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Abstract

The depositional environment of organic-rich mudstones in the Cretaceous greenhouse
climate is a key area of Earth Systems and Energy research, as understanding the causes of
carbon drawdown into these rocks has impacts for understanding the role of the carbon
cycle in climate change and the formation of petroleum source rocks. The Eastern Cordillera
basin in Colombia is a key region for investigating Cretaceous carbon burial in flooded
continental areas and tropical regions. Both characteristics are essential to understanding
the Cretaceous carbon cycle, a key question being: are the mechanisms which cause carbon
burial in the open ocean similar those in more continental, tropical basins? To date, the EC is
understudied, partly due to the basin’s complex history, which includes deep burial
(compromising organic geochemical analysis) and uplift (complicating geological
reconstruction and exposing rocks to contemporary weathering, hence compromising

inorganic geochemistry).

In this thesis, a combination of inorganic geochemical methods (bulk geochemistry, trace
metal enrichment patterns, iron-sulphur speciation) with high-resolution electron
microscopy and chemical micro-analysis is applied to a unique set of Cretaceous mudrock
samples from the EC with the ultimate aim of a detailed paleoenvironmental reconstruction.
In a first step, an artificial weathering experiment is presented and, following interrogation
of the geochemical dataset, novel filters (carbonate content and passivated pyrite particles)
are presented which identify samples from Eastern Cordillera mudstones less likely to have
been geochemically altered by weathering. This allows, in a second step, the robust
interpretation of redox conditions, productivity and climate in the Cretaceous Eastern
Cordillera basin based on bulk geochemistry, trace elements and Fe-speciation for 208 new
samples from 12 different outcrops across the basin. Also, it provides a methodology for

future investigations using outcrop samples globally.

New evidence is presented that the Eastern Cordillera was anoxic in the Valanginian
(different from open ocean sites), likely due to the sites more restricted nature. In the Mid-
Late Cretaceous, extremely high and prolonged siliceous and calcareous productivity drove
anoxia and carbon burial. Evidence is presented that sources of nutrients to drive this
productivity resulted from upwelling (Albian and Santonian); intensive chemical weathering

of land (especially in the Turonian); and possibly volcanogenic sources



(Cenomanian/Turonian boundary). In most cases, these mechanisms occur in other time
equivalent facies, therefore this study suggests that global changes in climate and
geochemistry of the oceans heavily influenced organic matter deposition in the Eastern

Cordillera.
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Chapter 1  Introduction

1.1 Carbon Burial, Earth’s Climate and Cretaceous Greenhouse oceans
During Earth’s history, the global climate has been heavily regulated by the amount of

greenhouse gases present in the atmosphere (Arrhenius, 1896; Barnola et al., 1987). In
modern times, it is most likely that current trends of global warming are intrinsically linked
to anthropogenic release of CO; and other greenhouse gases (IPCC, 2015). Over geological
timescales, however, the amount of CO; in the atmosphere is regulated by the carbon cycle
which comprises fluxes and long term sinks of carbon (Figure 1.1), with ocean sediments
being major sinks (Mackenzie and Lerman, 2006). In marine sediments carbon is stored as
inorganic carbon and organic carbon. The mechanisms leading to burial of organic carbon

rich rocks in marine settings from the Cretaceous equatorial Atlantic Ocean is the subject of

this thesis.
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Figure 1.1.1. Carbon cycle from Berner, 2003. Values are estimates of carbon sink, as mol C from Mackenzie and Lerman,
2006 (Mantle C is an estimate for upper mantle).

The principle causes for organic rich sediment deposition are proposed to be: influxes of
nutrients leading to increased primary productivity (and so increased flux of marine organic

matter to the sediment); enhanced organic matter preservation (caused by bottom water



anoxia); and/or a decrease in dilution by inorganic material (carbonates or silicates). The
relative importance of each factor has been the topic of intense and controversial debate
(Demaison and Moore, 1980; Pedersen and Calvert, 1990; Trabucho Alexandre et al., 2010;
Tyson, 2005; Negri et al., 2009). Understanding the driving forces behind organic matter
production and accumulation is important for understanding the regulation of carbon
dioxide in the atmosphere over geological and shorter timescales (Berner, 2003). It is also
particularly important for the petroleum industry. With greater understanding of the
interplay of these factors, modelling tools can be developed to predict the location and
nature of potential source rocks and better constrain petroleum systems (e.g. Mann and

Zweigel, 2008).

The Cretaceous period, from about 145 to 65 million years ago, is exceptional in the frequent
occurrence and wide spatial coverage of organic rich marine sediments (Negri et al., 2006).
In fact, the majority of known source rocks for conventional oil are Cretaceous in age
(Tiratsoo, 1986). The extent of carbon burial had significant impacts on regulating the
atmospheric concentration of CO, and thus global climate (e.g. Kuypers et al., 1999). The
latter makes understanding the circumstances of organic rich sediment formation during
past super-greenhouse conditions important for understanding the most extreme

consequences and feedbacks caused by anthropogenic CO; release.

The Cretaceous was characterised by a “global greenhouse climate”, with sea surface
temperatures (SST) higher than 35 °C and deep water temperatures of up to 20 °C (Jenkyns,
1994; Huber et al., 2002; Friedrich, 2012). It was also a time of globally high sea levels, up to
250 m higher than at present (Haq, 2014). The high SST and air temperatures were likely
caused by CO; release from extensive volcanism and increased spreading rates at mid ocean
ridges (Weissert and Erba, 2004; Barron et al., 1995; Larson, 1991; Leckie et al., 2002;
Caldeira and Rampino, 1991).

Conditions in this Cretaceous greenhouse world favoured the accumulation of organic
matter by increasing nutrient supply and primary productivity (with nutrients delivered
directly from volcanism, increased upwelling of deep water masses, or chemical weathering
driven by high temperatures/increased hydrological cycle) and/or by increasing preservation
of organic matter in oxygen-depleted environments (due to sluggish thermohaline
circulation, increased stratification via freshwater lids, widespread oxygen minimum zones

due to expansion of flooded shelf, or the lower capacity of warm, saline oceans to hold
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dissolved oxygen) (de Graciansky et al., 1984; Erbacher et al., 2001; Schlanger and Jenkyns,
1976; Brass et al., 1982; Fo6llmi, 2012; Arthur and Sageman, 1994; Beckmann et al., 2005;
Hofmann and Wagner, 2011; Trabucho Alexandre et al., 2010). These processes were
intensified during distinct periods in the Cretaceous when organic matter accumulation was
more extreme and spatially extensive. These are termed oceanic anoxic events (OAE’s,
Schlanger and Jenkyns, 1976) and are the subject of much research because of the extremity
of the extent carbon burial and the profundity of the climate change they represent. There
are three major OAE’s in the Cretaceous, the early Aptian OAE 13, the early Albian OAE 1b,
and the Cenomanian-Turonian boundary event (OAE 2), and the severity of carbon
drawdown during these episodes had a profound effect on the carbon cycle and

atmosphere.

1.2 Why study Colombian Cretaceous Shales? Global v local causes and consequences
Studies investigating the mechanisms behind organic matter burial in the Cretaceous have

mostly focused on the open oceans as in these locations continuous and thick sequences of
sediments can be found (i.e. sediments recovered by the deep sea drilling initiatives DSDP,
ODP and IODP). In contrast, less work has been carried out on flooded continental areas (i.e.
continental shelves and epicontinental seaways). However, such shallow areas are vital for
understanding the Cretaceous carbon cycle, especially as shallow seas are sites of high
organic matter burial rates in the modern ocean (Tyson and Pearson, 1991) and were likely
of equal, or greater, importance in the Cretaceous (Hay et al., 2017). Most studies on
flooded continental areas during the Cretaceous are concentrated at the mid-latitudes
representing relatively temperate climate conditions (e.g. the Western Interior Seaway,
English Chalk and Saxony Basin (e.g. Sageman et al., 2006; Jenkyns et al., 1994; Hetzel et al.,
2011)). Low latitude sites representing tropical climates are less well studied. There is some
evidence of a more equable climate during the Cretaceous with temperatures at high
latitudes considerably higher, but at low latitudes, they may have been relatively
comparable to today (Ruddiman, 2001; Wilson et al., 2002). Although the tropics seem to be
resistant to increases in temperature, changes in the hydrological cycle have feedbacks
which effect the tropics particularly. Being zones of intense precipitation and continental
freshwater discharge, the tropics are sensitive to modest increases in runoff caused by an
enhanced hydrological cycle. This can have variable effects, for example, switching sheltered
basins into anoxic mode via the creation of freshwater lids (e.g off the Ivory Coast,

Beckmann et al., 2005). Comparing tropical sites off Africa and South America suggests the
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continent of South America may have been less sensitive to climatic changes, with less
variable detrital input being recorded in marine sediments, however more sites in this
location are required to understand the mechanism for these observations (Flogel et al.,
2008). The Tropics are also loci for atmospheric heat and moisture transport via Hadley Cells.
Although evidence is apparent that Hadley cells varied in size and stability over the
Cretaceous with Milankovitch cycles, the consequences of these changes are not well

constrained (Hoffman and Wagner, 2011; Wagner et al., 2013.

In this context, the following study investigates the paleodepositional environment of a
Cretaceous, equatorial, epicontinental basin in Colombia — the Eastern Cordillera (EC). Here,
thick organic rich sediment sequences were repeatedly deposited during the Cretaceous
(e.g. the Macanal Formation with up to 5% TOC (this study) and up to 2.5 km thickness,
Sarmiento-Rojas et al., 2006; Mora et al., 2015). These black shale sediments likely expelled
significant quantities of oil, and have been suggested as a source of actively exploited oil
reservoirs in Colombia’s Llanos basin (Garcia, 2008; Dzou, 1999), where 73% of all oil
produced in Colombia is located (EIA, 2014). Whilst there is a body of work reconstructing
the depositional environment of the associated Venezuelan basins, with a focus on the La
Luna shale as the main hydrocarbon source rocks in the Maracaibo basin (Erlich et al., 1999;
Lo Monaco et al., 2002; Alberdi-Genolet and Tocco, 1999; Rey et al., 2004; Davis et al., 1999;
Mongenot et al., 1996; Tribovillard et al., 1991; Perez Infante et al., 1996), the EC basin is
understudied, especially from a geochemical point of view. The few published inorganic
geochemical investigations are mostly centred on one or two locations (Villamil, 1996;
Villamil and Arango, 1998; Villamil, 1999; Narvaez et al., 2013; Alvarez and Roser, 2007,
Follmi, 1992) leaving large uncertainties about the expression and sedimentological-
geochemical properties of the source rocks along the EC. Therefore, the study presented
here is pioneering research into the shallow tropical Cretaceous EC seaway by providing
critical new data to reconstruct the paleoenvironmental conditions, as well as the causes

and consequences of organic rich sediment deposition.

At a more generic level, the EC basin is well suited to investigate the potential impacts and
interplay of productivity, preservation, and dilution on organic rich deposits. The basin had
various and potentially changing sources for nutrients during different periods of the
Cretaceous, providing an interesting example of a dynamic depositional setting. According to
the conceptual model of Trabucho Alexandre et al. (2010), the proto north-Atlantic received
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and effectively trapped nutrients from the Caribbean Large Igneous Province (CLIP) during
the mid-Cretaceous Cenomanian-Turonian period. As will be evaluated in this study, these
‘CLIP nutrients’ may well have also influenced organic carbon production and deposition in
the EC. The basin was relatively narrow and long (approximately 250 km long and 150 km
wide during Early Cretaceous according to palinspastic reconstructions of Mora et al (2015)),
and bordered by land masses in the east towards the Pacific and the cratonic Guyana Shield
in the west. In such a geographically restricted marine setting it is likely that the effects of
changing wind patterns as well as continental runoff, both key mechanisms to supply
nutrients and enhance marine productivity (Wagner et al., 2013), should be well expressed
in the sedimentary record. Previous studies in Venezuela emphasise the migration of
northern South America across the equator as a critical component to increase in upwelling
and widespread siliceous algal productivity in the EC (Villamil et al., 1999; Erlich et al., 1999).
Connecting the northward migration of the EC to increases in upwelling may help constrain
the influence of these long term geological processes on enhanced productivity and carbon
burial. In addition, the rather restricted geometry of a sedimentary basin may have been
conducive to support seafloor and bottom water anoxia which, in turn, would have affected
nutrient mobilisation and organic matter preservation (e.g. Demaison and Moore, 1980). The
EC developed from an Early Cretaceous basin bound by steep sided faults, likely
disconnecting the deep waters from more open ocean (generating a silled EC basin similar to
the modern Black Sea), to part of a wide marine basin during times of high sea level, which
covered the whole of northern South America (generating an epicontinental sea similar to
the Cretaceous Western Interior Seaway, Sarmiento-Rojas et al., 2006; Macellari et al.,
1988). Both of these basin features would have supported seafloor and bottom water
anoxia, modulated and potentially triggered by different climatic scenarios. These changing
geometric and climatic boundary conditions may, at times, have isolated the basin from the
open oceans. This may have resulted in the basin being shielded from shifts in ocean
biogeochemistry which occurred during the OAE’s or the influence of nutrients supplied

from hydrothermal sources.

Three major episodes or organic matter burial are recorded in the Cretaceous EC and
surrounding basins, which led to the formation of organic rich mudstone formations (and
potential petroleum source rocks): i) the Berriasian and Valanginian Macanal Formation, (ii)

the Hauterivian to Albian Fomeque Formation and (iii) the Cenomanian to Campanian



Chipaque Formation. With this rich archive of black shale deposits the EC offers a unique

repository of information about organic matter deposition.

1.3 Approach for investigating the paleoenvironment
Geochemistry can provide much information about the varying factors which control the

deposition of organic rich rocks. The type and amount of organic matter contained within
the rocks can be determined via bulk geochemical techniques like Rock-Eval (Tissot and
Welte, 1984). Fossil organic molecules are also preserved which can give specific information
about the types of organisms living in the water column, and the associated
paleoenvironment (e.g. isorenieratene and its derivatives for tracing photic zone euxinia,
Sinninghe Damsté et al., 2001). Unfortunately, most of these biomarkers and bulk
geochemical properties are altered or are expelled from the rock once it is buried and
heated within the oil window (e.g. Farrimond et al., 1998). The majority of the rocks within
the EC have been buried through the oil window (to a depth of up to 8.5 km) and so the
application of organic geochemistry is very challenging and limited (Sanchez et al., 2015;

Mora et al., 2015)

A partner PhD project to this study has concentrated on organic geochemistry and attempts
to address these issues of maturity by searching for novel, thermally recalcitrant fossil
organic molecules in EC mudrocks (Marin-Barba, 2018). To complement and further advance
the paleoenvironmental interpretation of the EC, this project combines inorganic
geochemistry and high resolution imaging coupled to element mapping. The strategic
advantage of this approach is that it is less effected by thermal maturity (Mongenot et al.,

1996), providing information which are no longer extractable from organic variables.

The element distribution within marine sediments informs about the nature and quantity of
detrital material arriving at the basin and so dilution. This, in turn, is related to the
provenance of the material, the climate in the hinterland, and sea level (e.g. Nesbitt and
Young, 1982, Erlich et al., 1999; Campos Alvarez and Roser et al., 2007). Studies have shown
that when the climate is humid, the hinterland becomes more extensively chemically
weathered which supplies a greater amount of nutrients to the marine environment. This, in
turn, actively increases productivity, linking the type of detrital mineral to the amount of
organic material being deposited in the marine sediments (e.g. Schnieder et al., 1997; Zabel

et al., 2001; Flogel et al., 2008; Beckmann et al., 2003; Hofmann and Wagner; 2013).



Inorganic geochemistry also provides critical information about variations in primary
productivity, and hence the amount of organic material arriving at the sediment. For
example, the shells/tests of organisms can make up the bulk of sediments deposited in high
productivity settings (evident in the CaCOs or Si content). Other elements, including P, Cu, Ni
and Zn, accumulate in sediments in high productivity settings due to their association with

organic matter.

It is also well known that certain elements are enriched in anoxic sediments either because
they change to insoluble species in a reducing environment (e.g. U, V), become more particle
reactive (e.g. Cr and Mo), and/or form sulphides alongside sulphate reducing bacterial
respiration in an oxygen limited environment (e.g. Fe) (Erickson and Helz, 1999; Elderfield,
1970; Wanty and Goldhaber, 1992; Klinkhammer and Palmer, 1990; Berner, 1970). Due to
their response to redox conditions, these elements are powerful proxies for the
identification of deposition under low oxygen (anoxic) or even euxinic ocean and pore water
conditions (Poulton and Canfield, 2005; Calvert and Pedersen, 2007; Brumsack, 2006;
Tribovillard et al., 2006).

