatse Besides, it is also possible that
coeval changes in detrital provenance, suspendatidomponents, and the scale of the
channels could have been triggered by a suddegaeization of the channel network
linked to increased volumes of water being tramstémwithin the catchment in more
humid conditions. These impacts could be even oeiel due to the relative low
permeability of tephra components that built upftbedplains of Section B in relation
to epiclastic components of floodplains in Sectigrreducing the infiltration capacity
of the floodplain and favouring runoff increasesing floods or heavy rains (e.g.,
Swanson et al., 1982; Smith, 1991). In this sdendne increase in both water and
sediment supply within the channel network in atieely flat geomorphic scenario
can, in turn, led to either increasing frequencyglwdinnel avulsion (Bryant et al., 1995)
or increasing migration rates (Leeder, 1978; Mac#t heeder, 1998) favoring greater

interconnectivity among channel deposits.

8.¢c) Negligible influence of local tectonics or base level on stacking and connectivity

In alluvial settings, the recognition of depositbsequences relies on the identification
and correlation of subaerial unconformities andtamting stacking patterns. Classical
models of fluvial depositional sequences defineeghsystems tracts similar to that

observed in marine environments (Legarreta andnd)id993; Wright and Marriott,
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1993; Shanley and McCabe, 1994), but other studieposed a model of fluvial
depositional sequences composed of only two systeswts (Martinsen et al., 1999;
Catuneanu, 2006). In the two-stage scenario, cstinita stacking pattern allows
defining high- and low-accommodation systems tractuvial sequence stratigraphy,
defined by variations in the overbank/fluvial chahratio (Martinsen et al., 1999) and
by variations in the geometry of the involved chalnbelts (Labourdette, 2011).
Sediments within Section A can be interpreted &gyh-accommodation systems tract
due to the low interconnectivity of the channeltbelith a stacking density of 12%.
Channel belts of Section A are narrower than thokeSection B, which can be
associated with higher aggradation rate of floodptaaterials in relation to avulsion
frequency or channel migration rates. The sequdmmendary is established by
changing stacking patterns between Sections A arh@ also by the precise change in
detrital composition (Miall and Arush, 2001).

On the other hand, Section B is considered a lose/acnodation systems tract owing
to the elevated connectivity of channel belts. &ged stacking density of Section B is
32%, reflecting reduced aggradation floodplain rateelation to the lateral shift of the
channel belts onto the floodplain. Besides, flugedjuence models related to both base
level shift and tectonic requires the occurrenceaofie incisional relief at base of
amalgamated channel complexes (Miall, 2002) andvaloeccurrence of mature
paleosols in interfluves (Atchley et al., 2004; Hmon et al., 2005) to support base
level shifts and the development of sequence boilexl&ield observations and SGR
correlations show that mudstone strata are vistiyadirallel in the Cerro Ballena area,
indicating deposition of the stratigraphic intesvalver a relatively flat relief. Lack of
degradational features (e.g., incised valleys, iflluterraces) also constitute indirect

evidence of an aggradational system. The correlaifooutcrop gamma-ray logs with

Page 35



662

663

664

665

666

667

668

669

670

671

672

673

674

675

676

677

678

679

680

681

682

683

684

685

well-logs of the Cerro Wenceslao oilfiel&ig. 10) indicates a layer-cake geometry of
the studied fluvial succession over up to 15 knt thea interpreted as evidence of
negligible local tectonic activity in this part tfe basin. Parallel seismic packages and
no thickness variation of stratigraphic intervalghim the Bajo Barreal Formation
across faults (not shown) in the Cerro WenceslHeldi also reflect a lack of tectonic
activity during deposition. However, it is worth m®ning that Upper Cretaceous
tectonic activity in the Andean margin (Folgueral danizzoto, 2004; Folguera et al.,
2011) would have increased the rate of productibrvadcanic particles and relief
generation, which in turn could have produced lavgéumes of volcaniclastic particles
and a distinctive mineralogy in the coeval drainaggems. Hence, although the fluvial
succession displays an overall aggradational pated shows no changes in the flow
direction fig. 5), sudden variations in detrital modes and floomptammposition could
be indirect evidence of coeval volcanic activitytire hinterlands (see Paredes et al.,

2018a).

8.d) Climatic control on staking and connectivity

Climate changes occur in a quasi-periodic way aers¢ scales (e.g., Milankovich
cyclicity, see Imbrie et al., 1984), conditionintgetdelivery of water and sediment to
fluvial basins, and vegetation cover (Leeder e1898; Blum and Tornvist, 2000; Blum
and Hattier-Womack, 2009). River systems respordinatic shifts in different forms,
and the nature and amplitude of the climatic smisessary to generate a distinctive
signal in current fluvial systems are currently fidty understood (Tandon and Sinha,
2007). Climate and channel stacking constitutecarrent (and challenging) issue in the

last decades (Olsen, 1994; Blum and Tornqvist, 26@ller et al., 2015) and a subject
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of active research (Foreman et al., 2012; Allemalet2013; Foreman, 2014; Simpson
and Castelltort, 2014; Colombera et al., 2017; agrathers).

