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Abstract

The Vaca Muerta Formation is a famous source rock being largely present in Argentina. The
formation was examined in the southern part of the Neuquén Basin through clay-mineral
assemblage composition, as well as organic and inorganic geochemical characteristics. In
total, 259 samples were analyzed on both sides of the Huincul Arch (major E-W structure that
divided the southern part of the basin into two depocentres). South to this structure (Pictin
Leuft area), the total organic carbon content (TOC) can reach 20% but is generally ranging
from 0.1 to 6%. To the north (Covunco area), average TOC does not exceed 0.5%. Clay-
mineral assemblages indicate an evolution of the sources of clastic supply through time in
response to evolving weathering/erosion at the regional scale. Redox-sensitive trace-element
distribution shows that the particulate iron shuttle process operated, with an initially-euxinic
depositional environment that evolved rapidly to oxygenated seawater and suboxic sediments.
Our results suggest an episodically restricted circulation pattern that occurred at the beginning

of the deposition of the Vaca Muerta Formation (highest TOC content).
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1. Introduction
The Vaca Muerta Formation is one of the most prolific source-rocks of the Neuquén
Basin (Argentina). It is known for its shale-gas potential with an average total organic
carbon (TOC) locally exceeding 4%, moderate burial depth (= 2400 m) and over-
pressured conditions (Boyer et al., 2011; Giusiano et al., 2011). This lithostratigraphic
unit consists of dark shales, marls and limestones deposited during the Tithonian-
Valanginian interval, as the result of a rapid and widespread marine transgression
(Legarreta and Uliana, 1991, 1996b). Several previous works interpreted the Vaca Muerta
Formation to be made up with both basin and slope deposits (e.g., Weaver (1931),
Groeber (1946, 1953), Marchese (1971), Leanza (1973), Leanza et al. (1977), Gulisano et
al. (1984), Mitchum and Uliana (1985), and Legarreta and Gulisano (1989)). Recently,
detailed sedimentological studies were conducted in different sectors of the basin.
Kietzmann et al. (2014) interpreted the Vaca Muerta Formation in the Mendoza area as a
result of a double carbonate-ramp configuration: the first one corresponded to a westward
progradation of a homoclinal ramp located on the eastern margin, and the second one
corresponded to the outermost part of a distally-steepened ramp located in the present-day
Chilean territory. In the southern part of the basin (Picin Leufd Anticline), Krim et al.
(2017) interpret the Vaca Muerta Formation as a prograding siliciclastic shelf with storm
and turbidity flows, and with an episodic, moderate, limitation of marine circulation, at
least during the beginning of the Vaca Muerta deposition. Based on field observations
(several sections), microfacies analysis, mineralogical and geochemical analyses of a
limited sample set (one section), these authors observed that the Vaca Muerta Formation
did not record oxygen-limited conditions, contrary to expectation, except for the very base
of the formation. In addition, the organic content of the rocks is rather poor, again except
for the basal level of the formation that seems to have undergone peculiar conditions of

deposition (euxinic environment prone to organic matter preservation and accumulation).

In this paper, we present an extended and detailed mineralogical and geochemical
examination of the Vaca Muerta Formation in the southern part of the Neuquén Basin (Pictn
Leufd Anticline) studying notably the clay-mineral assemblages and the major- and trace-
element distributions, in addition to Rock Eval Pyrolysis data. Our goal is to examine the
redox status of the southern part of the Neuquén Basin during the Vaca Muerta Formation
deposition, in complement to what is already well known for the more distal parts of the

basin, to the North (Kietzmann et al., 2014, and references therein). Were the more proximal



parts of the basin undergoing reducing conditions? What was the productivity like during the
Vaca Muerta deposition? Which were the main sources of organic matter and clastic supply?
How did these parameters evolve through time in possible relation with varying climatic
conditions and on-land physiography? We also aimed to study the basal level of the formation
that seems to be very specific and to be a regional marker level. Our replies to these questions
are of course typically relevant for the Vaca Muerta Formation, which is a major source rock
as well as an excellent case study yielding rich information one can apply to many other
source rocks of any age in many other basins through the world. Our results may be of

interest to petroleum geologists and “paleo-environmentalists”.
2. Geological setting

2.1. Regional geology

The Neuquén Basin (Figure 1-A) is located between 32°S and 41°S in latitude and covers an
area of over 120,000 km? (Yrigoyen, 1991). It has a triangular shape and is limited by the
Sierra Pintada Massif to the northeast, the Patagonian Massif to the south and the Andean Arc
to the west (Howell et al., 2005). It was formed in a back-arc extensional setting during the

early stages of the Andean Orogeny (Digregorio and Uliana, 1980).

The basin was initiated during the Late Triassic by the extensional collapse of the Late
Paleozoic orogen. This phase allowed the development of a series of narrow and isolated half-
grabens, filled with continental and volcanic red-bed facies (Manceda and Figueroa, 1995;
Vergani et al., 1995; Franzese and Spalletti, 2001). From the Early Jurassic to the Early
Cretaceous, the Neuquén Basin was a back-arc basin, associated with the subduction of the
proto-Pacific crust beneath the western Gondwana margin (Vergani et al., 1995). The
protracted period of thermal subsidence and regional back-arc extension (Howell et al., 2005)
allowed the development of a marine basin that was connected to the proto-Pacific Ocean by
gaps in the arc (Spalletti et al., 2000; Macdonald et al., 2003). A complex series of
transgressive-regressive cycles developed during this period as a result of subsidence rate
variations, eustatic sea-level fluctuations and localized uplifts (Figure 2; Gulisano et al., 1984;
Legarreta and Gulisano, 1989; Legarreta and Uliana, 1991, 1996 a, b). The regime of regional
thermal subsidence was interrupted by several episodes of structural inversion (Vergani et al.,
1995; Veiga et al., 2001; Pangaro et al., 2002). These tectonic inversions caused or enhanced
relative sea-level falls and resulted in the accumulation of six wedges that sharply overlie

deep-marine deposits. From the Late Cretaceous to the Cenozoic, the basin was characterized



by a compressional tectonic regime associated with a decrease in the angle of slab subduction
that produced the uplift of the foreland thrust belt (Ramos, 1999b). Flexural subsidence
towards the east of the tectonic front allowed for the accumulation of over 2000 m of

continental syn-orogenic deposits (Legarreta and Uliana, 1991; Ramos, 1999b).
2.2. Local geology

The analyzed time interval of the present paper is the Tithonian-Berriasian (Figure 3). In the
southern part of the Neuquen basin, sedimentary rocks deposited during this time interval
comprised two marine lithostratigraphic units known as the Vaca Muerta and Pictin Leuft
formations (Leanza, 1973). The Vaca Muerta Formation (locally dated of early to earliest-late
Tithonian) consists of a thick succession of dark bituminous shales and marls whereas the
Picun Leuft Formation consists of mixed carbonate and siliciclastic sediments (Armella et al.,
2007; Spalletti et al., 2000). Spalletti et al. (2000) interpreted the Tithonian-early Berriasian
succession of this part of the Basin (Vaca Muerta-Picin Leufu formations) as deposited on a
gently sloping marine ramp (mixed siliciclastic-carbonate deposits) with a gradual transition
from a shallow marine area along the southern and southwestern margins of the basin, to the
deepest area to the north. In a recent study (Krim et al., 2017), two transgressive-regressive
sequences were recognized in this time interval and interpreted as developed in a siliciclastic

shelf evolving to mixed siliciclastic-carbonate ramp.

During the late Oxfordian to Kimmeridgian times, an important tectonic inversion related to a
change in the subduction regime along the active margin of the basin (Vergani et al., 1995)
occurred in this part of the basin. The uplift of the Huincul Arch then divided the wide
embayment of the Neuquén Basin into two main sedimentary depocentres (Zavala et al.,
2005; Mosquera and Ramos, 2006) (Figure 1-B). The Huincul Arch represented a structural
and stratigraphic barrier that isolated the southern depocentre. Thickness analysis of the
Tordillo Formation suggests the existence of two depocentres in the northern part of the basin
(Vergani et al., 1995; Spalletti and Colombo Pinol, 2005). In the southern part of the basin,
the Kimmeridgian sediments correspond to <40 m-thick fluvial deposits of the Tordillo
Formation (Groeber, 1946) grading to the eolian deposits of Quebrada Del Sapo Formation
(Digregrio, 1972. This information suggests a structural activity of the Huincul Arch before
the Tithonian whereas a recent study (Massaferro et al., 2014) indicates that the tectonic
activity of the Huincul Arch was initiated during the Late Berriasian with a maximum activity

during the Early Valanginian.



To the north of the Huincul Arch, the Vaca Muerta Formation has been divided into three
members: (1) the Lower Vaca Muerta Member consists of bituminous shales and marlstones,
(2) the Los Catutos Member consists of lithographic limestones and (3) the overlying Upper
Vaca Muerta Member consists of siltstones, shales and marlstones (Figure 3; Leanza and

Zeiss, 1990).

The east-west oriented Picun Leufti Anticline (the main study area in this paper) defines the
western portion of the Huincul Arch and constitutes the main paleo-topographic feature of the
region (Naipauer et al., 2012) which isolated the southern depocentre (Figure 1-B). The
Covunco area locality (the second study area in this paper) corresponds to the SE part of the
Sierra Vaca Muerta Anticline and thus to the south part of the western depocentre (Figure 1-
B). In this part of the basin, the Tithonian—Berriasian interval corresponds to the Lower Vaca
Muerta Member, the Los Catutos member, the Upper Vaca Muerta Member and Pictn Leuft
Formation (Leanza, 1973; Leanza and Zeiss, 1990).

3. Samples and methods

Rock samples were collected on two spots in the southern part of the Neuquén Basin. The
first study area is located on the north flank of the Picin Leuft Anticline, south to the town of

Zapala; the second spot is the Covunco section (north of Zapala Town; Figure 1).

In this study, 259 samples were collected from outcrops. 221 samples were collected in the
Picin Leuft area and most of them cover the Vaca Muerta Formation (Major T-R sequence
I). Only section 3 and two samples of section 5 (#41 and #42) extend to the major sequence II
(Pictin Leufud Formation). Samples were taken with an average spacing of 1-1.5 m in the basal
sixteen meters (section 1, 4 and 5) of the study interval to analyze in detail the black shales
and other samples were taken along the section, with irregular spacing to have the overall
evolution of the study interval. 38 samples were collected in Covunco area, covering the
Lower Vaca Muerta Member, the Los Catutos member and a part of the Upper Vaca Muerta

Member.

The carbonate content was determined with a Bernard-type calcimeter (acid digestion
followed by CO2 volume determination; accuracy < 5%). The clay fraction was isolated and
analyzed using the standard protocol for determining clay-mineral assemblages (using a
Bruker D4 Endeavour XRD system together with the Macdiff software; see detailed protocol

in Bout-Roumazeilles et al., 1999). The major- and trace-element contents were analyzed by



ICP-OES and ICP-MS at the spectrochemical laboratory (SARM) of the Centre de
Recherches en Pétrographie et Géochimie of Vandceuvre-les-Nancy (geochemistry laboratory
of the French Centre National de la Recherche Scientifique - CNRS). The samples were
prepared by fusion with LiBO» followed by HNOs dissolution. Precision and accuracy were
both better than 1% (mean 0.5%) for major-minor elements and 5% for trace elements, as
checked by international standards and analysis of replicate samples (Carignan et al., 2001).
Enrichment factors (EF) were calculated as: XEF = [(X/Al)sample/(X/Al)paas], where X and Al
represent the weight % concentrations of element X and Al, respectively. Samples were
normalized using the post-Archean average shale (PAAS) compositions of Taylor and
McLennan (1985). In most frequent procedures, aluminum normalization is commonly used
to minimize the effects of variable dilution by carbonate or biogenic silica, although certain
caveats apply to this approach (for a discussion as well as the rationale we used to interpret
trace-element data, see Tribovillard et al., 2006 and Van der Weijden, 2002). Calculating
enrichment factors allows us comparing the trace element abundance of the studied rocks with
that of a reference of the wholesale clastic supply, namely the average Earth's upper crust
composition (McLennan, 2001) or the PAAS (Taylor and McLennan, 1985). Any enrichment-
factor value greater than 1.0 corresponds to the enrichment of an element relative to its
average crustal abundance. In practical terms, EFs >3 represent the detectable enrichment of
an element over its average crustal concentrations, and EFs >10 represent a moderate to

extreme enrichment (Algeo and Tribovillard, 2009). Detailed results are given in Appendix 1.