This study goes one step further and applies a novel approach to investigating geochemistry
on a much finer scale. Light microscopy is a standard approach to investigating coarser
grained sedimentary rocks, but is of limited use when investigating fine grained lithologies,
like mudstones. The higher magnification and resolution of scanning electron microscopy
(SEM) is ideal for examining sedimentological features of mudstones, and its use is
increasing alongside a rising interest in mudstones as unconventional source
rocks/reservoirs (Camp et al., 2013). In back-scattered electron mode, SEM provides
information about micrometre scale sedimentary structures, and therefore information
about the depositional environment (e.g. presence or absence of bioturbation, location of
pyrite framboids — dispersed versus concentrated within isolated sulphate reducing
environments). When SEM is linked with energy-dispersive X-ray spectroscopy (SEM-EDX)
and automated particle analysis, it develops into a powerful tool providing chemical and
physical characteristics of 1000’s of sediment particles on the millimetre to micron scale,
which can be linked to the bulk geochemistry of the sediment horizon. For example, when
those particles are pyrite framboids, the size information can be a proxy for water column
euxinia (Wilkin et al., 1996).

Armed with this suite of inorganic and sedimentological proxies for anoxia, productivity and
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detrital material volume and composition, this study sets out to enhance the interpretation
of the paleodepositional environment in the Cretaceous EC. It is noteworthy, that these
inorganic geochemical and imaging data are interpreted alongside field observations of
sedimentary structures and lithology, provided by field geologists sub-contracted to the
sponsor of this study, Ecopetrol in Colombia. These detailed field notes enable to ground

truth the new geochemical data.

1.4 Fundamental Challenges
The basin in which the EC Cretaceous sediments were deposited has experienced deep

burial, but this was followed by tectonic inversion and the establishment of the eastern of
three Andean mountain ranges in Colombia. This poses fundamental challenges to this
study, as the majority of the inorganic proxies selected to investigate anoxia and productivity
are only reliable when taken from pristine samples which have not been exposed to air or
water during contemporary weathering. The samples studied within this thesis have been
exposed to weathering at outcrop in a tropical location and so may have lost Fe and TE
through oxidative reactions and dissolution (e.g. Perkins and Mason, 2015; Pye and Miller,
1990; Tuttle and Breit, 2009; Zhu et al. 2008; Zhu and Wu, 2012). This process is often
overlooked in studies using outcrop samples, turning this challenge into an opportunity to
investigate how strongly paleo proxies are impacted by contemporary weathering and
geochemical alteration. Artificial weathering experiments are conducted in this study to
measure and quantify the effects of outcrop weathering on geochemical proxies. Using
geochemical and visual data pre and post artificial weathering it is possible to identify
proxies which may have been more affected by weathering and therefore rank proxies by
weathering resilience. Also, the sample set is interrogated in order to identify particular
lithologies which may be more resistant to contemporary weathering. Armed with this new
knowledge a more reliable paleoenvironmental interpretation is offered as a key
achievement of this study. Identifying proxies or lithologies more resistant to the influence
of contemporary weathering is critical not only for this study, but also allows confident
interpretation of proxies in other study areas, expanding temporal and spatial coverage of

paleoenvironmental data.

1.5 Summary and thesis outline
This thesis explores the depositional environment of the EC basin throughout the

Cretaceous. It is the first detailed and comprehensive study which uses newly collected



outcrop sediment material from multiple locations in the EC to link the paleo depositional
environment of the EC to the wider Cretaceous world. The unique geography of the basin
provides new insights into the mechanisms of organic matter burial during the Cretaceous
period. The extreme level of outcrop weathering led to detailed investigations on the effects
of contemporary weathering on inorganic proxies, and their impact on paleoenvironmental
reconstructions. Building on an introduction to fundamental background information

(chapters 1-3) the different chapters of this study aim to answer key questions:
Chapters 4 and 5

e Are some inorganic proxies more reliable than others in outcrops exposed to
oxidative weathering?
e Are there mechanisms which limit contemporary weathering, and can they be used

to decide if a sample is likely to have been affected by weathering?

Chapters 6-8

e |sthe paleoenvironment inherently different in the EC compared to other time-

equivalent basins due to the more restricted and equatorial position?
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Chapter 2  Geological Context for Cretaceous Sedimentation in the Eastern

Cordillera Basin of Colombia
This chapter provides a geological context for the samples that are discussed in this thesis. It

will introduce the Eastern Cordillera basin in general, before summarising what is known
about how the basin changed over time with rifting, sea level changes, and finally
compression and uplift. The basin will also be discussed as part of the wider depositional
system which covered northern South America during the Cretaceous. The location of the
basin over time, as it moved from the Southern to the Northern Hemisphere will be tracked,

and connections to the open oceans will be discussed.

2.1 Introduction
The Eastern Cordillera (EC) basin is a back-arc basin of the ancestral Central Cordillera, Figure

2.1 (Sarmiento-Rojas et al., 2006; Maze et al., 1984; Cortés et al., 2006; Cooper et al., 1995).
The Eastern Cordillera was connected to the ocean via the now closed Colombia Marginal
Sea and was variably separated from the Caribbean by the ancestral Central Cordillera
(Figure 2.1). During periods of high sea level in the Cretaceous, the EC was also part of a
wider depositional system covering the whole of northern South America, connecting the EC
to the proto-Atlantic in the North and the Pacific in the South (Macellari, 1988; Erlich et al.,
2003). The EC is bordered by the Middle Magdalena Basin (MMB) in the West, the Llanos
Basin in the East, the Upper Magdalena Valley (UMV) in the South, and the Catatumbo Basin
(and other Western Venezuelan Basins) in the North (Cooper et al., 1995). The EC itself is
subdivided into three subbasins (Figure 2.1) two of which (Cocuy and Tablazo-Magdalena
basin) were at times separated by the Santander-Floresta Massif paleo high (Sarmiento,
2001). Detrital material arrived at the basin variously from the emergent Central Cordillera in
the West and the Santander-Floresta Massif in the centre of the basin, but predominantly
from the Guyana Shield in the East (Sarmiento-Rojas et al., 2006; Villamil, 1996; Macellari,
1988). Areas of sediment deposition were bound by normal faults which were the loci of
active rifting in the early Cretaceous, and of passive thermal subsidence in the late
Cretaceous (Fabre, 1987; Mora et al., 2015). This rifting/subsidence, combined with
generally high sea levels during the Mid-Cretaceous, provided accommodation space for up
to six km of sediments (Cooper et al., 1995; Sarmiento-Rojas et al., 2006; Mora et al., 2015).
During the Cretaceous, three depositional periods were dominated by shale. The Berriasian
to Valanginian (identified as the Lutitas de Macanal in the EC), the Hauterivian to Albian (the
Fomeque in the EC), and the Cenomanian to Campanian (the Chipaque in the EC) Figure 2.2.
11



The basin characteristics during these shale depositional periods will be discussed in this

chapter.

Following deposition of the studied sedimentary formations in the Cretaceous, interactions
between the South American continental plate and the Nazca and Caribbean oceanic plates
in the early Cenozoic caused contraction, and normal faults previously associated with rifting
were reactivated and inverted, exhuming the Eastern Cordillera mountain range from the
Miocene/Oligocene (Cooper et al., 1995; Cortés et al., 2006; Mora et al., 2015 and 2006;
Sarmiento-Rojas et al., 2006) Figure 2.3. The magnitude of crustal shortening associated with
these orogenic processes is between 50 km (Mora et al., 2015) and > 70 km (Cortés et al,
2004). This shortening, combined with associated folding and faulting, makes it difficult to
attribute present-day outcrops in the mountain range to specific locations in the EC paleo
basin. Prior to orogenic uplifting, the tectonic compression buried the Cretaceous sediments
to depths of up to 8.5 km (Mora et al., 2015), massively overprinting the sediments by
thermal maturity. After uplift, the overlying sediments were eroded away, and Cretaceous
sediments are now exposed across certain areas of the Eastern Cordillera in road cuttings
and stream beds. Deep burial and associated thermal overprint is well known to affect the
organic carbon content and composition and clay mineralogy of the original sediments and
poses a challenge to paleoenvironmental reconstructions (discussed further in Chapter 3, 6-
8). Furthermore, contemporary oxidative weathering of samples exposed at outcrop in the
Eastern Cordillera mountain range in a tropical climate may also have affected the

geochemistry (discussed further in Chapters 4 and 5).

In addition to structural deformation, the active tectonics that affected the EC basin also
caused limited, localised igneous intrusions (Sarmiento-Rojas et al., 2006; Vasquez et al
2010), and hydrothermal fluids moving along faults in the Cenozoic produced mineral
deposits (e.g. emeralds in the Macanal in the east and Fomeque equivalent formations in the
west - Villamil, 1996; Beus, 1979; Cheilletz and Guiliani 1996). These igneous and
hydrothermal processes have the potential to affect the inorganic geochemical composition

of the Cretaceous sediments, at least at the local scale, and any related interpretation.
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Figure 2.1 Approximate location of study area on a plate tectonic reconstruction from 72 Ma (from
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longitude.
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Figure 2.2 Generalised stratigraphy of formations deposited in the EC and adjacent basins. Shales are dashed lines, dots are
sandstones, open circles are alluvial fan conglomerates and vertical lines are limestones. Colours of ages are used in Figure

3.1. From Parra et al., 2009.
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Figure 2.3 Conceptual model for the development of the Eastern Cordillera Basin and orogeny. Modified from Cooper et al.,
1995. a. Early Cretaceous deposition in subsiding basin. B. onset of uplift Late Cretaceous, Paleogene. C. Modern day
topography in Colombia.

14



2.2 Depositional Environments in the EC during the Three Shale Dominated Periods
2.2.1 Berriasian to Valanginian — Macanal

The EC basin during this period was actively rifting (Fabre, 1987), allowing deposition of thick
sedimentary sequences (up to 2.5 km — Macellari, 1988; Sarmiento-Rojas et al., 2006). The
Basin was bounded by steep faults, which limited marine deposition to the Cundinamarca
Sub-basin and later the Cocuy and Tablazo Sub-basins (Cooper et al., 1995; Sarmiento-Rojas
et al., 2006) Figure 2.1. The fine marine sediments of the Macanal formation were deposited
on top of Jurassic/Lower Cretaceous coarse, fluvial material (Sarmiento-Rojas et al., 2006).
Until the Valanginian, subsidence exceeded the supply of terrestrial material, leading to
retrogradation. In the Valanginian, sediment supply increased, leading to progradation and
eventually Hauterivian turbidite fans (Sarmiento-Rojas et al., 2006). A trigger for this change
may have been eustatic sea-level fall in the Valanginian (Hag, 2014), although variable rifting
rates may have also influenced deposition. During early marine deposition, the Santander-
Floresta Massif was a topographic high which may have been a source of detrital material to
the adjacent basins (Sarmiento-Rojas et al., 2006), in addition to material derived from the
Guyana shield and emergent Central Cordillera (Villamil, 1996) Figure 2.4. Overall, Berriasian
to Valanginian basin bathymetry and geometry are sedimentologically expressed by shales in
the Cundinamarca basin and the Cocuy basin and shallow marine carbonate and alluvial and
fluvial deposits in the Tablazo-Magdalena basin (Figure 2.4). Some evaporite deposits are
observed close to Bogota (Bricefio, 1990; Branquet et al., 2002; Cortés et al., 2006). In the
rest of Northern South America, deposition was mostly continental material (sandstones and
conglomerates) Macellari (1988), therefore connections to the North Atlantic were minimal
and Pacific unlikely, however, the site was connected to the Colombian Marginal Sea (Figure
2.3 and 2.4). Based on the plate tectonic reconstructions published by the Ocean Drilling

Stratigraphic Network (http://www.odsn.de), the study was located at the western edge of

the continent of Gondwana, and was south of the equator during this period (Figure 2.5).
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Figure 2.4 Berriasian-Valanginian facies distribution. Red arrows estimate direction of detrital material. Dashed line
Colombian country boundary. B is Bogotd, V is Villavicencio and T is Tunja modified from Etayo et al., 1997. The small pink V
in the south are extrusive volcanics.
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Figure 2.5. Plate tectonic reconstruction of northern S. America at 145 Ma , showing the seaway stretching from the
Venezuelan coastline to the southern UMV, from. http.//www.odsn.de (based on data from Hay et al., 1999). Site
boundaries (red box) estimated from a length of 250 km, and northward boundary kink in North Andean plate which is the
top of the EC mountain range (Bird, 2003; Mora et al, 2015). Red and green circles are IODP and ODP drilling locations.
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2.2.2 Hautervarian to Albian — Fomeque

During the early Hauterivian, sandstones were prevalent in the EC and MMV before sea level
began to rise, leading to the deposition of fine marine deposits (Figure 2.6) (Haq, 2014;

Etayo et al., 1997; Macellari 1988). High sea level in the Aptian flooded the Santander-
Floresta Massif, merging the EC sub-basins into one continuous basin and flooding the Upper
Magdalena Valley in the south (Figure 2.7). Even after the flooding of the Santander-Floresta
Massif, this paleo high affected deposition in the EC, with shale (intercalated with sandstone,
siltstone and calcareous beds) dominating in the east (closer to primary detrital source i.e.
the Guyana Shield), and more calcareous facies in the west (which was deprived of detrital
sediment). The effect of sea level rise was likely accentuated by active rifting of the EC basin
until the Early Albian, after which passive thermal subsidence dominated (Sarmiento-Rojas
et al., 2006; Macellari, 1988, Mora et al., 2015). In the Late Albian, sea levels fell, as reflected
in general shallowing upward of sedimentary successions across the EC (Sarmiento-Rojas et

al., 2006).

Outside of the EC, deposition of marine deposits (characteristically interbedded with
evaporites) extended over increasingly large areas of Venezuela and Colombia, connecting
the EC to the tropical North Atlantic in the north and the Pacific in the south by the Albian,
creating an epicontinental seaway which persisted until the Santonian (Macellari, 1988;
Etayo et al., 1997; Erlich et al., 2003) Figure 2.6 and 2.7. The study area was south of the
equator at the start of the Aptian, but by 120 Ma the northern portion had migrated to

north of the equator (Figure 2.8).
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Figure 2.6 Hauterivian-Barremian facies distribution. Red arrows estimate direction of detrital material. Dashed line
Colombian country boundary. B is Bogotd, V is Villavicencio and T is Tunja. Red lines are faults, red lines with a T are
transform faults. Modified from Etayo et al., 1997
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Figure 2.8 Plate tectonic reconstruction of northern S. America at 125-120 Ma, showing the seaway stretching from the
Venezuelan coastline to the southern UMV, from http://www.odsn.de. Site boundaries (red box)

2.2.3 Cenomanian to Campanian
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From the Cenomanian to the Turonian, global sea level rose to its maximum before generally
falling for the remainder of the Cretaceous (Haqg, 2014). This eustatic sea level rise is also
expressed in the EC, with maximum transgression expressed as marine deposits across the
majority of northern South America, including some parts of the Guyana Shield (the Llanos
Basin) until the Coniacian/Santonian (Macellari, 1988: Sarmiento-Rojas et al., 2006; Etayo et
al., 1997; Cooper et al., 1995) (Figure 2.9, Figure 2.10). Tectonics also played a role in relative
sea level evolution in Colombia in the Late Cretaceous. Subduction of the Caribbean plate
under the Central Cordillera caused subsidence in the EC basin and uplift in the Llanos basin
during the Cenomanian (Sarmiento-Rojas et al., 2006). The effect of these tectonics can be
seen in the lithology (Figures 2.9 and 2.10) with coastal/alluvial deposits in the Llanos during
maximum eustatic sea level and marine deposits in the Coniacian as global sea levels are
falling (Figures 2.9 and 2.10). From the Santonian/Campanian onwards, there was a more
pronounced regression enhanced by uplift of the Central Cordillera in the west (Macellari,
1988; Villamil, 1998; Cooper et al, 1995), and marine facies were no longer deposited in the
Llanos Basin (Figure 2.11). The uplift of the Central Cordillera provided increased detrital
input and partly constrained the EC basin in the west by closing the Colombia Marginal Sea

(Macellari, 1988).

There is evidence of upwelling across northern South America during the Cenomanian to
Campanian by the deposition of chert, either interbedded with shales and siltstones up to
100 m thick (the lower Campanian Lidita Superior formation; Macellari, 1988; Villamil and
Arango, 1998; Villamil et al,. 1999; Erlich et al., 1999; Cooper et al., 1995). Phosphatic
lithologies are also prevalent (Follmi et al., 1993; Cooper et al., 1995). Other geochemical
characteristics are layers of iron-rich concretions in the EC and MMV, representing
condensed sections during sea level high stands in these sediment-starved basins (Macellari

1988; Villamil, 1999).

Figure 2.12 shows that by the start of the Cenomanian, the South Atlantic has opened, and
therefore the study area is no longer at the western edge of the super continent Gondwana.
Half of the study area was south of the equator at the start of the Turonian, then gradually
migrated across the equator towards the north reaching a maximum of 3 or 4°N in the at the

start of the Santonian.

Some igneous intrusions were emplaced during the Cenomanian and Campanian in the

Cundinamarca sub-basin (Vasquez et al., 2010). Also, sub-aerial volcanic activity led to the
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deposition of single and bundled bentonite layers, which are laterally continuous at the

Cenomanian/Turonian (C/T) boundary (Villamil, 1999; Villamil and Arango, 1998).

