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Abstract

Laguna de los PozueldtsP) is a modern faulbounded, alkaline lake in northwestern
Argentina believed to serve as a potential analog for the genegmeefalt reservoirsThe
sedimentary succession in a core drilled_aguna de los Pozuelagas characterizechtough
detailed facies and petrographic analyseggmented by-ray diffraction, Xray fluorescence,
isotopgc and spectral analgs, to interpret thedepositional coditions and relatethe different
carbonaténabits with changes in environmental conditions in the [Blke sedimentary succession
is composed ofive facies,grouped intahree faciesassociationssheet flood, lake margin, and
lacustrindacies associaing. Except forthe sheet floofacies associatigthesecontaindifferent
types of carbonateslbeit in low abundance (only 12%)rimary carbonate include peloids,
stromatolites, thrombolites,and bioclasts whereas swtiagenetic carbonates comprise
microcrystallineandmosaiccalciteand aragonite. These carbonatese precipitated bg mix of
biotic and abiotiprocesseslntegration of theesultsprovidesnewinsights into the environmental
and climatic changes that have happened in LP basin in the past 43,000 geastidy core
shows that.P has gone through multipfegh-frequencylake expansion and contraction cygles
with a peak in deepening and expansid the lake at around 4.5 m of depth. An overall wetting
upward trend is suggested by evidence thatbase of the study core accumulated under a more
arid environmentfollowed by decreasg aridity and salinityin the top half. Water chemistry
seemsd be characterized by mostly low Mg/Ca ratio, conducive to precipitation of calcite, rather
than aragoniteDespite some similarities to tlenvironment envisaged for psalt reservoirs,
Laguna de los Pozuel@snot a goodanalogfor this system. Diffeences in vater chemistry and
sedimentsource  not generate the conditions necessargroduce the Mgilicate gels and/or

precipitate the expected amount and texture of carbonates fothpresalttypereservoirs



Table of Contents

LISt Of FIQUIES......eiiiiiiiiiiiieiee ettt et e e e e e e e e e e e s s s smnne e s s e s nnnnnnnnennneee N
IS 0 N = ] =P PPPUPPPPRPRRR ¥/ | |
N ([0 1V =T o =T o 0= o £ iX
0o 11 [ 1o ] o TR OSSP PPPPPPPPPP 1
BACKGIOUNG. ...t rmmne e e e e 4
1YL 1 T T PO RSRRRRN 10
FACIES ANAIYSIS......ciiiiieeiiiee e e erret e e e e e e e e e e e e e e anrn e e e aaaaaaaaes 11

DG = LV 111 = Td 1 0] o SR 12
X-RAY FIUOIESCENCE.....ceiiiiiiiiiiiiie e 13
ISOLOPIC ANBIYSIS ...t ee e 13
SPECIIAI ANBIYSIS......eiiiiiiiiiiiii et 14
RESUILS. ...ttt anees bbbttt e e et e e e e ennr e 15
FACIES ANAIYSIS......ciiiiieeiiieie e e errer e e e e e e e e e e e e e e e e e e e e aaaaaaaaes 15
PetrographiC ANAIYSIS.......coooiiiiiii e e e 20

T OXEUIES. ..t ettt e e e e e e e et e e et b e e emnme et e e e eea e e e enans 20

Primary COMPOSILION...........uuiiiiiiiiies i s s e e e e e e emrersee e s s e e e e e e e e e e e e eeeeeaeens 25
ComMPlemMENTANYANAIYSES ... .o eeee e e e e e e enanas 32

9 o U7 o ) o 39
Depositional ENVIFONMENIS. .......uiiiiiiiiiiiiie ettt 39
Stratigraphic Evolution and PaleoClimate..............ciiiiiiiiceeicccee e eeeeeeea e 41
Controls on Carbonate PreCipitatiQn..............coiiei i ceeeiiiccce e eeeeie e 44

(@0] o T0d 118153 0] o 1P 49
] (=] = o =P 51
Appendix 1i Petrographic quantification tables...............ccccoviieee e 59
Appendix 2- Photomicrographs from thin sectionsliROG-2A .............ccoovvviiiiiieiieeen e, 68
Appendix 3i XRD DiffraClOgramS. ... .......uuuuuiiiiiiiiiiieeeiiiiieeeiee e e e e e e e e e s smmt e e e e e e e e e e e e e 76
APPENAIX 41 XREF GATAL. ... e e 95



List of Figures

Figure 1: Adapted frorVright and Barnett (2017). A) Example of the microbial platférdeep
lake model that is hypothesized as one of the possible origins fealpmeservoirs. B)
Shallow lake model also hypothesized for the origin ofgaléreservoirs....................... 2

Figure 2: Map of PrQuaternary geology of Laguna de los Pozuelos (Camacho & Kulemeyer,

Figure 3:A. example of spherulites as well as Mdijcates (from Tutolo & Tosca, 2018). B.
Shrubs from the prealt reservoirs in the Santos Basin, Brazil (from Petersohn & Abelha
2013). C. Laminated carbonate mud from the Barra Velha Formation, Santo Basin (from
L= = == L 0 0 PSPPSR 7

Figure 4: Theoreticahodel of spherulites growing in an Mgicate gel that is converted to clay
during diagenesis, later dissolved to create porosity (Wright & Barnett, 2Q17).......... 8

Figure 5: Photomicrographs from the {sa@t succession in the Campos Basin, showing
spherulites precipitated in Mgjlicate matrix, locally dissolved with generated porosity
(Wright & Barnett, 2017)......eeeeeiiiiiieieeee oo meee e eeeeanas 9

Figure 6: Google Earth image of LP, showing the modern extent of the lake and location of the
StUAY COIe (FE€A CIFCIE)....eeeeeiiiieee e eeee e 10

Figure 7: Sedimentary log of core studied in the Laguna de los Pozuelos, summarizing the
results. Facies associations: yellow = sheet flood, brown = lake margin, graystrine.
Compositional quantification: blue = carbonate > 5%, red = total calcite > 5%, green =
diSplaciVe gYPSUM PrESENL......uuueeiiiiee e i e e e e ceeeie s e e e e e e e e e e e e e e e et ieees e e e e e eeeeeeeeeeeeeeesenaanas 19

Figure 8: Representative photomicrographs of the facies associations. A: Massive shud (ClI
with intraclasts in the lake margin facies association. B: Intraclastic mud withldebra
texture (Ck) in the lake margin facies association. C: Laminated (€4y; rich in
bioclasts, typical of the lacustrine facies association. D: Coarse granules and pebbles with
massive sand ($ in the sheet flood facies association. (Int= intraclast, Carb = carbonate,
Zebra = clay with zebrlke texture, Char Bio = cliaphyte bioclast, Ostr = ostracod, Meta.
Frag = metamorphic rock fragment, PPL = Plane polarized light, XPL = Crossed polarized
o] 1 OO UEPRSPPPPRRPRI 22



Figure 9: Photomicrographs of clay textures. A: higtrystalline, B: Intraclastic, C: Zebra
texture. (Ostr = Ostracod, Int = Intraclastic, Carb = Carbonate).................cccoce. 24
Figure 10: Bioconstructions found in LP. A: Stromatolites, B: Thrombolites. (Plane Polarized
images on the left and Cross Polarized on the right).........ccccooooiiiiiieeeiiciii e 25

Figure 11: Primary constituents found in LP. A: Charophytes in a crystalline mud (XPL), B:
Ostracod and ostracod fragments within a clagaydy matrix (XPL), C: Undifferentiated
bioclasts (PPL), D: Ritoms (PPL), E: Arcella not replaced by round carbonate (PPL), F:
Phyllites present in,SF.A. (XPL) (Char = charophyte, Ostr = ostracod, Bio =
Undifferentiated Bioclast, Dia = Diatoms, Arc = Arcella, Phy = Phyllite PPL= Plane
Polarized Light, XPL = CrosBolarized Light)..........cccoeiiiiiiiiiiiiieeeicciiee e 27

Figure 12: Representative photomicrographs of diagenetic constituents observed within thin
sections. AMicrocrystalline carbonate lamination within a clay matrix (XPL). B: Mosaic
carbonate, stained with alizarin, replacing
carbonate, stained with alizarin (XPL). D: Gypsum crystals displacing mud (XPL). E: Fe

oxidereplacing mud in sheet flood facies (XPL). F: Pyrite framboids replacing mud (PPL).

=1}
Py

(MC = Microcrystalline, M = Mosaic, RC =
(@ (o (ST Yl Y (=0 U PPRRR 29
Figure 13: Representative photomicrographs of diagenetic constituents in thin sections. A:
Aragonite crystals growing off of a ARoundo
crystals gowing off of bioclast. C: Rare spherulites developing in a carbonate/clay matrix.

(Ar= Aragonite Sph= carbonate Spherulites)...............ooevrmiiicceeiieieeeee e 31
Figure 14: Scatter plot of Mg/Ca vs Sr/@me data point with abnormally high ratios of Mg/Ca

and Sr/Ca is not shown, despite falling along the observed trendline...................... 33
Figure 15: Scatter plot of FE/AI VS CU/AL.......oooii e 34
Figure 16: Scatter plot of FE/AI VS NI/AL........ooo e 34
Figure 17: Scatter plot Of SI/AIVS ZIAL........oooo e 35

Figure 18: Carbon and oxygen isotopic values suggestive of decreasing salinity (arrow), from
saline to freshwat®r ali’@tharegionsOfwatidswheree pr esent

freshwater and saline lakes are tydic&bund. Not Approximate. (Leng & Marshall,

Vi



Figure 20: Composite Google Earth image showing waiasl changes in Laguna de los
Pozuelos. Red circle is the location of the stoohe...........cccooeeveeiiiiiiiiceeciiieeee 42
Figure 21: Oxygen and carbon isotopes..p3 otted
Figure 22: Influence of solution Mg:Ca ratio and temperature on €ptGi@morph formed
pseudohomogenous precipitates. White squares are aragonite, black squzaiegerand
split squares are situations in which calcite initially precipitates but then aragonite grows on
calCite (MOrSe €t Al., 1997 ... . et ereee e e e e e e e e e e e e eeeeeeeennines 46
Figure 23: A: Transversal cut of a Charophyte gyrogonite (taken from 4.6 m 10X XPL). B:
Charophyte replaced by mosaic carbonate and overgrown by stromatolitic and thrombolitic
bioconstructions (taken from 4.6 M 20X XPL).......ocoooiiiiiiiiiiiieeee e 47

vii



List of Tables

Table 1: Facies identified in LP@BA from the Laguna de los Pozuelos............cccccoevvvvvneee 15
Table 2- 1 Simplified quantification of the thin sections from the different F.A. in L-2B6

(gray = lacustrine, tan = lake margin, yellow = sheet flood)............c..oeeeveeecnnnn. 21
Table 3: Leading Variable Primary Components (VPCs) and their corresponding

mineral/pigment aSSEMDIAGES..........uiiii i 37

viii



Acknowledgements

| would like to acknowledge my advisor, Dr. Karin Goldberg for sticking with me and
giving me this opportunity to wonkith her. She truly helped me expand my geol&giowledge
and advance my career. | would also like to thank the LacCore at the University of Minnesota for
allowing me to use their facilities and core from Laguna de los Pozuelos for my resear€r.
Michael McGlue for sharing his original stratighap spreadsheets for the LR@8 core | would
like to thank Dr. David Pompeani for teaching me how to perform XRF and for being as interested
in Pozuelos as | was. | would finally like to thank Dr. Nivanthi Mihindukulasooriya for performing

the spectrahnalyses upon my samples grdcessinghe data.



Introduction

Carbonateocks are important reservsiior oil andgasall across the world, from Kansas
to Saudi ArabiaMany of these reservoirs, such as the Mississipjpmaestone in KSNlazzullo
et al. 2007, were deposited under normal, shaHowarine conditions. Others, such as phesalt
reservoirs in the marginal Brazilian basin, compesetic carbonates and assded phases, such
asmagnesim phyllosilicates (stevensite, kerolite and talc; Wright 2012; Tosca & Wright 2015),
indicating that they formed under very unusual and extreme lacustrine conditions (Wright &
Barnett 2015) By investigating sedimentologicptocesses in present day alkaline lakes, we can
learn about the genesis of these exotic reservoirs.