Interpretations of the abundances of the redox-sensitive trace metals and/or productivity-
proxying elements are based on the general considerations recently published (Brumsack,

2006; Tribovillard et al., 2006; Algeo and Rowe, 2012; and references therein).

Organic matter was analyzed using Rock Eval 6 pyrolysis on outcrop samples of the two
study areas. Rock-Eval pyrolysis is used to evaluate kerogen type, quality and maturity of
source rocks (Espitalié et al., 1985; Lafargue et al., 1998). For this paper, the following
parameters were taken into consideration: total organic carbon, or TOC, expressed in weight
%, Hydrogen Index (HI, in mg hydrocarbon per g TOC), Oxygen Index (OI, in mg CO, per g
TOC) and Tmax (in °C). Detailed results are given in Appendix 2.

4. Results

4.1. Profile description



The study area corresponds to the east-west oriented Picin Leufd Anticline which defines the
western portion of the Huincul Arch and constitutes the main paleo-topographic feature of the
region (Naipauer et al., 2012) that isolated the southern depocentre (Figure 1-B). In the Pictn
Leufd zone, the Tithonian—Berriasian interval corresponds to two marine lithostratigraphic

units known as the Vaca Muerta and Pictin Leufd Formations (Figure 3; Leanza, 1973).

Sedimentological log sections of the Pictin Leufd Anticline are taken from Krim et al. (2017),
(Figure 4) where detailed descriptions of the lithofacies and stratigraphy are given. Only a
summary is presented here. The study interval is of the Tithonian-Berrisian in age and
consists of two major transgressive-regressive sequences (sensu Embry and Johannessen,
1992) that correspond to siliciclastic shelf system (according to the nomenclature of Walker
and Plint, 1992) (Major T-R sequence I, Vaca Muerta Formation) evolving to a mixed
siliciclastic-carbonate ramp (according to the nomenclature of Burchette and Wright, 1992)
(Major T-R sequence II, Pictin Leufd Formation). The siliciclastic shelf exposes mainly (1)
fine grained sediments corresponding to grey silty shales deposited in an offshore
environment, affected by storm and gravity currents, and (2) storm beds and slumps in the
offshore-shoreface transitional zone, and (3) sandstones attributed to a lower shoreface
setting. The mixed siliciclastic-carbonate ramp environment displays (1) green silty shales
attributed to the outer ramp, (2) storm beds in the middle ramp and (3) development of tidal

deposits, shoal facies and lagoonal carbonates in the inner ramp.

The Covunco area locality corresponds to the SE part of the Sierra Vaca Muerta Anticline and
thus to the south part of the western depocentre (Figure 1-B). In this part of the basin, the
Tithonian—Berriasian interval corresponds to the Lower Vaca Muerta Member, the Los
Catutos member, the Upper Vaca Muerta Member and Pictin Leufd Formation (Leanza, 1973;

Leanza and Zeiss, 1990).

According to the ammonite biozones (Leanza and Zeiss, 1990, 1992), the sampled interval is
also of Tithonian age. It corresponds to a siliciclastic shelf (according to the nomenclature of
Walker and Plint, 1992) that evolves to a mixed siliciclastic-carbonate ramp (according to the
nomenclature of Burchette and Wright, 1992). The siliciclastic shelf exposes mainly (1) fine
grained sediments corresponding to grey silty shales deposited in an offshore environment,
affected by storm and gravity currents and (2) storm beds with HCS in the offshore-shoreface
transitional zone. The mixed siliciclastic-carbonate ramp environment displays two main

zonations corresponding to (1) the outer ramp that exposes grey marls with rare



packstones/grainstones and (2) the inner ramp that exposes massive grainstones/packstones

limestone beds with marls and evidence of tidal currents.

4.2. Mineralogy

The clay-mineral assemblages of the Picin Leuft area, analyzed on five sections (sections 1
to 5), are composed of smectite, illite, kaolinite, chlorite and mixed-layers (Figure 5). The
proportions given below refer to the percentages within the clay mineral assemblages and not

within bulk rock.

Smectite is the main clay mineral in this area. Its average proportion is around 70% and only a
few samples show a low proportion in section 1 (samples #26 = 23% and #33 = 18%) and
section 3 (samples #1 = 3% and #2 = 5%). Illite is always present except for sample #2 of
section 3 and two samples of section 4 (samples #21, #35, #39). The average content is
around 7% but a few samples are enriched in illite (section 1: samples #11 = 24%, #26 =
26%, #45 = 18%; section 2: sample #10 = 21% section 4: samples #3bis = 21%, #18 = 19%,
#22 =24 %).

Mixed-layers correspond here to illite-smectite mixed-layers (10-14S) in all the sections,
except for one sample (section 2, sample #3) which shows a low proportion of chlorite-
smectite mixed-layer 14C-14S (4%). The 10-14S mixed-layer content shows an overall
residual distribution (< 5%) but can reach 22% in section 2 (sample #10). Section 3 shows
two samples with high 10-14S mixed layer proportion (sample #50 = 47% and sample #52=
40%). They are located in the upper part of the section. In this area, kaolinite shows an erratic
distribution. In sections 1 and 4, this clay mineral does not show any trend whereas an overall
decreasing to the top is observed in sections 2, 3 and 5. Sections 1 and 4 record two major
peaks of kaolinite at the middle of the sections (samples #26 =29% and #18= 28% |,
respectively) but the average value is globally low (5%) except for some samples where this
clay mineral is more abundant (around 15%). Sections 2, 3 and 5 show two major peaks of
kaolinite at the bottom of the sections (33%, 94% and 39%, respectively) but the average
value is globally low (< 5%) except for some samples (between 8 and 13%). Section 3 is the
richest in kaolinite. The average value is around 16% and several samples exceed 30%
(sample #3= 37%, sample #4= 31, sample #5= 43%, sample #6= 38%, sample #7= 45%,
sample #9= 57%, sample #16= 43%, sample #22= 52%, sample #24= 56%). Figure 5 shows
an overall decreasing trend of kaolinite proportions during the Late Jurassic. Chlorite is

globally residual (< 5%) except in some samples where this clay mineral is more abundant (8-



12% ) and can reach 22% (section 3, sample #17). In section 3, the upper part of the section
(Major T-R sequence II), this clay mineral reaches 30% of the clay mineral fraction (sample

#43).

The nature of clay-mineral assemblages of the Covunco area is similar to the other sections,
being mainly composed of smectite, kaolinite and illite (Figure 5). It displays a less-distinct
smectite-dominated trend than the first study area. Smectite content is distributed on two
contrasting intervals: first, low values in the lower part of the section (from sample #1 to
sample #10) except for sample #2 (89%), then an erratic distribution with an overall
increasing up to the top of the section (samples #14, #15, #17, #23, #24, #27, #28, #30, #32,
#37 show low smectite content). Illite is always present except for samples # 2, 11, 16. It
shows high values in the lower part of the section (from sample #1 to sample #10, except for
the sample #2), then an overall decreasing to the top of the section with an erratic distribution.
Kaolinite distribution shows a major shift above the three basal samples, jumping from <15%
to >45% but this concentration rapidly decreases upward yielding residual content with scarce
peaks (from sample #16 to sample #38). 10-14S mixed-layers show an erratic distribution and
are mainly present in the lower part of the section (samples # 3 to # 15). The upper part or the
section shows two peaks around sample #23 (= 13%) and #24 (= 14%). Chlorite is globally
residual (< 15%) except for the bottom of the section (sample # 1, with 58%).

In summary, the average clay composition of sections 1 to 5 is very similar (Table 1, Figure
6), being enriched in smectite. The Covunco section displays a very different average
composition, showing higher contribution of illite and chlorite, whereas kaolinite contribution
is somehow similar to what is observed for the other sections. The variability is also higher in

the Covunco section.

In a ternary diagram, showing a distribution between primary clay minerals (i.e. little or not
altered, represented by chlorite+illite), weathered clay (kaolinite), and mixed layers (smectite
+IS), all sections show a distribution close to the S+IS end-member (Figure 7). Nevertheless
sections 1 and 4 show high scattering towards the illite+chlorite and the kaolinite end-
members, respectively. Samples of section 2 are more centered on the S+IS end-member and
only display a slight scattering toward both the kaolinite and the illite+chlorite end-members.
The basal sample is also enriched in kaolinite (Figure 7). Samples of section 3 show high
scattering between the S+IS and the kaolinite end-members. Samples enriched in kaolinite

correspond to samples collected in the lower part of the section. In section 5, all samples plot



very near to the S+IS end-member showing very little linear scattering toward the primary
clay end-member, except for sample#1 which is characterized by its high content in kaolinite

(Figure 7).

The Covunco series display a distinct pattern, being distributed between the S+IS and primary

clay end-members, with a variable contribution of kaolinite (Figure 7).

These observations suggest the existence of a S+IS-rich source which largely fed the deposits
of the section 5 with some minor contribution of I+C. This source also dominates in section 2
in association with some contribution of a kaolinite-rich source. The contribution of the [+C
source is higher in section 1, while the contribution of the kaolinite-rich source increases in

section 4 and is at its maximum in section 3.
The Covunco series appears as much more influenced by the primary clay-rich source.
4.3. Geochemistry

The chemical index of alteration or CIA reflects the degree of transformation by weathering
of alumino-silicate minerals (Nesbitt, 2003): CIA = 100 x AlO3; / (Al203 + Na2O + K20 +
CaO%*), where the calculation is molar based, and CaO* represents the CaO content corrected
for carbonate. Primary minerals (little or not altered) have a CIA about 50 or less, whereas
secondary clay minerals have CIA values of 75 or more. The CIA is a quantitative estimation
of the amount of chemically weathered materials included in a siliciclastic sediment or rock,
and reflects chemical weathering intensity on source lands (Nesbitt, 2003). The CIA values of
the Pictin Leuft and Covunco areas range from 45 to 75 (Figure 8). The comparison of the
CIA index and the chlorite/kaolinite (C/K) ratio, where chlorite is a primary clay while
kaolinite is a weathered clay (Figure 8), shows very few levels where both indicators are in

agreement (blue rectangles on Figure 8).
4.4. Trace metals
4.4.1. Redox proxies

Regarding uranium (U) and molybdenum (Mo), throughout all the sample sets studied here,
none of them two is correlated to aluminum, which indicates that these elements are not of
dominant terrigenous origin in the basin. The five sections of the south part of the basin (1 to
5) show a similar pattern with a pronounced enrichment in Mo (up to 200 x average crustal

abundance in some occurrences) but a generally limited U enrichment (EF>5; Figure 9). All
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these samples fall into the part of the U-EF vs. Mo-EF diagram that corresponds to the
particulate iron shuttle process, as defined by Algeo and Tribovillard (2009). Only a limited
number of samples show enrichment in both elements (Figure 9), they correspond to the basal
level of the sections. Contrastingly, the Covunco section sample set shows a different
distribution, with the same order of Mo enrichment as that of the other sections, but a higher
U enrichment. These samples fall into the part of the U-EF vs. Mo-EF diagram that

corresponds to the suboxic to anoxic trend (Figure 9).

Regarding vanadium (V), for the six sections studied, the enrichment factor generally keeps at
low values. For the southern five sections, only the basal samples showing relatively high U
and Mo concentrations also show moderate enrichment in V. For the Covunco section, V
concentration is well correlated to Al contents (terrigenous, clastic origin), except for the few

samples with the highest V, Mo and U concentrations (Appendix 1).

A peculiar aspect is that arsenic (As) and antimony (Sb) both show appreciable enrichment
throughout the studied sample sets. Both As and Sb show mutual correlation and significant

correlations to Mo (Appendix 1).