2.3 Conclusion
Cretaceous sediments deposited within the EC hold information about a variety of

paleoenvironmental influences. The EC basin had a complex history regarding its connection
to the open ocean, due to local tectonics and global sea level fluctuations. The EC was at first
relatively isolated in the Early Cretaceous but later became part of an epicontinental seaway
linking the Atlantic and Pacific for the majority of the Albanian till the Santonian.
Uncertainties about connections to the open ocean relate to: the nature of the now extinct
Colombial Marginal Sea in the west, which may have connected the EC to the proto-
Carribean and; the exact timing, lateral extent and topography of the ancestral Central
Cordillera, which may have confined the EC in the west. Geochemical results in this project,
particularly relating to Mo (see Chapter 8) provide some additional information about ocean
connections. The water depth of the basin likely varied through its history, also relating to
tectonics (active rifting in Early Cretaceous, passive subsidence in Mid-Late Cretaceous, Late
Cretaeous compression) and global sea levels. As mentioned in Chapter 3, water depth is
difficult to constrain given the basin closure and uplift and the lack of preserved macro and
micro fossils. The study area moved generally northward across the equator during the
Cretaceous, and this may have resulted in changes in the dominant wind directions. These
changes should have affected the supply of nutrients to the photic zone and ventilation of
the water masses, and so ultimately the amount and quality of organic matter deposited on

the sea floor.

After deposition, deep burial of the Cretaceous sediments likely caused alterations to this
organic matter and the clay mineralogy. Finally, uplift and exposure of the sedimentary rocks
at outcrop could have affected geochemical proxies. An understanding of how these post-
depositional processes affect inorganic geochemical proxies is vital for robust

paleoenvironmental interpretations.
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Figure 2.9 Cenomanian facies distribution. Red arrows estimate direction of detrital material. Dashed line Colombian
country boundary. B is Bogotd, V is Villavicencio and T is Tunja. Red lines are faults. Modified from Etayo et al., 1997
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Figure 2.12 Plate tectonic reconstruction of northern S. America at 100-72 Ma, showing the seaway stretching from the
Venezuelan coastline to the southern UMV, from http://www.odsn.de. Site boundaries (red box).
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Chapter 3  Material, Analytical approach, and Methods

3.1 Introduction
This chapter introduces the material studied in this thesis, i.e., the location, the stratigraphic

and geological context of the samples. This first part of the chapter is based on information
provided by Ecopetrol. Subsequently, the analytical approach is explained, based on a short
literature review of inorganic proxies for reconstructing the paleoenvironment. Finally, the

analytical methods are presented.

3.2 Sample Material
3.2.1 Introduction to fieldwork
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Figure 3.1 Location figure, showing location of samples, the basins and some major faults. Adapted from Map of Colombia,
Gomez et al., 2015.

ICP-Ecopetrol S.A. contracted a geological consultancy agency (Georex S.A.S., hereafter
called Georex) to collect new field samples for this project and to provide a detailed
documentation of the geology of the outcrops. Nine outcrop sections were visited.
Summaries of the outcrop locations and formations are included in Table 3.1. An estimate of
palaeo-water depth is also included in Table 3.1. The figures of palaeo-water depth were
provided by Ecopetrol, however no information has been provided as to how this figure was
generated. They are included here only to allow comparison between the sections, as it is
presumed that similar methods were used to estimate water depth at each location. Their
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locations are shown in Figure 3.1. As discussed in Chapter 2, the basin has undergone
considerable shortening since deposition and so the current locations of sections in Figure
3.1 are not the original depositional locations in the basin. A kinematic reconstruction was
carried out by Mora et al. (2015) and the approximate locations of the sections within the
basin before shortening are shown in Figure 3.2, and is based on the section position
between faults.

Table 3.1 Summary of the location, type and formation of sampled outcrops from information provided by Georex. Palaeo-
water depth was also provided by Ecopetrol and is included here in order to provide context.

Noted EC Palaeo- Outero Thickness
Section . Equivalent Flank of basin water depth P of section
formation . type
Formation (m) (m)
Algodones Macanal Macanal Eastern 20 Stream 579
Quemado Macanal Macanal Eastern 60 Ro§d 238
cutting
Pedegral Fomeque Fomeque Eastern 15 Stream 300
Cantonera Fomeque Fomeque Eastern 12 Stream 386
. . Road
La Marina Paja Fomeque Western 30 o§ 893
cutting
La Cristalina Simiti/La . Road
1 Frontera Chipaque Western 100 cutting 372
La Cristalina Paja/Hilo Fomeque Western NA Roa'zd 151
2 cutting
L istali R
a Cristalina Simiti/Paja/Hilo Fomeque Western NA oa?d 307
3 cutting
Unidad
La Cristalina intermedia de . Road
4 Shales/ Ruedas Chipaque Western 120 cutting 1706
de Carretera
Zipa Ruedas de Chipaque Western 110-120 Ro§d 80
Carretera cutting
. . Road
El Crucero Chipaque Chipaque Eastern 25-50 . 750
cutting
. . Road
Pescana Chipaque Chipaque Eastern 25-30 . 371
cutting
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Figure 3.2 Kinematic reconstruction of the EC basin at 58 Ma, prior to shortening. Approximate location of Pescana is plus
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Cantonera. Star is Algodones and Quemado. Modified from Mora et al. (2015).

These sections were logged in the field by Georex, and this information was compiled in nine
reports. Fuller translations of the sedimentological descriptions and interpretations are
included in Appendix A. The logs are summarised in Table 3.2.

Table 3.2. Table summarising the Georex S.A.S reports and logs

. A Minerals . . L. .
Section Description Bioturbation Facies interpretation
present
Mudstone and siltstone with Ichnofossils and
occasional bands of sand, homogenised beds
which increase in number occasionally noted, Tidal plain, developing
Algodones | and thickness towards the Mica often associated to pro-delta,
top of the column. Fossils of with sand beds. submarine fan at the
ammonites, bivalves and Planar, undulating top of the column
plant remains. or no lamination
Mudstone and siltstone with
thin beds of sandstone and . . . .
. Mica pyrite, . . Hemi pelagic
siltstone, however one . No bioturbation .
. . phosphatic submarine fan
Quemado | section 50m is monotonous. . noted. Mostly L .
. . lens (with . developing into distal
Ammonite and bivalve planar lamination.
. . pellets) prodelta
impressions and plant
remains observed
Calcareous and siliceous
mudstone with silt and sand
beds of which generally
increase in number and Pyrite Protected internal
frequency towards the top y . platform, mudflats,
(disseminated . . . .
of the column. and nodules) Ichnofossils noted tidal plain, sometimes
Packstone/wackestone beds o in the base of the hypersaline,
gypsum (veins . .
La Marina also present at the top of the and column, rare sometimes influenced
column. . . bioturbation during | by open ocean (tides
. disseminated), .
Plant remains, . the rest of the or swells) or with
. . . mica, Fe . . . .
ammonite and bivalve fossils . . depositional period | increased input from
. oxides, veins . .
(sometimes only fragments, . hinterland (tidal
. . of calcite
sometimes concentrated in streams).
fossiliferous beds). Some
depths completely fossil
free.
Pedregal | Periods alternating Muscovite, Lamination only Internal to middle
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Minerals

Section Description Bioturbation Facies interpretation
present
mudstone and sandstone glauconite, occasionally platform shallowing to
beds (up to 10 m thick), rare preserved. littoral zone at the top
other periods alternating phosphatic Occasional of the section.
mudstone and wackestone lens ichnofossils
beds. Thinner sandstone
beds are located at the base
of the column, alongside
carbonate beds. Leaf
fragments, fossils of mollusc,
ammonite, bivalve (often in
fragments) fish fragments,
oil staining, interclasts and
coal fragments noted.
Black mudstone (some beds
calcareous at the base of the . Base of column
. ) Ichnofossils present | .
column) with mostly fine . internal to external
. . occasionally,
sand, siltstone and Muscovite, L platform, towards the
Cantonera . lamination only .
wackestone beds. Plant glauconite . top, mostly fluctuating
o occasionally
remains, interclasts, shell between shoreface
preserved . . .
fragments noted and and intertidal plain
occasional fossil rich beds
Chert (dominating the top
half of the section) and
La mudstones (calcareous and . Outer shallowing to
s - . . Limited ) .
Cristalina | siliceous). Fossils of Mica . . inner continental
. . bioturbation.
2 ammonites, bivalves and slope
benthic and planktonic
foraminifera noted
Relatively monotonous dark
grey mudstone and siltstone
siltstone dominatin Pyrite -
( & yrite, Limited
La towards the top), often calcareous . . . .
. . . bioturbation, but Mid-outer continental
Cristalina | calcareous sometimes nodules, veins .
- . . occasional slope
3 siliceous (with chert of calcite, . .
. . ichnofossils present
present). Fossils of mica
ammonites and bivalves
noted.
Relatively monotonous
mudstone and siltstone
(mostly calcareous but Planar lamination
sometimes siliceous with occasionally
La . . . . . .
Cristalina chert. Ammonites, bivalves, Muscovite, undulating, Mid-outer continental
1 and planktonic foraminifera pyrite bioturbation slope
occasionally beds are concentrated in the
fossiliferous (with top of the column
mechanical concentration
suggested).
Mudstone and siltstone
calcareous and siliceous (thin
beds of chert). ). Mudstone Calcareous Mostly planar
La dominates in the top portion | and pyrite lamination, Distal delta deepening
Cristalina | of the column. Two layers of | nodules, bioturbation only to mid-outer
4 volcanic tuff noted. muscovite, noted in one continental slope

Ammonites, bivalves and fish
scales (occasionally in
fossiliferous layers),

veins of calcite

instance
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. I Minerals . . . .
Section Description Bioturbation Facies interpretation
present
occasional bed rich in
foraminifera noted.
Mudstone, siltstone (often
intercalated with planar .
. Repeated successions
parallel lamination), shallowine from
periodically dominated by Muscovite, Sandstone beds & .
. . . . . offshore, transition
thick, often bioturbated phosphatic bioturbated, finer .
and shoreface, with
Crucero guartz sandstone beds fragments and | beds often planar .
. . . . the dominance of
(increasing in dominance sandstone parallel without . .
. . shoreface increasing
towards the top of the beds bioturbation
) up Storms concentrate
column). Plant remains, hosohatic fragments
fragments of shells and fish phosp &
remains
Mudstone with siltstone
laminations with medium to
fine grain quartz sandstone . Repeated successions
. Occasionally .
beds and occasional . . . representing
. micaceous. Bioturbation and .
limestone/calcareous bed. . . . shallowing upward
. Glauconite, ichnofossils
Pescana Fossils rare although there . . e 1 sequences from
. - thin identified in most .
are occasional fossiliferous . . offshore transition to
. phosphatic sections
beds (bivalve, gastropods). lower shoreface or
beds . . .
There are three intertidal plain
condensation levels (two are
phosphatic)
Mudstones and some .
. . Offshore transition to
siltstones at the base turning N . .
- Planar lamination inner-middle
siliceous and calcareous . .
. Phosphatic preserved —no continental shelf —
(some chert) in the top . .
. . . . beds (pellets), | Occasional burrow under the influence of
Zipa portion. Fish, planktonic . . .
L . pyrite and homogenised upwelling and post
foraminifera, bivalve and . . S e e
. . concretions bed base towards diagenetic silicification
ammonite noted. Benthic the to in the half portion of
foraminifera noted at the P- . P
top the section

3.2.2 Sample selection

A total of 1990 samples were collected during the field campaign. As there were set

deadlines for the submission of geochemical interpretation to Ecopetrol, a smaller subset of

samples was selected for more detailed geochemical analysis (summarised in Table 3.3).

Ecopetrol provided TOC and Rock-Eval pyrolysis data, and a general description of the

samples (shale or sandstone), forming the basis for the sample selection for this project (see

Marin, 2017, for more details). A sample resolution of approximately 1 sample every 10 m

was targeted and achieved in most sections. Samples for microscopy were chosen to have

the most representative geochemistry (closest to average per section in terms of TOC, bulk,

trace and Fe geochemistry).
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Table 3.3. Summarises the number of samples available and analysed, and their approximate resolution.

No. Fe SEM Sample

Section Samples | XRF speciation CNS/LECO Microscopy XRD resolution

collected (m/sample)
Algodones 211 22 22 22 1 6 10
Quemado 117 12 12 12 1 5 10
Pedegral 109 16 16 16 2 6 7
Cantonera 195 24 24 24 - 7 8
La Marina 419 21 21 21 1 - 20
ta 471 | s0 50 50 1 i 9

Cristalina

El Crucero 234 26 26 26 1 6 9
Pescana 131 17 17 17 1 6 8
Zipa 103 20 20 20 1 6 5

A number of other samples were also analysed as part of a pilot study (summarised in Table
3.4). These samples do not have the same detailed background information (field report and
logs, and higher resolution bulk organic geochemical data) and so are not included in the
main body of the text. They are referred to when considering the whole of the EC. A set of
immature, larger volume samples was taken from the Quebrada Vara Santa (QVS) and
Paramo Guina (PG) section during a short field campaign (carried out in June 2014). A
sample from QVS which appeared to not be affected by contemporary weathering was
chosen for the weathering study (Chapter 4). Quebrada Vara Santa and PG were studied in
detail by Blanco (2012). All additional samples were taken from the Chipaque formation or

the MMV time equivalent of the Chipaque.

Table 3.4. Summarising details of additional samples, the data from which is not considered part of the main data set.

Section Basin | Outcrop | No. XRF Fe | ens/LECO
type Samples speciation
Quebrada Vara Santa EC Stream
8 8 8 8
(Qvs)
Paramo Guina (PG) EC Roa?d 7 7 7 7
Cutting
La Luna-1 MMV | Borehole 14 14 14 14
Coyote-1 MMV | Borehole 4 4 4 4
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3.2.3 Thermal Maturity
Full and thorough analysis of the maturity of the samples is discussed in the corresponding

PhD (Marin, 2018). An estimation of thermal maturity and burial depth, based solely on
vitrinite reflectance data (provided by Ecopetrol), Tmax from Rock-Eval Pyrolysis data
(provided by Ecopetrol) and literature information is included in Table 3.5, and published
within Buckman et al. (2017). Samples with vitrinite reflectance over 0.5-0.7 have entered
the oil window and lost at least some of the organic carbon originally buried within the rock
(Tissot and Welte, 1984). Clay transformations also occur beyond 122°C (Hurst, 1985) and so

any clay detected may not be an original signature beyond this burial temperature.

Table 3.5. Summary of information on thermal history from the selected sample set based on new data (Tmex and Vitrinite
reflectance) and reported maximum burial depth and temperature from Mora et al. (2015). The data from Mora et al.
(2015) is estimated from vitrinite reflectance with a paleo thermal gradient of 20-25°C from Parra et al. (2009). The data are
from specific locations in the basin and are applied here to sections of the same age. Mora et al. (2015) discuss
heterogeneity in burial rates across the basin, however, information is included to provide a general idea of the extent of

burial.
. . Average Vitrinite Estimated burial Max burial
Section Tmax (°C) Reflectance depth (m) temperature
(%Ro) (°c)
Algodones 361 (118) 4.5 (3) 8500 249+8
Quemado 359 (98) 4.0 (3)
Pedegral 523 (87) 1.7 (2) 7000 237+ 20
Cantonera 586 (154) 1.9 (3)
La Marina 471 (68) 2.0(2) 7000 237420
La Cristalina 2 459 (52) 1.3 (3)
La Cristalina 3 512 (134) 1.6 (3)
La Cristalina 1 454 (188) 1.0 (3) 4800 162 + 25
La Cristalina 4 468 (96) 1.3 (3)
El Crucero 481 (151) 1.0 (3) 3500-4000 115 + 17
Pescana 434 (38) 0.6 (3)
Zipa 463 (91) 1.1 (6)
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3.2.4 Age of samples

Ecopetrol provided information about the age of samples which are summarised in Figure
3.3. As there is a limited amount of biostratigraphy, ages are largely based on
lithostratigraphy and correlation of the new sections to existing ones where biostratigraphy
is better constrained. Where more detail was provided in Georex/Ecopetrol reports, it is
included here. In the lower portion of Pedregal, fauna previously identified by Julviert (1968)
as Barremanian were observed (the bivalve Trigonia). In Cantonera, the ammonite
Chelonicera (Barremian-Aptian age according to Etayo and Caceres, 1969) was described. In
La Cristalina 4, a bed of chert (which is a regionally correlative horizon) marks the top of the
Turonian. In Crucero, the top of the Turonian is inferred by a switch to the dominance of
sand beds, as this correlates to similar lithology changes in better-constrained sections
(Vergara, 1997). Above the top of the Santonian in Crucero, the dinoflagellate
Dynogymnium, given a Santonian to Campanian age, is identified. Given the lack of definitive

biostratigraphy, stage boundaries are taken as tentative within this thesis.
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Figure 3.3 Age of the different sections from Ecopetrol lithostratigraphy.
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3.3 Analytical Approach
A wealth of information exists on the inorganic geochemistry of shales. Here a literature

review of methods to investigate the type and volume of detrital material, proxies for
productivity and for redox which utilise inorganic and sedimentological data is presented.
Armed with these data, a picture of the paleo depositional environment of the EC during the
Cretaceous can be formed, providing information about how these organic rich mudstones
could develop. An approach is presented to compare the EC to other Cretaceous deposits to

see if the paleoenvironment of the EC is inherently different.