A detailed characterization of the channel fillstire Cerro Ballena exposures was
provided by Paredes et al. (2018a), identifyingupward increase in both channel-fill
width and flow depth toward Section B. In the studga, stratigraphic intervals with
higher interconnectivity of channel deposits (SectB) contain wider and thicker
channel bodies than intervals of lower interconnégtof channel deposits (Section A).
Based on the results of paleohydrological estimati(seeFig. 5), an upward shift
toward more humid conditions was proposed. Furthadence of wetter conditions
toward the uppermost part of the Cerro Ballenai@edhas been presented in this
research using outcrop spectral gamma-ray logsxamay diffraction analysis, where
trends of change in both Total GR log and K corgesgten to parallel changes in clay
minerals in floodplain facies (sdeigs. 9-10. Mainly, upward increases in kaolinite
content through Section A are considered reliablielemce of increasing chemical
weathering. Moreover, the observed (inverse) mhabetween Total GR values and
kaolinite content in XRD analysis demonstrated fiathssium hosted in clay minerals
is the primary source of the radiation in the fgrained fraction.

Hajek and Heller (2012) pointed out that increaigesvater availability promote the
further erosive capacity of the flow during floodad preservation of wider channel
belts, removing a higher proportion of fines duriih@pds and increasing the overall
connectivity of channel deposits. The proposal iamb} states that climatic shifts can
directly impact the connectivity of fluvial successs, through the generation of
broader and deeper channel belts with higher cdivtgaduring periods of high water
availability. On the contrary, we can speculate tbea occurrence of minor-scale,

isolated single channels during stages of redu@dnavailability. As channel sizes are
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related to water availability and discharge of tf@mative rivers, our study

demonstrates that a shift toward more humid camutiupward in the Cerro Ballena

exposures has favored higher connectivity of thenoklized sandstones. Besides, the
study succession lacks age constraints necessaiyfelo aggradation rates; hence,
temporal changes in accommodation regarding stgottensity cannot be adequately
evaluated. Furthermore, a recent evaluation ofirtierse relation between channel-
deposit proportion (and geometries) and floodplaggradation rate values, do not
follow the predicted behavior in fossil example®l@nbera et al., 2015), revealing the
need of a profound revision of the fundamental@pies of current fluvial stratigraphic

models. In this regard, the present research deinabes, using several independent

lines of evidence, that climatic changes can cotivariation in stacking density.

8.e) Implication for subsurface studies

In the subsurface, the results derived from thitkcrop example can be applied to
understand the origin of channel deposits of végiatale identified in stratigraphic
intervals with different sand:mud ratio. Seismitriatites directly image the geometry
of potential reservoirs, and constitute a commahreue during oilfield development
(Wood, 2007; Hubbard et al., 2011; EI-Mowafi andrie, 2016), providing relevant
information for hydrocarbon production. In the Chuléroup of the Golfo San Jorge
basin, it is common during oilfield developmentidentify stratigraphic intervals with
vertical changes in the stacking pattern of charneéldeposits (e.g., Catuneanu, 2019:
his Fig. 14). Well-log information of upper leva§the Mina del Carmen Formation in
the El Cordon oilfield Fig. 14A, location inFig. 1) show channel fills separated by

thick floodplain fines, whereas in the Caleta Qlivilember of the Cafaddén Seco
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Formation (equivalent to the Lower Bajo Barreal rration) channels are thicker and
floodplain fines are in lower proportion. The vismation of channel belts was
performed using spectral decomposition volumes Patyka et al., 1999), allowing to
define channel margins, true width of the channafs] patterns of displacement of
channel belts in the interval of interest. A bleridrequencies from individual volumes
in the range of 24-56 Hz was imaged, visualizirgygbeometries of channel belts from a
seismic horizon (H2) within the Mina del Carmen fRation (location in Fig. 1) and
from the top of the Mina del Carmen Formation (Hf)the seismic volume around H1,
we considered, due to a large number of channelfeatures, that most of the

geobodies belong to the Caleta Olivia Member.
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(B) Techniques of channel visualizations applied seiamic horizon within the Mina
del Carmen Formation (H2) and to a seismic horizdose 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 ande@alOlivia Member of the

Cafadon Seco Formation.