In several sections the basal samples are singular in that they may show high to very high
enrichments in several trace metals (As, Mo, Pb and Zn) and noticeable enrichments in U and

Sb (Appendix 1).
4.4.2. Productivity proxies

For the six sections of interest, the elements considered to be robust proxies to
paleoproductivity (namely, Ba, Ni and Cu; e.g., Brumsack, 2006; Tribovillard et al., 2006;
Boning et al.,, 2012; Boning et al., 2015 and references therein) do not show marked
enrichment, even for the basal samples evoked above (some of the latter samples show only a
detectable, yet faint enrichment, Appendix 1). The role of Ba as a paleoproductivity tracer is
questionable here: the element is commonly used as a proxy for marine setting with a thick
water column, and it is not sure in the present case, whether the water column was thick

enough for Ba to be significantly trapped into settling bioparticles.
4.5. Organic matter

In the Picin Leufu area, the TOC values of the Vaca Muerta Formation range from 0.01% to

24.5%. Despite some variability, a similar vertical trend of TOC values is observed in
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sections 1, 3, 4 and 5 (Figure 10). A maximum of more than 20% TOC is observed in the
lowermost sample (sections 1, 3 and 5), followed by a rapid drop to values generally lower
than 6%. These high TOC values are maintained in the lower 100 to 150 m of the sections.
Above 150 m, the TOC values are generally below 1.5%. Section 2 contrasts with this trend
and shows very low TOC values, in particular in the lower part of the section (Figure 10).
Maximum values up to 1.7% are observed in the middle part of the analyzed interval. Very
low TOC values (<0.2%) are observed in the Pictiin Leufii Formation. In the Covunco area,
TOC values are low compared to Pictin Leufd area (Figure 10), ranging from 0.1% to 3.3%
with an average value around 0.2%. The highest value is recorded in the lower part of the

section (sample #14).

Because of their low organic matter content, a number of samples (111 out of 259) showed a
low S2 peak intensity, preventing the safe interpretation of Tmax values. Nevertheless,
considering the appropriate samples allowing for paleoenvironmental reconstructions, we may
say that the the Pictin Leufi Formation shows Tmax values indicating a low maturity stage.
The samples that are not suitable with regards to Tmax values also show anomalously high OI
values pointing to (postdepositional?) oxidation/alteration of the organic matter (Espitalié et
al., 1985). These samples are particularly present in the upper part of section 3 (Pictin Leufd
Formation), in section 2 and in Covunco (strong burial diagenesis). These values were not

taken into consideration in what follows.

Hydrogen index values range between 15 and 644 mg HC/g TOC (Figure 10). In Picun Leufu
area, the vertical evolution of HI values is parallel to that of TOC values, with values above
300 mg HC/gTOC observed in the lower 150m of the sections, and values lower than 200 mg
HC/gTOC in the upper part. Apart from sample #24, low HI values are observed in section 2.
In the Covunco area, HI values are low, except for a few samples in the lower part of the

section (Figure 10).

Oxygen index values range between 11 and 436 mg CO2/g TOC, with an average value of
117 in Picun Leufu area and 205 in Covunco area. No clear vertical trend of OI values is
observed though low values are more common in the lower part of sections in the Pictn
Leufd area (not shown). Using a pseudo-Van Krevelen diagram (Hydrogen Index versus
Oxygen Index plot, Figure 11-A),the data plot in the kerogen Types I, III and IV. A positive
correlation between HI and TOC values is observed for all samples (Figure 12-A), indicating

that Type II kerogen predominates in samples with a high content in organic matter, while
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kerogen Type III to IV predominates in samples with a low organic content. The correlation
between HI and TOC values in Covunco area is shifted to lower TOC values and/or higher HI

values, compared to Picin Leufu area (Figure 12-A)

Tmax values range between 409 and 444°C with a mean value of 426°C in the Picin Leuft
Anticline and 437°C in the Covunco area (Figure 11-B). A general positive correlation is
observed between 10 and Tmax values (r=0.68, Figure 12-B); nevertheless, samples from
Covunco show a correlation shifted toward higher Tmax values, compared to Pictiin Leufu
area (Figure Y-B). This indicates that, despite an effect of oxidation on Tmax values, the
organic matter is thermally immature in the Picin Leufii Anticline, while it is more mature

(beginning of the oil window) in the Covunco area.
S. Interpretation/Discussion

5.1. Paleoclimatic evolution

The different clay-mineral distribution from the Pictin Leufu area to the Covunco area and the
progressive stratigraphic evolution in each analyzed spot can be the result of an evolution of
the weathering conditions affecting emerged lands or a change in the sources of the sediments
during the course of the deposition of the Tithonian/Valanginian sediments at stake here
(Chamley, 1989). In both Picin Leufd and Covunco areas, the evolution from kaolinite-
dominated to smectite-dominated situations can be the result of a climatic evolution toward
less hydrolyzing conditions at the Jurassic-Cretaceous transition. The CIA distribution is
globally more monotonous than the clay mineralogy in most samples and no interpretable
trend or evolution is observed. The contrasting response of each proxy (clay mineral vs. CIA)
suggests that the same process was recorded differently in the various mineralogical/grain size
fractions of the sediment (clays vs. bulk sediment). In the present case, the clay-sized fraction
of the sediments represents only a small part of the clastic fraction, compared to the silt
fraction. Consequently, some variation may affect the clay-fraction without being clearly
recorded by the CIA that would be more impacted by what occurred to the feldspars of the silt

fraction.

Regarding the sequence-stratigraphy framework established by Krim et al. (2017), the clay-
mineral distribution is not in phase with sea-level variations, suggesting that the evolution of
the clay-mineral content is not a response to the sea-level fluctuations and can thus be

considered as a climatic imprint. This observation was previously established by Krim et al.
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(2017) for section #3 and is here confirmed for the different sections of the Picin Leuft
anticline. As previously suggested (Krim et al., 2017), fluctuations in the sedimentary
environments and siliciclastic/carbonate supply likely record the latitudinal migration of the
climatic belts. Under warm temperate climatic conditions, which dominated during the
deposition of the Vaca Muerta Formation, seasonal rainfall provoked chemical weathering
and high runoff, and promoted hydrolyzing conditions prone to kaolinite formation as well as
the transport of the erosion by-products towards the basin. This configuration favored the
development of a siliciclastic supply. Less-hydrolyzing conditions dominated during the
deposition of the Picin Leufi Formation, indicated by relatively low CIA values and absence
of kaolinite; the reduced terrigenous supply allowed for the relative increase of carbonate
concentration and favored the development of a mixed siliciclastic-carbonate setting. Most of
the samples analyzed in this paper were collected in the first major sequence (except two
samples of section 2 and 21 samples of section 3). The trend in the clay-mineral content also
recorded in this interval suggests that the climatic evolution began in the first major T-R

sequence.

In the Covunco area, by analogy with the Pictiin Leufu area, the clay mineral evolution, and in
particular the decrease of the kaolinite content, is also interpreted as a climatic imprint. The
comparison between the two studied locations reveals a more complex evolution in the
Covunco area than in the Picin Leufd area, where the decrease of kaolinite is accompanied by
the decrease of illite. Besides, the Covunco section shows the constant occurrence of chlorite
whereas this mineral is only residual in the Pictin Leufu area. The presence of chlorite is
likely reflecting transportation patterns and/or a different sediment provenance compared with
the other sections. The differences observed at the two locations suggest that contrasting
evolution of the weathering conditions affected emerged lands on the opposite sides of the

Huincul Arch.

Lastly, the clay-mineral dataset shows an overall trend of kaolinite with decreasing
proportions during the Late Jurassic (Figure 5). If interpreted in term of paleoclimate control
on clay minerals, this trend suggests aridity somewhat grew with time to some extent. Such a
climatic trend is well known for the Jurassic-Cretaceous boundary and has been largely
observed in (peri-)Tethyan sections, from France and UK to Tunisia and the Russian
platform, based on clay minerals data, but on palynological data as well (e.g., Deconinck,
1993; Abbink et al., 2001; Ruffell et al., 2002; Schnyder et al., 2006; Grabowski et al., 2013,

among others).
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5.2. Organic source(s) and productivity

The Rock Eval data reveal that the organic matter of the studied samples, collected on
outcrops, suffered from weathering. This is indicated by the abundance of samples with very
low TOC and with OI values above 300 mg CO»/g TOC (Espitalié et al., 1985). In particular,
it can be noted that most samples in section 2 and approximately half of samples in Covunco
section were severely affected by weathering. From this observation, the results from
“unoxidized” samples must be considered with caution, keeping in mind that even slight
oxidation results in a decrease of TOC values of the rock and an evolution of organic matter
bulk chemistry towards that of Type IIl kerogen (Durand and Monin, 1980; Petsch et al.
2000). Nevertheless, and despite the slightly higher thermal maturity in Covunco area, the

available data from the less oxidized samples allow discussing the source of organic matter.

The correlation between HI and TOC values (Figure 12-A) is frequently observed in
sedimentary rocks deposited in marine settings (e.g. Tyson 1995; Boussafir and Lallier-
Verges, 1997). This correlation indicates that OM sedimentation fluctuated between two
modes: one mode was prone to organic matter enrichment in the sediment, and the other was
not. In the organic-rich samples of the studied interval, Type II kerogen characterized by HI
values > 400 mg HC/g TOC is dominant (Figure 12-A). Type II organic matter mainly
originates from the autochthonous marine production, dominated by planktonic algae and
bacteria (Tissot and Welte, 1979; Tyson, 1995). In classical models, enrichment of the
sediments in Type II organic matter is ascribed to increased surface productivity and/or to
enhanced organic matter preservation associated to reducing conditions in the sediment
(Tyson, 2005). In the organic-poor samples of the studied interval, Type IIl to Type 1V
kerogen is observed (Figure 12-A). In absence of palynofacies observation allowing to
ascertain the source of the organic matter, this Type III-IV kerogen could correspond to
degraded organic matter of marine origin, and/or to organic matter of continental origin
(Tissot and Welte, 1979; Tyson, 1995). Considering the relatively proximal depositional
setting in this part of the Neuquén Basin (Krim et al., 2017), both sources of organic matter
are likely. The mixed contribution of marine and terrestrial organic matter is supported by a
palynological study of the middle part of the Vaca Muerta Formation in the Pictin Leufu area,
where dinoflagellates (marine algae) and an abundance of pollen grains and spores were

described (Quattrocchio and Sarjeant, 1992). Classical models indicate that deposition of low
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quantities of altered marine and/or continental organic matter is observed when marine
productivity is reduced and/or when conditions are more oxygenated in the sediment, leading
to the low preservation of the less recalcitrant marine organic matter (Tyson, 1995; Boussafir
and Lallier-Verges, 1997). The absence of enrichment of productivity proxies (Ba, Ni and Cu)
in the studied samples (§ 4.4.2, Appendix 1) suggests that marine productivity remained
modest during deposition of the Vaca Muerta and Pictin Leufii Formations in this area of the
Neuquén basin, implying that changes in organic matter deposition and enrichment might be

related to fluctuations of redox conditions, as discussed below.
5.3. Redox conditions

The salient feature is that, among the six sections studied, the Covunco section is the only one
showing a co-enrichment in U and Mo that indicates oxygen-limited conditions of deposition.
The generally higher HI values in non-oxidized samples from Covunco area (Figure 12-A),
suggesting better preservation of the organic matter, are consistent with more reducing

conditions in this part of the basin.