The unique characteristics of these reservoirs have few analogues throughout geologic
history. Two main models were proposed for the development ahfirearbonates. Theyere
initially interpreted as of microbial origin (Carminatti et,&008; Nakano et g12009), which
then resulted in the reSalrtvoMrer dlkeii amlgi treeder (1
Rezende & Pop&015; Muniz & Beence2 0 1 5) . These 6émicrobialite:
formed in a deep lake, similar to marine platform margins (Fig&)e These margins would
theoretically be biotic factories that would produce large microbial mats of similar size to those
foundin presalt reservoirs (Wright & Barnge2017). This model is supported by existing seismic

data of presalt reservoirs that suggest marlike platforms.
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Figure 1: Adapted from Wright and Barnett (2017) A) Example of the microbial platform 1
deep lake model that is hypothesized as one of the possible originispre-salt reservoirs. B)
Shallow lake model also hypothesized for the origin of prealt reservoirs.

However, other work suggesthat the shrixrlike and spherulitic textures in these
reservoirs(described beloware mostly inorganic (Wrigh& Barnett 2015; Herlinger Jr. et al.
2017). The alternative model for the depositional setting of giressalt formations is that of
extensive, hypealkaline, shallow evaporitic lakes (Wright Barnett, 2015)Figure 1B) In this
model,it is postulated that rivers draining basic volcanic terrains, coupled with thermal to ambient

spring inflow and an arid climate, could create a set of conditions (highn@@ and carbonate



alkalinity, high dissolved silica, Mg and Ca) ideal for producing the unique deposits intbatpre
reservoirgWright & Barnett, 2015).

Understanding theedimentological processediaguna de los Pozuelos (LiRpy provide
insights on the genesis of psalt reservoirsTectonic and sedimentary characterisat$ P are
similar to presalt,including being faultbounded in an active tectonic and volcanic system, the
ability of hydrothermal fluids to come intodlsystem and producgagnesium, and the association
between carbonate and phyllosilicates (stevensite, kerolite, HEitc)s we hypothesize that LP is
a suitable modern analog for the 3@dt. The goal of this studys to describe anéhterpret the
lacudrine sediment# acorefrom LPto determine théepositionaknvironmeng and physical
chemical characteristicghat led to the developnent of different carbonatetextures e.qg,
temperature, Mg/Ca ratio, biotis. abiotic contributionsetc, evaluatng the chemical and

microbial processes responsible for the precipitation of different types of carbonate



Background

Laguna de los Pozuel@sP) is a highaltitude, faultbounded, alkaline lake in the Atacama
Desert in the northwest corner of Argerati(Figure?). Tectonostratigraphic relationships indicate
that basin formation occurred from 28 to 16 Ma ago (Rubiolo, 1997). The Pozuelos Basin is
bounded by westwarderging thrust sheets that carry Ordovician marine siliciclastic and volcanic
rocks McGlue et al, 2012). It is an endorheic, shallow (<2 m), large but seasonably fluctuating
lake that can exceed 135 kduring years with above average precipita (Mirande & Tracanna,

2009).
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Figure 2. Map of Pre-Quaternary geology of Laguna de los Pozuelos (Camacho &
Kulemeyer, 2017)

LPis an underfilled basin that is hydrologically suppliedhrgeriver systems: Rio Santa

Catalina from the north, Rio Cincel from the sea#st, and th Rio Chico from the soutlvest



(McGlue et al., 2012).LP is also supplied from rainfall and isolated springs to the south of the
lake. All fluctuations in lake level are a result of the amount of inflow from these systems
compared to the evaporationtndhe lake surface. Sediments depositddhiare hybrid in nature

and include terrigenous, carbonates, organics, and biogenic silica (McGlue261.a).It is an
important habitat for water birdscluding all three species of New World flamingddascitti,

2001) The basin is also host to multiple species of shrubs and grasses of bathridgX3/ariants
(McGlue et al, 2012).

Previous research duf? has focused on the sedimentation and organic matter accumulation
(McGlue et al, 2012). The lakeenter contains silty clays and diatom oozes, whereas the margins
contain silty clays with minor amounts of carbonate (McGlue.e2@12). Rapid evaporation of
lake water, coupled with relatively dilute inflows, appears to constrain widespread izgstal
of Mg-rich and Narich minerals, preventing larger carbonate depositMcGlue et al, 2012)
Organic matter is preferentialfyreservedn the lake centempresumablydue to the depth in this
location not allowing water bird® influencethe deposition of organic matter with their feeding
habits. Playa marginal facies, marked by lower total organic carbon (TOC) and higher total
inorganic carbon (TIC) concentrations, are strongly influenced by evaporation, bioturbation and
deflation, andare not conducive to the preservation of organic cafblmGlue et al, 2012).

Presalt reservoirs are sedimang formations in the South Atlantic developed as a result
of depositional processes involving continental rifting, seafloor spreading andeséaliion
during the Cretaceous (Beasley et 2019 Caminatti et al., 2008Muniz & Bosence 2015
Nakano et al., 2009 These carbonate formations were discovered to hold some of the largest
petroleum reservoirs found in the last 20 years, totalirterbillions of barrels of oiBecause of

theeconomic potential of these reservoirs, research has been focusejoastion of what the



ernvironmentswerein which these reservoirs form¢Bertani& Carozzi, 1985a,b; Carminatti et

al., 2008; Wright, @12; Chitale et al 2015; Thompson et.aR015; Tosc& Wright, 2015; Saller

et al, 2016)

Previous researciuentified hree distinctextures within thespre-saltcarbonate¢Terra

et al., 2010; Petersohn & Abelha, 2013; Tai&lITosca, 2018)

Figure 3. A. example of spherulites as well as Mgilicates(from Tutolo & Tosca, 2018). B.
Shrubs from the pre-salt reservoirs in the Santos Basin, Brazi{from Petersohn & Abelha
2013. C. Laminated carbonate mud from the Baria Velha Formation, Santo Basin ffom

Terra et al., 2010).



(1) spherulitic calcium carbonate within a Mgi | i cat e mat rFgwe3A)fA(Bpher ul
cal ci um car bon a tFiguresB);and 3% muéyfadehliiminkes d-igure3C). The
spherulite facies contains calcite sphergjeserally under 3 mm in diameter (published images
suggest typical spherule diameters of around several hundoedmeters Terra et al., 2010;
Wright & Barnett,2015; Saller et al., 201&mbedded in a Mgilicate matrix(Wright & Barnett,
2015) The shrubs typically contain upwabtdlanching mm to crscale carbonate structuréest
appear to develop on the bottom of the pdéde and reach upwar@®/right and Barnett2015.
Lamintes are generally thin, leshan0.3 m thick, composed of limestones with preserved fish
fossils(Wright & Barnett, 2015and aresuggestive of a monmeearneutralpH during deposition
(Alabaster and Lloyd, 2013).The formation of silicate gels, which during diagenesis would
convert to crystalline clays, seems to be a key element in the process (Wdd@araett2017)
(Figure 9, due to the gels being key growth factories for both the spherulites and shrubs
development. These gels, through late clay replacement, wouldaldte basis for grosity

creationwithin thesystem as a result of ladéssolution of saidMg clay minerals (Figure)s

Release of Na, Mg,
Local re-working Si0,, H,0 and H*
Compaction |
- e ‘. . . ’ . —
I _*‘. .... N .‘_ ..’
SN kR B - Ba®
C) | s ®=
! 7/
Meg-silicate gel Spherulites Spherulite growth Gel = Clay plates Dolomite and “bridges” Clay dissolution and
porosity development

Figure 4: Theoretical model of spherulitesggrowing in an Mg-silicate gel that is converted to
clay during diagenesis, later dissolved to create porosity (Wrigh& Barnett, 2017).
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Figure 5: Photomicrographs from the presalt succession in the Campos Basin, showing
spherulites precipitated in Mg-silicate matrix, locally dissolved with generatd porosity

(Wright & Barnett, 2017).

The mineralogy and texture laicustrinecarbonates am@ntrolledby a number of chemical

and physical parameters, such as Mg/Ca ratikaliaity, temperature, degree of saturation,

depositional energy, degree of biotic mediatiete. (Della Porta2015).Being able to infethese

parameters is paramount pooposinga reliable interpretation of the genesis of these deposits

hencehisres ear c hoés
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Methods

Detailed facies analysiswas carried out both microand macroscopicallysing core
sampleJAAFBLP-LP06-2A) taken froma marginal area ahe northwest corner afP (Figure
6). The core, approximately IrBeters thickand 4 cm wideis housed in the National Lacustrine

Core Facility (LacCore) at the University of Minnesota in Minneapolis.

ARinconadar

. o
|

N

Figure 6: Google Earthimage of LP, showing themodern extent of the lake and location of
the study core(red circle).

Sediment samplinfpllowed macroscopiaescription of the corandselection ofareas of

interestfor in-depth analysisSelected intervalsf key faciesvere also compared to saregtore

10



intervalsfrom previous research done BcGlue et al (2012)on Laguna de lo$ozuelos. The
sampling procedure involved usitfygn aluminum cubes placed face down in the core in an area
of interest Thesecubes were roughly-2 cm in width dependng on the features observed within
the core. The cubes woube pressed down into the clay and fishing line was then run down the
sides and underneath the cube to disconnect the sample from the rest of théheosample was
a sandhowever due to hefriable nature of the sedimentwis scooped out of the core with tools
while being careful to not contaminate the sample with sediment from othsidample area.
These samptawerefrozen with liquid nitrogen to preserve them for the creatiothiof sections
with blue stainingwhich was done by the University of Minnesotahi§ sampling technique
produced 16 thin sections that have been usetthégretrographic analysisSamples were taken
from within these sampled areas for use in other getghic analysesncluding XRF and XRD.
Facies analysis

Facies analysisnvolved a detailed sedimentologic description (1:30al§g and the
construction of a lithological log with grain sip& the X axis and bed thickness the Y axis.
Bed by bed descriptions of lithology, composition, texture, sedimentary structures, degree of
bioturbation,and organic mattevere used to determinghich sectiondo samplefor additional
analysis. Facies identified in this study were grodpeto facies associations, which were
determined bysimilarities within the sedimenbased onmacroscopic and microscopic
observations, the sediment classified within each faces, the understanding of basic
sedimentology.

A sedimentological log wasreated fronthe sedimentary descriptions and facies analysis
of the entire core. It was determined through conversations witbritp@al core drilley Dr.

McGlue, that during drilling, slumpingof some interval®ccurred within the core hole. This

11



resulted in missing sections as well as repeat sections witeictores. To remedy the situation
the initial dat a f weregathBredand Mtce&imatesl @@nposite depthsr ¢ h
were usedto identify intervals of repea¢d sections. These were then excluded frum
sedimentological logreducing the totahicknessof thelog from 12 meters to approximately 5.6
meterdn the corrected lagThe positios of datapointsgathered from thduplicatesectionsvere
corrected ad repositioned to fit the actual depth

Petrographic analysisocused onidentifying compositional, textural and structural
characteristics of the studied succession that are similar fwetsalt reservoirs (Figure 3)A
staining solution ofdizarin red plus potassium ferricyanidevas used todifferentiate the
carbonate#n thethin sectionsaccording to the methodology proposed by Dickson (1966
petrography involved performing quantitative analysis of each thin section in an attempt to
determine theabundanceof different minerals and agdonates.Quantification of primary and
diagenetic constituents was obtained by counting 300 pointthipesedion, using the Gazzi
Dickinson quantification method (cf. Zuffa985). Dataverestored and processed in Petroledge®
software (De Rost al.2007). Thesedatawerethenexported taMicrosoft Excel® spreadsheets
for processing and interpretationtbe data set.
X-Ray Diffraction

X-ray diffraction (XRD) was used to interpret minezamposition, specifically clay type
within LP. XRD was performedn bulk andclay fractions In the clay fraction, ethyleneglycol
was used teheck for the presence sivelling clay such asmectite XRD datawereprocessed

andanalyzed at the Huffington Department of Earth Scierffesthern Methodist University.