3.3.1 Detrital Material

Organic carbon contents (and the contents of TE used as proxies) in marine sediments can
be significantly and variably diminished by dilution of organic-poor material, which is often
siliciclastic sediment of terrestrial origin. It is therefore important to account for the fact that
this dilution can variably affect different samples within a stratigraphic section. A standard
approach is to normalise all data to a terrigenous reference element (Calvert and Pedersen,
2007; Martinez et al., 1996; Beckmann et al., 2005; Wagner et al., 2007; Hofmann et al.,
2008; Marz et al., 2008; Marz et al., 2009; Poulton et al., 2015). Aluminium is commonly
chosen because its concentration in igneous and metamorphic rocks is relatively similar (so
should not be significantly influenced by variations in the lithology of the hinterland) and its
content in average shale is similar to bulk upper crust, which emphasises its conservative
behaviour during weathering (Taylor and McLennan, 1985). Also, Al is relatively abundant in
marine sediments (average shale 16.7 %, Wederpohl, 1971), making it easy to quantify. In
sediments, Al is dominantly contained in aluminosilicate phases (Calvert and Pederson,
1993), which is often the main diluting phase in marine sedimentary basins. Aluminium also
does not significantly participate in any diagenetic or biological processes (Brumsack, 2006).
Aluminium is also important for identifying authigenic enrichments. If within a number of
samples, an element correlates well with Al, it is likely that this element entered the basin by
the same transport mechanism and from the same source —i.e. with the fine-grained detrital
siliciclastic phase. If it does not correlate, its content is likely controlled by some other
mechanism (e.g. redox conditions, organic carbon export, winnowing) (e.g. Marz et al.,

2009).

The relative proportion of fine versus coarse detrital material which arrives at the sea floor

can provide useful information about the climate and depositional environment. The
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delivery of coarser grains requires more energy, therefore grain size distribution can provide
information about proximity to shore or the intensity of the hydrological cycle (Schmitz
1987, Martinez et al., 1996; Calvert and Fontugne, 2001; Hofmann et al., 2008; Hetzel et al.,
2011). In an effort to directly measure grain size in the new Colombian samples,
disaggregation (via the freeze-thaw method of Yang and Aplin, 1997) of pilot samples was
attempted (full details available in Appendix B). This approach was unsuccessful, likely
because of compaction and fusion of the grains due to their deep burial (see Table 3.5) or
cementation (probably by siliceous cement). A chemical approach for estimating grain size

distribution was investigated.

Since quartz (SiO2) is often the dominant component of the coarser fraction of a sediment
(as quartz silt and sand), Si contents can be used to estimate the silt and sand contents of a
rock. Evidence that the majority of sand and silt in the EC is quartz comes from the low
values of other minerals detected in XRD (e.g. maximum feldspar content noted 7%) and the
field description identifying most sandstone beds as quartz sandstones. In order for a Si
proxy for coarse grains to be useful, it is first important to discount the proportion of Si
which is present within clays. Empirically, the maximum Si content within a sample which is

pure clay is likely to be 25% (lllite, empirical formula
0.6(H30)0.4Al1.3Mdo.3F€2*0.1Si3.5010(OH)z2: (H20)).

A mudrock with less than 25% Si may, therefore, contain pure illite clay, or a mix of clay,
quartz silt and sand. On the other hand, a sample with greater than 25% Si certainly contains
another source of Si — most likely quartz sand and silt. Ecopetrol commissioned XRD analyses
on a number of samples and therefore this approach can be tested by comparing the quartz
results in XRD analysis on the >2um fraction to Si contents measured by XRF. In Figure 3.3, it
is shown that this method significantly underestimates the sand fraction. This is likely
because there is a varying amount of quartz within the sub-25% Si proportion of the

sediment. Hence, another approach is required.

The dominant source of Al to the sediments is within clay minerals, so Si/Al may offer a
better grain size proxy than Si alone (Calvert and Pederson, 2007). Silica/Al ratios are
different in different clay minerals. Kaolinite has a stoichiometric Si/Al ratio of 1, whilst
smectite and illite have a stoichiometric Si/Al ratio of 2 (natural samples measured by
Mermut and Cano, 2001; Nadeau and Bain, 1986 and Saika and Parthasarathy, 2010 yielding

similar results). Small variations in Si/Al, even in pure clays, consequently need to be taken
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into account when applying this approach. In this project, the Si/Al ratio was used to
estimate sand fraction, with values greater than 2 (the highest likely in a pure clay sample)
representing Si enrichments, likely in the form silt or sand sized quartz. These Si/Al ratios
have been compared to an artificial sand-shale mix in order to validate the estimated sand
content in our samples (Figure 3.4). Although the correlation between estimated sand
fraction (by XRF) and measured sand fraction (by XRD) is not linear (Figure 3.5), the results

are more promising than using Si content alone.

Silica can be delivered to marine sediments not only within siliciclastic material but also as
biogenic opal, in the tests of radiolarians and diatoms. In order to discount these marine
biogenic effects, Si can be corroborated with Zr (only significantly enriched by the presence
of zircon, a heavy mineral) and Ti (in rutile crystals) both of which accumulate in the coarse
fraction due to their high specific densities. These grain size proxies have been widely used
to understand variations of run-off into basins due to hydrological variability (Schmitz 1987,
Martinez et al., 1996; Schnieder et al., 1997; Calvert and Fontugne, 2001; Mutterlose et al.,
2003; Hofmann et al., 2008; Hetzel et al., 2011). Ti/Al can be biased by differences in
sediment provenance, as Ti is contained within numerous aluminosilicate fractions (including
clay) as well as rutile and other titaniferous materials (Calvert and Pederson, 2007).
Therefore, in order to ensure that estimated sand fractions are not overestimated by the
presence of biogenic Si, the samples are first ‘filtered’ by correlation with Zr (Hofmann et al.,
2008), the underlying assumption being that samples which do not correlate with Zr may

have an additional input of Si not related to grain size, including biogenic opal.
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Figure 3.4 Quartz sand and silt content estimates by XRF (all Si greater than 25% - taken as the maximum in pure clay),
compared to quartz identified in the > 2um fraction by XRD (converted to wt% Si). Note that the excess quartz tends to
underestimate Si measured in XRD and the poor r2 value. This is likely due to the presence of amorphous Si detected in XRF
and not in XRD (eg biogenic Si) and the chosen value of 25% above which to count as excess. A sample with 25% Si is likely to
contain a variable proportion of quartz and clay and so this method will always underestimate sand fraction. XRD data from
Ecopetrol commissioned report — Gomez Caro and Carrefio Parra, 2015.
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Figure 3.5 Results of sand spiking. A shale sample from the basin with no visible sand was spiked with varying amounts of
pure quartz sand. Note that the unspiked clay has Si/Al value slightly greater than 2, suggesting either a smectite/illite clay
with a small amount of sand or a kaolinite clay with quite a bit of sand. The straight line equation was used to calculate
sand fraction based on Si/Al. Note that the fit of the line is not perfect. This is likely due to slight errors during weighing.
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Figure 3.6 Calculated quartz fraction compared to XRD quartz fraction for a limited number of samples. Note that there are
some very high quartz values unexpected in very fine grain dark mudrocks. There are also 2 values with over 100% quartz
content. These discrepancies will be discussed in Chapter 8. XRD data from Ecopetrol commissioned report — Gomez Caro

and Carrefio Parra, 2015. Again there is considerable scatter, and this method still slightly under estimates quartz content

compared to XRD, however this method was taken forward for use within the project.

Additional information which may be found within the detrital fraction includes variations in
the extent of paleo chemical weathering in the hinterland. Potassium, Ca and Na are
preferentially leached from feldspars during paleo chemical weathering (leading to the
formation of clay minerals), controlling the chemical index of alteration (CIA, Nesbitt and
Young, 1982; Fedo et al., 1997). Clay minerals derived from extensive paleo chemical
weathering (warm and humid climates with high precipitation) or from the weathering of a
very old, highly weathered hinterland are low in Ca, Na and K (and high in kaolinite) leading
to a high CIA, whereas slow weathering under cold conditions and low precipitation or
weathering of fresh crystalline material results in clay richer in Ca, Na and K (and so lower

CIA values) or feldspar grains reaching the sediments. Consequently, variations in the CIA of
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a sediment (or derivatives, e.g. K/Al, clay mineral contents) may reflect variations in
hydrological regimes linked to regional or global climate (e.g. Nesbitt and Young, 1982;
Schnieder et al., 1997; Zabel et al., 2001; Flogel et al., 2008; Beckman et al., 2003; Hofmann
and Wagner; 2013), or variations in the source of detrital material (Campos Alvarez and
Roser et al., 2007). In this project, a wide variety of mudstones are analysed, including
carbonate rich and carbonate poor mudstones. Values for CIA are amended to discount the
Ca contribution from CaCOs by using a calculation derived by Fedo et al. (1995). In carbonate
rich samples from this project, this calculation often produced negative numbers for Ca,
indicating that the lithology was not conducive to this amendment. It was decided that Ca
would not be included in any of the CIA calculations (modified term CIA*) as per Flogel et al.
(2008). Flogel et al. (2008) studied paleo chemical weathering using CIA* in two Cretaceous
low latitude locations. One (from Demerara Rise) is associated with a watershed which
should be geochemically similar to the watershed for the EC — the Guyana Shield - and is
useful for comparison. Also, Kronberg et al. (1986) reported data from contemporary
Amazon River suspended sediment, which provide a comparison as to the extent of modern
day tropical weathering of the Guyana Shield (as well as other geological provenances in

northern South America).

3.3.2 Productivity

In a general way, periods of enhanced primary productivity, for example in areas of
upwelling, can be inferred from the amount of biogenic material within the sediment,
including TOC, CaCOs or biogenic Si content (Schneider et al., 1997; Davis et al., 1999; Marz
et al., 2008). Some trace metals offer additional proxies for productivity. It has been shown
that Ba is incorporated into marine sediments with high TOC flux as barite (BaSQOa), and so
barite is enriched in high productivity regions (Goldberg and Arrhenius, 1958). The reason
for this apparent biogenic enrichment is not yet clear (see Calvert and Pedersen, 2007, for a
review). Despite its regular use in paleo oceanographic research (Schnieder et al., 1997;
Ganeshram, 1999; Villamil et al., 1996; Davis et al., 1999), there are a number of limitations
and uncertainties to be considered when using Ba. Barite readily dissolves in the absence of
sulphate and so can only be reliably used in sediments that were not affected by sulphate
reducing conditions (Brumsack, 1986; Ganeshram, 1999; Henkel et al., 2012). Barite can also
be supplied to the sediments via detrital material, and so variations may relate to detrital

input, not productivity. Copper, Ni and Zn are all micro nutrients and are therefore
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incorporated into organic matter (Whitfield, 2002), a portion of which enters the sediments
(Calvert and Pedersen, 1993; Algeo and Maynard, 2004; Boning et al., 2004). They also have
oxidised species which adsorb onto, or complex with, organic matter (Achterberg, 2003).
Organic particles then shuttle these metals to the sediments, where they are released as OM
is degraded, and can form metal sulphides or be incorporated into pyrite (Gregory et al.,
2015; Huerta Diaz and Morse, 1992) which is well preserved in the sediments. These
elements have been commonly used as paleo productivity proxies (e.g. Nameroff, 2002;
Perkins et al., 2008), however, the redox state of the depositional environment must be
taken into consideration before they are applied. As Ni, Cu and Zn are hosted within
pyrite/form metal sulphides, they may becomeenriched in the presence of sulphide
(anoxic/euxinic conditions) even in the absence of high productivity. It may, therefore, be

difficult to detect changes in productivity in a depositional setting with varying redox.

Phosphate rich sediments have also been used as indicators of high productivity (e.g. Follmi
et al., 1992; Mort et al., 2007). Phosphorous is a major nutrient, and like Cu, Ni and Zn, it
enters the sediments with organic biomass. It is efficiently recycled by microorganisms but
can precipitate when high concentrations are reached, which can be the case in upwelling
areas (Follmi et al., 1992). In marine sediments, the dominant host for P is carbonate
fluorapatite (Ruttenberg and Berner, 1992) although minor amounts are contained within
fish debris, OM and adsorbed onto Fe-oxy(hydr)oxides. Redox conditions also affect
sedimentary P concentrations, and P can more efficiently escape from sediments under

anoxic conditions (Ingall et al., 1993; van Cappellen and Ingall, 1994).

3.3.3 Redox
In this section, a number of proxies commonly used to investigate bottom water redox
conditions are presented. These proxies rely on the change in speciation of an element when

exposed to oxygen, and when they are reduced.
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Trace element based redox proxies

Manganese arrives in the ocean as (oxyhydr)oxide coatings on grains (clay or siliceous tests)
(Burdige et al., 1993) or within submarine hydrothermal fluids (Aller, 1990), although
diagenetic recycling plays an important role with marine sediments themselves also being an
important source (Burdige et al., 1993). In an oxic water column, Mn exists as Mn3* and Mn**
Mn oxy(hydr)oxides which are insoluble, and so Mn is enriched beneath an oxic water
column as Mn is hosted within oxy(hydr)oxides whichh accumulate in the sediments
(Burdige et al., 1993). Under an anoxic water column, and when oxygen does not penetrate
deeply into the sediments, Mn dissolves and is not preserved in the sediments (Calvert and
Pederson, 1993; Marz et al., 2009). Due to these processes, enrichments or depletions in Mn
can preserve information about bottom water redox conditions in the sedimentary record
(e.g. Calvert and Pederson, 1993; Marz et al., 2009). Manganese depletions are less
effectively preserved in coastal environments where high OM input and degradation makes

the O; penetration depth shallower than in pelagic settings (Froelich et al., 1979).

In an oxic water column, U exists mainly as soluble U(VI) (Klinkhammer and Palmer, 1990), so
little U accumulates in the sediments under oxic conditions. Uranium accumulates in anoxic
sediments by diffusion across a concentration gradient, where it is reduced to U(IV) which is
insoluble and is hosted in the sediment sorbed to particle surfaces (Klinkhammer and
Palmer, 1991; Cochran et al., 1986). Enrichment in U is, therefore, a valuable proxy for
anoxic sediments (Algeo and Maynard, 2004; Follmi et al, 2012). However, as per Cu, Ni and
Zn, U(VI) can be sorb to organic matter in its oxidised form and so U maybe enriched in high
productivity, oxic conditions (Anderson, 1982; McManus et al., 2003, Calvert and Pederson

1993).

In oxic marine settings, V exists mainly as vanadate V(V) (soluble in oxic marine waters)
(Breit and Wanty, 1990). In mildly reducing waters or sediments, V accumulates in sediments
when V(V) is reduced to vanadyl (IV) which is less soluble. When H,S is present in the water
column or the sediments V can accumulate to a greater extent asinsoluble V(lIl) is form,
which also competes with sulphide forming metals which complex to OM (Wanty and
Goldhaber, 1992; Calvert and Pederson, 1993). High concentrations of V within a sediment
have been used to deduce anoxic bottom waters (Wagner et al., 2007; Marz et al., 2008;
Hofmann et al., 2008; Marz et al., 2009; Hetzel et al., 2011; Follmi et al, 2012). Similarly to U,

V can also be associated with organic matter in an oxic water column, however the process
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is much more efficient in midly reducing waters, amplifying rather than complicating the use

of V as a redox proxy (Brett and Wanty, 1990).

Chromium exists in oxic seawater as soluble Cr(VI) chromate (Elderfield, 1970). In anoxic
settings, Cr(VI) is reduced to Cr(Ill) which forms hydroxyl cations (Elderfield, 1970) that are
reactive and adsorb to Fe and Mn oxy(hydr)oxides as well as to organic acids in OM as they
sink through the water column and is hosted within the sediments adsorbed to these
sediment components (Calvert and Pederson, 1993). Cr does not become incorporated
within pyrite (Huerta-Diaz and Morse, 1992), and so enrichments are not often preserved. Cr
has been used to identify ferruginous conditions (Reinhard et al., 2012), where chromate is
reduced and fixed as insoluble (Fe, Cr)(OH)s (Eary and Rai, 1989). Due to its numerous
detrital sources, variations in sediments have been linked to detrital material (Hild and
Brumsack, 1997). This may reduce its use in proximal sediments where detrital material

dominates.