The five sections representing the southern part of the Neuquén Basin, for their part, recorded
the so-called particulate iron shuttle process (see the following papers for details about the
particulate shuttle process: Crusius et al., 1996; Algeo and Lyons, 2006; Chappaz et al., 2008;
Goldberg et al., 2009; Dellwig et al., 2010; Owens et al., 2012; Scott and Lyons, 2012; Scholz
et al., 2013; Jilbert and Slomp, 2013). In a few words, the oxy-hydroxides of Fe (and Mn) that
form particles in the oxidizing part of the water column easily bind to dissolved chemical
species present in seawater, and incorporate them in a reversible way. During settling, Fe- and
Mn-oxyhydroxides can thus adsorb significant amounts of Mo (Crusius et al., 1996; Chappaz
et al., 2008; Algeo and Tribovillard, 2009; Helz et al., 2011; Kashiwabara et al., 2011; Martin
et al., 2013; Little et al., 2015). The oxyhydroxides in turn bind to settling particles or flocs of
OM, or stick onto clay minerals. Once deposited, they can be chemically reduced and thus
release the ions they scavenged. These released ions can in turn get solubilized at the
sediment-water interface or into pore waters. In the latter case, they can be engaged into
diagenetic mineral phases (sulfides, carbonates, silicates, etc.). This process does not operate
for U, and the contrasting behaviors of U and Mo allowed Algeo and Tribovillard (2009) to
define a U-EF versus Mo-EF crossplot helping reconstructing paleoredox conditions (Figure

9).
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In the present case, it means that the samples of the southern five sections studied in the
present study collected Mo that was scavenged by Fe- (and probably Mn-) oxyhydroxides in
an oxic water column. After deposition, Mo was released to pore water through reductive
dissolution of the oxy-hydroxides, but Mo was kept trapped in the sediments by incorporation
(sensu lato) on or into iron sulfides (e.g., pyrite). Thus, the sediments are enriched in Mo, but
not (or hardly) in U, because the latter element is not sensitive to the particulate shuttle effect.
This interpretation is reinforced by the absence of marked enrichment in V, which also
indicates that bottom water conditions were not reducing. However, even if the water column
was oxic, the fact that Mo was kept within the sediments indicates that reducing conditions
developed at shallow depth below the sediment-water interface; otherwise, Mo would have
escaped back to the water column together with pore waters during incipient sediment

compaction.

Through the various sections studied, the samples rich in Mo also show enrichments in As
and Sb. A co-enrichment in Mo, As and Sb associated to a particulate shuttle has already been
observed (Tribovillard et al., 2013, 2015). The enrichment in Mo can clearly be attributed to
the role of iron (and manganese) oxy-hydroxides through particulate shuttle processes, as
detailed in Algeo and Tribovillard (2009), Helz et al. (2011), Scholz et al. (2011, 2013), and
Scott and Lyons (2012). The relationship between Mo and As can be attributed to the same
phenomenon, because the role of iron oxy-hydroxides in the transfer of As from the water
column to the sediments has been well explored (O'Day, 2006; Vaughan, 2006; Berner et al.,
2013; Sullivan and Aller, 1996; Minami and Kato, 1997; Cutter et al., 2001; Chaillou et al.,
2003; Breier et al., 2012; Neumann et al., 2013). The same is true for antimony, because Sb
and As are considered to have similar geochemical properties in marine and also river systems

(e.g., Cutter et al., 2001; Asaoka et al., 2012).

In total, we can consider that Mo, As and Sb have been brought to the sediments together with
iron oxy-hydroxides. During diagenesis, the trace metals must have been released from oxy-
hydroxides and incorporated into pyrite, taking into account the high degree of trace-metal
pyritization known for Mo, As and Sb (Huerta-Diaz and Morse, 1992; Bostick and Fendorf,
2003; Couture et al., 2010; Berner et al., 2013).

The shuttle process is already known to favor Mo enrichment (Dale et al., 2012; Berelson et
al., 2013), but from the present study, we conclude that the shuttle process may also cause

some enrichment in As and Sb. Such a co-enrichment in Mo, As and Sb was already observed
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in some particular settings: cold hydrocarbon seepages in Southeastern France (Jurassic
Terres Noires Formation; Tribovillard et al., 2013) and in the pockmark field of the Congo
Fan and Gulf of Mexico (Hu et al., 2014; see also Bayon et al., 2011). However, caution must
be taken, because syngenetic pyrite (i.e., formed directly in the water column of euxinic
environments) may also incorporate Mo, As and Sb present in seawater (Berner et al., 2013).
However, in the latter case, the development of euxinic conditions induces pronounced
enrichments in Mo and U, in particular. Consequently, to conclude that Mo, P, As and Sb are

enriched via the iron shuttle process, U concentrations cannot be markedly enriched.

The basal samples of a few sections with marked enrichment in TOC and redox-sensitive
trace metals, but no enrichment in productivity proxies (Ba, Ni, Cu), reflect reducing, oxygen-
deprived conditions of deposition, with no indication of strong productivity. Thus organic-
matter preservation must be ascribed to the absence of dissolved oxygen (probable euxinic
conditions) as echoed by the marked enrichments in redox-sensitive and/or sulfide-forming
trace metals. Apart from these few samples corresponding to the basal ammonite-rich level,
most samples having higher enrichment factors in Mo than in U, recorded the particulate iron
shuttle and, therefore, experienced conditions of depositions under oxic waters and with
reducing conditions developing at shallow depth below the sediment-water interface. The
samples of the top part of the southern sections show no interpretable authigenic enrichment

in trace metals, which suggests deposition under fully oxygenated seawater.
5.4. Deep-water restriction/renewal

In addition to the oxygenation level of the basin, the degree of deep-water restriction may also
be assessed through Mo and TOC concentrations. The degree of deep-water restriction has the
potential to influence authigenic U-Mo enrichment of marine sediments. Water-mass
restriction will reduce resupply of aqueous, trace metal species from the global ocean
resulting in limited transfer of trace metal to sediments, thence limited enrichments (Algeo
and Lyons, 2006; Little et al., 2015). However, water mass restriction is often correlated with
other environmental variables such as redox conditions, and more reducing conditions in a
restricted basin (especially within the suboxic—anoxic redox range) may enhance trace metal
uptake, which may restrain or exhaust the pool of redox-sensitive, dissolved trace elements.
Such an exhaustion (even if partial) will lower the enrichment in redox-sensitive trace metals,
and the reducing paleo-condition will be masked in the sediment record. Thus, assessments of

the hydrographic, aqueous chemical, and redox conditions of a particular paleomarine system
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are best undertaken using a combination of proxies and analytical approaches (Tribovillard et
al., 2012; Little et al., 2015). Keeping in mind that some TOC values might be decreased by
surface weathering, a TOC vs. Mo diagram (Algeo and Lyons, 2006; Algeo et al., 2007) has
been designed to visualize the paleo-degree of water mass restriction (Figure 13). This
diagram is based on the analysis of some well-known, present-day environments, being used
as references (Figure 13). In such a TOC vs. Mo diagram, the main feature is a rather
indistinct distribution for the samples of any section with TOC < 5% (Figure 13). However,
we observe a dominant "Saanich Inlet-type" distribution for sections 3 and 4, suggesting
moderate water mass restriction. Furthermore, the samples of section 3 with the highest TOC
values straddle the areas of the diagram that reflect increasing restriction and dissolved-Mo
drawdown. These samples suggest deposition under a somewhat more marked water-mass
restriction. They are located in the bottom part of the section, which tends to indicate that the
depositional environment underwent episodic limitation of water mass circulation during the
deposition of the lower part of the Vaca Muerta Formation (Late Jurassic). The samples from
sections 5 and 1 are distributed along a trend in-between the Framvaren Fjord and Black Sea
pattern (Figure 13), suggesting a moderately restricted situation. Most samples from Covunco
and section 2 plot on the vertical axis, suggesting the absence of any limitation of water-mass
circulation during the period of time at stake here. However, as previously discussed,
numerous samples from these two sections suffered intense organic matter weathering. The

Mo-TOC plot therefore cannot confidently be used for these two sections.

To sum up, focusing on the less oxidized samples with significant TOC values, Mo
concentrations vs. TOC values relationships indicate that the water masses may have been
relatively confined during the lower part of the episode of deposition of the Vaca Muerta
Formation. Such a confinement then vanished, as indicated by the absence of enrichment in

redox-proxying trace metals, as mentioned in the previous section.
5.5. Organic matter and sequence stratigraphy

The overall distribution of organic matter (TOC values) in the study area shows a large
vertical and lateral variation in the Vaca Muerta interval (major T-R sequence I) (Appendix
2). According to the sequence stratigraphy framework of the Pictin Leufd Anticline (Krim et
al., 2017), the high TOC values corresponds to the upper part of the transgressive system tract
(TST) and the lower part of the regressive system tract (RST) (Figure 14). The highest TOC

value (>20%) is located in the TST below the main MFES of the study interval. Enrichment in
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organic matter is a result of three main factors: productivity, dilution and destruction (Bohacs
et al., 2005; Tyson, 2005; Tribovillard et al., 2005; Passey et al., 2010). According to Bohacs
et al. (2005) and Tribovillard et al. (2005), dilution is the main control in proximal areas
whereas primary organic production is dominant in the distal areas. This configuration allows
concentrating organic matter in the TST intervals in the proximal setting and in the RST in
the distal setting. According to these authors, our data suggest that both dilution and
production play a role. During increasing sea level, the Vaca Muerta was in “distal”
configuration (sensu Bohacs et al., 2005) and organic production was the main factor that
played a role in the organic matter accumulation. In contrast, the beginning of sea level fall
initiated a “proximal” configuration (sensu Bohacs et al., 2005) and dilution was then the

main control factor.

To sum up, the highest enrichments in organic matter during the TST are linked to enhanced
paleoproductivity in a "distal" context, whereas lower TOC values observed during RST

seems to be linked to dilution processes in a "proximal" context.

6. Conclusions

Our main results about the Vaca Muerta Formation in the southern part of the Neuquén Basin

may be recapitulated as follows:

1 - The depositional environment evolved from early conditions propitious to a short-
lived episode of euxinia, and (thence) organic matter storage in great proportions, that
was recorded at various places, passing to conditions with oxygenated sea water and
suboxic sediments (propitious to the particulate shuttle process, and fairly good organic-
matter accumulation), and ending with oxygenated water masses and oxic sediments with

poor organic content.

2 — The water masses must have kept oxygenated (with the exception of the basal level)
but some moderate restriction of seawater circulation may have been recorded, with little

impact on sediment geochemistry.

3 — According to trace-element proxies, productivity must have remained at a modest
level, through the deposition of the Vaca Muerta Formation. Consequently, organic
matter storage was rather governed by favoring factors linked to sedimentation rates

(dilution) and redox conditions (suboxic sediments).
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4 — The composition of the clay-mineral assemblages, coupled to inorganic geochemistry
allowed us to observe a clear evolution of the weathering/erosion at the regional scale. In
addition, our results indicate that the observed evolution of the climatic conditions
affecting emerged lands had no detectable impact on the deposition conditions

constraining organic matter accumulation in the Neuquén Basin.

Beyond the Vaca Muerta Formation itself, the present work further supports the idea that
a co-enrichment in Mo, As and Sb with no marked enrichment in U and V, is the
signature of the iron shuttle process. This result deserves further testing with other types
of sediments and rocks. If confirmed, it would be applied widely as a means to identify

past processes involving the particulate shuttle effect.
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Tables :

Table 1: Average clay mineral composition showing the main differences between the Pictin
Leuft and Covunco areas.

Mean * standard %

deviation Chlorite | % lllite % 1S14C-14S % 1S10-14S | % Smectite | % Kaolinite
Section 1 243 117 - 345 76 17 8 +6
Section 2 213 54 - 344 83113 7 6
Section 3 216 6 +4 - 218 74 £22 16 £21
Section 4 2+2 76 - 4 +4 78 13 10 6
Section 5 11 74 0+1 313 8319 516
COVUNCO 6 £10 21+16 - 8 19 56 32 8 112
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Figure captions:

Figure 1: A. Location map of the Neuquén Basin. B. Isopach map showing the main
depocentres during the Kimmeridgian times, and location of the main structures (Huincul
Arch, Chihuidos High) (After Vergani et al., 1995, Spalletti and Colombo Pinol, 2005,

Spalletti and Veiga, 2007). C. Zoom of Pictin Leufa and Covunco sections

Figure 2: Tectonostratigraphic chart of the southern Neuquén Basin and adjacent sectors

showing main unconformities and timing of deformation (Naipauer et al. 2012).

Figure 3: Chronostratigraphic chart of the Tithonian — Early Valanginian in the southern and
central Neuquén Basin (Modified after Spalletti, 2000). Huncal Member from Leanza et al.,
2003. Time scale of Gradstein et al., 2012.

Figure 4: Lithological log and location of the samples of the studied outcrops in the Pictin
Leufd Anticline and Covunco area. a. Age (from Leanza 1980; Leanza and Zeiss, 1990;
Leanza and Zeiss 1992. Parent et al., 2013). b. Name of formations. c. Depositionnal
environnements (Krim, 2015 ; Krim et al., 2017). d. Sequence stratigraphy (Krim, 2015 ;
Krim et al., 2017). Log sections of Picin Leuf area, mineralogical and geochemical data of

section #3 are also taken from Krim et al. (2017). Red points indicate sample location.