12



X-Ray Fluorescence

X-ray fluorescencéXRF) was usedo determine thelementaktomposition(Mg, Al, SI,
P,S, K, Ca, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, As, Se, Rb, Sr, Zr, Ag, Cd, Sn, Sh, Ba, Hg, Tl, and
Pb). Elemental concentrations were acquired through theofuadBruker Tracer 5i wavelength
dispersive Xray fluorescence (XRF) analyzeMajor and traceelements were measured
consecutively, with sampling spanning 180 seconds for major elements and 120 seconds for minor
elementsTen measurements of the soil standard (BrukeM2ywere conducted before and after
analyzing unknowns to ensure accuracy withtceptable limits.

XRF provides semquantitative measurements démentalconcentrationswhich were
used to calculate ratios (e.dMg/Ca, Sr/Ca, Fe/Al) that served as pes<for key chemical
parametersThose were usetd generatehemostratigraphilogs anccross plots to compare and
contrast the data. Sr/Ca was usedagsroxy for salinity and Mg/Cawas usedto evaluate
temperature and salinitjHorne et al 2012) Fe/Al was used aa proxy for the redox state
(Clarkson et a)J 2014) Cu/Al andNi/Al for primary productivity(Becker & Kirchgasser, 200,7)
and Si/Al and Zr/Al to determine the silica origin within #hetem Calvert & Pedersen, 20Q7)
Isotopic Analysis

Carbon and oxygen isotopic anay®ef eight samples taken from the sediment coeee
used folinterpretation of water chemisitemperaturdake type andclimatehistory. In lacustrine
environments changesin (%0 values are associatedith changes in temperature or
precipitation/evaporation ratio; whereas those of carbon argabeghlight climatically induced
changes in carbon, nutrient cycling, and productivity withia lake (Leng & Marshall, 2004
Bulk-rock stableisotopic amlyses in samples with different carbonate constituents and textures

weredoneat Huffington Department of Earth Sciences, Southern Methodist UniveFsigybulk
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samples were powdereohd reactedavith 100% phosphoric acid at Z5. The evolved CQ was

analzed for carbon and oxygerotspes on a mass spectromeRased upon replicate standards

of NBS-19 and an internal laboratory Carrara marble standard (n=15) analyzed during the interval

of analysisiit® v al ues had a r ep ribQualoes bavel aireprpduabfity dio . 1 4 3
N O . QThé notation used for stable isotopes is Vienna Pee Dee Belemnite (VRBIBgs are

o

reported asit®0 a A°d &
Spectral Analysis

Spectral analysis was performed to determine the principal components of gedimen
composition. Measurements of diffuse spectral reflectance were collected using a
spectrophotometer, antled compaents were identified by comparing the principal cormgnt
(PC) loadng spectra for each of the PCs with cemteighted reflectancderivative spectra for
previously published pigmentenown mineralstandards in the USGS spectroscopic library
minerals measured iQrtiz' lab at Kent State Universitys@ntt, 1975 Robertsoret al., 1999
Graham and Wilcox, 200@Bchagerl and Donabay 2003; Schagerl et al., 200Bpepel et al.,
2005; Clark et al., 2007)Yurco et al., 20100rtiz et al., 20090rtiz, 201). The datawere
guantifiedto understand theslative impotanceof each pigmentor mineral in tHC byfitting a
weightedaverageof the empirically selected standards ¢ach principatomponent loadg
pattern. The quality of thit was determined by linear correlatiomhis process is identical to the
approach previously applied to marcwes Qrtiz et al., 2009; Ortiz, 201Bouchard et al., 2013)
and similarto spectral matching methods used mmay Diffractometry (Eberl2003, 2004)This
anal ysi s was perfor med at Nort hwest Mi ssour

(Mihindukulasooriya, 2011).
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Results

Facies analysis

The detailed sechentologicaldescription(1:20 scalg allowed the recognition ofive
facies in the studied core (Table The facies identified were labeled in relation to their grain size
(Cl = clay, S = sand) or composition (O = organic rich), as agetheir structures(bscriptm =
massive, | = laminated).

The most common facies a@m, Cl;, and &, andrardy S (only at5.54m) and O (only

in lenses within Glfacies)

Table 1: Faciesidentified in LP06-2A from the Laguna de los Pozuelas

Facies Description Interpretation Facies Photos
Code
S Medium sand, Deposition of plane beds by currents
laminated, with upper flow regime (Miall1977; Best
scattered granules an{ and Bridge, 1992), and/or washedt
pebbles; greenish dunes and humpack dunes (transition|
between subcritical and supercritical
flows) (Harms et al., 1982; Bridge and
Best, 1988).
S Very fine to fine, Rapid deposition from heavy sedimen

muddy, sand, massive laden flows during waning floods
to normalgraded, (Todd, 1989; Maizels, 1993), and/or
locally with Fe oxide | later modification by biological

staining and sparse | disturbance.

burrows; tannish

green
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C'm Silty clay to clay, Suspension settling dominantly from
massive or with standing wateor weak unidirectional
incipient lamination; | flows; later modified by pedogenetic
locally mottled and/or | processes; lack of lamination due to (
with root traces, some| flocculation of clay suspension or (ii)
Fe oxide staining; loss of lamination associatedth
sparse to moderate intensive bioturbation; post
organic content (plant| depositional graying under reducing
debris); gray color conditions (Mall 1977; Foix et al.,
with variable hues of | 2013; Tuner, 1980; Jo and Chan,
brownish, tan, reddish| 2000);postdepositional reddening
or greenish under oxidizing conditions (Miall,

1977; 1990; Foix et al., 2013).

C|| Laminated clay, Suspension settling, dominantly from

variable amounts of | standing water (Rogers and Astin,
Fe oxide staining, 1991; Mangano et al., 1994), with
moderate to high episodic deposition of plant debris.
organic contentplant | Suspension settling on abank areas;
debris); gray color later modified by pedogenetic
with variable hues or | processes; postepositional graying
reddish, brownish, and under reducing conditions (Miall 1977
reddish brownish Foix et al., 2013; Turner, 1980; Jo an
Chough 20QL); postdepositional
reddening under oxidizing conditions
(Miall, 1977; 1990; Foix €al., 2013).
) Clay, massive, Paleosol horizons formed by

carbonaceoywery
rich in organic debris

(plant debris); brown

pedogenetic processes in swampy arg

16




Thefive facies identified in the study core were grouped thteefacies associains (F.A.): 1)
sheet flood, 2lake margin, and 3) lacustrine.

The sheet flood F.A. includesn&nd $ deposited in a higknergyfluvial environment.
This is evidenced byhe coarse grain size, including granules and pebbl8sis greenish,
laminatel mediumgrained sand with scattered granules and pebl#ess a very fine to fine,
muddy sand, massive to noragahded. It is tannisgreen in color, locally with Fe oxide staining
and sparse burrowsThe presence of hyperconcentrate¢h@nd trangional-to-upper (9 flow
deposits, and the lack of walkveloped floodplain depositsuggests ephemeral currents, typical
of a seasonal regime. Intense rainfall would lead to the development-onfdaistg currents with
high sediment loads, depositemand andat the lake margins. The local occurrence of normal
grading in these sediments agrees with waning flows. The absence of scour surfaces and erosional
bases suggest tabular, sheet flolnds all the surrounding regiomather than incised channels

The lake margin F.A. comprises mostly.C$ubordinately O), deposited under low energy
conditionsalong the shores, where water level is highly fluctuating. During high lake levels, slight
agitation by waves and/or current forms clay pelo@ls.is a dlty clay to clay, massive or with
occasional incipient lamination. It is typically gray with variable hues of brownish tan, reddish or
greenish colors, with some Fe oxide stainifitpe common bioturbatioin Clm» suggests shallow,
oxygenated waters, arkde local presence of root traces indicate episodic colonization by plants.
Association with O facies suggests the accumulation of organic makteggyareas.

The lacustrine F.A. is characterized by &id O. The dominance of laminated deposits
indicates a lowenergy environment where gravitational settling is the main process, without any

reworking by flows and/or organisntSl,is a laminated clay, typally gray with variable hues of
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reddish, brownis, and reddish brownish colors due to Fe oxide staining. O is brown, massive
clay, very rich incarbonaceougp(any debris. The common occurrence of Charophyte algae and
ostracodwithin these two faciepoints to a highly alkaline body of water. Thencentration of
oriented plant debris along laminations, or in centimetric layers, suggests the episodic supply of
plant debris, brought in by currents and settling from suspension into deeper portions of the lake.
Moderate to high organic content suggesfsoorlyoxygenated subaqueous environmenty, Cl
could also be partially associated with this F.A., specifically where massive clay is devoid of root
traces.

Figure7 shows the distribution of the F.A. in the study core, as well as the interpretation

of lake level and isotopic and chemical indices (discussed below).
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Figure 7. Sedimentary log of core studied in the Laguna de los PozueJaimmarizing the
results. Facies associations: yellow = sheibod, brown = lake margin, gray = lacustrine.
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Compositional quantification: blue = carbonate > 5%, red = total calcite > 5%, green =
displacive gypsum present.

Petrographic Analysis

Detailed petrographic analyses were carried aufl6 thin sectons of LPO62A well,
representative of the different facies associatiseygnthin sections from the lacustrine F.A.,
severfrom the lake margin F.Aandtwo from the shedtood F.A). The results of the petrogriaio
analysis are describdzklow, withrelevant average and maximum values displayed in Table 2
and representative photomicrographs in Figugel3. The complete quantification and

photomicrographs for each thin section can be foundoipeAdcesl and 2

Textures

Most of the studied coreomprises massive or laminated clay (@nd Ci, facies) that
occurs either in situ (as syndepositional matrix) or reworked (as clay peloids and/or intraclasts)
(Figure 8AC). Both in situ and reworked clays may display three different textures:
homogenouy laminated, zebriike or highly crystalline

Textures in the study core vary depending onRi#e The sheet flood facies association
is dominated by sand grains rich in rock fragmeatgrage 22%maximum 41%) Figure 8D.
In situ clay issubordinatedverage 11%maximum 20%), and carbonates were not found within

this F.A.
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Table 2-1 Simplified quantification of the thin sections from the different F.A. in LPO62A (gray = lacustrine, tan = lake margin,

yellow = sheet flood)

D

Depth (m)

Adjusted depth (m)
Well

Facies code
Constituents

In situ clay

Reworked clay
Bioconstruction

Carbonate peloid - As intrabasinal constituent
Carbonate bioclasts (total)
MNon-carbonate bioclasts
Total bioclasts
Carbonaceous organic matter - As intrabasinal constituent
Extrabasinal grains
Detrital quartz

Detrital feldspar

Rock fragments

Total aragonite

Round Calcite

Other calcite
Microcrystalline calcite
Total calcite

Total Fe oxide

Lenticular gypsum

Other gypsum

Total gypsum

Total pyrite

LP2A 27 1LP2A 3.2 1LP2A 6.65 LP2A 10.4 LP2A 10.7LP2A 10.8LP2A 111 m LP2A 385LP2A 4 91LP2A 5 11LP2A561LP2A 8.35LP2A10.1LP2ZA 113 m LP2ZA11.7LP2A11.9 m

270 3.20 6.65 10.40 10.75 10.80 11.10 3.85 4.90 510 5.60 835 10.10 11.30 11.70 11.90

1.40 1.65 270 4.30 4.60 4.68 475 1.80 230 242 257 3.60 4.00 4.92 5.31 5.54
LP06-2A LP06-2A LP06-2A LP06-2A LP06-2A LPO6-2A  LP06-2A LP06-2A LP06-2A LP06-2A LP06-2A LP06-2A LP0B-2A  LP06-2A LP06-2A LPOB-2A
CIL CIL CIL CIL CIL CIL CIL Average Maximum CIM Cim Cim Cim Cim CiM Cim Average Maximum SM SL Average  Maximum
% % % % % % % % % % % % % % % %