In an oxic water column, Mo exists as the dissolved molybdate ion, which is relatively
conservative, but can accumulate in low concentrations in sediments adsorbed or co-
precipited with Mn-oxyhydroxides (Scott and Lyons, 2012). Molybdate ions alter at certain
concentrations of H,S (a geochemical switch), changing to the more particle-reactive
thiomolybdate, which is scavenged by detritus (including organic matter) as it sinks to the
seafloor, enriching sediments in Mo within OM or directly precipitated as a sulphide mineral
(Helz et al., 1996). Thiomolybdate forms in a stepwise manner, requiring persistent H,S
exposure to form the most stable tetrathiomolybdate, therefore Mo enrichments require
long-term, non-seasonal euxinic conditions (Erikson and Helz, 1999). Mo enrichments have
therefore been used to indicate long term euxinia. Scott and Lyons (2012) collated Mo data
from numerous modern basins with varying redox states and suggest Mo values between 2
(average crust) and 25 mg/kg indicate free H,S was present but limited to the pore waters,
while at 25-100 mg/kg the redox conditions are ambiguous, and values greater than 100
mg/kg are a strong indicator of sulphide present in the water column throughout the year.
Mo should also be examined normalised to Al, in order to discount a reduction of Mo by

dilution.

The drawdown of Mo is so efficient in euxinic conditions that basins which are separated
from the open ocean and sufficient resupply of Mo show decreased Mo/TOC ratios over

time as Mo is removed quicker from the water mass than it is replaced (Algeo and Lyons,
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2006). Values of Mo/TOC less than 14 reflect a strongly hydrographically restricted basin.
This proxy is only reliable in the least mature rocks, where TOC has not been significantly lost

by oil production.
Redox Proxies — Fe, S and C

In oxic, marine environments, Fe exists as Fe(lll), which is generally a solid oxide or
(oxyhydr)oxide (Stumm and Morgan, 1981). Under anoxic conditions (in the water column or
sediment), Fe(lll) is reduced to Fe(ll), which is soluble (Burdige, 1993). In the presence of
sulphide generated from sulphate reduction, Fe(ll) forms insoluble Fe sulphides, the most
stable of which is pyrite (Berner, 1970). Pyrite either sinks to the sediments (if formed in the
water column) or is formed and retained within the sediments. As sulphide ‘scavenges’ extra
Fe from the water column, an enrichment of pyrite and Fe within a sample can provide
information about the extent of anoxia. As the main source of Fe to the oceans is detrital,
ratio to the detrital elements Al is useful for normalisation of detrital input. An Fe/Al ratio
greater than 0.5 (average shale value, Taylor and McClennan, 1986 and Wederpohl, 1970)
has been suggested as an indicator of anoxia (Lyons and Severmann, 2006). Since the
precipitation of pyrite depends on the availability of Fe and S, more comprehensive proxies
have been developed based on the redox behaviour of Fe. The extent to which the sediment
Fe pool which is reactive to sulphide (Feunr) has reacted with sulphide to form pyrite (Fepy) is
an indicator of the availability of S in the water column, and so is an indicator of euxinia
(Raiswell, 1988; Poulton and Canfield, 2005). A Fepy/Fenr ratio value over 0.8 is indicative of
euxinic conditions (Poulton and Canfield, 2011). A greater amount of Feur reaches the
sediments in anoxic basins (Raiswell and Canfield, 1998). Additional Feur enters the basin in
anoxic waters via the Fe-shuttle (Canfield et al., 1996, Lyons and Severmann, 2006, Wijsman
et al., 2000, Anderson and Raiswell, 2004). Figure 3.7 illustrates this mechanism. Where the
chemocline intersects the shelf, the location of detrital Feyr accumulation, solid Fe(lll)
present as Fe oxyhydr(oxides) is reduced to soluble Fe?* which can escape the sediments.
This Fe?* can advect to deeper in the basin in anoxic waters, be transported as particulate or
colloidal Fe3* upon contact with oxic waters, or drop out of the water column as pyrite when
sulphidic waters are encountered. Oxic/suboxic basins have Feugr/Ferratios <0.38, a value
related to the average proportion of Fe in detrital material which is highly reactive, so a
value greater than this is indicative of an active Fe-shuttle and ananoxic basin (Raiswell and
Canfield, 1998). As this proxy is based on a source to sink relationship, the Feur/Fercould
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also be impacted by the size of the source compared to the size of the sink (i.e. the amount
of flooded shelf in contact with the chemocline compared to the size of the basin) (Raiswell
and Anderson, 2005). Also, if samples were taken from shelf sediments, they would likely
have an Fenr/Fer complicated by very short term variations in the oxygen penetration depth,

unrelated to the redox state of the basin.

Shelf Source Deep Basin Sink

O Particulate/colloidal Fe®*
O — m— OXIC SHUTTLE

et b Dissolved Fe-*- — ANOXIC SHUTTLE

HZS Pyrite

Figure 3.7. lllustration of the Fe-shuttle, providing an additional source of Fenr to deeper basins when anoxic water intersects
shelf sediments. Modified from Algeo and Lyons (2006) and Raiswell and Canfield (2012).

Another pyrite based proxy is pyrite framboid diameter. Pyrite forms, as clusters of micro
crystal called framboids, in any marine sediment or water column where Fe (oxyhydr)oxides
are being dissolved and sulphate is being reduced. Pyrite framboids formed in the water
column are typically smaller than pyrite framboids formed in the sediments, as they can only
grow to a certain size, approximately 6um diameter, before sinking (Wilkes et al., 1996,
1997). Measuring the diameter of a population of pyrite framboids can, therefore, identify
sediments formed underneath a euxinic water column (Torres et al., 2015; Wignall and
Newton, 1998). In these studies, pyrite framboid diameters were measured individually,
limiting the number of framboids which can be used to calculate this average. In automated
particle analysis (using SEM-EDX) the diameters of thousands of framboids can be measured.
This new method is presented as an alternative to generating pyrite framboid diameter

records manually.

As discussed in the introduction to this section, a lack of oxygen in the water column and the

sediments allows the preservation of a greater amount of organic carbon as the degradation
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of OM by microorganisms is less efficient in the absence of oxygen. Therefore, organic
matter preferentially accumulates in anoxic periods compared to oxic periods (Arthur and
Sageman, 1994). Also, when dissolved sulphide is present (oxygen free conditions when Feur
is in limited supply), it can react with labile OM, making it more recalcitrant by ‘vulcanising’ it
into more stable macromolecules — sulphurised organic matter (e.g. carbohydrate — Damsté

et al., 1998), and this further encourages the preservation of OM.

Relating to the precipitation of pyrite, S and TOC content together can also provide
information about redox. Dissolved sulphate in seawater is reduced to sulphide by anaerobic
microorganisms (as they respire reactive OM) in anoxic conditions in the water column or
the sediment (Berner, 1974). Sulphide production is thus dependent on the supply of
reactive OM. The sulphide produced is also soluble so can diffuse across concentration
gradients out of the sediment or to the chemocline in the water column. Sulphide reduces
certain metals and forms insoluble metal sulphides (mostly with Fe to form pyrite, but also
with Zn, Cu, Ni) (Berner, 1984). These metal sulphides are preserved, so when there are
metal sulphides forming in the water column the underlying sediments become enriched in S
compared to TOC (Leventhal, 1983). An S/TOC of 0.4 is considered an indicator for anoxic
conditions (Dean and Arthur, 1989; Leventhal, 1995). As discussed above, the precipitation
of pyrite (and so the preservation of the majority of S) is also dependent on Feur supply, so
this needs to be taken into account when applying this proxy, as does the reactivity of the
OM (Dean and Arthur, 1989). Also, thermal maturation causes a loss of TOC, making this
proxy applicable only to immature samples (Raiswell and Berner, 1986). Enrichments of S
compared to average shale have also provided supporting evidence for anoxia/euxinia (e.g.

Marz et al., 2008; Hetzel et al., 2011).

3.4 Method of Application of proxies
In order to understand whether a given element content is particularly high or low, it is

compared to published average shale values (Wedepohl, 1970, 1991), a method frequently
used in sedimentary geochemistry (Brumsack, 2006; Hofmann et al., 2008; Mérz, 2009;
Hetzel et al., 2011). In order to understand the enrichment relative to a period of extreme
organic carbon burial, i.e., the Cenomanian/Turonian boundary (OAE 2), the values are
compared to a C/T mean generated by Brumsack (2006) as per other studies in the
Cretaceous (e.g. Marz, 2009; Mtterlose et al., 2003). In order to identify differences

between the EC basin and the well-studied Venezuelan source rocks of the same age, a
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mean has been generated from the data reported by Lo Monaco et al. (2002), Alberdi-
Genolet and Tocco (1999) ), Rey et al. (2004), Davis et al. (1999) and Mongenot et al. (1996).

The values used for this comparison are summarised within Tables 3.6 to 3.8.

Table 3.6 Redox proxies which are used for data comparison. Cretaceous Venezuela is from data from Lo Monaco et al.
(2002), Alberdi-Genolet and Tocco (1999), Rey et al. (2004), Davis et al. (1999) and Mongenot et al. (1996). N is number of
samples with data. Standard deviation in brackets. C/T mean from Brumsack, 2006. Average shale from Wedepohl (1970,

1991). Colours displayed here are used in further graphs.

S (wt%) | Fe/Al | Mn/Al | Cr/Al | Mo/Al V/AI U/Al
Cretaceous 1.07 0.44 0.004 45.0 40.6 646.6
Venezuela (1.72) (0.74) | (0.004) | (£47.3) | (£57.3) | (¥652.9) -
(n=88) | (n=91) | n=46 n=39 n=41 n=77
C/T mean 3.09 0.77 0.01 41.40 | 61.40 | 271.00 | 6.40
Average shale 0.20 0.55 0.001 10.20 0.15 15.00 0.42

Table 3.7. Detrital proxies which are used for data comparison. Cretaceous Venezuela is from data from Lo Monaco et al.
(2002), Alberdi-Genolet and Tocco (1999), Rey et al. (2004), Davis et al. (1999) and Mongenot et al. (1996). Standard
deviation in brackets, n is number of samples. C/T mean from Brumsack, 2006. Average shale from Wedepohl (1970, 1991).

Colours displayed here are used in further graphs.

Si/Al | Ti/Al | Ca/Al | Na/Al | K/Al | Zr/Al
Cretaceous 5.31 0.04 27.2 0.08 0.26
Venezuela (3.74) | (0.01) | (27.5) | (0.05) | (0.12) -
n=76 | n=36 | n=73 | n=36 | n=76
C/T mean 7.36 0.05 2.15 0.26 0.28 | 18.00
Average shale 3.11 0.05 0.18 0.13 0.34 | 18.00

Table 3.8. Productivity proxies which are used for data comparison. Cretaceous Venezuela is from data from Lo Monaco et
al. (2002), Alberdi-Genolet and Tocco (1999), Rey et al. (2004), Davis et al. (1999) and Mongenot et al. (1996). Standard
deviation in brackets, n is number of samples. C/T mean and Namibian Upwelling taken from Brumsack, 2006. Average

shale from Wedepohl (1970, 1991). Colours displayed here are used in further graphs.

P/Al Ba/Al | Cu/Al Ni/Al Zn/Al
Cretaceous 0.22 152 25.7 123.9 489
Venezuela (0.58) | (161) | (23.6) | (136.8) | (¥630)
n=76 | n=64 | n=74 n=77 n=77
C/T mean 0.047 204 43.8 65.2 459
Average shale 0.008 66 5.10 7.7 11
Namibian Upwelling | 15 | 595 | 32 | 410 29
Mud

In the absence of quantitative oxygen concentration data, the definitions outlined by Tyson
and Pearson (1991) are used. Euxinic conditions prevail when there is free H,S in the water
column, anoxic conditions are defined by very low oxygen in the bottom waters but no free
H,S. Additionally, ferruginous conditions exist when there is oxygen free water column but
no free H,S due to an excess of Fengr oversavailability. Comparing TE behaviour can help
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distinguish between anoxic and euxinic conditions. For example as U accumulates within the
sediments enrichments will not further increase in euxinic conditions, whereas V forms
additional complexes/ insoluble components. Given the number of factors which influence U
and V (Section 3.3.3), Mo is used instead to distinguish between a euxinic and anoxic water
column (Table 4). Ferruginous water column can be distinguished from euxinic water column
by Fenr/Fer.. Table 3.9 summarises the multi-proxy approach which is used for assessing
redox and is based on Algeo and Maynard, 2004, and Poulton and Canfield, 2005. In order to
decipher the driving mechanism of enrichment of TE which are affected by redox and
productivity (Cu, Ni, Zn and U), an independent measure of anoxia (Fenr/Fer), will be be
incorporated into the interpretation.

Table 3.2.9. Summarising method which redox proxies are applied, based on Algeo and Maynard, 2004.

Oxic Anoxic Euxinic
Al normalised

E Al normalised Fe, V, U, Cr, Mo
% iﬂ; Fe,V,U,C7 > average shale
g— < p8r, Mo > (Mo> 100

3 E':;}J Mn average shale mg/kg)
S5 (Mo <100 Feur/Fer>0.38
S ® mg/kg) Fepy/Fenr> 0.8
< Feur/Fer>0.38 | Pyrite framboid

diameter <6pum

3.5 Analytical Methods
The bulk and trace metal geochemical composition of our samples were determined using

wavelength-dispersive X-ray fluorescence (XRF) (Axios Plus XRF, PANalytical). Around 0.7 g of
finely ground sample (agate mortar and pestle) was mixed with 2 g of di-lithiumtetraborate
(Li2B4O10) and pre-oxidised overnight with 1 g ammonium nitrate (NH4NOs3) for preoxidation
of TOC and sulphides prior to fusion to produce a glass bead. Samples were measured
alongside an in-house standard with a precision of RSD <5 % for all elements reported here
except for U which was close to quantification limit (7 mg/kg, RSD 14 %). This analysis was
carried out at the Institute of Chemistry and Biology of the Marine Environment, University

of Oldenburg.

Iron speciation analysis was carried out using a sequential extraction method developed by
Poulton and Canfield (2005). Four Fe pools were extracted, Fecar, (carbonate associated Fe
including siderite and ankerite), Feox: (amorphous and poorly crystalline (oxyhydr)oxides,

e.g., ferrihydrite and lepidocrocite), Feox, (crystalline oxides, e.g., goethite, akaganéite and
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hematite) and Femag (magnetite). The resultant extraction solutions were analysed for Fe
concentrations using atomic absorption spectroscopy (AAS). Pyrite was extracted using the
stoichiometric technique prescribed by Canfield et al. (1986), whereby pyrite is reduced
using a boiling Cr(Il)Cl; solution. Repeated measurements indicate an average precision of 7

% RSD in the sequential extraction and 2 % RSD in the pyrite extraction.

Inorganic carbon (IC) was analysed by first measuring total carbon (TC) by Leco or Elementar
analysis. The TOC value calculated by Ecopetrol was then deducted from this value of TC
data in order to provide IC. Sulphur content was also determined by a combination of Leco
and elemental analyser data. Freeze dried sample (100 mg) was weighted into a ceramic
vessel for TC determination by a Leco CS230 Carbon-Sulphur analyser. Repeated
measurements indicate average precision of just over 5 % RSD from LECO analysis. Fifty mg
of powdered sample was accurately weighed into clean ceramic crucibles and analysed for C
and S content using an Elementar Vario Max CNS Macro Elemental Analyzer, alongside
sulfadiazine as a calibration standard. Repeated measurements show an average precision of

<5 % RSD.

For the SEM analysis, thin sections were analysed. After vacuum impregnation with resin, rock
fragments were polished into thin sections. They were then analysed, uncoated, using SEM (Quanta
650 field-emission SEM) operated in low-vacuum mode. Images were collected with a standard quad
back-scattered electron (BSE) detector at 20kV, with a spot size of 4.5. In addition, an EDX detector
(Oxford Instruments X-MaxN 150) was used to scan across the sample using the particle analysis
software AZtecFeature to detect heavy mineral particles. A series of fields of view were scanned,
with a dwell time of 35 microseconds, having a horizontal field of view of 259 microns and 1024
pixels. Each image was thresholded and all bright particles were automatically selected for analysis
by EDX. The whole area of each feature was scanned, using a process time of 1 and an acquisition
time of 0.50 live seconds. Particles smaller than 0.49 microns equivalent circular diameter (ECD),
equating to 3 pixels, were automatically filtered out. Each particle was analysed in terms of its
elemental composition and a range of physical parameters, which included X-Y location coordinates.