Figure 5: Clay mineral distribution in the study area. Sections 1 to section 5 correspond to the
Picun Leufd area. % C: % Chlorite, % I: % Illite, % 1S14-14S: % Illite-Smectite mixed
layer, % S: % Smectite, % K: % Kaolinite. a. Age (from Leanza; 1980; Leanza and Zeiss,
1990; Leanza and Zeiss 1992. Parent et al., 2013). b. Name of formations. c. Depositionnal
environnements (Krim, 2015 ; Krim et al., 2017). d. Sequence stratigraphy (Krim, 2015 ;
Krim et al., 2017). Log sections of Picin Leuft area, mineralogical and geochemical data of

section #3 are also taken from Krim et al. (2017). Red points indicate sample location.

Figure 6: Average clay distribution of each sampled log section in the Picin Leufd and

Covunco areas.
Figure 7: Ternary diagrams illustrating clay mineral distribution for the studied sections.

Figure 8: Chemical Index Alteration (CIA) distribution (%) and chlorite-kaolinite ratio in the

Pictun Leuft and Covunco areas. Notice the reverse scale of the two proxies.

Figure 9. U-EF vs. Mo-EF crossplot of the study interval in Picun Leufu and Covunco area.

The general patterns of U-EF vs. Mo—EF covariation in modern marine environments is
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illustrated above (Algeo and Tribovillard, 2009): The grey field represents the “unrestricted
marine”, characteristic of the eastern tropical Pacific, whereas the yellow field represents the
“particulate shuttle” trend, characteristic of depositional systems such as the Cariaco Basin in
which intense redox cycling of metal especially Mn— oxyhydroxides occurs within the water

column.

Figure 10: Total organic carbon (TOC, blue) and Hydrogen Index (HI, red) values in the
Pictin Leufu and Covunco areas. Lithological logs as in Figure 4. a. Age (from Leanza; 1980;
Leanza and Zeiss, 1990; Leanza and Zeiss 1992. Parent et al., 2013). b. Name of formations.
c. Depositionnal environnements (Krim, 2015 ; Krim et al., 2017). d. Sequence stratigraphy

(Krim, 2015 ; Krim et al., 2017).

Figure 11: A. Plot of Hydrogen Index (HI) versus Oxygen Index (OI) showing Kerogen Type
of the study interval in Pictin Leuft and Covunco areas. B. Plot of Hydrogen Index (HI)
versus pyrolysis Tmax showing Kerogen Type and thermal maturity stages of the study

interval, in Pictn Leufd and Covunco areas.

Figure 12: A. Plot of Hydrogen Index (HI) versus total organic carbon (TOC) for the different
sections of Picin Leufti and Covunco areas. B. Plot of Tmax versus Oxygen Index (OI)

comparing Covunco area and Picun Leufu area.

Figure 13: Total organic carbon contents vs. Mo concentrations ([TOC] vs. [Mo]) diagrams
drawn for each section. The solid lines represent four present-day basins characterized by
some restriction of the water mass circulation. The restriction severity increases from the
Saanich Inlet to the Black Sea. See explanations in Algeo and Lyons (2006) and Algeo et al.
(2007).The four settings used as reference (Saanich Inlet, Cariaco Basin, Framvaren Fjord and
Black Sea) are characterized by increasing water mass restriction due to hydrological
conditions. This restriction limits the dissolved Mo resupply from open sea, which may lead

to its exhaustion in case of massive transfer from the water column down to the sediment.

Figure 14: Lithology, sequence stratigraphy and Rock-Eval parameters distribution (vertical
TOC, Hydrogen Index (HI), Oxygen Index (OI)) in section 5 showing the location of the
richest TOC intervals. a. Age (from Leanza; 1980. Parent et al., 2013). b. Name of

formations. c. Depositional environnements (Krim, 2015 ; Krim et al., 2017). d. Sequence

34



stratigraphy (Krim, 2015 ; Krim et al., 2017). e. Detailed sequence stratigraphy (Krim et al.,
2017).
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Figure 6
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Figure 7
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Figure 8
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Figure 9
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Figure 10
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Figure 11
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Figure 12
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Figure 13
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Figure 14
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Appendix 1. Paleo-productivity and Paleoredox proxies

Sectionl
Sample
Name
48
47
46
45
44
43
42
41
40
39
38
37
36
34
33
32
31
30
29
28
27
26
25
24
23
22
21
20
19

18

Thickness

(m)
210
200
197
194
190
186
182
176
172
159
157
152
147
143
139
133
130
125
120
110
103
77
68
66
64
60
58
55
53

51

Ba
(ppm)

253,8
266,4
189,2
260,6
248,2
268,7
251
279,8
278,4
304,1
253,2
329,1
367,5
323,9
326,5
282,2
333,4
413,4
209,6
385,9
251,3
3136
305,5
320,8
331,5
332,8
288,4
309,2
276,2

258,1

Cu
(ppm)

31,7
20
11,1
16,9
22,2
17,3
22,7
19,2
25,7
8,8
17,9
23,7
25,6
21,4
25,3
16,4
25,3
12,8
10,7
10,8
18,6
28
28,1
22,8
15,8
24,1
21
23,7
17,8

18

Ni
(ppm)

45,9
30,4
11,3
21,9
27
12,3
28
23,6
31,4
55,8
22,8
20,7
26,4
26,2
24
26,4
35,6
129,3
40,1
87
30,4
31,9
46,4
37,9
50,5
36,1
35,9
46,5
285

47,5

V EF

0,7

1,2

1,1

1,5
1,4
03
1,1

2,5

1,7

09
1,9
0,3
1,9
0,5
1,2
2,8
2,9
2,2
1,6
3,2
1,5
1,9
1,1

1,5

Zn EF

9,4
4,8
26
1,3
0,6
05
2,4
2,9
2,4
03
0,4
4,6
1,4
05
21
0,4
7,6
0,4
0,8
0,4
1,4
67
57
05
0,4
35
0,4
0,8
0,3

0,4

Mo EF

24,2
22,4
21,4
94
8
11,4
10
25,6
17,8

10,1

78,7
16,8
20,8
27,7
88
34,4
2,7
28,6
1,3
23,3
62,6
32,7
36,7
37,6
79
37,7
65,1
10,2

22,4

UEF

1,3
1,7
1,7
1,5
1,6
1,6
1,7
2
1,7
1,3
1,7
4
1,9
2
2,3
1,5
2
0,9
2,6
0,8
1,4
3,1
3,5
3,6
2,4
6
2,6
3,3
1,8

3,3

As EF

9,2
7,5
4,7
7,1
53
6,8
6,6
86
87
11,7
37
7,9
10,1
7,8
84
5,4
9,8
6,5
13,9
38
13,6
12,6
81
9,8
11
13,4
6,2
9,2
4,6

3,1

Sb EF

4,2
37
37
2,3
3
3
25
53
4,5
5,4
3.2
7,2
7,1
56
56
3,4
58
31
6
1,7
51
6,9
6,3
55
85
7,3
4
37
3,4

4,6

Pb EF

1,2
1,1
07
0,8
1,1
1,9
1
1,4
1,1
16
1,1
1,4
1,2
1,2
0,8
0,8
15
1
2
0,6
1,9
1,9
1,3
1,2
1
1,1
1
15
1,4

0,8
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17
15
14
13
12
11

10

Section 2
Sample
Name
32
31
30
29
28
27
26
25
24
23
22bis

22

50
45
42
40
29
27
25
22
20
18
16
14

11

Thickness

(m)
243
237
232
227
202
198
190
179
170
168
166

162

252,1
247,6
328,6
325,6
296,8
298,3
185,4
397,5
284,8
256,8
354,1
566,8
3144
286,3
100,8

225,8

Ba
(ppm)

299,1
756
127

102,1

240,2

236,8

217,1

259,9

119,3

133,2

392,6

411,1

22,4
23,6
30,3
30,8
29,2
37,3
13,2
35,8
31,6
42,4
28,8
41,3
30,1
28,6
16,4

41

Cu
(ppm)

12,7
11,1
<L.D.
8,9
18,2
18,6
83

25,1

10,9
6,2

6,8

39,2

Ni

(ppm)

11,4
16,8
10,6

9,9
14,3
16,3
19,9
12,1
29,8

104,4

7,2

14,2

36
1,9
1,7
18
25
4,8
2,4
34
1,3

2,8

2,3
1,8
2,2
2,3

59

VEF

0,6
0,4
0,6
0,9
0,8
07
1,1
1
1,2
1
0,3

0,2

4,7 71,4
0,7 30,6
0,4 28,4
04 44,8
15 54,7
3,8 93,6
0,5 54,9
0,7 108,3
0,3 33,3
0,8 72,7
0,3 285
1,1 91
04 25,7
0,3 17,1
0,7 19,3
36,2 2281
ZnEF Mo EF
0,5 0,8
0,5 2,7
1,3 2,4
1,5 85
0,5 3,9
0,6 2,3
1,8 17,2
0,7 84
1 14,1
2 41
0,3 1,5
03 6,3

3,9

2,6

2,4
2,5
3,4

2,8

25
2,7
2,6
33
21
1,7
4,4

12,4

UEF

0,7
1,3
0,9
1,2
1,4
1
1,9
1,8
1,8
1,8
1,1

09

6,7
8,4

85
11,5
13
12,6
10,9

10,7

6,8
8,6

18
11,4
8,6
15,3

109,5

As EF

2,9
6,5
5
53
2,3
4,1
6,5
59
85
9,3
2,1

4,8

10,4
9,2
3,5
51
8,8
16

5,2

3,3

54
12,2
81
7,2
6,9

14,1

Sb EF

2,7

1,9

19

24
2,9
3,1
1,3

1,8

13
1,7
1,7
1,4
1,3
15
1,2

1,3

0,9
1,4
2,1

2,2

3,9

14,8

Pb EF

1,3
0,9
1,1
0,9
11
1,2
0,9

1,1

0,8

51



21
20
19
18
17
16
15
14
13
12
11

10

Section 3
Sample
Name

59
58
57
56
55
54
53

52

Thickness

(m)

157

140

131

113

107

95

92

90

86

80

69

50

40

37

34

30

27

22

20

443

427

421

410

406

397

390

384

263,4
149,4
211,5
343,9
296,9
331,1
142,3
269,9
146,9
347,9
372,8
3436
442,7
351,7
315,4
321,5
449,8
619,7
220,4
182,5

212,3

Ba
(ppm)

393,7
1014
287,6
292
575,1
418,8
575,5

433

22,9
<L.D.
11,5
23,2
30,5
24,7
12,2
20,4
13,1
11,1
12,3

26,9

21,7
13,9
5,7
21,3
26,3
21,1
28,1

373,8

Cu
(ppm)

15,81

5,926

5,722

22,71

5,907

12,8
13
30,5
24,7
29,7
19,8
43,1
9,6
58,3

18,2

75,6

21,6

81,6

23,3

11,8
128,1
156,8
104,8
40,9

63,1

Ni
(ppm)

9,151
81
6,654

8,201

06
0,4
06
2,4
1,2
1,7
15
0,4
1,8
0,4
0,5
2,4
1,1
2,3
0,5
0,9
2,2

2,5

2,2

1,8

V EF

0,6
03
0,5
0,5
0,5
09
0,3

04

04
0,5
0,4
0,6
0,7
1,5
3,3
0,3
91
08
0,3
1,1
0,7
2,7
0,3
03
0,9
0,8
1,7
0,9

95

Zn EF

0,5
04
0,3
04

0,9

0,5

12,6
27,7
7,3
18,5
35
4,5
58,8
6,9
1,1
130,2
17
79,5
13,6
2,6
138,6
127,5
50,2
68,6