48.00 59.33 56.66 58.66 3567 30.00 42.00 47.19 59.33 67.66 66.67 60.67 71.66 51.66 62.67 52.67 61.95 71.66 20.00 2.00 11.00 20.00
15.67 933 7.00 4.67 2.00 133 133 5.90 15.67 17.33 12.00 16.00 7.67 13.33 18.34 21.00 15.10 21.00 333 0.00 1.66 333
0.00 0.00 0.00 0.00 13.66 0.00 0.00 1.95 13.66 0.00 0.00 0.00 0.00 1.00 0.00 0.00 0.14 1.00 0.00 0.00 0.00 0.00
333 133 3.00 133 833 3.00 4.00 347 833 133 267 333 233 4.00 033 3.00 243 4.00 0.00 0.00
3.00 133 4.66 6.33 12 66 2533 2133 10.62 2533 133 267 233 200 200 033 033 1.67 267 0.00 0.00 0.00 0.00
033 1.67 3.67 5.34 2.00 067 1.34 215 534 0.00 333 0.66 1.67 133 266 1.00 1.52 333 0.00 0.00 0.00 0.00
333 3.00 8.33 11.67 14.66 26.00 22.34 12.76 26.00 1.33 6.00 2.99 3.67 3.33 299 1.33 4.95 7.33 0.00 0.00 0.00 0.00
433 2.00 9.67 333 0.67 0 0.33 2.90 9.67 233 167 1.33 1.33 267 133 0.33 157 267 1.00 0 0.50 1.00

10.33 6.33 3.00 1.67 1.33 0.67 1.00 3.48 10.33 5.33 5.00 4.67 3.00 6.33 6.33 0.67 4.48 6.33 4.33 49 26.67 49.00
433 267 0.67 0.67 0.67 0 1.00 1.48 433 267 2.00 1.00 0.00 200 267 0.33 1.52 267 167 133 1.50 1.67
133 067 033 0.00 0.00 0 0.00 033 133 033 033 033 0.00 067 033 0.00 0.29 067 033 067 0.50 0.67

267 133 1.34 0.67 0.00 0.00 0.00 0.86 267 133 1.00 1.33 1.67 133 233 0.00 1.28 233 233 4134 2184 41.34
0.00 0.33 0.00 0.00 1.00 2.00 3.67 1.00 3.67 0.00 0.00 0.00 0.00 2.00 0.00 0.00 0.29 2.00 0.00 0.00 0.00 0.00
6.33 533 1.00 0.67 167 2.00 0.33 248 6.33 0.33 0.67 3.67 1.33 533 0.33 1.33 1.86 533 0.00 0.00

0.00 0.00 0.00 0.00 2.66 9.66 4.67 243 9.66 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
267 133 4.00 1.00 433 4.00 333 295 433 1.00 133 1.00 0.33 133 0.00 1067 224 1067 0.00 0.00 0.00 0.00
8.00 6.66 5.00 1.67 8.66 15.66 8.33 5.38 13.66 1.33 2.00 4.67 1.66 6.66 0.33 12.00 4.08 12.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 64.33 26.00 45.17 64.33
0.00 0.00 0.67 12.00 534 6.33 3.00 in 12.00 0.00 0.00 0.00 0.00 1.32 2.00 34 0.95 i 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.33 0.67 0.14 0.67 332 0.00 1.66 3.32
0.00 0.00 0.67 12.00 5.34 6.33 3.00 3N 12.00 0.00 0.00 0.00 0.00 1.32 233 4.01 1.09 4.01 3.32 0.00 1.66 332
3.33 5.00 4.34 4.33 5.00 3.33 5.33 4.38 5.33 233 2.66 1.67 6.00 2.00 267 1.00 2.62 6.00 2.00 0.00 1.00 2.00
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PPL XPL

Figure 8: Representative photomicrographs of the facies associations. A: Massive mud«{LlI
with intraclasts in the lake margin facies association. Bintraclastic mud with zebra-like
texture (Clm) in the lake margin facies association. C: Laminated clay (@] rich in bioclasts,
typical of the lacustrine facies association. D: Coarse granules and pebbles with massive
sand (Sn) in the sheet flood faies association. (Int= intraclast, Carb = carbonate, Zebra =
clay with zebra-like texture, Char Bio = charophyte bioclast, Ostr = ostracod, Meta. Frag =
metamorphic rock fragment, PPL = Plane polarized light, XPL = Crossed polarized light).
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The lake margi and lacustrine F.A. apredominatelycomposed of claywith the most in
situ clayfoundwithin the lake margif.A. (average2%; maximum72%) andslightly less in the
lacustrineF.A. (average 47%maximum 59%) Clm has the lghestabundancef reworked clag
(average 15%maximum 21%) mostly peloidsgcompared toheCl; (average 6%maximum 16%).
The sheet flood F.A. shows very little reworked clay contardgrage 1%maximum 3%)

The dominant clay facies in botlake margin and lacustringé.A.s displayed different
textures microscopicallyoccuring as highly-crystalline, intraclastic and/or zeblike clay.
Highly-crystalline clay was identified as clay composed of sfiegiined, homogenous platelets,
intraclastic as displaying areas withffdrent texture and/or orientation, and zelika as
composed of large, lenticular clay platelets that resemble a zebra pattern (Figumeéd®.

Highly-crystallineclayis the most common texture in the study core
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Figure 9: Photomicrographs ofclay textures. A: highly-crystalline, B: Intraclastic, C: Zebra
texture. (Ostr = Ostracod, Int = Intraclastic, Carb = Carbonate)
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Primary Composition

The most abundaptimary constituenin LP is clay mineralsmosty occurringin the lake
margin and lacustrine F.A.@otal clay average77% and 536; maximum &% and 69%,
respectively, in comparison to the sheet flood F.A. (total cgragel2%; maximum 23%)
Carbonate primary constituents are found only in the takegin andmore abundantly in the
lacustrine F.A.swhile being conspicuously absent in the sheet fl&idconstructios (average

2%; maximum 14% in lacustrine F.A., amglerage< 1% in lake margin F.A.) include microbial

buildups, stromatolites and thrbwlites(Figure10A-B).

Figure 10: Bioconstructions found in LP. A: Stromatolites, B: Thrombolites. (Plane
Polarized images on the left and Cross Polarized on the right).
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Othercarbonatearticles include ooidpeloidsandintraclast{averaget%; maximum 8%
in lacustrine F.A., andverage 2% maximum 4%; in lake margin F.f.and carbonate bioclasts
including charophytes, ostracods and undifferentiated carbonate biotastage B%;
maximum Z% in lacustrine F.A., andaverage 2%;maximum 3%; in lake margin F.A.
(Figurel1A-C). Noncarbonate bioclasts, including diatoms, orgamédled organisms (Arcella
filled by round carbonat¢®nd plosphatic bioclastgFigure 11DE), are present in both the lake

margin @verage 2%maximum 3%) and the lacustrinavérage 2%maximum 5%) F.A.

Carbonaceous organic matter ismanor constituentof the lacustrine (Average 3%;
Maximum 10%)and lake margirtAverage 2%; Maximum 3% f.A., but itis absenin the sheet
flood F.A.

Extrabasinal grains are mostly found in the sheet flood F.A., although they can also occur
in the lake margin and lacustrine F.@&verage 1%; Maximum-3%) Rock fragments are the
dominant primary constituent in the sheet flood F.A. (Average 22%; Maxidilfh), with
phyllites accounting for the majority of it (Average 12%; Maximum 23%guie 11F). Other
extrabasinal grains, such as quartz, feldspar, plagioclase, biotite, and other lithics are all minor

constituents, averaging less than 1%.
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Figure 11: Primary constituentsfound in LP. A: Charophytes in a crystalline mud (XPL),
B: Ostracod and ostracod fragments within a clayeysandy matrix (XPL), C:
Undifferentiated bioclasts (PPL), D: Diatoms (PPL), E: Arcella not replaced by round
carbonate(PPL), F: Phyllites present in & F.A. (XPL) (Char = charophyte, Ostr = ostracod,
Bio = Undifferentiated Bioclast, Dia = Diatoms, Arc = Arcella, Phy = PhyllitePPL= Plane
Polarized Light, XPL = Cross Polarized Ligh)
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Diageneticconstituents

The diagenetic componentsom most to least abundamclude calcitg€microcrystalline,
mosaic, prismatic, anhedralound, gypsum(lenticular, prismatic, rosette), Fe oxide, pyrite,
aragonite, siderite, and jarositeOverall, diagenetic constituentare more prevalent in the
lacustrinefacies association, followed ltlye lake margin faciesssociation

Calciteis presenin every sample from both the lake margin and the lacudtrineA(totals
calciteaverage: 5%maximum 14%. Calciteis typically microcrystalline dverage 3%pmaximum
4%in the lacustrine F.A., araverage 2%maximum 11%n the lake margin F.A. The maximum
value in the lake margin F.A. correspando the presence omillimetric microcrystalline
laminationsin oneof the samplesat 4.92 m(Figure 12A). Microcrystalline calcite replaces the
siliciclastic mud matrix and/or fills shelter pores. Despite the fact that microcrystalline calcite was
guantified as a diagenetic constituent, it is possible thabpér(or locally most of it, like in the
calcite laminations mentioned above) is actually a primary constituent, hence forming hybrid
sediments. Msaic, prismaticandanhedratalcite Figure12B) were only found in théacustrine
FA (At ot al iottaage 2%naxincum 10%,) replacingor coveringbioclasts.Round
carbonatesKigure 12C) are intraparticle porélls of organicwalled algae (Arcella?) found in

both lacustrinegverage 2%maximum 6%) and lake margiaMerage 2%maximum 5%) F.A.
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Figure 12: Representative photomicrographs of diagenetic constituents observed within thin
sections. A: Microcrystalline carbonate lamination within a clay matrix(XPL). B: Mosaic
carbonate, stained with alizarin, replacing charphyte fragments (XPL). C: i Round o
carbonate, stained with alizarin (XPL). D: Gypsum crystak displacing mud(XPL). E: Fe
oxidereplacing mudin sheet flood faciegXPL). F: Pyrite framboids replacing mud (PPL).

(MC = Microcrystalline, M = Mosaic, RC= A Roundo car bona Fe=lronGy p
Oxide, Py = Pyrite.)




Gypsumoccurrencas not dependerdn facies associatiora all, but isinstead related to
depth This constituent occurs only below tldepth of 2.65 mandit is relatively abundant
(average 2%maximum 12%)in the lower halfof the coredownto 5.6 m with the exception of
the sample &.54 m which isdevoid of gypsumit mostly displaces (and subordinately replaces)
the siliciclastic mud matrix (Fige 12D). Gypsumhabits do not coelate with depth orrey
specific facies.

MicrocrystallineFe oxide only occurs in the sheet floBdA. It is abundanin this F.A.
(average 45%maximum 64%,) cementing and replacing siliciclastic mud matrix (fFey12E),
occurring in minor amount in thether F.A

Framboidal grite occursin everystudiedthin sectios, replacing siciclastic mud matrix
(Figure 12F) and filling shelter porefRyrite abundance omparable inhelake margin §erage
4%; maximum 5%) and lacustrin@erage 3%maximum6%) facies associations

Minor amounts of egoniteoccursin the lacustrine dverage 1%maximum 4%) and
rarely in the lake marginayerage<1%, maximum 2%)faciesassociations No aragonitewvas
foundin the sheet flood.A. Aragoniteoccurs agciculr crystalghatform arim aroundprimary
constituentgFigure 13A and13B). Another diagenetic carbonatgpherulite} (Figure13C) was

observed in one thin sectidmjtin such minor amounts thatwas not enough to be quantifiable
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Figure 13: Representative photomicrographs of diagenetic constituents in thin sections. A:
Aragonite crystals growing off of a ARoundo
crystals growing off of bioclast. C: Rare spherulites dexoping in a carbonate/clay matrix.