Data was then interrogated using IncaFeature (Oxford Instruments).
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4.1 Research Highlights
e Artificial weathering of organic-rich mudrocks results in pyrite oxidation and

carbonate dissolution

e Pyrite is passivated at circum-neutral to high pH by Fe(oxyhydr)oxide rims

e Trace metals behave conservatively, perhaps due to co-precipitation
with/sorption to Fe(oxyhydr)oxides

e Trace metals and the Fenr/Fer proxy appear reliable at quickly eroding
outcrops

e Carbonate content is a useful indicator for reliability of geochemical proxies

Abstract

Organic-rich mudrocks are valuable sources of information about past environments when
parts of the oceans experienced enhanced accumulation of organic material, frequently in
association with oxygen-depleted bottom water conditions. Information about the state of

oxygenation of such a depositional environment is often extracted from the sedimentary
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record through the use of inorganic geochemical proxies, including Fe-speciation and trace
metal enrichments. While fresh mudrock samples from wells offer ideal material for
geochemical analyses, outcrops are equally important to increase temporal and spatial
coverage for an integrated palaeo-environmental reconstruction. In outcrops, however,
geochemical proxies may be altered by contemporary chemical weathering, creating a
fundamental challenge that is not well addressed. Pyrite (FeS;) plays a particularly important
role in the geochemical interpretation of mudrocks, as it is a key component in the Fe-
speciation redox proxy and is also host to various redox-sensitive or sulphide-forming trace
metals. However, pyrite is prone to alteration at the Earth’s surface, and pyrite oxidation is a
key first stage of chemical weathering. Here the results from artificial weathering
experiments of organic-rich mudstones with a high (35 %) and moderate carbonate content
(3 %) are compared. The results provide evidence that pyrite in mudstone can be passivated
in circum-neutral to high pH (up to pH 10) pore water environments by the build up of
Fe(oxyhydr)oxide rims. The presence of carbonate may, therefore, limit the effects of
chemical weathering, especially in high physical erosion situations, like coastal or river
outcrops.
4.2 Introduction

Organic-rich mudrocks provide valuable sources of fossil energy and unique
information on extreme palaeo-environmental conditions, often representing periods of
global greenhouse climate (Negri et al., 2006). Understanding the lateral and temporal
development of these rocks often requires a combination of well and outcrop material, the
latter having experienced variable degrees of degradation due to outcrop weathering
processes. The leaching of elements from organic-rich mudrock by weathering is well
documented (e.g. Perkins and Mason, 2014; Pye and Miller, 1990; Tuttle and Breit, 2009;
Zhu et al. 2008; Zhu and Wu, 2011), and known to be an important process mobilising
nutrients and other critical elements from the bedrock to soils, rivers and eventually the
ocean. However, the selective loss of elements from weathered organic-rich mudrocks and
the related alteration of its geochemical inventory creates challenges for the interpretation
of palaeo-environmental conditions from the chemical composition and can render
weathered mudrock records unreliable unless the weathering effects are accounted for. This
weathering bias is particularly pronounced for metal contents, which provide important
information about palaeo-redox conditions of the ocean and pore waters at the time of

deposition (Kraal et al., 2009). Well-established proxies for reconstructing anoxia, including
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Mo, Re, V, U, Cd, Cu, Ni and Zn contents (see Brumsack, 2006; Calvert and Pederson, 2007
and Tribovillard et al., 2006 for reviews), the relationships between TOC, Fe and S (Lyons and
Severmann, 2006), Fe-speciation (Poulton and Canfield, 2011), and pyrite framboid diameter

(Wilkin et al., 1996) may be significantly affected by weathering.

Iron, while being an important proxy for palaeo-redox conditions, is also important to
the process of weathering itself. The oxidation of pyrite (FeSz), the dominant Fe sulphide in
rocks, is key to the chemical weathering behaviour of organic-rich mudrocks. The net

chemical reaction of pyrite in an aqueous solution is:
FeS; + 3.50; + H,0 > Fe?* + 2H* + 25042 (Equation 4.1)

Ferrous iron produced in Equation 4.1 either remains in solution or produces a
variety of Fe (oxyhydr)oxides), depending on the chemical environment. As evident from Eq.
1, pyrite oxidation provides protons, which are then available for the hydrolysis of
aluminosilicate and dissolution of carbonates (Pye and Miller, 1990) and consumes oxygen
thereby inhibiting organic matter oxidation (Petsch et al., 2000; Tuttle and Breit, 2009).
Understanding the mechanism and balance of pyrite oxidation is, therefore, vital for
understanding the mechanisms of mudrock weathering. Dissolution of carbonate minerals
(mainly calcite) is considered a key reaction in response to proton release by pyrite

weathering:
CaCOs + H* > Ca?* + 2HCO5™ (Equation 4.2)

Diagenetic carbonate dissolution increases porosity and allows oxygen and water to
penetrate further into the mudrock fabric (Brantley and White, 2009; Jin et al., 2013; Pye
and Miller, 1990). However, through the liberation of bicarbonate ions to solution, the
dissolution of carbonate also acts as a pH buffer in the pore waters. It has been shown that
high pH inhibits pyrite oxidation in laboratory experiments (Nicholson et al., 1988;
Nordstrom, 1982), in soils (Lara et al., 2016), in acid mine drainage situations (Evangelou and
Zhang, 1995; Huminicki and Rimstidt, 2009; Wiggering, 1993), and when storing shale
samples (Kraal et al., 2009). In the field, carbonate and pyrite weathering fronts can coincide
(e.g. Brantley et al., 2017), suggesting direct pyrite oxidation-carbonate dissolution
relationships in mudrock. These processes are not well understood but can affect element

composition in shale and thus their application as palaeo-environmental proxies.
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Studies of Fe-speciation changes during weathering in organic-rich mudrocks to date
are mostly limited to changes in pyrite contents (Jin et al., 2013; Liao et al., 2014; Littkle et
al., 1991; Petsch et al., 2000; Wildman et al., 2004; Zhu et al., 2008). Iron mineral
transformations due to weathering have been studied in naturally weathered rocks using X-
ray diffraction (XRD) (Pye and Mason, 1990; Tuttle and Breit, 2009) and Mdssbauer
spectroscopy (Odin et al., 2014, 2015a, 2015b). To our knowledge, no experiment has
examined changes in Fe mineralogy during organic-rich mudstone weathering using the wet
chemical extraction method developed by Poulton and Canfield (2005). Taking advantage of
this sequential extraction method, quantitative information on the different Fe species
present in a sedimentary rock based on their reactivity with free hydrogen sulphide can be
derived. In this scheme, all minerals that have already reacted with hydrogen sulphide
(mainly pyrite, Fepy fraction) or can react with hydrogen sulphide over geologically short
timescales (days to a few years; mainly Fe carbonates and (oxyhydr)oxides) are collectively
summarised as the highly reactive Fe fraction (Feur). In combination with the analysis of total
Fe (Fer) in a sample, empirically tested ratios can be calculated that allow a differentiation of
redox conditions in the water mass during the time of deposition. The Feugr/Fer ratio has
consequently been proposed as palaeo-proxy to differentiate between anoxic (no free
oxygen) and oxic conditions during deposition, while the Fepy/Fenr ratio allows to
differentiate between anoxic, non-sulphidic (or ferruginous) and anoxic, sulphidic (or
euxinic) conditions (e.g Poulton and Canfield, 2011; Poulton et al., 2015). Since the Feur
fraction includes both pyrite and the products of pyrite oxidation, Fe (oxyhydr)oxides), it is
expected that the Feur/Fer redox proxy will be less affected by outcrop weathering. The
Fepy/Feur is expected to be more strongly affected by outcrop weathering and therefore less
reliable for palaeo-environmental reconstructions. Another commonly used pyrite-based
redox proxy that could potentially be affected is the abundance and size population of pyrite
grains preserved in a mudrock. Pyrite framboids formed within a euxinic water column reach
a maximum size before they sink to the sediment, leading to the framboid diameter proxy
proposed by Wilkin et al. (1996), as an indicator of water column euxinia. Populations of
pyrite framboids with an average diameter <6um and a small standard deviation are
therefore considered to represent euxinic water column conditions. Although oxidation of
pyrite would likely reduce the size of pyrite framboids and so alter the interpretation of this

proxy, to our knowledge, no systematic study has yet been carried out.
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Some redox-sensitive or sulphide-forming trace metals (e.g. Ni, Cu, Mo and Zn) are
known to be associated with pyrite (Gregory et al. 2015; Huerta-Diaz and Morse, 1992), and
their mobility during outcrop weathering should be determined by the degree of pyrite
oxidation (Perkins and Mason, 2014; Zhu et al., 2008). Various studies have addressed the
rates and mechanisms of loss of metals from organic-rich mudrocks during weathering, but
often with inconclusive or contrasting outcomes. Cadmium, Co, Mn, Ni and Zn are lost from
organic-rich mudrocks in the majority of studies (Perkins and Mason, 2014; Tuttle et al.,
2009) while As, Cr, Mo, V and Se appear to be better preserved (Perkins and Mason, 2014;
Tuttle et al., 2009). In contrast, Peng et al (2004) found little evidence for consistent loss or
conservation of any elements apart from Co, Ni, Zn and Cd. These discrepancies highlight the

need for further research.

There are two main types of weathering studies: One that compares outcrops at
different locations with different degrees of weathering (Fischer at al., 20093; Littke et al.,
1991; Perkins and Mason, 2015; Tuttle and Breit, 2009), and another where weathering
profiles at the same location but crossing bedding planes were studied (Clayton and
Swetland, 1978; Leythaeuser, 1978; Wildman et al., 2004). Both types of studies incorporate
a degree of inherent spatial and temporal variability that makes it difficult to unequivocally
attribute a variation in composition to weathering alone. An alternative approach is to
artificially weather an organic-rich mudrock in the laboratory. A limited number of artificial
weathering experiments using organic-rich mudrocks (Jeng, 1991; Jin et al., 2013; Odin et al.,
2014; Pye and Miller, 1990; Schillawaski, 2008; Senkayi et al., 1990;) focused on the
behaviour of only a few selected elements rather than the wide suite of elements used as
palaeo-proxies. Laboratory experiments can only aim to reproduce short term chemical
weathering (weeks to months), but this timeframe may still be meaningful in investigating
environments with high physical erosion rates. This includes river/stream beds (incision rates
through high topography sedimentary rocks 103 — 102 m yr!, Cornwell et al., 2003; Hsieh
and Knuepfer, 2001) or sea cliff faces (e.g. erosion rate 10"* m yr?, Rosser et al., 2005),
where physical erosion will likely remove rock material before its chemical weathering
process is complete. These environments are often chosen for the collection of ‘fresh’
outcrop samples for geochemical analysis. Understanding and quantifying the short-term
effects on chemistry and possible interim weathering products is therefore of central

importance for the interpretation of geochemical proxies.
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In this study, natural weathering was simulated over the course of four weeks to enhance
our qualitative and quantitative understanding of organic-rich mudrocks. Major and trace
elements, inorganic and organic carbon and Fe species are measured, and the original and
residual organic-rich mudrock samples analysed using automated particle analysis data from
scanning electron microscopy with energy-dispersive analysis and imaging (SEM-EDX) in
samples with different amounts of carbonate (35 % versus 3 %). Our study focuses on
changes to chemical properties of the mudrock that are commonly used as inorganic proxies
to reconstruct palaeo-environmental conditions, and thus provides novel insights into their

preservation or overprint at outcrop level.

4.3 Methods

4.3.1 Materials
Two types of organic-rich mudrock were selected for weathering experiments: The classical

Blackstone band (BS) of the Jurassic Kimmeridge Clay Formation collected at Clavell’s Hard,
Kimmeridge, Dorset (e.g. Armstrong et al., 2016; Bolin et al., 2016; Washburn and Birdwell,
2013). The second sample is from a Late Cretaceous organic-rich mudrocks of the Chipaque
Formation (QVS4), taken from Quebrada Vara Santa in the Eastern Cordillera of Colombia.
Both samples differ markedly in their geochemistry. BS is a relatively carbonate-rich
mudstone dominated by organic matter (OM) (~50 wt%; Raiswell et al., 2001; Tribovillard et
al., 2004) and carbonate (35 %, this study). QVS4 is dominated by siliciclastic detrital material
(Blanco, 2012) and has a low carbonate content (3.1 %, this study) and TOC contents (2.6 %,
this study), representing a relatively carbonate-poor mudstone with a carbonate content
close to average shale (average shale contains 3.9 % CaCOs, assuming all Ca is from
carbonate; Wedepohl, 1971 and 1991). Both samples, however, have similar amounts of
pyrite (QVS4 2.2 %, BS 1.7 %). Comparison of these samples provides insights into the role of
carbonate on pyrite oxidation reactions and the subsequent combined effect on weathering
and palaeo-proxy preservation. Both samples were collected from surface outcrops, but are
considered ‘unweathered’ for the purpose of this study as they show no macroscopic signs
of weathering, and should be relatively freshly exposed due to the outcrop locations at a

quickly eroding cliff face (BS) and in a mountainous river bed (QVS4).

4.3.2 Weathering Experiment
The weathering experiment follows the approach of Pedro et al. (1970), using a modified

soxhlet extraction setup to continually drip distilled water over a sample contained within a

cellulose thimble (Figure 4.1), mimicking continual rainfall. The condenser is left open,
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allowing exchange with the atmosphere; no attempt was made to control/monitor O, and

CO; concentrations.

\ (lf/— CONDENSER

| __—— THIMBLE

\—\"“'-— VAPOR
RISER TUBE
ADAPTED
CONDENSATE | | |——— EXTRACTOR
SIPHON \
e
~— SAMPLE
FLASK

Figure 4.1. Modlified soxhlet after Pedro (1970)
Around 35-40 g of freeze-dried rock chips, sieved to approximately 2 - 6 mm diameter, were

added to a cellulose thimble in the sample container. Distilled water was added to the round
bottom flask and heat was applied to generate water vapour which, when reaching the
condenser, dripped onto the sample (3-6 drops/minute). The water (hereafter called
effluent) was monitored regularly and the periods between changes and the volume of
effluent was adjusted to attempt to minimise mineral precipitation within the effluent. Each
time the effluent was changed, the temperature was recorded within the cellulose thimble,
the pH of the effluent was measured using a pHenomenal pH1000L meter (Figure 4.2a), and
samples of the effluent were taken. The temperature varied with ambient conditions from
33-58°C (Figure 4.2b). The effluent samples were treated with 20 % v/v nitric acid in order to
adjust pH to <2 and stored at around 5 °C for further analysis. At the end of the four-week
experiment, the rock chips were removed from the thimble, freeze-dried and ground in an
agate ball mill for geochemical analysis. To test the reproducibility of the experiment, three

subsamples of QVS4.1 were weathered concurrently in three identical setups.
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Figure 4.2a pH measured within effluent during sampling. 2b. Temperature measured within the sample
thimble. Error bars are standard error measured in three replicate experiments. Open circles are QVS4,
closed circles are BS.

Analysis of solid sample

The bulk and trace metal geochemistry were determined using wavelength-dispersive X-ray

fluorescence (XRF) (Axios Plus XRF, PANalytical). Around 0.7 g of sample was mixed with 2 g

of di-lithium tetraborate (Li2B4O10) and pre-oxidised overnight with 1 g ammonium nitrate

(NH4NO:s) for preoxidation of TOC and sulphides prior to fusion to produce a glass bead.

Samples were measured alongside an in-house standard with a precision of RSD <5 % for all

elements reported here except for U which was close to quantitation limit (7 mgkg™, RSD 14

%).

Freeze dried samples (100mg) were weighted into a ceramic vessel for TC determination by
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a Leco CS230 Carbon-Sulphur analyser. Total organic carbon was determined by the same
method after the removal of carbonates by hot hydrochloric acid. Total inorganic C (TIC) was
calculated as the difference between TC and TOC. Total inorganic carbon is likely to derive
from calcium carbonate/calcite as well as small contributions by dolomite/magnesium
calcite and Fe associated carbonates. Repeated measurements indicate average precision of
5.1 % RSD from LECO analysis. Fifty mg of powdered sample were accurately weighed into
clean ceramic crucibles and analysed for S content using an Elementar Vario Max CNS Macro
Elemental Analyzer, alongside sulfadiazine as a calibration standard. Repeated

measurements show an average precision of <5 % RSD.

Iron-speciation was carried out using a sequential extraction method developed by Poulton
and Canfield (2005). Four Fe pools were extracted, Fecarb (carbonate associated Fe including
siderite and ankerite), Feoxi (amorphous and poorly crystalline (oxyhydr)oxides,
e.g.ferrihydrite and lepidocrocite), Feoxz (crystalline oxides, e.g. goethite, akaganéite and
hematite) and Femag (magnetite). The resultant extraction solutions were analysed for Fe
concentrations using atomic absorption spectroscopy (AAS). Pyrite was extracted using the
stoichiometric technique prescribed by Canfield et al. (1986), whereby pyrite is reduced
using a boiling Cr(l1)Cl; solution. Repeated measurements indicate an average precision of 7

% RSD in the sequential extraction and 2 % RSD in the pyrite extraction.