51,8

Mo EF

0,6
0,1
0,7
1,2
1,4
0,1
0,1

0,5

1,2
1,2
1,3
1,9
1,3
2,2
1,8
1,1

2,3

53
26
4,2
1,3
15
4,3
4,9
67
3.2

3,9

UEF

0,9
09
2,2
2

3

09
0,5

1

55

16,2

7,2
6,4
32,1
55
12,8
4,9
3,1
10,5
12,7
21,7

7,7

15,9
16,7
16,1
13,1

19,2

As EF

6,4
0,9
4,5
4,1
6,1
0,7
1,5

2,2

2,1

2,3

7,3
3,6
4,7
4,5
3,3

56

1,4
4,7
4,1
6,5
3.2
16
6,5
67
7,6
7,2

7,9

Sb EF

15
0,7

0,7

1,9
4,3
0,6

1,2

1,3
0,9
1,4

0,9

1,3

1,1
1,9
1,7

0,6

1,6
0,9
0,7
1,2
1,3
1,2
2,5

53

Pb EF

0,8
04
0,8
1,1
1,2
04
0,6

0,7

52



51

50

49

48

47

46

45

44

43

42

41

40

39

38

37

36

35

34

33

32

31

30

29

28

27

26

25

24

23

22

21

20

19

18

17

374
373
366,7
361,5
360
351
340
330
320,5
310
300
272
269,4
263,5
261
252,1
235,6
232,6
217,6
198
197,2
182,2
173,2
161
158
157
130,6
120,9
120,1
112,6
110,1
102,6
92,1
85,8

75,3

97,73
314,3
372,3
218,2
252,5
296

693,1
852,5
394

384,4
264,7
213,6
135,9
228,3
145,7
246,2
226,9
413,4
108,4
241,8
138,9
180,6
286,8
289,2
233,6
439,9
340,6
350,7
331

399,2
353,6
279,3
405,6
317,7

605,9

9,234

7,569
11,22
18,65
9,88

10,25
10,33
17,5

18,69
7,364
17,73
8,907
18,91
17,02

5,623

18,78

9,825
15,92
21,57

5,142

19,91
24,68
21,34
11,72
13,12
19,16
10,14
25,22

9,789

6,953
5,345
7,021
9,685
8,871
7,872
20,69
8,724
20,75
6,994
13,75
21,67
19,24
8,032
18,1

16,23
17,36
8,077
11,09
13,24
12,86
5,606
9,697
19,11
10,02
7,577
14,69
16,06
6,901
24,08
23,74
23,14
7,376
21,57

34,41

06
0,4
04
0,4
0,4
0,5
0,5
0,4
0,5
0,5
0,6
07
0,9
0,6
1,1
07
07
03

0,7

0,9
03
0,9
1,4
0,8

0,3

1,3
0,4
0,5
15
21
0,5
34

2,2

48

0,3
3,8
0,4
0,4
05
0,4
0,4
03
0,6
4,8
1,2
31
1,8
0,6
0,6
0,4
1,2
1,2
0,9
03
0,8
05
1,3
03
1,3
05
0,3
03
0,4
4,3
0,3
2,8

0,5

15
0,9
0,9
1,3
1,4
0,6
15

1,3

16
1,7
87
19,9
25,8
17,5
7,1
7,7
25
185
20,2
16,1
07
11,5
16,4
14,7
2,4
34,9
31,1
1,2
1,1
14,9
26,5
1,1
64,7

24,2

2,4
0,7

0,8

0,9
0,8
0,8
0,9
0,9
09
0,9
1,3
1,7
1,5

1,6

1,5
0,8
1,6
1,8
2,1
1,5

1,6

1,9
0,9

2,4

0,9

0,8

3,1
1,1

3,9

11,1
4,7
21
9,6
4,7
31
6,5
4,2
3.2
2,9
4,2
7,4
89
9,6
9,2
57
4,2
33
7,4

10,3

4,2

7,2
6,6
2,5
7,3
11,3
2,6

10,6

5,2
2,8
9,5

10,9

1,4
2,9
1,9
1,7
2,8
2,2
1,7
1,9
1,9
31
15
4,8
15
2,4
2,4
1,7
21
36
2,2
18
4,1
4,7
21
1,6
58
6,9
1,8
2,7
56
10,9
1,6

7,7

1,4

1,6

1,4
1,2

1,1

1,5
1,1
1,1
1,1
1,2
1,2
1,6
1,1

1,5

1,1
1,2
1,8
1,8
0,7
1,9
0,8
1,4
0,8

1,1

0,8

1,7
0,5
0,6
1,6

1,3

53



16
14
13
12
11

10

Section 4
Sample
Name

40
39
38
37
36
35
34
33
32
31
30
29
28

27

Thickness

(m)

73,9
55,9
45,9
33,2
24,9
17,4
15,1
13,6
12,4
11,6
6,7

55

0,3

230
212
185
172
168
156
148
143
137
132
119
126
122

119

307,6
304,9
319,6
3134
351,3
469,3
677,5
317,8
265,7
168,8
244,4
97,1

224,3
85,96

331,7

Ba
(ppm)

464,8
5940
273
263,8
121,4
180,7
274,3
321,2
275,9
147,6
419,6
346,9
323,7

338,5

22,57
23,56
19,73
34,62
27,49
27,69
31,04
32,32
21,21
17,53
32,35
15,35

46,26

62,12

Cu
(ppm)

6,703
16,23
16,09
6,594
30,48
25,05
26,72
13,72
11,61
6,129
30,69
18,31

14,46

39,48
35,41
27,57
29,64
25,84
28,16
21,69
29,38
41,41
32,19
13,68
25,92
20,43
5,19

109,5

Ni
(ppm)

13,91
7,989
14,2

17,26
10,49
8112
12,62
18,86
44,63
33,59
16,9

12,53
26,32

27,67

3,5
1,6

1,4

2,2
2,2
3,7
2,4
3,1
2,6

3,6

53
0,4

93

V EF

09
0,3
1,1
1,2
0,9
0,5
1,7
1,3
1,2
1,9
0,3
1,7
1,5

1,7

1,1
0,6
0,4
07
05
05
03
05
1,6
2,8
0,9
0,7
10

51

244,7

Zn EF

1,6
0,3
85
0,7
15
04
33
2,3
0,9
0,7
0,2
04
3,1

1,3

70,4
41,2
15,3
97,4
33,1
89,9
37,2
19,4
35,8
54,8
31,2
26,5
42

6,2

235,4

Mo EF

20
0,8
23,1

10,2

19
20,8
31,8
22,7
33,2
3,7
18
45,4

26

4,7
3,6
2,7
56
2,5
3,7
3,1
2,7
4,2
3,1
2,9
4,1
3,8
3,7

99

UEF

1,4
07
15
1,9
1,4

1,9

2,4

2,4

0,8

2,1

1,8

59
84
4,1
11,5
14,7
12,4
84
10
16,3
12,6
7,5
18
11,8
22,5

74,9

As EF

7,3
2,8

6,6

5,2
11,6
82
11,4
10,2
7,3

3,6

8,6

9,9

7,9
6,2
3,4
12,8
6,6
67
10,5
7,9
12,3
7,9
10,9
9,2
9,3
1,8

16,3

Sb EF

1,6
4,2

2,9

3,5
4,1
2,2
4,7
4,1

7,2

11
15
1,3
1,2
1,4
1,8

1,3

2,6
2,5
1,6

4,9

5,6

296,3

Pb EF

1,3
1,3
1,2
1,1
0,8
1,5
1,3
1,1
0,9

09

1,2

54



26
25
24
23
22
21
20
19
18
17
16
15
14
13
12
11

10

Section 5
Sample
Name

42
41

40

Thickness

(m)

115

109

99

93

88

80

75

70

67

63

60

53

49

47

31

26

22

20

18

15

12

10

248

242

230

335,8
347,4
379,7
149,5
323,8
188,1
1103
408,4
318,3
309,2
402,8
392,8
447,8
320
322,5
331,7
303,8
335,5
325,7
391,1
799
321,1
1257
930,7
507,2

172,6

Ba
(ppm)

297,7
259,9

282,9

21,06
15,84
8,841
11,83
55,64
6,552
8,718
11,21
23,92
23,04
19,39
25,3

28,98
19,98
39,97
29,87
34,35
30,25
22,36
24,53
20,79
29,83
15,94
24,88
19,79

15,32

Cu
(ppm)

16,16
15,96

12,49

50,8

21,26
10,54
33,76
15,55
56,24
13,65
10,96
18,51
27,47
32,88
25,67
45,94
38,14
53,19
67,51
49,82
53,75
23,83
60,29
47,24
62,73
48,76
27,28
49,64

27,41

Ni
(ppm)

23,28
26,75

26,75

15
1,2
0,5
1,9
1,4
2,3
0,5
06
2,8

1,8

2,7
2,4
1,9
2,3
4,6
2,4
37
2,8
2,2
25
2,4
2,6
2,9

1,5

V EF

0,6
0,6

0,7

38
06
03
0,9
04
18,7
04

0,3

0,6
0,6
2,2
1,2
0,6
04
0,7
0,4
0,5
2,9
0,4
15
1,6
0,4
1,7

3,8

Zn EF

0,9

0,5

15,8
20,1
0,9
20,3
12,7
138,4
18
1,6
29,1
18
43,4
47,8
135,1
32,9
24,5
57,4
86,2
48,3
98,8
69,1
34,8
75,6
41,8
22,9
33,3

10,1

Mo EF

6,5
24

2,9

1,8

1,6

2,1
1,8

4,3

0,9

31
33
2,8
34
2,7
31
34
37
32
46

2,8

2,5
3,3
2,6

2,3

UEF

1,1

6,8
7,4
34
20,6
55
96
2,5
35
7,9
45
12,4
9,2
9,1
7,3
7,8
87
13,1
97
7,1
82
10,2
14,4
10,3
83
18,1

12,1

As EF

56

4,3

4,7
4,2
1,6
58
3,8
6,8
1,9
1,9
57

4,7

7,2
7,8
83
5,4
57
13,6
4,7

88

53
7,3
7,1
87
95

4,8

Sb EF

2,1

1,7

1,2

1,4

2,1
1,3

0,6

2,3
1,1

1,3

1,5
1,3
1,1
1,6
1,3
1,5
1,6

1,1

3,9
3,2
3,4
4,5

3,7

Pb EF

1,1
1,1

1,2

55



38

37

36

35

34

33

32

31

30

29

28

27

26

25

24

23

22

21

20

19

18

17

16

15

14

13

12

11

10

31

28

24

20

18

208

191

185

156

138

133

130

126

124

119

115

113

109

107

104

78

76

74

70

68

64

60

58

55

53

50

46

42

38

35

234,6
1182
192,9
206,5
392,1
299,8
384,6
298
449,9
409,7
338,7
554,5
612,7
769
392,6
298,4
163,1
305,7
330,5
415,4
308,5
327,9
302,1
326,2
277,7
614,1
302
1918
308,8
556,3
475,9
473,9
1034
525

529,5

15,83
8,224
13,65
14,3
15,65
19,76
8,8
11,37
19,07
16,3
21,04
20,32
52,99
12,42
12,87
8,129
11,54
10,21
17,21
14,89
26,23
12,35
17,22
21,35
22,46
23,18
52,18
21,95
24,63
26,69
18,47
22,63
30,06
33,12

40,18

46,1

13,78
22,12
11,07
29,4

19,33
16,61
21,58
24,01
24,89
24,64
40,22
18,54
30,61
35,68
9,225
48,51
8162
30,99
31,61
47,26
42,78
36,53
14,52
20,26
35,11
69,44
30,48
41,94
28,71
42,52
27,96
56,61
37,18

63,24

08
05
06
09
1,1
1,3
0,6
1,7
1,4
11
1,1
1,8
15
09
16
0,4
1,9
05
18
2,2
1,7
33
1,6
2,3
25
1,3
3,9
1,3
2,4
2,2
2,4
15
2,2
2,4

2,5

0,6
0,6
0,6
0,6
0,8
0,5
0,6
0,9
4,4
0,5
0,5
2,9
1,2
0,9
1,3
0,3
1,6
0,4
1,1
0,4
0,4
4,2
0,4
0,4
0,6
0,4
2,3
04
0,5
0,4
0,5
0,4
0,4
0,3