(Ar= Aragonite Sph= carbonate spherulites)

Porosity(as fracture, growth framework, intergranular, intragranular, shelter, shrinkage,
and vug poréswas quantified as part of the modal peinunting However, porosityvas not
evaluatedsincethe core comprises unconsolidated sediments and handling of these soft
sediments during thin section preparation possibly created artifacts that could be interpreted as

primary pores.
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Complementary Analyses

1. X-ray diffraction

XRD diffractograms for the analyzed samples can be found in AppendkRD analysis
shows thatthe clay fraction is rich in micas, illifphlogopite halloysite as well agismondine, a
zeolite typically found in basaltic lava&ismondine naturally forma areas where volcanic rocks
react with alkaline groundwatdeading to the chemical weathering that produces said mineral.
lllite was observedvith a strong peak at the correct angstifomidentificationas well as the list
of best match minerals prmaed by SMU. Thereareno swelling clayminerals(as evidenced by
a lack of change in the peglosition inglycolated analyses) XRD analysisshows that clay
mineralogydoes not varyn any section othe studycore and that Meclays are not presemt LP,
asinitially hypothesizedinsteadt contains Adclays like halloysite.

2. X-ray fluorescence

Elemental concentrations (Mg, Ca, Fe, Si, Ti, Al, Zr, Sr, Cu and Ni) obtained XRm
analysis(Appendix 4) were used to calculate the indices shown in Figwariatiors in these
indices along the core (Rige 7) suggest the exigtee of threedistinctintervals The highest
valuesare foundrom the base of the core to roughly 5.2 m for alhefindices except for Si/Ti
which has moderatealues From 5.2to 4.4 m the core displayanother interval wittthe low
values for all indicesonce agairexceptfor Si/Ti, which has higlvaluesduring this intervalFrom
4.4t0 the topall indicesdisplaymoderate values

Thepositivelinear correlation in therossplot between Mg/Ca and Sa/Eigure 14) with both
Pearson and Spearman coefficienfsafid}) suggestsa salinity control in these indicg®e

Deckker & Forester, 1988)
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Figure 14:. Scatter plot of Mg/Ca vs Sr/Ca.One data point with abnormally high ratios of
Mg/Ca and Sr/Ca is not shown, despite falling along the observed trendline.

The positive correlation between Fe/Akith both Cu/Al and Ni/Al suggest that theprimary
productivityin the lakemay becontroling the degre®f oxygerationin LP due to the increase in
Cu and Ni with Fe(Figures 15 and 16). Enrichments in reactive iron occur under euxinic
conditions,as aresultof iron beingscavenged from the euxinic wat®lumn during syngenetic
pyrite formation and deposited in the underlying sedim@mtsns & Severmann, 2006Lu and

Ni behave asnicronutrients and@re delivered to the sediments in close associatitinorganic
matter,and therefore are used as proxies for the organic carbon sinkin@ flbavillard et al.,

2006).
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Figure 16: Scatter plot of Fe/Al vs Ni/Al

The positive correlation betweesi/Al vs Zr/Al (Figure 17) suggestghat the silicain the
samples analyzed mostly a result of detritainput, rather than biogenic contributiofr is

present in zirconigneous in originbut also common in the heavy meral assemblage in
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sediments (Taylor & McLennan, 1985), while Si is present both in silicate minerals and

siliceous organisms.
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Figure 17: Scatter plot of Si/Al vs Zr/Al

3. Isotopic analysis

Values fori*®0 range from-3.1 (at a depth of.65 n) to +4.6a (at a depth of 4.3 jnand for
Ut3C from -1.8 (at 1.55 mto +2.3a (at4.92m) (Figure 18). Most of the samples lie along a
trend consistent with a lacustrine environment with variable salfhépg & Marshall, 2004)
from positive to negative, covariaft®O and it3C. Covariancebetween oxygen and carbon
isotopic signatures suggebatLP is a closed basi(McGlue et al, 2013) Valuesthat fall off of

this trendmay be due to pedogenic alteratmmincreased bioturbatigi€erling, 199).
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Figure 18: Carbon and oxygenisotopc values suggestive of decreasing salinity (arrow), from
saline to freshwater lake Ovals representli'®0 and U'C the regions of ratios where
freshwater and saline lakes are typically found Not Approximate. (Leng & Marshall, 2004).

U'®0 values of precipitation among Puna Basins, similar in elevation and latitude to LP,
show light i*®0 values angng from -7 to -204 ; Jordan et al., 2019)nuch lower than LP,

highlighting that evaporation is an important factor in BRd evidence of high salinity

(GierlowskiKordesch, 2010).

4. Spectral Analysis

Reflectance data were transformed into coefficients using multiple linear regression (Table 3).
Negative coefficients mean negative relationshgp between theleading variable primary
component YPC) and the given pigment/sediment. For instargggsum has a&oefficient of

-0.82 which means higher VPC 3 scores would represent less ggpsivice versa.
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Table 3: Leading Variable Primary Components (VPCs) and their corresponding

mineral/pigment assemblages

% of Variance
VPC explained Pigment/mineral mixture coefficients Correlation R
1 46.326 CalciteHChlorite+Smectite) | Calcite -0.26 0.94
(Chlorite+Smectite) -0.83
Neoxanthin+hematite+illite(not
2 36.045 smectite) neoxanthin 0.32 0.91
hematite 0.48
illite 0.86
3 9.408 gypsum gypsum -0.82 0.84
Phycocyanin+chlorophyll
C+neoxanthirfdiatoms,
4 4.321 cyanobacteria, etc.) phycocyanin 0.98
chlorophylic drdl -1.05
neoxanthin drdl 0.54

The results ofinear regression fromhe spectral analysis highlighftsur primary components

that explain 96% of the reflectance dafBhe main primary componer{explaining46% of the

reflectancalatg is a mixture of calcite andubordinatelychlorite plussmectiteg(Figure19). The

second component is a mixture of neoxanthin, hematite and illite. The third primary component

is gypsum, and the fourth a mixture of phycocyanin, chlorophyll ¢ and ngoma This fourth

component is representative of the cyanobacteria present in the core.
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Figure 19: Variation of the VPCs in core LP062A according todepth

The results of spectral analysis indicate a strymjcity in these componentwith strong
covariation betweeNPC 1(calcite subordinately lalorite + gnedite) andVPC 3 (gypsum)
except for two points at 4.75 meters and 2.57 (arrows) matieish inverse correlationsay
be due totheir location in thdranstion of lake margin and lacustrirmones There also ign
inverse correlation betweerPC 2 (hematite + illite)and4 (pigments representing plants,
cyanobateriaand algag This covariation may be modulated by climate, as discussed below.

VPC 4 could mtentially beused as a primary productivity indesnce it derives from
autotrophs like diatoms, brown algae, dinoflagellates and cyanobatiethas casespikes in

this component would correlate with planktonic blooms.
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Discussion

Depositional Environments

The facies associations identified in Laguna de los Pozuelos are key to understanding the
development of the lake analssociated depositional environment3he sheet flood F.A.,
interpreted adhaving formed by flood events resudg from high precipitation episodesand
snowpack melts during the spring and summer months, occurs only at the base of the study core
from 5.31 m to 5.65 nfFigure 7) Sheet flood events are typical of seanid and arid settings
much like whatlteredthe LP region43 kyr ago(McGlue et al, 2012. Thesheet flood F.A. is
followed by a lake margin F.Atom 4.75 m to 5.31 m. This is evidenceaofincrease in the base
level, probablythe consequencef a wettemperiod,with a higher lake levahdicated bythe lager
percentagef clays than sandss compared to theheet flood=.A. This is followed byan interval
of lacustrineF.A. from 4.15 m to 4.7%n, markinga period ofpersistentlydeeper lake in the basin
from 37 to 43 kyrago(McGlueet al.2013). This interval corresponds to the maximum flooding
in the studied_P core and it marks a change in the chemicaidadbetween intervals 2 and 3
(Figure7). From that poinupwards in the core, the sedimentological record shovysleity in
LP, with alernatinglake margin and lacustrirfe A. to the top of the core=(gure 7). This high
frequencycyclicity, also apparent in the results of spectral analysis (discussed below), starts with
an initial weting and increase in water levels (from the bsé 15 mdeep), followed byatrtial
dry-out, with periodt expansion and contraction of the lake margimauring periods of lake
contractionyegetation colonizes formerlgcustrine areas along the lake margihis is evident
by observations of root traces within lake margin thin sectibins.location of the study core, in
a marginal area of the current lakiavors the detection of variations in the position of lake

margins.
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Theinterpretation ofncreaseduridity at the basef LP is based othe presence a@ypsum,
and chemicahnd isotopicandicators(discussed beloyy However, tlis interpretationconflicts
with past researcfMcGlue et al2012;2013) which interpretshe depositional environments in
LP aschangng from profundal, to palustrine, to a saline lagkem base to tojf the core.Former
interpretatioswerea | so based on FPouthacksdhecontpleraegtary data, sucn g
asXRF chemical indices and'®O.

The alternation betweelake margin and lacustrine environments is also shown by the
different clay constituents and textur€day peloids arefound in both the lake margin and
lacustrineF.A. and arepotentially a result ofow-energy wave actigmolling the mudinto these
peloidal shapesPeloids are alspotentially formed by fecal pellets (Macintyre, 1985) and can be
eitherabiotic or biotic in origin (Bosak et al, 2004)n LP, it appears thathe peloids are msily
abiotic i.e. nonfecal pelles, showing minimato nonexistentcarbonate growtbr biotic textures
(Perri et al., 2013)vithin theclay peloid.

Clay intraclasts are interpreted as resulting from slight reworking of mud by weak currents
and/or waves, mostly associated wptriods of lake contraction

The zebrdike textureis found in the core fromdepths 0f2.42 m to 3.6 m. It is mostly
present in the lakenargin,and subordinatelyn the lacustring=.A. Sincethis texture does not
appear to correlate with a specificA. or facies, itis possible hat thezebralike textureis
controlled by environmental and/or climatic factors. For examiplis, could bea result of
destcation and evaporation within the sedimetgadingthe clay toexpand and creaf@mpty
pocket® that have the appearance obeze stripesThe scarcity of swelling clays (smectites)

however,does not favor this hypothesis. Another possibility is thisttexture develops through
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freezethaw of the clayas Laguna de los Pozuelsdocated ahigh altitude andhetemperature

gradient within the basiis conduciveo freezethawcycles

Stratigraphic Evolution and Paleoclimate

Sedimentological, isotopic and spectral data indicateLtigiina de los Pozuelos
underwent cyclical changes duribgsinevolution As discussed abey the facies associations
suggest highfrequency cyclicityof a few thousangiearssuperimposedn a cycle of a higher
order(> 10,000 years)s the entire lower half of the core displdisplacivegypsumcrystals
(indicative of lower precipitatiotio-evaporation rateghat areabsent in the top half (suggesting
higher precipitatiofto-evaporation)From the behavior athemicalindices and sedhentary
facies threeintervalscan be identifiedFrom base to top, intervalendsat 52 m deep interval
2 has an upper boundary at arourdim, and the thiréntervalincludes the rest of the samples,
up to the tog1.4 m)

Likewise, cyclicity displayed in theeflectancedata may beslimatically-controlledand
representative dake contractionand expansion.