4.3.4 Effluent analysis
Acidified effluent samples were analysed using inductively coupled plasma optical emission

spectroscopy (ICP-OES) (Varian Vista-MPX CCD simultaneous ICP-OES with argon torch gas).
A multi-element standard was used for calibration every 10 samples and Sc was used as an
internal recovery standard at 5ppm. Each sample was measured three times with an RSD of
less than 5.5 % for major elements and 10 % for trace elements apart from one aliquot of
effluent in BS (17 %), with all analyses below the limit of quantification (LOQ) are removed.
4.3.5 SEM analysis

After vacuum impregnation with resin, rock chips before and after weathering were made
into polished thin sections. They were then analysed, uncoated, using SEM (Quanta 650
field-emission SEM) operated in low-vacuum mode. Images were collected with a standard
qguad back-scattered electron (BSE) detector at 20kV, with a spot size of 4.5. In addition, an
EDX detector (Oxford Instruments X-MaxN 150) was used to scan across the sample using the

particle analysis software AZtecFeature to detect heavy mineral particles. A series of fields of
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view were scanned, with a dwell time of 35 microseconds, having a horizontal field of view
of 259 microns and 1024 pixels. Each image was thresholded and all bright particles were
automatically selected for analysis by EDX. The whole area of each feature was scanned,
using a process time of 1 and an acquisition time of 0.50 live seconds. Particles smaller than
0.49 microns equivalent circular diameter (ECD), equating to 3 pixels, were automatically
filtered out. Each particle was analysed in terms of its elemental composition and a range of

physical parameters, which included X-Y location coordinates

4.3.6 Reproducibility
Three sub-samples of QVS4.1 were artificially weathered simultaneously, confirming that the

experiment was overall reproducible. Within the solid samples (post-weathering), XRF
analyses showed contents for most elements with an RSD below 5 %. Some elements with
concentrations close to the LOQ (Na, Cu and Mo) or which have lower reported precision
when analysing an in-house standard (e.g. U) have higher RSDs (up to 10 %). Ca has higher
RSD (29 %) and this is not accountable for by analytical errors. The deviating results may be
due to slight differences in the composition of the original material, or different solubility of
host components caused by slight variation in temperature of the samples (see Figure 4.2b).
The standard error is included in Figure 4.3 and 4.4 and is negligible in relation to the

geochemical trends described below.

4.4 Results
4.4.1 Changes in bulk geochemistry of organic-rich mudrocks

The bulk geochemistry results highlight the differences between the BS and QVS4 samples
before the weathering experiment (BS.1 and QVS4.1). Inorganic carbon content is an order
of magnitude higher in BS.1 compared to QVS4 (34.8 wt% and 3.1 wt%, respectively; Table
4.1b). BS.1 is enriched in TOC, comparable with data previously published on the
Kimmeridge Blackstone (on average 46.3 wt%, Raiswell et al., 2001), whilst it is depleted
compared to QVS4.1 in elements associated with detrital material (Si, Ti, Al, Fe and K, Table
1a). BS.1 also contains elevated levels of selected major elements and trace metals (P, S, Cu,
Mo, Ni and Zn, Table 4.1c). BS.1 has a lower Fe content, and corresponding slightly lower
absolute contents of all Fe species (Table 4.2), with an excess of total S relative to pyrite S
(Table 4.1b). This excess S is likely bound as sulphurised organic matter (SOM in Table 1b),
confirming results by Raiswell et al. (2001). Within QVS4.1, the pyrite accounts for all of the S

(Table 4.1b), indicating the absence or a very low sulphurised organic matter content.
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Table 4.1a-c Concentrations of elements in solid sample before and after weathering. Determined by XRF (Table 1a and 1c),
LECO analysis (Table 1b), CNS elementar analysis (Table 4.1b) combined with results of pyrite extraction (sulphurised organic
matter — SOM). QVS4.1 is average of 3 with standard error in brackets.

a.
Si0, TiO, Fe,03 MnO MgO Ca0o Na,O K.0 P,0s
(wt %) (wt %) (wt%) (wt%) (wt%) (wt%) (wt%) | (wt%) (wt%)
BS 11.92 0.24 2.51 0.01 0.37 7.47 0.12 0.73 0.74
BS.1 11.83 0.24 2.52 0.01 0.34 6.48 0.09 0.73 0.79
Qvsa | 54.99 0.96 4.82 0.02 0.75 1.12 0.07 2.12 0.15
Qusa.1 55 0.96 4.81 0.02 0.71 0.71 0.06 2.05 0.15
(#0.2) | (#0.00) | (+0.03) (0.0) (#0.01) | (¢0.2) | (0.01) | (¥0.01) | (+0.00)
b. TOC TIC S PyS SOM
(wt%) (wt%) (wt%) (wt%) (wt%)
BS 49.50 4.18 6.71 0.92 5.79
BS.1 51.15 2.16 6.60 0.59 6.01
Qvs4 2.61 0.37 0.81 2.16 0
G (126.7076) (1069022) (iodi)zz) 17 (x0.05) 0
C. Cr Cu Ni U \'} Zn
(mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg)
BS 49 51 96 3 69 125
BS.1 49 50 98 2 69 108
Qvs4 79 8 31 8 88 73
Qvs4.l | 82(¢1.2) 7 (£0.3) 32 (¢0.0) 8 (0.9) 86 (+1.2) | 84(+1.9)

As element contents (reported in Table 4.1) are affected by changes in density and overall

mass loss, we compare the changes of elements of concern to Ti, which is presumed to be

resistant to weathering (Tuttle et al., 2009). Consistent with this behaviour, Ti is not lost

from either sample during the experiments (Table 4.1a, Table 4.3a and 4.3b). This generates

the mass transfer coefficient (t, Equation 4.3) for monitoring loss or conservation in the

absence of bulk density data, as developed by Brimhall et al. (1991) (Figure 4.3).

T= ((Ciw/Cip)/(Ciw/Cip))-1

Equation 4.3.

Here the concentration of the element of concern (C) is ratioed between the weathered (w)

and parent (p) sample, and this is then expressed as a proportion of the ratio of the index

element (Cj) in the weathered and parent sample.

Figure 4.3a shows high negative t values for inorganic carbon, with near 100 % loss (t close

to -1) in QVS4. This is matched with a loss of Ca, indicating most of the inorganic carbonate is
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associated with Ca. The values of T are also negative for Na, which may document slight
weathering of feldspars (Nesbitt and Young, 1982), and for S, suggesting oxidation of pyrite.
Other bulk elements (including Fe) show values no greater than -0.1 or slightly positive,
indicating relative conservation of these elements during weathering. QVS4 shows a greater
relative depletion of Ca, IC, S and Mn. Trace elements appear to be all relatively conservative
during weathering (Figure 4.3b). Large error bars for Mo and U are due to their content close

to quantification limits.

Some differences in Fe-speciation between BS.1 and QVS4.1 were found (Table 4.2). We
observed slightly more Fecarb, Feox2 and Fepy in QVS4.1 as compared to BS.1, and considerably
more Feoxi. After weathering, both samples showed a decrease in Fecarb and Fepy (Table 4.2,
Figure 4.3c), but an addition of Fe (oxyhydr)oxides. The latter is limited to the Feox; fraction
in QVS4.2, whereas in BS.2 there is an increase in both Feox: and Feoxz. This increase is
absolute, not due to a reduction in sample volume, as evident by the very positive t values
seen in Figure 4.3c. This phase transformation causes only minor changes in the Feur/Fer
ratios, as there is little net loss of Fe from the rock chips (Figure 4.3a), only a switch from
reduced to oxidised Fe species, as reflected by the lower Fepy/Fenr ratios in both samples

(Table 4.2).

Table 4.2 Results of Fe-speciation analysis on the two study samples before (.1) and after (.2) weathering experiment in wt%.
QVS4.2 is average (n=3) with standard error in brackets.

Fe Fecarb Feox1 Feox2 FeMag Fer Feprs FeHR/FeT Fepy/FeHR
(wt%) | (wt%) | (wt%) | (wt%) | (wt%) | (wt%) (wt%)
BS.1 1.76 0.14 0.04 0.02 0.00 0.80 0.76 0.57 0.80
BS.2 1.76 0.11 0.18 0.26 0.01 0.51 0.69 0.61 0.54
Qvs4.l 3.37 0.33 0.60 0.05 0.13 1.01 1.26 0.63 0.39
3.36 0.16 0.54 0.47 0.08 0.79 1.32
QVS4.2 | (1601) | (£0.01) | (0.02) | (:0.03) | (20.01) | (x0.02) | (20.02) | 2% 0.30
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Figure 4.3 Mass transfer coefficient of elements and species calculated using Equation 4.3, with Ti as the index element.
Black bars are BS samples, white are QVS4 samples. Positive values indicate conservation, negative values indicate loss.
Complete loss is indicated by a mass transfer coefficient of -1. Error bars are standard error of three replicated experiments.
Figure 4.3a shows the bulk elements determined by XRF (apart from TOC, IC and S, LECO analysis). Figure4.32b shows trace
elements (determined by XRF). Figure 4.3c shows Fe speciation results determined by sequential extraction and S from CNS
analysis.

4.4.2 Effluent chemistry for major and trace elements
Over the duration of the experiment, pH of the effluent increased from 8.9 to 9.9 in the BS

experiment and, more pronounced, from 5.3 to 8.9 for QVS4 (Figure 4.2a). For the majority
of the experiment the effluent was clear, however, in a few incidences (three in the BS
experiment, two in the QVS4 experiment) a small amount of white precipitate was noted.
Although not analysed separately, this weathering product was likely gypsum (discussed
further below). To enable direct comparison of the loss of trace elements from the two
samples into the effluent over time, we express them as relative percentages (rel%) of the
original contents of these elements available in the original unweathered sample (actual
concentrations available in Table 4.3, Appendix C). There are some noticeable differences in

the development of effluent composition over time and between the BS and QVS4 samples.
Trace elements in effluents

Most effluent samples contained trace metals at levels below the limit of quantification
(LOQ) in ICP-OES. Although these concentrations are not highly accurate it was useful to

calculate the proportion of available trace metals leached into the effluent in order to
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estimate their relative resistivity to weathering. Both samples leached less than 10 % of the
available V, Cr, Ni, and Cu into the effluent during the experiment. Uranium has a higher LOQ
in ICP-OES, (0.1 ppm as opposed to 0.01/ 0.02 ppm) and, due to the low amounts of U
available in the BS.1 sample (0.1 mg), the cumulative % of U leached into effluent is
calculated as 85 %, suggesting uranium is very labile in QVS4. However, given the relatively
high LOQ, this number is likely unreliable. Further work using more sensitive instruments
would be required in order to confirm U lability. A similar process prevents an accurate
understanding of Mo leaching from QVS4 (Mo contents in original samples 0.03 mg,
detection limit of ICP-OES 0.02 ppm). Both samples consistently lost measurable (above
LOQ) fractions of Ni, with BS losing a smaller proportion (0.048 mg of 3.67 mg available in
BS.1, which is 1.35 rel%) than QVS4 (0.054 mg of 1.1 mg available in QVS4.1, 4.96 rel%).
Some elements were above the LOQ in a few of the effluent samples (BS: Mo; QVS4: Zn and
Cu). In BS, a small but quantifiable fraction (0.2 rel%, 0.004 mg) of the initial content of Mo
(2.18 mg) was leached within the first 8 hours of the experiment, thereafter the leached Mo
concentrations were below LOQ. Zinc was only leached from QVS4 into the effluent in
quantities above LOQ (0.30 mg of 2.49 mg available in QVS4.1, 11.54 rel%). As Zn was very
high in the last two effluent samples of QVS4, and the Zn in the solid samples shows a
measurable addition as well (Table 4.1c), we assume that the samples were contaminated
with Zn in the later stages of the experiment. Zn is therefore not discussed in the remainder
of this article. This significant increase towards the end of the experiment is only evident in

Zn; contamination by other elements is therefore not indicated.
Major elements in effluents

In both samples, most Fe remained in the rock chips (loss of 0.15 rel% in BS, 0.004 rel% in
QVS4). The elements K, Al, S, Na and Mg lost between 1.0 and 7.5 rel% of their original
content into the effluent. Loss of Na (3.4 rel% in BS, 5.0 rel% in QVS4) and K (2.8 rel% in BS
and 3.0 rel% in QVS4) is additional evidence of aluminosilicate weathering. The rate of loss
of all elements was fastest in the first 100 hours of the weathering experiment (Figure 4.4).
This initial high rate is consistent with other experimental weathering studies (e.g. Ritsema
and Groenberg, 1993; Yao et al., 2010). After this initial period, the loss of effluent either
gradually slowed down (e.g. Ca in BS, Figure 4.4a) or continued at a similar rate for the
remainder of the experiment (e.g. Ca in QVS4, Figure 4.4a). It appears that Ca and S loss
stalled in BS but continued in QVS4 (Figure 4.4a and b). The majority of inorganic carbon was
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lost from the solid QVS4 (94 %, Table 4.1), however, Figure 4.4a shows that only
approximately 70 % of the Ca was leached from the sample into the effluent. The Ca
remaining in the sample may be in the form of newly precipitated gypsum or within
aluminosilicate, or the carbonate loss may have been associated with the dissolution of
minerals other than calcite (e.g. Fe or Mg carbonates). The same effect is apparent in BS,
where 48 % of the carbonate was lost from the solid sample and only 30 rel% of the Ca was
leached from the sample. Although possibly affected by differential gypsum precipitation,
the greater relative proportion of Ca leached from QVS4 provides evidence for greater

extent of carbonate dissolution.

Since sulphurised organic matter appears to be relatively stable under the experimental
conditions (Table 4.1b), any S leached into the effluent is likely a product of pyrite oxidation
(or secondary dissolution of the gypsum weathering product). Figure 4.4c (cumulative S
released into effluent over time as a proportion of total pyrite S available in the
unweathered sample) can, therefore, be used to estimate the rate of pyrite oxidation. In
Figure 4.4c we see that pyrite oxidation appears to occur at similar rates in BS and QVS4. As
for other elements, the rates begin to slow towards the end of the experiment in BS, a trend
not seen in QVS4. At the rates measured in the last 100 hours of the experiment (0.014
mg/hour or 0.003 rel%/hour for QVS4 and 0.008 mg/hour or 0.002 rel% for BS), it would take
approximately 2.5 years and 3.25 years, respectively, for all of the pyrite to be oxidised. We
consider these time periods to under-estimate the weathering efficiency, as gypsum
precipitates, found occasionally in effluent samples, were not analysed, and so the S with
gypsum was not included in this S-budget. Nickel, the only trace metal which is above LOQ in

most of the effluent samples, appears to behave similarly in both experiments.

Considering the amount (mg) of elements lost from the rock chips into solution over each
time interval there does not appear to be a direct relationship between loss of S and Fe (r’<
0.01, Figure 4.5). Sulphur, however, correlates well with Ca in the effluents from both
samples (r?values of 0.93 in QVS4 and 0.89 in BS (Figure 4.5), and in QVS4 it also correlates
well with Na (r?> 0.81) and Mg (r? 0.95) (Figure 4.5).
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Table 4.3. Concentrations of elements in the effluent during weathering of BS (a) and QVS4 (b) as measured by ICP-OES.

QVS4 is an example based on one sample. Values in italic are below the LOQ.

K _ Ca 7 Cr Cu Ni 7 S 14 Ti 7 Si _ u 7 v _ Zn
3.64 12163 0.0002 0.0027 0.032 0.94 0.0327 0.89 0.0127 0.96 0.0043 67.81 0.0227 0.0075 0.0034
21.34 14457 0.0000 0.0003 0.044 297 0.0181 0.70 0.0109 181 0.0086 36.14 0.02594 0.0028 0.0023
1.94 14115 0.0000 0.0000 0.021 1.05 0.0089 0.53 0.0063 196 0.0024 29.63 0.0170 0.0029 0.0037
1.44 13368 0.0000 0.0000 0.016 0.35 0.0074 0.38 0.0043 2.04 0.0018 31.47 0.0157 0.0027 0.0000
117 83.09 0.0000 0.0006 0.026 185 0.0026 027 0.0052 135 0.0107 18.48 0.0164 0.0005 0.0024
2.66 201.31 0.0000 0.0000 0.011 108 0.0052 048 0.0056 263 0.0030 36.51 0.0232 0.0034 0.0000
112 72.32 0.0000 0.0025 0.023 168 0.0023 0.15 0.0035 111 0.0086 17.48 0.0270 0.0007 0.0075
2.73 25139 0.0002 0.0015 0.006 0.45 0.0078 048 0.0058 402 0.000% 46.41 0.0389 0.0051 0.0001
265 389.26 0.0000 0.0026 0.023 236 0.0086 045 0.0105 594 0.0070 57.30 0.0224 0.0071 0.0002
264 14045 0.0000 0.0005 0.016 0.5z 0.0035 0.14 0.0048 151 0.0036 2964 0.0174 0.0025 0.0004
0.87 19392 0.0000 0.0005 0.019 1.53 0.0045 0.16 0.0044 212 0.0070 36.06 0.0217 0.0037 0.0019
1.44 140.86 0.0000 0.0037 0.016 1.02 0.0039 0.12 0.0041 1.56 0.0064 33.25 0.0250 0.0023 0.0005
113 229.73 0.0000 0.0001 0.000 0.10 0.0061 0.20 0.0068 3.15 0.0003 52.49 0.0258 0.0047 0.0000
10.82 169.97 0.0005 0.0025 0.078 6.83 0.0055 0.13 0.0084 1.99 0.0245 41.42 0.0373 0.0034 0.0063
0.74 17333 0.0000 0.0000 0.022 0.16 0.0042 0.14 0.0043 2.14 0.0000 46.17 0.0229 0.0036 0.0006
0.75 17759 0.0000 0.0018 0.044 1.82 0.0056 0.15 0.0088 2.05 0.0110 48.46 0.0272 0.0040 0.0032
0.41 10559 0.0000 0.0000 0.020 1.03 0.0030 0.09 0.0054 119 0.0066 33.27 0.0048 0.0012 0.0000
1.08 239.32 0.0000 0.0002 0.006 0.29 0.0066 0.21 0.0075 3.36 0.0006 64.54 0.0127 0.0038 0.0002
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Experiment
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Figure 4.4 Relative percentage of original available leached into effluent (cumulative mg in effluent as a percentage of mg

of element in original sample). Figure 4.4c is S in pyrite measured by pyrite reduction. Open circles QVS4 (error bars are
standard error or three replicates), closed circles are BS.
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Figure 4.5 Correlations between concentrations of elements within the effluent samples. Open data points are effluent
samples from QVS4 weathering (using values from one triplicate) and closed data points are BS.
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4.4.3 SEM Results
When comparing randomly selected chips from the samples before and after weathering,

there appears to be no gross change in either of the rock types. In BS.2 coccolith-shaped
fragments remained in faecal clusters, whereas the organic matter remained concentrated
in lenses (Figure 4.6b). In QVS4.2, a number of large pores were observed that were not
present in QVS4.1 (Figures 4.7a and 4.7b). These could have been foraminifera plucked out
in the sample preparation process, but more likely, given the evident loss of carbonate

minerals during weathering, the tests were dissolved.