7,2

6,6

7,8
15
87
93
40,2
34
16,3
21,8
29,7
16,9
18,8

29,8

351

24,4
60,6
21,4
90,4
39,6
21,5
31,8
13,8
40,6
19,3
27

20,8
40

30,7
24

48,5

48,6

1,4
1,1
1,2
1,7

2,5

1,3
2,2
1,9
1,5
1,8

1,9

1,8
0,9
2,3
08
2,4
25
34
4,1
2,4
36
32
2,3
4,7
21
2,3
2,6
1,9
2,2
2,6
2,9

4,1

6,1
4,1
4,9
4,6
36
4,4

34

5,1
7,3
6,2
7,5
94
6,6
13,1
43
11,9
2,5
7,4
7,1
58
12,1
7,8
7,7
12
33
10,9
39
97
57

87

9,2
89

13

2,3

18

2,3
3,1
34
2,9

58

44
42

85

4,2
6,9
1,5
53
1,7
52
56
4,4
83
4,7
4,2
6,9
3,3
95
3,7
7,2
6,7
6,1
6,4

53

58

1,1

0,9

0,6

0,8

09
0,6
1,1
0,7
0,5
0,7

0,7

1,7
0,6
1,7
0,6
1,1
0,7
0,6
1,3
1,1
0,7
1,1
0,9

1,2

1,1

0,7

0,9
0,9
2,4

2,9

56



Covunco Section

Sample
Name

38

37
36

35

34

33
32
31
30
29
28
27
26
25
24
23
22
21
20
19
18
17
16

15

16

14

Thickness

(m)

330

325

322

304

299

296

293

263

260

253

245

240

218

214

207

204

200

167

161

120

118

115

113

100

2094
1078

242,2

Ba
(ppm)

217,8

284,9
271,7

215,5

1045

232,6
243,3
368,8
222,3
221,5
317,3
277,8
143
265,5
212,9
45,5
340,3
51,6
79,2
84,5
618
292,5
1036

198,2

17,16
27,63

109,1

Cu
(ppm)

17

20,8
27,2

14,7

17,5

20,3
20,5
14,4
29,3
12
13,9
15,6
12,9
21,2
28,9
74
19,8
6,3

6,3

88
18,2
11,1

11,8

35,56
23,97

35,6

Ni
(ppm)

15,8

20,9
19,7

7,4

21,4

31,1
15,5
14,7
18,1
81
14,9
13,7
13,6
35,9
25,1
10,9
27,1
96
18,4
13,6
22,7
28
7,4

23,2

1,8
1,4

7,3

VEF

0,6

08
0,8

0,5

0,6

0,6
0,7
0,8
0,5
0,5
0,5
0,6

1,3

1,6

1,1

1,5
2,1
1,5

0,3

04
1

9

Zn EF

04

2,2
1,2

04

0,3

88
05
1,2
28
03
0,4
0,4

0,5

0,5
0,7

11,5

3,5

13
04
0,8

0,6

19,6 2,1
8,4 2
109,8 9,9
Mo EF UEF
04 1

2 1,5
0,6 1,4
04 1,1
04 1,1
3,7 1,2
0,7 0,8
2,1 1,8
2,4 1,5
0,6 1,4
0,8 1,1
1 0,9
1,8 2,1
1,8 2,4
7,8 1,6
8,9 3
15,3 4,1
4,7 3,2
4,6 52
58 4,8
30,1 3,9
6,5 3,7
33 0,5
12,7 6,2

53
14,1

10,7

As EF

27,2
18

24

1,5

7,3
4,1
93

8,2

4,4

57

7,5
7,6
7,1
14,4
83
18,2
15,3
17,9
12,6
4,2

12,1

4,3
6,8

16,3

Sb EF

34

1,3

2,7
1,5

2,9

2,7
2,2
2,5
32

3,3

51

55
4,8
34

4,9

1,3
4,2

35,7

Pb EF

0,8

2,1
1,2

0,8

09

0,6
1,2
1,2

04

0,9
1,1

09

1,1
1,3
1,1
1,5
1,8
1,5

1,4

1,3

57



14

13

12

11

10

91

86

84

81

75

69

66

62

41

21

18

15

781,1
174,1
168

148,2
210,4
179,1
285,8
278,6
248,9
343,7
410,3
308,6
122,6

593,5

19,5
20,8
17,4
16,3
28,1
30,2
41,4
332
34,5
22,3
13,1
23,5
12,9

23,2

45,7
116,2
43,2
19,7
78,8
87,7
111,5
110,8
112,4
21,7
9,3
17,1
41

39,1

1,7
42
1,3
0,7
2,3
3,8
7,4
36
48
0,7
0,4
0,8
1,8

4,1

0,6
1,2
0,7
0,5

0,5

27
0,4
31
03
0,3
0,4
9,9

154

22,3
90,3
30
26,1
81,2
77,9
107,4
71,3
83,3
32
4,2
56
7,7

27,7

2,8
3,5
3,5

1,2

53
6,4
26
56
0,9

0,8

7,4

12,5
25,1
85
13,9
12,7
17,8
20,4
11,4
14,7
4,3
7,8
9,9
33,4

62,6

7,2
10,2
2,7
32
4,6
9,9
13,8
10,2
9,8
2,4
2,7
31
7,2

91

1,3
1,3

1,2

1,2
1,3
1,4
1,3
1,4
0,7
1,2
1,5
4,1

13,6

58



Appendix 2. Rock-Eval pyrolysis data

TOC: Total Organic Carbon, wt%

S1- volatile hydrocarbon (HC) content, mg HC/g rock
S2- remaining HC generative potential, mg HC/g rock
S3- carbon dioxide content, mg CO»/g rock

HI- Hydrogen Index = S2 X 100/ TOC, mg HC/g TOC
OI- Oxygen Index = S3 X 100/ TOC, mg CO»/g TOC

PI- Production Index = S1/ (S1+S2)

Section 1
Sample Name Thickness (m) TOC S1 52 S3
48 210 3,38 0,16 14,54 0,42
47 200 1,47 0,04 1,62 1,35
46 197 0,85 0,03 1,59 0,79
45 194 0,79 0,02 0,34 1,65
44 190 0,79 0,02 0,39 1,1
43 186 0,68 0,02 0,35 1,46
42 182 0,99 0,03 0,99 1,17
41 176 1,3 0,03 1,75 1,39
40 172 1,08 0,02 0,99 1,43
39 159 0,01 0 0,02 0,25
38 157 0,54 0,01 0,27 0,77
37 152 2,56 0,04 2,54 4,57
36 147 0,92 0,02 0,82 1,55
34 143 0,62 0,02 0,34 0,98
33 139 1,21 0,02 1,23 1,9
32 133 0,56 0,02 0,41 0,58
31 130 2,74 0,07 6,42 2,28
30 125 0,02 0 0,02 0,17
29 120 0,5 0,01 0,03 0,48

IH

430

110

187

43

49

51

100

135

92

200

50

99

89

55

102

73

234

100

10

12

92

93

209

139

215

118

107

132

2500

143

179

168

158

157

104

83

850

96

PI
0,01
0,02
0,02
0,06
0,05
0,05
0,03
0,02

0,02

0,04
0,02
0,02
0,06
0,02
0,05

0,01

0,25

TMAXx
414
418
434
432
432
433
429
433
438
444
430
430
434
429
435
427
423
444

499

59



28 110 0,07 0 0,03 0,19 43 271 0 323

27 103 0,09 0 0,02 0,6 22 667 0 508
26 77 3,56 0,08 5,41 3,57 152 100 0,01 434
25 68 1,68 0,03 1,15 2,47 68 147 0,03 429
24 66 2,02 0,03 1,78 3,13 88 155 0,02 435
23 64 0,86 0,01 0,45 1,84 52 214 0,02 434
22 60 7,93 0,95 32,82 5,69 414 72 0,03 409
21 58 2,61 0,05 4,82 2,99 185 115 0,01 428
20 55 3,99 0,15 9,74 4,59 244 115 0,02 418
19 53 0,62 0,02 0,37 0,71 60 115 0,05 432
18 51 6,83 1,04 36,87 3,08 540 45 0,03 416
17 50 2,46 0,08 8,11 1,56 330 63 0,01 421
15 45 0,9 0,01 0,52 1,92 58 213 0,02 436
14 42 1,19 0,02 0,9 2,78 76 234 0,02 436
13 40 1,87 0,03 2,25 3,77 120 202 0,01 431
12 29 9,16 2,05 54,25 2,41 592 26 0,04 417
11 27 0,46 0,01 0,69 0,86 150 187 0,01 440
10 25 0,44 0,01 0,71 0,82 161 186 0,01 440
9 22 9,8 2,5 62,23 1,38 635 14 0,04 416
8 20 1,36 0,03 1,07 2,07 79 152 0,03 428
7 18 5,13 1,1 25,76 2,39 502 47 0,04 413
6 16 2,26 0,13 3,45 2,78 153 123 0,04 423
5 14 1,93 0,03 1,94 3,95 101 205 0,02 431
4 11 1,76 0,04 1,82 2,88 103 164 0,02 431
3 9 2,84 0,17 8,45 1,81 298 64 0,02 421
2 7 0,23 0,01 0,21 0,56 91 243 0,05 439
1 1 21,05 3,29 118,7 9 564 43 0,03 415
Section 2
Sample Name  Thickness (m) TOC s1 S2 S3 IH 10 PI TMAXx
32 243 0,03 0 0,02 0,11 67 367 0 375

60



31

30

29

28

27

26

25

24

23

22bis

22

21

20

19

18

17

16

15

14

13

12

11

10

237

232

227

202

198

190

179

170

168

166

162

157

140

131

113

107

95

92

90

86

80

69

50

40

37

34

30

27

22

20

0,03
0,04
0,05
0,67
0,45
0,2

1,67
1,16

0,04

0,03
1,06
0,03
0,06
1,87
0,28
0,65
0,04
0,06
0,04
0,01
0,03
0,51
0,02
0,03
0,01
0,01
0,04
0,04
0,03
0,03

0,04

0,02
0,01
0,01
0,03

0,07

0,03
0,01

0,01

0,01

0,01

0,01

0,03
0,03
0,01
0,36
0,17
0,32
2,34
4,53
0,01
0,02
0,01
0,93
0,03
0,04
2,71
0,05
0,25
0,01
0,01
0,02
0,01
0,03
0,1

0,02

0,01
0,01
0,02
0,02
0,03
0,02

0,03

0,24
0,36
0,31
1,08
0,72
0,52
2,65
0,52
0,75
0,06
0,17
1,43
0,2
0,42
2,55
0,73
1,33
0,4
0,13
0,55
0,07
0,16
1,57
0,15
0,45
0,19
0,04
0,57
0,51
0,37
0,45

0,52

100

75

20

54

38

160

140

391

25

<0

33

88

100

67

145

18

38

25

17

50

100

100

20

100

100

100

50

50

100

67

75

800

900

620

161

160

260

159

45

1875

<0

567

135

667

700

136

261

205

1000

217

1375

700

533

308

750

1500

1900

400

1425

1275

1233

1500

1300

0,05
0,06
0,03
0,01

0,02

0,01
0,17

0,04

0,5

0,09
0,33

<0.00

0,5

412
603
404
428
434
438
433
419
432
361
392
426
495
338
434
431
430
395
395
495
494
341
483
473
495
388
404
494
497
589
376

492
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Section 3

Sample Name
59
58
57
56
55
54
53
52
51
50
49
48
47
46
45
44
43
42
41
40
39
38
37
36
35
34
33
32
31
30

29

Thickness (m)
443
427
421
410
406
397
390
384
374
373

366,7
361,5
360
351
340
330
320,5
310
300
272
269,4
263,5
261
252,1
235,6
232,6
217,6
198
197,2
182,2

173,2

TOC
0,05
0,04
0,05
0,06
0,05
0,02
0,01
0,02
0,05
0,02
0,01
0,05
0,04
0,06
0,08
0,03
0,04
0,05
0,16
0,12
0,07
0,08
0,08
0,23
0,32
0,01
0,08
0,55
0,04
0,1

0,52

S1
0,01
0,01
0,01
0,01
0,01
0,01
0,02
0,01
0,01
0,01
0,01
0,01
0,01
0,01
0,01
0,02
0,03
0,03
0,02
0,02
0,02
0,03
0,02
0,03
0,04
0,01
0,01
0,07
0,01
0,04