During the past 43 kyr, (M&lue et al, 2013),variations in water levels seem to be part of
the dynamics in LP during the past decadragure20), probably in response to changiclgnatic
conditions within the regionThese variations ais resulted in the development of pyrite
throughout the core as a result of anaerobic conditions during periods of consistent lake levels.
Isotopic signatureandthe presence of gypsum in the deeper sectiotieabresuggest a change
from saline to frelswater conditionsyesuling in an underfilled basinwith accommodation
exceedinghe rate of sedimeationin the lake (McGlue et al., 2013).The (i*®O signaturesare

compatiblewith what isexpectedor a closed basin lakgeng & Marshall, 2004
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Figure 20: Composite Google Earth image showing watelevel changes in Laguna de los
Pozuelos. Red circle is the location of the study core.
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The decline ini*®0 during interval 2 suggests wetnditions in LP during this time.
This theory is backed by existing research showing that the region was wetter than present day
(McGilue et al., 2013). Thg®O a A*Qisotopes are observed interacting on a similar cyclicity
and intervals as seen withthe reflectance data and chemical indices (figure 21). This again
highlights that LP may be climatically controlled and cycling between freshwater and saline lake

chemistry throughout the last 43 kyr.
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Clayminerakin LP areillite andhalloysite, both norswelling aluminosilicatesn addition
to phlogopite a Mg-rich mica. lllite canform in high altitudegVelde and Meurar, 2008) much
like where Laguna de los Pozuelos is locagesdwell as duringliagensis from smectite in dry
environmentgEberl, 1993. However,illite development fromsmectiterequiresdeepburial,
and/or high K activity. Sincesmectites likely notpresenin LP (or at leasthot abundant, since
spectral analysis indicates smectite and chloraay it is unlikely that these sediments were

deeply buried (considering that they are still unconsolidated), illite in LP was probably not formed
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by diagenetic transformation o$mectite lllite also preferentially develops in dry sattich,
evaporiticenvironments (Singer, 1984), much like what Laguna de los Pozuelos appears to have
been for the last 43 kyrlt is also potentially detrital in origirheing transported in from the
surrounding regions. But the quantity and past environment suggests it developed within LP.

The absence of Mglays and other smectites in LP suggests that it does not have the
required chemistry to produce clays analogoukose found in thpre-salt reservoirs, where Mg
silicates are needed to produce the gels that prompt the precipitations of carbonate spherulites and
shrubs prevalent in those rockthe Mg percentages of the weatttand erosional sediments
transportednto the lake are too lowo generate said carbonat&éhe scarcity of carbonates in LP

also suggest that this alkaline lake is not a good analog for the formapuossaiit reservoirs.

Controls on Carbonate Precipitation

The key factorsthat influencecarbonate depositiomclude Mg/Ca ratio, tempature,
carbonate saturation, and micrdbéativity (Dupraz et al, 2004; Merced®sartin et al, 2016;
Morse et al, 1997 The Mg/Ca ratiois an important factor in determinintpe carbonate
mineralogy Rushdi et al, 1992 (e.g.aragoniteandbr calcitg. Any variation in the Mg/@ ratio
will affect the proportion of mineral assemblagegth precipitationof calcite or aragonite An
Mg/Ca ratioof 1:1 or lowerwill produce calcit€Morse et al, 1997(figure 22) At higherratios,
it will produceMg-rich calcite and then aragonjtar just aragonite, depeimd on the temperature
(Figure 2). This points to the fact thatemperaturas anotherimportant factor in carbonate
precipitationequally if nd more influentiathan Mg/Ca ration determining carbonataineralogy
within a system (Kiessling2015). A higher temperature system will typically produce more

aragonite than a low temperature systevhich is more favorablefor calcite precipitation
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Saturation is important to determine whether there is enough carbonate in solution to precipitate
out, as well as to control the habits (crystal shape and diasjly, mcrobial activityalsotends
to affect the development of the carbonatBgotic mediation will control carbonate micr@and
macrostructure, forming stromatolites, spherulites, thrombaite¢Dupraz et al 2004).

The carbonate system kP appeas to favorthe precipitation of calcite over aragonite
with a Mg/Ca ratio(calculated fom all XRF data)close to 5.5:1which would favor aragonite
precipitation However if the ratiois calculateddisregardinghe onespurious datgoint inthe
Mg/Ca data(51:1) that isclearly an outlier the newMg/Ca ratiois 2.5:1. This new ratio is
consistentwith the current average temperature of this region of around ten degrees Celsius
(Legates & Willmott, 1990a,bas well aghe paleoclimatewith this region just coming out of
the last glacial period approximately 11,700 years d&girogaphic analysishowsthe common
occurrenc®f calcite with very little aragonitewhichis foundto grow off ofthecalcitic carbonate.
The temperature of the regiahroughout its paleohistoryes well into the Mg/Ca ratjovhich
helps inhibitthe development of the aragoniteiith primary components being 56% calcite,

chlorite and smectite.
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Figure 22: Influence of solution Mg:Ca ratio and temperature on CaCQ polymorph formed
pseudohomogenous precipitates. White squasere aragonite, blacksquares are calcite, and
split squares are situations in which calcite initially precipitates but then aragonite grows on
calcite (Morse et al, 1997).

The total arbonatecontent inLP is less than 12% of the hybrid sedimen@Garbonate
precipitationseems to be a result lbbth organic and inorganprocessesCarbonategarticlesare
mostly in the form of bioclasts (charophytes and ostracott®)ally bioconstructions
(stromatolites, thrombolites, rare shrubs) indieatof microbial precipitation. The typical

bioclastc carbonatesrecharophytegyrogonites Figure 23A).
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Figure 23: A: Transversal cut of a Charophyte gyrogonite (taken from 4.6 m 10X XPL). B:
Charophyte replaced bymosaic carbonate andvergrown by gromatolitic and thrombolitic
bioconstructions(taken from 4.6 m 20X XPL).

Thesebioclastsoccasionally develop a mosaic textdrem replacement of thshell by

diagenetic calcite Carbonate stromatolites and thromites arebiotic in nature angrecipitated
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preferentiallyaround charophytbioclasts Figure 2B8). A few carbonate shrubse two shrubs
similar to what is found in thegre-salt reservoirs, were observed in one of the studied thin sections,
not enoughdr a meaningfutomparison.

Roundand mosaic calcite, and aragonwereformed in minor amounturingdiagensis
Spheruliteswvere only rarely observed

Despite the expectation that the sedimentary procesdd3 ¢ould serve as analogs for
carbonate precipitation in thpre-saltreservoirs the results othe analyses carried out in LPO6
2A indicate substantial differences between thEmepre-salt reservoirs, specificallg the Santos
Basin,are composed of up 95% of calcite, dolomite, and quartz, walay content of €.0% on
averageup to 30% in localized areégasquez et al2019) The study cor&om LP, on the other
hand,is composed omostly clay(average 62%n the lake margirF.A.; average 47%n the
lacustrine F.A.and average 12%n the sheet floodF.A.), with very little, if any, carbonate.
Carbonatecontent inLP is not high enougto be analogous fare-salt reservoirs iritherthe lake
margin @verage 10%;maximum 16%)or lacustrine &erage 25%;maximum 44%)facies
associationsyhile not even occurring in the sheet flood FaAd henceit shouldnot be used as
an analogMoreover, the high altitude of tHeaguna de los Pozueldapproximately 3600 jnis
much differentfrom the elevabn in which thepre-salt reservoirsvere formed(nearor at sea
level), which could potentially affect the development of specific types of carboregesell
Finally, the precipitation ofpre-salt carbonates (and porosity generation) are closely associated

with Mg clays (and their diagenetic dissolution), and no Mg clays were found in the study core.
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Conclusions

Laguna de los Pozuelos is a climaticatntrolled lake in the Atacama DeseOver the
last 43,000years this lake has gotieoughmultiple lake cyclestecording the changes as facies
associations related to lake expansion and contractioeet flood, lake margin, and lacustrine
F.A.). The base of the study core was accunealaindea more arid environmemtherea shallow
salinelakewas formed. Progressilyewetter environmeistled todeepaingand expansion of the
lake, with apeak at around.5 m of depth The top half of the core is characterized by an overall
decreasan aridity and salinity, with high frequency expansion and contraction of the lake.
Sediments are dominantly siliciclast{clayey) with minor carbonate precipitation. Water
chemistry seems to be characterized by mdethy Mg/Ca ratiq conduciveto precpitation of
calcite, rather than aragonite

Carbonates comprise less than 12% of the total sediment in the studfadrenate
particles are mostlpioclasts with minor contribution ofmicrobialy-mediated precipitatioas
bioconstruction around bioclkssas a syngenetic procefliagenetic carbonateseminimal, and
includereplacive calcite, particitemming aragonite anéhtraparticle pordilling calcite.

Clay texturessuggesimostly in-situ settling ofclay, but portions of the core, specifically
the lake margiifr.A., contain peloidaand intraclasticlay suggestive of slight reworking, possibly
by waves along the shorelinélhe zebrdike texturesn the clayare hypothesized to have formed
from desccation along lake margis and/or freezinghawing processes associated with high
altitudes

Laguna de los Pozuela®es nohave the necessacharacteristics to serve as an analog
for the pre-salt reservoirsThe water chemistry and sediment tyge incompatible with the

conditionsrequiredto produce theMg-silicate gelsand/or precipitate the expected amount and
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texture of carbonates found in those reservbespitenot offeiing insightsinto the genesis of the
pre-salt reservos, the study corprovided insights into theenvironmentabndclimatic changes

thathave happeneid LP basinin the past 43,000 years
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Facies code
Constituents

Argillaceous mud intraclastAs intrabasinal constituent
Argillaceous mud intraclastAs intrabasinal constituentzebralike
texture

Bioclastic intraclastAs intrabasinal constituent
Bioconstructer microbial carbonatéAs intrabasinal constituent
shrubby

Bioconstructer stromatolite on organigalled bioclast
Bioconstructer stromatolite on ostracode

Bioconstructer stromatolite on charophyte

Bioconstructer trombolite covering stromatolite

Biotite - As monomineralic grain

Organiewalled bioclast As intrabasinal constituent (Arcella?)

Carbonaceous organic matteAsintrabasinal constituent
Carbonate bioclast undifferentiatedAs intrabasinal constituent
fragments

Carbonate oolith As intrabasinatonstituent
Carbonate peloid As intrabasinal constituent
Charophyte algae bioclasfs intrabasinal constituent
Clay ooid/peloid As intrabasinal constituent

Clay ooid/peloid As intrabasinal constituentoriented fibers
Detrital kfeldspar- As monomineralic grain

Detrital feldspar As monomineralic grain

Detrital feldspar In plutonic rock fragment

Detrital microcline- As monomineralic grain

Detrital plagioclase As monomineralic grain

Detrital quartz- As monomineralic grain

Detrital quartz- As volcanic rock fragment
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Heavy mineral undifferentiated As monomineralic grain 0

Heavy mineral undifferentiatedln plutonic rock fragment 0
Metamorphic rockKragment- As metamorphic rock fragment 0
Ostracode bioclastAs intrabasinal constituent 2.67
Phosphate bioclast undifferentiatedAs intrabasinatonstituent 0.33
Phyllite rock fragment As metamorphic rock fragment 0
Schist rock fragmentAs metamorphic rock fragment 0

Siliciclastic mudhatrix syndepositional As intrabasinal constituent 48.00
Siliciclastic mud matrix syndepositiond@s intrabasinal constituent

Higher crystallinity 0
Siliciclastic mud matrix syndeposition@s intrabasinal constituent
Zebralike textures 0

Siliciclastic mud matrix syndeposition@sintrabasinal constituent
laminated

Siltstone rock fragmentAs sedimentary rock fragment 0
Volcanic rock fragmentAs volcanic rock fragment 0
Zircon- As monomineralic grain 0.67

Aragonite- Acicular- Intergranular discontinuous po#ning -

Covering <PrimarZonstituent> Charophyte algae bioclasfs

intrabasinal constituent 0
Aragonite- Coating- Intergranular continuous poréning- Covering
<PrimaryConstituent> Carbonate bioclast undifferentiatedAs

intrabasinal constituent 0
Calcite- Round crystal Filling vugular pore Within <pore> Vug pore
- Framework and interstitial 4.00

Calcite- Round crystal Intergranular displaciveDisplacing <Primary
Constituent> Siliciclastic mud matrix syndeposition@s intrabasinal
constituent 0
Calcite- Round crystal Intergranular replacive Replacing <Primary
Constituent> Siliciclastic mud matrix syndeposition@s intrabasinal

constituent 2.33
Calcite- Round crystal Intragranular replacive Replacing <Primary
Constituent> Argillaceous mud intraclas®As intrabasinal constituent 0