By using spectral decomposition in the H2 seisnudZon (Upper Mina del Carmen

Formation) several low-sinuosity fluvial channelsithw variable orientation are

identified, with channel-body widths in the orddr 1810-200 m. On the other hand,
fluvial channels imaged within the Caleta Olivia mdlger are of high-sinuosity and
larger scale, with channel-fill widths up to 450 amd channel-belt widths commonly
up to 2500 m. Hence, stratigraphic intervals ofhbigsand:mud ratio display wider
fluvial channels that those of lower sand:mud ratilhere narrow fluvial channels
predominate. Although the natural variability oktfuvial systems is extremely high,
and no general rules can be derived from this sieghmple, our analysis of the Bajo
Barreal Formation have provided a reliable examplevhich the stacking (and hence
inter-connectivity) of fluvial channels occur symoehously with variations in the scale
(true width, flow depth?) and style of the formatinvers. From this, the identification
of climatic cycles in the subsurface can be attechptirough the integration of spectral
gamma-ray logs and clay mineralogy changes plugimgaof fluvial geobodies using

seismic attributes. The integration of results i from the present approach, with
palaeohydrological estimations derived from morphtiia parameters of imaged
channel belts using empirical relations obtaineddarrent rivers (Reijenstein et al.,

2011; Wood, 2007; Musial et al., 2012) constitufg@mising field of research in order
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to assess climatic variation associated with changechannel dimensions in the

subsurface environment.

9. Concluding Remarks

Fluvial deposits of the Bajo Barreal Formation (eépgRretaceous) record deposition of
contrasting styles of stacking (e.g., isolated wghly interconnected channel fills)
among two distinctive lithological sections in t@erro Ballena anticline. Rooted in a
published sedimentological study that recognizemleases in both channel width and
flow depth upward of the studied succession, amté¢he temporal increase in river
discharge and water availability, we collect infation recording three spectral
gamma-ray logs, eighteen x-ray diffraction datanofdstone samples, and petrography
of sandstones within 31 channel fills. The conduasncludes the following.

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

2. The integration of results derived from the SGRsland XRD diffraction
analysis revealed a genetic link between both TGl values and K content
with the proportion of different clay minerals. Aippward K reduction through

Section A identified using spectral gamma-ray Ipgsallel with the increase in
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kaolinite content in XRD analysis of mudstonesréase in kaolinite content is
also the likely reason of lower radiation valueseaed in the Total GR log
toward upper levels of Section A. Within Section Budstone samples have
higher proportion of kaolinite content that samplesSection A. These results
can be integrated with previous paleohydrologicgtingations of the studied
succession, supporting a climatic shift toward miouenid conditions in upper

levels of the Cerro Ballena Anticline.

. The detrital provenance of Section A indicates tmé&ing of volcanic

components, which were derived mainly from acidourses in the coeval
Andes Cordillera, with basic-intermediate sourcesived from the middle
Jurassic Bahia Laura Group in the Deseado Masaifipfes from Section A are
feldspathic litharenites, litharenites and feldsdes with modal averages
Q20F33L47 and LmLvggl sy, and moderate contribution of intermediate to dasi
volcanic fragments (average 14%). Samples from i@ecB contain an
abundance of volcaniclastic, mainly pyroclastic, mpositions derived
exclusively from the Andes Cordillera, correspargdito litharenites with a
modal average of §F7Ls, and LmLvggls;, and reflect a significative reduction
in both K content and intermediate-basic components

A major reorganization of the fluvial system oxat the boundary between
Section A and Section B, where synchronic chang€g bedload composition,
(i) suspended-load type, and (iii) channel sizeslih, flow depth) is coincident
with changes in the stacking density and inter-estiaity of fluvial channels.
The most probable reason for the upward increasheofsand:mud ratio is a
significative increase in both sediment supply disg¢harge of the rivers, which

could generate either the increasing frequencyhaoel avulsion or higher
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channel migration rates. Thus, our approach combirseveral independent
techniques indicate that climate changes can tiraupact on the stacking and
connectivity of potential sandstone reservoirs.

5. The integration of outcrop methodologies preseuitisré research opportunities
and challenges for subsurface environments. Oumpba of an oil-bearing
fluvial succession in the nearby ElI Cordon oilfiglelveals that stratigraphic
intervals with high sand:mud ratio is characteriZegl large-scale fluvial
channels with a meandering pattern, whereas idtewflow sand:mud ratio
show low-sinuosity, narrow fluvial channels. Thus, is likely that the
correspondence between vertical stacking changesdemtified in wire-line
logs, and variation in the style and scale of tleidl channels using seismic
attributes, can be integrated with geochemicalrmédion linked to temporal
variations in the chemical weathering throughowofdemical profiles, XRD,

SGR logs), being helpful to identify climatic cysla the subsurface record.
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Highlights

Two contrasting stacking styles are recognized in the Cerro Ballena anticline

Vertical reduction in K content using outcrop SGR logs parallel the increase in

kaolinite

Changes in stacking occur synchronically to detrital composition changes

Vertical changes in stacking density are linked to a climatic shift toward wetter and

humid conditions

Climate changes can impact the stacking and connectivity of potential sandstone

reservoirs
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