0,04

52
0,07
0,04
0,04
0,07
0,05
0,03
0,03
0,02
0,04
0,02
0,02
0,04
0,04
0,03
0,02
0,02
0,03
0,02
0,05
0,03
0,04
0,02
0,07
0,05
0,07
0,02
0,04

0,2
0,04
0,03

0,45

$3
0,25
0,19
0,25
0,24
0,27
0,2
0,21
0,19
0,22
0,16
0,16
0,22
0,18
0,17
0,26
0,2
0,2
0,16
0,28
0,25
0,36
0,36
0,41
0,35
0,56
0,21
04
1,25
0,33
0,23

0,55

IH

140

100

80

117

100

150

300

100

80

100

200

80

100

50

25

67

75

40

31

25

57

25

88

22

22

200

50

36

100

30

87

10

500

475

500

400

540

1000

2100

950

440

800

1600

440

450

283

325

667

500

320

175

208

514

450

513

152

175

2100

500

227

825

230

106

PI
0,13
0,2
0,2
0,13
0,17
0,25
0,4
0,33
0,2
0,33
0,33
0,2
0,2
0,25
0,33
0,5
0,5
06
0,29
0,4
0,33
06
0,22
0,38
0,36
0,33
0,2
0,26
0,2
0,57

0,08

TMAXx
372
339
421
427
427
410
381
407
423
397
408
424
424
428
435
424
427
525
430
427
440
421
437
432
506
493
439
436
441
418

433
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28 161 0,49 0,02 0,14 1,02 29 208 0,13 485

27 158 0,07 0,01 0,1 0,64 143 914 0,09 449
26 157 0,01 0,01 0,02 0,21 200 2100 0,33 392
25 130,6 0,39 0,02 0,14 0,86 36 221 0,13 430
24 120,9 0,56 0,02 0,3 1,1 54 196 0,06 437
23 120,1 0,02 0,01 0,03 0,18 150 900 0,25 406
22 112,6 0,03 0,01 0,04 0,23 133 767 0,2 454
21 110,1 2,17 0,05 5,27 0,96 243 44 0,01 421
20 102,6 2,12 0,09 5,18 2,1 244 99 0,02 432
19 92,1 0,03 0,01 0,04 0,16 133 533 0,2 424
18 85,8 3,26 0,08 6,03 3,67 185 113 0,01 426
17 75,3 0,42 0,03 0,76 0,45 181 107 0,04 433
16 73,9 6,16 0,15 15,98 5,69 259 92 0,01 420
15 58,9 0,11 0,02 0,31 0,24 282 218 0,06 427
14 55,9 1,44 0,04 1,39 2,05 97 142 0,03 432
13 45,9 1,25 0,03 1,16 1,64 93 131 0,03 434
12 33,2 5,6 0,23 17,78 4,79 318 86 0,01 418
11 24,9 1,21 0,04 1,09 1,73 90 143 0,04 428
10 17,4 3,18 0,15 7,25 3,55 228 112 0,02 424
9 15,1 4,38 0,3 17,2 2,91 393 66 0,02 416
8 13,6 1,83 0,06 2,5 2,25 137 123 0,02 428
7 12,4 0,25 0,03 0,37 0,77 148 308 0,08 440
6 11,6 0,98 0,08 2,68 0,77 273 79 0,03 435
5 6,7 5,69 0,43 23,63 3,87 415 68 0,02 420
4 5,5 0,08 0,01 0,1 0,52 125 650 0,09 443
3 4 7,67 0,55 41,37 3,33 539 43 0,01 415
2 2 0,04 0,01 0,03 0,3 75 750 0,25 425
1 0,3 24,53 4,89 123 11,79 501 48 0,04 409
Section 4
Sample Name  Thickness (m) TOC s1 S2 S3 IH 10 PI TMAXx
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40

39

38

37

36

35

34

33

32

31

30

29

28

27

26

25

24

23

22

21

20

19

18

17

16

15

14

13

12

11

10

230

212

185

172

168

156

148

143

137

132

119

126

122

119

115

109

99

93

88

80

75

70

67

63

60

53

49

47

31

26

22

20

18

0,03
0,01
1,44
1,67
0,22
0,02
0,21
0,51
3,96
2,01
0,02
1,03
2,46
2,23
2,01
1,25
0,01
0,03
0,21
0,03
0,03
0,03
0,52
1,84
1,06
4,31
6,63
3,16
2,61
1,24
8,45
1,87

4,7

0,03
0,04

0,01

0,01
0,01
0,35

0,06

0,01
0,08
0,06
0,15

0,03

0,01
0,04
0,02
0,29
0,31
0,13
0,09
0,04
1,4
0,09

0,31

0,02
0,02
2,42
2,44
0,33
0,02
0,07
0,25
20,49
7,76
0,05
0,81
5,62
6,25
4,94
1,66
0,02
0,02
0,05
0,01
0,01
0,01
0,11
3,53
0,51
15,13
27,83
11,82
5,96
1,26

51,26

12,39

0,34
0,18
1,07
1,28
0,35
0,26
0,64
1,26
0,49
0,92
0,27
1,82
1,02
1,21
0,98
0,9
0,15
0,44
0,7
0,53
0,17
0,16
1,28
1,95
2,36
3,46
3,93
1,84
2,35
2,04
1,89
2,84

4,86

67

200

168

146

150

100

33

49

517

386

250

79

228

280

246

133

200

67

24

33

33

33

21

192

48

351

420

374

228

102

607

107

264

1133

1800

74

77

159

1300

305

247

12

46

1350

177

41

54

49

72

1500

1467

333

1767

567

533

246

106

223

80

59

58

90

165

22

152

103

0,01
0,02

0,03

0,13
0,04
0,02

0,01

0,01
0,01
0,01
0,03

0,02

0,08
0,01
0,04
0,02
0,01
0,01
0,01
0,03
0,03
0,04

0,02

598
419
428
428
435
498
429
438
415
426
443
438
415
421
417
424
470
452
464
499
408
458
420
436
438
413
415
419
428
429
418
423

424
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Section 5

Sample Name
42
41
40
39
38
37
36
35
34
33
32
31
30
29
28
27
26
25
24
23

22

15
12

10

Thickness (m)
248
242
230
220
208
191
185
156
138
133
130
126
124
119
115
113
109
107
104

78

76

515
2,82
2,91
0,05
2,35
0,07

0,19

TOC
0,71
1,02
0,68
1,04
1,64
0,5
0,81
1,86
2,52
0,98
0,26
4,38
2,15
1,15
0,46
1,94
0,88
1,62
1,86
0,05

0,02

1,11
0,11

0,06

0,07

s1
0,01
0,02
0,03
0,05
0,06
0,02
0,04
0,04
0,06
0,03
0,01
0,13
0,05
0,02
0,01
0,05
0,02
0,04
0,04

0,01

27,19
6,48
538
0,03
4,21
0,06

0,24

s2
0,6
1,16
1,22
2,21
4,19
0,95
1,99
3,36
5,98
0,83
0,11
17,43
5,16
1,95
0,3
44
0,82
3,44
4,65
0,07

0,01

1,6
2,64
4,06
0,53
2,61
0,51

0,57

s3
0,67
0,67
0,18
0,11
0,51
0,2
0,24
0,83
2,25
1,24
0,39
2,27
1,57
0,79
0,66
1,4
1,34
1,15
1,2
0,26

0,33

528

230

185

60

179

86

126

IH

85

114

179

213

255

190

246

181

237

85

42

398

240

170

65

227

93

212

250

140

50

31

94

140

1060

111

729

300

10

94

66

26

11

31

40

30

45

89

127

150

52

73

69

143

72

152

71

65

520

1650

0,04
0,02

0,01

0,02

PI
0,02
0,02
0,02
0,02
0,01
0,02
0,02
0,01
0,01
0,03
0,08
0,01
0,01
0,01
0,03
0,01
0,02
0,01
0,01

0,13

413
425
430
451
427
442

442

TMAX
436
436
422
413
425
425
425
419
431
429
430
414
427
427
433
423
435
427
422
339

494
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21

20

19

18

17

16

15

14

13

12

11

10

74

70

68

64

60

58

55

53

50

46

42

38

35

31

28

24

20

18

16

14

Covunco Section

Sample Name
38
37
36
35
34
33

32

Thickness (m)
330
325
322
304
299
296

293

0,03
1,4
5,69
2,91
84
2,63
0,87
0,5
1,01
3,37
09
0,99
1,43
3,78
2,6
2,6
3,48
4,86
1,88
2,52

20,41

TOC
0,12
0,08
0,12
0,04
0,03
0,26

0,14

0,03
0,22
0,04
0,46
0,09
0,01
0,01
0,02
0,06
0,02
0,02
0,03
0,44
0,07
0,08
0,13
0,07
0,04
0,07

1,78

S1
0,00
0,00
0,01
0,00
0,00
0,01

0,00

0,04
2,29
28,49
4,92
41,67
6,97
0,32
0,17
0,87
6,63
0,81
0,74
2,17
14,66
6,96
6,61
10,29
8,08
3,84
6,57

66,86

52
0,06
0,09
0,05
0,02
0,01
0,04

0,06

0,15
1,33
1,53
3,22
3,42
1,83
1,96
1,46
1,12

3,6
1,23
1,57
1,72
2,24
2,27
2,32
3,08
6,19
1,76
2,24

18,03

s3
0,57
0,49
0,44
0,19
0,35
0,41

0,48

133

164

501

169

496

265

37

34

86

197

90

75

152

388

268

254

296

166

204

261

328

IH

50

113

42

50

33

15

43

500

95

27

111

41

70

225

292

111

107

137

159

120

59

87

89

89

127

94

89

88

10

475

613

367

475

1167

158

343

0,01
0,01
0,01
0,01
0,01
0,03
0,06
0,02
0,01
0,02
0,03
0,01
0,03
0,01
0,01
0,01
0,01
0,01
0,01

0,03

PI
0,00
0,00
0,17
0,00
0,00
0,20

0,00

468
432
414
433
413
421
422
420
434
433
430
427
435
414
424
426
423
430
431
423

419

TMAX
494
452
450
439
460
436

439
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31

30

29

28

27

26

25

24

23

22

21

20

19

18

17

16

15

14

13

12

11

10

263

260

253

245

240

218

214

207

204

200

167

161

120

118

115

113

100

91

86

84

81

75

69

66

62

41

21

18

15

0,32
0,18
0,2
0,03
0,11
0,04
3,33
0,31
0,03
0,07
0,05
0,52
0,81
0,16
0,03
0,03
0,07
0,05
0,03
0,1
0,04
0,07
0,03
0,03
0,09
0,03
0,02
0,03
0,03
0,06

0,04

0,01
0,01
0,01
0,00
0,01
0,00
0,51
0,01
0,00
0,01
0,00
0,06
0,14
0,01
0,00
0,00
0,01
0,01
0,00
0,01
0,00
0,01
0,00
0,00
0,00
0,01
0,00
0,00
0,00
0,01

0,01

0,25
0,12
0,16
0,02
0,11
0,03
18,87
0,62
0,02
0,07
0,03
2,63
5,22
0,33
0,02
0,02
0,04
0,05
0,03
0,07
0,03
0,05
0,03
0,02
0,05
0,04
0,03
0,03
0,02
0,05

0,04

0,69
0,60
0,57
0,26
0,48
0,45
0,67
0,66
0,19
0,48
0,33
0,26
0,21
0,43
0,37
0,15
0,33
0,31
0,27
0,33
0,17
0,10
0,26
0,27
0,31
0,30
0,07
0,09
0,07
0,26

0,11

78

67

80

67

100

75

567

200

67

100

60

506

644

206

67

67

57

100

100

70

75

71

100

67

56

133

150

100

67

83

100

216

333

285

867

436

1125

20

213

633

686

660

50

26

269

1233

500

471

620

900

330

425

143

867

900

344

1000

350

300

233

433

275

0,04
0,08
0,06
0,00
0,08
0,00
0,03
0,02
0,00
0,13
0,00
0,02
0,03
0,03
0,00
0,00
0,20
0,17
0,00
0,13
0,00
0,17
0,00
0,00
0,00
0,20
0,00
0,00
0,00
0,17

0,20

441
443
444
452
443
510
427
439
443
440
499
431
431
441
514
472
435
437
457
441
443
435
488
490
439
509
441
444
437
447

434

67