Calcite- Anhedral crystal Intragranular replacive Replacing
<PrimaryConstituent> Charophyte algae bioclasAs intrabasinal
constituent 0
Calcite- Fine mosaie Intergranular replacive Replacing Rrimary
Constituent> Siliciclastic mud matrix syndeposition@s intrabasinal

constituent 0
Calcite- Fine mosaie Intragranular replacive Replacing <Primafy
Constituent> Charophyte algae bioclasAsintrabasinal constituent 0
Calcite- Microcrystalline- Filling shelter pore Within <Primary

Constituent> Charophyte algae bioclasAs intrabasinal constituent 0
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Calcite- Microcrystalline- Filling shelter pore Within <Primary
Constituent> Undifferentiated carbonate bioclastAs intrabasinal
constituent

Calcite- Microcrystalline- Filling vugular pore Within <pore> Vug
pore - Framework and interstitial

Calcite- Microcrystalline- Intergranular replacive Replacing
<PrimaryConstituent> Siliciclastic mud matrix syndeposition#s
intrabasinal constituent

Calcite- Microcrystalline- Intergranular replacive Replacing
<PrimaryConstituent> Siliciclastic mud matrix syndepositional
(clotted)- As intrabasinal constituent

Calcite- Microcrystalline- Intragranular replacive Replacing
<PrimaryConstituent> Carbonaceous organic matteAs intrabasinal
constituent

Calcite- Mosaic- Intergranular replacive Replacing Rrimary
Constituent> Siliciclastic mud matrix syndeposition@s intrabasinal
constituent

Calcite- Mosaic- Intragranular replacive Replacing <Primary
Constituent> Charophyte algae bioclasAs intrabasinatonstituent
Calcite- Prismatic- Intergranular porelining- Covering <Primary
Constituent> Charophyte algae bioclasfs intrabasinal constituent
Diagenetic iron oxide/hydroxideMicrocrystalline- Intergranular
continuous pordining- Covering <PrimarZonstituent>
Granitic/gneissic plutonic rock fragment

Diagenetic iron oxide/hydroxideMicrocrystalline- Intergranular
replacive- Replacing <Primai@onstituent> Siliciclastic mud matrix
syndepositional (clotted) As intrabasinal constituent
Fedolomite/ankerite- Discrete crystal Intergranular replacive
Replacing BiagenetieConstituent> Calcite- Intergranular replacive
Fedolomite/ankerite- Discrete crystal Intergranular replacive
Replacing <Primas@onstituent> Siliciclastic mud matrix
syndepositionat As intrabasinatonstituent

Gypsum Lenticular- Intergranular displaciveDisplacing <Primary
Constituent> Siliciclastic mud matrix syndeposition@s intrabasinal
constituent

Gypsum Lenticular- Intergranular replacive Replacing <Primary
Constituent> Siliciclastic mud matrix syndeposition@s intrabasinal
constituent

Gypsum Lenticular- Intragranulardisplacive - Displacing <Primary
Constituent> Carbonate bioclast undifferentiatedAs intrabasinal
constituent

Gypsum Lenticular- Intragranular replacive Replacing <Primary
Constituent> Carbonate bioclasindifferentiated- As intrabasinal
constituent

Gypsum Lenticular- Intragranular replacive Replacing <Primary
Constituent> Charophyte algae bioclasAs intrabasinal constituent

2.67

1.33

1.00

62

1.00
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0.67
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0.33

1.33

0.67
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1.00

1.67

0.33

5.67

5.00

0.67

2.67
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Gypsum Prismatic- Intergranular displaciveDisplacing <Prima¥ry
Constituent> Siliciclastic mud matrix syndeposition@s intrabasinal
constituent

Gypsum Prismatic- Intergranular replacive Replacing <Primary
Constituent> Siliciclastic mud matrix syndeposition@s intrabasinal
constituent

Gypsum- Rosette- Intergranular displaciveDisplacing <Primary
Constituent> Siliciclastic mud matrigyndepositionat As intrabasinal
constituent

Gypsum- Rosette- Intergranular replacive Replacing <Primary
Constituent> Siliciclastic mud matrix syndeposition@s intrabasinal
constituent

Jarosite- Discrete crystal Intergranular replacive Replacing
<PrimaryConstituent> Siliciclastic mud matrix syndeposition#is
intrabasinal constituent

Jarosite- Microcrystalline- Intragranulameplacive- Replacing
<DiagenetieConstituent> Pyrite- Intragranular replacive

Pyrite- Framboid- Filling shelter pore Within <PrimaryConstituent>
- Ostracode bioclastAs intrabasinal constituent

Pyrite- Framboid- Intergranular replacive Replacing <Primary
Constituent> Siliciclastic mud matrix syndeposition@s intrabasinal
constituent

Pyrite- Framboid- Intragranular replacive Replacing <Primary
Constituent> Carbonaceous organic matteAs intrabasinal
constituent

Pyrite- Framboid- Intragranular replacive Replacing <Primary
Constituent> Ostracode bioclastAs intrabasinal constituent
Siderite- Discrete crystal Intergranular replacive Replacing
<PrimaryConstituent> Siliciclastic mud matrigyndepositionat As
intrabasinal constituent

Fracture pore Framework and interstitial

Growth framework pore Framework and interstitial Within
<PrimaryConstituent> Bioconstructer stromatolite As intrabasinal
constituent

Intergranular pore Interstitial

Intragranular pore Framework

Shelter pore Framework Within <PrimaryConstituent>
Calcisphere bioclastAs intrabasinal constituent

Shelter pore Framework Within <PrimaryConstituent>
Charophyte algae bioclasAs intrabasinatonstituent

Shelter pore Framework Within <PrimaryConstituent> Ostracode
bioclast- As intrabasinal constituent

Shrinkage pore Framework and interstitial
Vug pore- Framework and interstitial

0

0.33

2.00

1.00

0.67

2.00

5.00

0.00

0.00

1.33

3.33

1.33

1.00

1.00
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2.33

0.33

1.67

4.67
0

3.67

2.33

0.33
0.67
0.33

2.67

1.67

2.00

0.33

1.67

0.33
1.67
3.33

0.33

2.67

0.33

3.33

1.00

0.33

0.67

3.33

0.67

0.33

o O

3.00

0.33

0.33

0.33

3.00

5.33
5.67

0.33

3.33

1.67

0.33

2.67
4.00

0.33

0.00

1.67

0.67

0.00

0.67

0.33

0.67

o

0.33

2.33

0.33

0.33

2.00

1.67

6.67
16.67



Total

Volume

Framework

Intergranular

Cement

Matrix

Porosity

Total diagenetic constituents
Rigid grains

Ductile grains

Extrabasinals

Total extrabasinal constituents
Extrabasinal grains

Detrital quartz

Detrital feldspar

Plutonic rock fragments
Volcanic rock fragments
Sedimentary rock fragments
Carbonate rock fragments
Metamorphic rock fragments
Detrital matrix

Intrabasinals

Intrabasinal primary constituents
Present primary carbonate constituents
Original primary carbonate constituents
Intrabasinal grains

Present Carbonate allochems
Original carbonate allochems

Primary proportion of original carbonate allochems
Present carbonate bioclasts

Original carbonate bioclasts

Carbonate intraclasts

Carbonate ooids

Carbonate peloids/pellets

Original bioconstructers

Present carbonate bioconstructers

%
45.00
55.00
0.00
48.00
2.67
12.33
12.33
21.33
%
58.33
10.33
4.33
1.33
2.67
0.00
0.00
0.00
0.00
48.00
%
22.67
6.33
6.67
22.67
6.33

6.67
100.0

3.00
3.00
0.00
0.00
3.33
0.00
0.00

%
26.33
73.67
0.33
59.33
5.33
13.33
8.00
12.67
%
65.67
6.33
2.67
0.67
1.33
0.00
0.00
0.00
0.00
59.33
%
13.67
2.67
2.67
13.67
2.67

2.67
100.0

1.33
1.33
0.00
0.00
1.33
0.00
0.00

%
29.67
70.33
0.00
67.67
1.00
3.67
5.67
20.67
%
73.00
5.33
2.67
0.33
1.33
0.00
0.00
0.00
0.00
67.67
%
20.00
2.67
2.67
20.00
2.67

2.67
100.0

1.33
1.33
0.00
0.00
1.33
0.00
0.00
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%
27.67
72.33
0.33
66.67
1.33
4.67
10.00
14.67
%
71.67
5.00
2.00
0.33
1.00
0.00
0.00
0.00
0.00
66.67
%
20.67
5.33
5.33
20.67
5.33

5.33
100.0

2.67
2.67
0.00
0.00
2.67
0.00
0.00

%
34.00
66.00
0.00
60.67
4.67
6.33
5.67
19.33
%
65.33
4.67
1.00
0.33
1.33
0.00
0.00
0.00
0.00
60.67
%
23.33
5.67
5.67
22.33
5.67

5.67
100.0

2.33
2.33
0.00
0.00
3.33
0.00
0.00

%
22.33
77.67
0.00
71.67
1.33
7.67
7.00
10.00
%
74.67
3.00
0.00
0.00
1.00
0.67
0.00
0.00
0.00
71.67
%
13.67
4.33
4.33
13.67
4.33

4.33
100.0

2.00
2.00
0.00
0.00
2.33
0.00
0.00

%
37.00
63.00
0.00
56.67
2.33
10.00
10.67
17.33
%
59.67
3.00
0.67
0.33
0.67
0.67
0.00
0.00
0.00
56.67
%
18.33
7.67
7.67
18.33
7.67

7.67
100.0

4.67
4.67
0.00
0.00
3.00
0.00
0.00

%
37.67
62.33
2.33
51.67
5.33
12.33
8.00
17.67
%
58.00
6.33
2.00
0.67
1.33
0.00
0.00
0.00
0.00
51.67
%
20.67
7.00
7.00
20.67
6.00
6.00

85.71
2.00
2.00
0.00
0.00
4.00
0.00
1.00

%
29.67
70.33
1.00
62.67
0.33
7.67
8.33
20.67
%
69.00
6.33
2.67
0.33
2.00
0.33
0.00
0.00
0.00
62.67
%
21.67
1.00
1.00
21.67
1.00

1.00
100.0

0.67
0.67
0.00
0.00
0.33
0.00
0.00

%
26.00
74.00
4.33
58.67
0.67
18.00
13.00
8.33
%
60.33
1.67
0.67
0.00
0.67
0.00
0.00
0.00
0.00
58.67
%
19.33
8.33
10.00
19.33
8.33

10.00
100.0

7.00
7.00
0.00
0.00
1.33
0.00
0.00

%
50.33
49.67
1.67
35.67
3.67
20.00
15.00
3.00
%
37.00
1.33
0.67
0.00
0.00
0.00
0.00
0.00
0.00
35.67
%
27.67
35.67
38.33
27.67
22.00
24.67

64.35
13.00
13.00
0.67
0.00
8.33
0.00
13.67

%
55.33
44.67
5.00
30.00
11.33
27.33
26.67
1.67
%
30.67
0.67
0.33
0.00
0.00
0.00
0.00
0.00
0.00
30.00
%
43.33
29.33
42.00
43.33
29.33

42.00
100.0

26.00
26.00
0.00
0.33
3.00
0.00
0.00

%
44.33
55.67
4.67
42.00
8.67
20.33
23.33
1.67
%
43.00
1.00
1.00
0.00
0.00
0.00
0.00
0.00
0.00
42.00
%
32.33
25.67
30.33
32.33
25.67

30.33
100.0

21.67
21.67
0.00
0.00
4.00
0.00
0.00

%
26.67
73.33
1.33
52.67
3.33
17.67
2.00
21.33
%
53.33
0.67
0.33
0.00
0.00
0.00
0.00
0.00
0.00
52.67
%
25.33
3.67
3.67
25.33
3.67

3.67
100.0

0.67
0.67
0.00
0.00
3.00
0.00
0.00

%
8.67
91.33
0.67
20.00
1.67
69.67
4.00
4.67
%
24.33
4.33
1.67
0.33
2.00
0.00
0.00
0.00
0.33
20.00
%
3.33
0.00
0.00
3.33
0.00
0.00

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

%
65.33
34.67
14.00
2.00
23.33
26.00
20.00
28.67
%
51.00
49.00
1.33
0.67
17.67
0.00
3.67
0.00
25.33
2.00
%
0.00
0.00
0.00
0.00
0.00
0.00

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00



Original carbonate bioconstructers

Primary proportion of original carbonate bioconstructers
Present carbonate matrix

Original carbonate matrix

Primaryproportion of original carbonate matrix
Carbonate cement

Present intrabasinalon-carbonate grains
Original intrabasinal noparbonate grains
Dolomite/Calcite ratio

Gravel

Sand

Mud

Rock Classification

Folk Textural
Gravel
Mud
Sand
Microscopic- Modal grain size

Main/single size mode:
Main/single size mode(mm):

#2 size mode:
#2 size mode(mm):

#3 size mode:
#3 size mode(mm):

Microscopic- Sorting:

0.00
0.00
0.00
0.00
0.00
4.00
16.00
16.00
0.00
0.00
2.00
98.00

Mudr
ock

0.00
98.00
2.00

Clay
0.00

Very

fine

sand
0.08

0.00
0.00
0.00
0.00
0.00
1.33
11.00
11.00
0.00
0.00
1.00
99.00

Mudr
ock

0.00
99.00
1.00

Clay
0.00

Very

fine

sand
0.09

0.00
0.00
0.00
0.00
0.00
0.00
17.33
17.33
0.00
0.00
1.00
99.00

Mudr
ock

0.00
99.00
1.00

Clay

Fine
sand
0.17
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0.00
0.00
0.00
0.00
0.00
0.00
15.33
15.33
0.00
0.00
2.00
98.00

Mudr
ock

0.00
98.00
2.00

Clay
0.00

Very

fine

sand
0.10

Fine
sand
0.20

0.00
0.00
0.00
0.00
0.00
0.00
16.67
17.67
0.00
0.00
1.00
99.00

Mudr
ock

0.00
99.00
1.00

Clay

Very

fine

sand
0.10

0.00
0.00
0.00
0.00
0.00
0.00
9.33
9.33
0.00
0.00
1.00
99.00

Mudr
ock

0.00
99.00
1.00

Clay

Very

fine

sand
0.10

0.00
0.00
0.00
0.00
0.00
1.00
10.67
10.67
0.00
0.00
2.00
98.00

Mudr
ock

0.00
98.00
2.00

Clay

Very
coars
e
sand

1.10

1.00
14.28
0.00
0.00
0.00
3.33
14.67
14.67
0.10
0.00
2.00
98.00

Mudr
ock

0.00
98.00
2.00

Clay
0.00

Fine
sand

0.20
Coars

sand
1.00

0.00
0.00
0.00
0.00
0.00
0.00
20.67
20.67
0.00
0.00
1.00
99.00

Mudr
ock

0.00
99.00
1.00

Clay
0.00

Fine
sand
0.16

0.00
0.00
0.00
0.00
0.00
0.00
9.33
9.33
0.00
0.00
2.00
98.00

Mudr
ock

0.00
98.00
2.00

Clay
0.00

Medi
um
sand

0.30

Fine
sand

13.67
35.65
0.00
0.00
0.00
2.33
3.00
3.00
0.00
1.00
5.00
94.00

Slight

congl
omer
atic
mudr
ock

1.00
94.00
5.00

Clay

Medi
um
sand

0.46

0.13

0.00
0.00
0.00
0.00
0.00
5.00
1.33
1.33
0.00
0.00
30.00
70.00

Sand

mudr
ock

0.00
70.00
30.00

Clay

Very

fine

sand
0.12

0.00
0.00
0.00
0.00
0.00
4.00
2.00
2.00
0.00
0.00
20.00
80.00

Sand

mudr
ock

0.00
80.00
20.00

Clay

Medi
um
sand

0.40

0.00
0.00
0.00
0.00
0.00
0.00
21.67
21.67
0.00
0.00
1.00
99.00

Mudr
ock

0.00
99.00
1.00

Clay

0.00
0.00
0.00
0.00
0.00
0.00
3.33
3.33
0.00
0.00
5.00
95.00

Mudr
ock

0.00
95.00
5.00

Clay

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
10.00
89.00
1.00

Congl
omer
atic
sands
tone

10.00
1.00
89.00

Coars

sand
0.90

Very
poorl
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ID

Depth (m)

Adjusted depth (m)

Well

Facies code

Constituents

In situ clay

Reworked clay
Bioconstruction
Carbonate peloid - As intrabasinal constituent
Carbonate bioclasts (total)
Non-carbonate bioclasts
Total bioclasts
Carbonaceous organic matter - As intrabasinal constituent
Rock fragments
Acessories

Total aragonite

Other calcite
Microcrystalline calcite
Total calcite

Total Fe oxide

Lenticular gypsum

Other gypsum

Total gypsum

Total pyrite

LP2A 2.7 LP2A 3.2 LP2A 6.6 LP2A 10..LP2A 10. LP2A 10. LP2A 11.1m

2.70 3.20 6.65 10.4C 10.75
1.40 1.55 2.70 4.30 4.60

LP06-2A LP06-2A LP06-2A LP06-2A LP06-2A

CIL CIL CIL CIL CIL

% % % % %
48.00 59.33 56.66 58.66 35.67
15.67 9.33 7.00 4.67 2.00
0.00 0.00 0.00 0.00 13.66
3.33 1.33 3.00 1.33 8.33
9.33 6.66 5.66 7.00 14.33
0.33 1.67 3.67 5.34 2.00
3.33 3.00 8.33 11.67 14.66
4.33 2.00 9.67 8533 0.67
2.67 1.33 1.34 0.67 0.00
2.00 1.66 0.67 0.33 0.66
0.00 0.33 0.00 0.00 1.00
0.00 0.00 0.00 0.00 2.66
2.67 1.33 4.00 1.00 4.33
9.00 6.66 5.00 1.67 8.66
0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.67 12.00 5.34
0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.67 12.00 5.34
3.33 5.00 4.34 4.33 5.00

Summary of quantitative petrographic data

10.8C
4.68
LP06-2A
CIL
%
30.00
1.33
0.00
3.00
27.33
0.67
26.00

0.00
0.33
2.00
9.66
4.00
15.66
0.00
6.33
0.00
6.33
3.33

11.10
4.75
LP06-2A
CIL Average
%
42.00 47.19
1.33 5.90
0.00 1.95
4.00 3.47
21.33 13.09
1.34 2.15
22.34 12.76
0.33 2.90
0.00 0.86
0.00 0.81
3.67 1.00
4.67 2.43
3.33 2.95
8.33 5.38
0.00 0.00
3.00 3.91
0.00 0.00
3.00 3.91
5.33 4.38

67

LP2A 3.8 LP2A 4.9 LP2A 5.1 LP2A 5.6 LP2A 8.3 LP2A 10. LP2A 11.3 m

3.85 4.90 5.10 5.60 8.35 10.1C 11.3C

1.80 2.30 2.42 2.57 3.60 4.00 4.92

LP06-2A LP06-2A LP06-2A LP06-2A LP06-2A LP06-2A LP06-2A

Maximum CIM CIM CIM CIM CIM CIM CIM
% % % % % % %

59.33 67.66 66.67 60.67 71.66 51.66 62.67 52.67
15.67 17.33 12.00 16.00 7.67 13.33 18.34 21.00
13.66 0.00 0.00 0.00 0.00 1.00 0.00 0.00
8.33 1.33 2.67 3.33 2.33 4.00 0.33 3.00
27.33 1.66 3.34 6.00 3.33 7.33 0.66 1.66
5.34 0.00 3.33 0.66 1.67 1.33 2.66 1.00
26.00 128 6.00 2.99 3.67 B3 2.99 1,28
9.67 2.33 1.67 1,28 1.33 2.67 il 28y 0.33
2.67 1.33 1.00 1,28 1.67 1.33 2.33 0.00
2.00 1.00 1.66 2.00 1.33 2.34 1.00 0.33
3.67 0.00 0.00 0.00 0.00 2.00 0.00 0.00
9.66 0.00 0.00 0.00 0.00 0.00 0.00 0.00
4.33 1.00 1.33 1.00 0.33 1.33 0.00 10.67
13.66 1.33 2.00 4.67 1.66 6.66 0.33 12.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
12.00 0.00 0.00 0.00 0.00 1.32 2.00 3.34
0.00 0.00 0.00 0.00 0.00 0.00 0.33 0.67
12.00 0.00 0.00 0.00 0.00 1.32 2.33 4.01
5.33 233 2.66 1.67 6.00 2.00 2.67 1.00

Average

61.95
15.10
0.14
2.43
3.43
1.52
3.09
ST
1.28
1.38
0.29
0.00
2.24
4.09
0.00
0.95
0.14
1.09
2.62

Maximum

71.66
21.00
1.00
4.00
7.33
3.33
6.00
2.67
2.33
2.34
2.00
0.00
10.67
12.00
0.00
3.34
0.67
4.01
6.00

LP2A 11. LP2A 11.9m

11.7C 11.9C

5.31 5.54

LP06-2A LP06-2A
SM SL

% %

20.00 2.00

3.33 0.00

0.00 0.00

0 0

0.00 0.00

0.00 0.00

0.00 0.00

1.00 0

2.33 41.34

0.00 0.33

0.00 0.00

0.00 0.00

0.00 0.00

0.00 0.00

64.33 26.00

0.00 0.00

3.32 0.00

3.32 0.00

2.00 0.00

Awerage

11.00
1.66
0.00

0.00
0.00
0.00
0.50
21.84
0.17
0.00
0.00
0.00
0.00
45.17
0.00
1.66
1.66
1.00

Maximum

20.00
3.33
0.00

0.00
0.00
0.00
1.00
41.34
0.33
0.00
0.00
0.00
0.00
64.33
0.00
3.32
3.32
2.00



AppenmndPxot omi crographsihr &«®@®ABGHhiI n

Figure 1: LP2A 2.7 mgeneral photoof the mud with ostracod (large bioclast) and round
carbonate in pore spacdred arrow). (PPL & XPL 2.5X)

Figure 2: LP2A 3.2 m general photaof the mud with scattered grains and bioclast¢éPPL &
XPL 5X)
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Figure 4: LP2A 4.9 m general photmf the mud, showinga sand laminae (PPL & XPL
2.5X)
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Figure 5: LP2A 5.1 m general photmf the mud with round carbonates(red arrows) and
intraclast with zebra-like texture (z) (PPL & XPL 2.5X)

Figure 6: LP2A 5.8 m general photmf the mud with ostracod bioclastPPL & XPL 2.5X)
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Figure 7: LP2A 6.65 m general photmf the mud with ostracod and phosphatéioclasts
(fish bones?)PPL &XPL 2.5X)

0.1 mm
||

Figure 8: LP2A 8.35 m general photof the mud with displacive gypsum crystals (red
arrows) (PPL & XPL 2.5X)
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Figure 10: LP2A 10.4 m general photof the bioclastic mudwith scattered sand grains and
displacive gypsum crystals (red arrows]PPL & XPL 2.5X)
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Figure 11: LP2A 10.75 m general photof the mud with charophytesand displacive
gypsum crystals (gray)(PPL & XPL 2.5X)

o~ o & g m

Figure 12: LP2A 10.8 m general photof laminated mud and laminated charyophyte
bioclast piecedPPL & XPL 2.5X)
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Figure 13: LP2A 11.1 m general photshowing the alternation of mud and bioclastic
laminae (PPL & XPL 2.5X)

Figure 14: LP2A 11.3 m general phot®f the intraclastic mud (PPL & XPL 2.5X)
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§0.1 mm W

Figure 15: LP2A 11.7 m general photof Fe oxides replacing mud and sandy lamina@PL
& XPL 2.5X)

Figure 16: LP2A 11.9 m general photof the lithic sand (PPL & XPL 2.5X)
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