Automated heavy mineral particle analysis allows for the rapid assessment of geochemistry
(EDX) and morphology of all dense particles in SEM (brighter in BSE mode), and for a
quantitative analysis of Fe-containing minerals. Both samples contain populations of
particles with Fe:S ratios indicative of pyrite or other Fe sulphides (Figures 4.8a and 4.93,
light grey and dark grey). As yet, no useful information about shape was retrievable from the
automated partical analysis data which could distinguish framboidal morphology indicative
of sedimentary pyrite from euhedral crystals which may have been formed during later
diagenesis . However, upon inspection of 50 randomly selected pyrite particles (in QVS4.1),
around 50 % of these Fe sulphides are framboidal, with the rest being present as individual
or loose clusters of euhedral crystals. The pyrite particles have been subdivided into
‘pristine’ pyrite (Fe:S <1, using wt%,; light grey in Figures 4.8 and 4.9) and ‘sulphur-depleted’
pyrite (Fe:S ratio >1, dark grey in Figures 4.8 and 4.9). ‘Pristine’ pyrite is recorded as smaller
in BS.1, with automated particle analysis measuring an average ECD of 2.4 um and an
average area of 4.4 um, compared to 2.82 um ECD and area of 9.36 um in QVS4.1. These
statistical data imply a greater surface area: volume of pyrite particles in BS.1. The ECD
suggests that both samples were deposited in an anoxic water column (mean ECD <6 um,
Wilkin and Barnes, 1998), although the standard deviations are quite high (0.9 um in BS.1
and 2 um in QVS4.1). Iron (oxyhydr)oxides (<5 % S, black circles in Figures 4.8 and 4.9) are
often present as large (average ECD of 3.8 um) euhedral crystals in QVS4.1, and small
(average ECD of 1.3 um) irregularly shaped particles, often associated with carbonate
minerals in BS.1. The larger Fe (oxyhydr)oxide particles present in QVS4.1 but not in BS.1
may be the Feox; fraction (lepidocrocite/ferrihydrite) identified by the sequential extraction

(Table 4.4).
After weathering, both samples show a shift from ‘pristine’ (Fe:S <1) to ‘sulphur-depleted’
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(Fe:S >1) pyrite, and from Fe sulphides to Fe (oxyhydr)oxides or other Fe-containing
materials (with <5 wt% Fe) (Table 4.4, Figures 4.8b and 4.9b). On visual inspection, the
particles which switched from having a geochemistry defined as ‘pristine’ pyrite to ‘sulphur-
depleted’ pyrite are framboids and euhedral crystals consisting of microcrystals with a pyrite
core and Fe (oxyhydr)oxide rims (Figure 4.10a and 4.10b) and thus overall lower sulphur
contents. BS shows a slightly more pronounced shift from ‘pristine’ to ‘sulphur-depleted’
particles (Table 4.4). Visual inspection of histograms show these new ‘sulphur-depleted’
particles have a very similar ECD distribution to ‘pristine’ particles in BS.2 (average 2.6 um in
both pyrite classes) Figure 4.11. In QVS4 however, ‘sulphur-depleted’ pyrite particles are
generally smaller in QVS4.2 (average 2.13 um, ‘pristine’ 4.06 um) Figure 4.12. Comparing pre
and post weathering in both samples, pristine particles are slightly smaller pre weathering in

BS and whereas in QVS4 there is a notable increase in ECD (Figure 4.12).

Figure 4.13 shows that ‘sulphur-depleted’ particles are concentrated in the outer rim of
chips, whereas ‘pristine’ particles are concentrated within the centre of chips in BS.2. The
rim appears to be approximately 100 um wide and roughly equal in each chip. This rim of

‘sulphur-depleted’ particles is not evident in the chips of BS.1.

As well as being greater in number (Table 4.4), the Fe (oxyhydr)oxides in BS.2 are larger
(average 2.3 um ECD) compared to BS.1 (average 1.3 um ECD). Visual examination of 50
randomly selected Fe (oxyhydr)oxide particles in BS.2 shows ~50 % are framboidal in nature
(Figure 4.10c), whereas before weathering BS.1 contained no framboidal Fe (oxyhydr)oxide
particles. After weathering in QVS4.2, some of the Fe (oxyhydr)oxide particles had
framboidal morphology (15 out of 50 randomly selected particles, Figure 4.10c), more than
in QVS4.1 (2 out of 50 randomly selected particles). In QVS4.1, Fe (oxyhydr)oxides were also
present as anhedral crystals (21 out of 50 randomly selected particles, Figure 4.10d). The

anhedral crystals show some signs of alteration in QVS4.2 (Figure 4.10e).
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Figure 4.6 Comparing a randomly selected chip from BS.1 (6a) to BS.2 (6b) using BSE imagery .
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Figure 4.7 Comparing a randomly selected chip from QVS4.1 (7a) to QVS4.2 (7b) using SEM-BSE.
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8a. BS.1

8b. BS.2

Figure 4.8 . Fe and S concentrations of Fe-containing particles measured in automated particle analysis by SEM EDX for chips
of BS.1 (pre weathering) (top) and BS.2 (post (bottom) weathering), analysed in thin section. Each data point represents a
dense Fe-containing particle analysed by automated particle analysis of a thin section of BS chips. Black crosses are <5% Fe
and are considered to be other minerals containing minimal Fe, light grey are particles with a Fe content >5% and Fe:S ratio
less than 1 and are considered ‘pristine’ pyrite. Dark grey data points have a Fe:S ratio greater than 1 and have more than
5% S. Black circles contain less than 5% S and are considered to be Fe oxides.
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Figure 4.9. Fe and S concentrations of Fe-containing particles measured in automated particle analysis by SEM EDX for chips

of QVS4.1 (pre weathering) (top) and QVS4.2 (post (bottom) weathering), analysed in thin section. Black crosses are <5% Fe

and are considered to be other minerals containing minimal Fe, light grey are particles with a Fe content >5% and Fe:S ratio

less than 1 and are considered ‘pristine’ pyrite. Dark grey data points have a Fe:S ratio greater than 1 and have more than %
S. Black circles contain less than 5% S and are considered to be Fe oxides.

78



. FeO rim

r

Gypsum -
! .

200 pm

Figure 4.10 SEM Back scattered electron (BSE) images, examples of Fe particles and weathering products. 10a, b, c and e

from QVS4.2, post weathering. 10d is from QVS4.1, pre weathering. 10f is from BS.2, post weathering.

Table 4.4 Table presenting information shown in Figure 4.8 and 4.9 in a numerical format. On the left proportions are
calculated only from particles with chemical compositions indicating Fe sulphides (particles with a Fe and $>5 %),
highlighting the shift to sulphur depleted pyrite after weathering (numbers of particles in brackets). On the right-hand side
all of the Fe-containing particles are included, to show the increase in Fe (oxyhydr)oxides (particles with less than 5 % S).

Particles identified in SEM-EDX with processing carried out by IncaFeature.

Proportion of total pyrite

Proportion of all Fe-containing minerals

particles
Pristine ds:;’l):t::j <5 % Fe Pristine ds::l):t:; Fe (oxyhydr)oxides
BS.1 0.98(3763) 0.02 (70) 0.25(1278) | 0.73 (3763) 0.01 (70) 0.01 (26)
BS.2 0.5 (1460) | 0.46 (1232) | 0.61(6205) | 0.14 (1460) | 0.12 (1232) 0.12 (1267)
QVvs4.1 | 0.66 (2005) | 0.37 (1156) 0.4 (2651) 0.3 (2009) 0.18 (1156) 0.11 (745)
Qvs4.2 0.21 (567) 0.79 (2129) | 0.46 (3212) 0.08 (567) 0.30(2129) 0.16 (1090)
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Figure 4.11 Histograms of Equivalent Circular diameter (ECD) for different pyrite populations with average (in um) identified.
a) BS.1 ‘pristine’ pyrite particle population, b) BS.2 ‘pristine’ pyrite particle population and c) BS.2 ‘sulphur-depleted’ pyrite
particle population.
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Figure 4.13. Aztec generated image of automated patic/e dataf BS.2. Clearly visible are ‘sulphur-depleted’ pyrite particles

in yellow concentrated around the outside of the chips and ‘pristine’ pyrite particles in red concentrated in the centre of each
chip. Modified from Buckman et al., 2018.

4.5 Discussion

4.5.1 Evidence for organic-rich mudrock weathering

When visually comparing the rock chips before and after the experiment, there were no
obvious signs of rock weathering (i.e. no colour changes, no efflorescent salts), which is
consistent with observations by Liao et al. (2014). Using SEM in BSE mode, the BS.2 sample
displayed gypsum rims around some rock chips that were not visible in BS.1 (Figure 4.10e),

evidence of weathering products being generated during the experiment.

Geochemically, the slight loss of Na and K (negative T Figure 4.3a) into the effluent provides
evidence that weathering of aluminosilicate has been occurring during the experiments. The
higher rates of removal of Na and K (and most other elements) into the effluent in the first
100 hours may suggest that both elements were additionally adsorbed to clay minerals (Pye
and Miiller, 1990). The subsequent leaching at a slower rate may suggest real acid hydrolysis
of aluminosilicate. The leaching of carbonate minerals, presumably by dissolution of calcite,
caused the most severe chemical change during weathering, identified by a decrease in
inorganic carbon in the post-weathering samples and a high pH in the effluent (Figure 4.23,
Figure 4.3). The relative instability of carbonate/calcite in leaching experiments has been
noted in previous experiments (e.g. Ritsemsa and Groenenberg 1993; White et al., 2005).
The decrease in pyrite in both samples, identified by both wet chemistry (Table 4.2) and
particle analysis (Table 4.4) and the increase in ‘sulphur-depleted’ pyrite particles (Table 4.4),
implies that oxidative reactions were occurring as well. It is evident that the designed soxhlet

experiment does artificially weather organic-rich mudrock components, even on relatively
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short time scales of one month.

The fact that one of the measurable products of weathering, ‘sulphur-depleted’ pyrite
particles, are restricted to a zone around the perimeter of the weathered rock chips (Figure
4.13) suggests a weathering front/redox front penetrating into the rock. The weathering
reactants, dominantly water and oxygen (Equations 4.1, 4.2, 4.4 and 4.5), have been
transported at least 100 um into the rock chip over the four weeks, despite the relatively
fine grained, impermeable nature of organic rich mudrocks in general. The thickness of the
zone of weathering in BS.2 appears to be similar in every chip. Although the sample has
lenses where coarser (CaCOs) material appears to be more concentrated (Figure 4.6) there
does not appear to be distinct areas where the reactants have penetrated at different rates.
This may relate to the overall homogenous nature of the rest of the matrix in the BS

samples.

The conditions of the weathering experiment in this study were different to previous
organic-rich mudrock weathering experiments, mainly because the pH was much higher
(e.g., Bhatti, 2015, pH 1.2-2.2; Liao et al., 2014, pH 4.2-6.0; Perkins and Mason, 2015, pH 3.6-
6.2). These earlier experiments either removed carbonate prior to treatment or used
organic-rich mudrocks that were initially very low in Ca (and so presumably low in
carbonate). We suggest that in our study using mudrock samples with their original
carbonate inventories, dissolution of carbonate acted as a pH buffer and consumed the
majority of protons produced by pyrite oxidation, resulting in the comparatively high pH in
the effluent. Assuming that pyrite oxidation was the dominant source of protons during the
weathering experiments (with contribution of protons from CO; dissolution on these
timescales being minimal), and S was released from pyrite oxidation as soluble SO4%,
Equations 4.4 and 4.5 may illustrate the strong correlation between Ca and S in the effluent
(Figure 4.5) and the occasional precipitation of a white solid (presumed to be gypsum).
Gypsum was also at least temporally retained within the rock, as confirmed by the gypsum
rims in BS.2 (Figure 4.10e), and may also be the source of the new Ca-rich, low-Fe particles
identified by SEM in BS.2 (Figure 4.8). Gypsum is a well-known weathering product of pyrite-
rich rocks (Cockell et al., 2011; Joekel et al., 2005; Pye and Miller, 1990). The formation of
gypsum prevented the use of S concentrations in the effluent as an accurate measure of the
rate of pyrite oxidation (Nicholson et al., 1988 and 1989). An alternative measure of pyrite
oxidation should be sought for further weathering studies on carbonate-containing organic-
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rich mudrocks.
2FeS; + 703 (aq) + 2H,0 > 2Fe?* + 4504% + 4H* (Equation 4.4)
CaCOs + H20 + SO4% + 2H* > CaS04.2H,0 + COz (Equation 4.5)

The good correlation between S and Na and Mg in the effluent of QVS4 (Figure 4.5) further
suggests that in this sample, protons released during pyrite oxidation (Equation 4.1) may
have also caused the hydrolysis of feldspar or pyroxene minerals and other carbonate

minerals like dolomite.

The relatively high temperatures during the experiment (33-58°C, see Figure 4.2b) may have
prevented the activity of any native microbial communities that might facilitate Fe oxidation
in a natural weathering environment. Certain Fe oxidising microorganisms are, however,
known to operate at temperatures as high as 45°C (Bhatti, 1990). Furthermore, the high pH
of the effluent is more likely to have hampered the activity of microorganisms (e.g. T.
Ferroxidans; Lundgren and Silver, 1980). We assume that this would also be the case in

natural carbonate-containing rocks, at least until the carbonate is completely dissolved.

4.5.2 Weathering impact on iron-carbon-sulphur coupling

In both samples, Fe is behaving conservatively during weathering, consistent with similar
findings by Liao et al. (2014), Perkins and Mason (2015) and Pye and Miller (1990), as well as
some natural weathering studies (Jin et al., 2013; Littke et al., 1995; Odin et al., 2015). This,
despite the clear penetration of pyrite oxidising reactants into the rock chips during the
experiment (Figure 4.13). There is, however, the considerable change in Fe-speciation in our
experiment, including the oxidation of pyrite, dissolution of Fe carbonates, and the
production of Fe (oxyhydr)oxides (Table 4.1, Figures 4.8 and 4.9). These changes do not
significantly affect the Feyr/Fer proxy as the Fe (oxyhydr)oxide products of pyrite oxidation
are also within the Feur pool. Different from that, the Fepy/Fenr ratio is significantly modified
(Table 4.2). Our sequential extractions identify increased pools of Feoxa and Feoxy, indicating
the formation of goethite/hematite in both samples, and formation of
ferrihydrite/lepidocrocite during weathering of BS (Table 4.2). These Fe (oxyhydr)oxides
have previously been noted on the surface of weathered organic-rich mudrocks (Cockell,

2011; Fischer et al., 2009; Tuttle et al., 2009).

Tuttle and Breit (2009) found Fe to be labile in naturally weathered organic-rich mudrocks,
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suggesting that low pH and the lack of carbonate buffering were responsible for the
instability of pyrite weathering products at low pH. This mechanism for higher rates of pyrite
oxidation at lower pH relates to the generation of intermediatory product, Fe3* which is in
itself an effective oxidant (Equation 4.6), creating a positive feedback and speeding up pyrite

oxidation (Williamson et al., 2006; Huminicki and Rimstidt, 2009).
FeS, + 14Fe3* + 8H,0 = 15Fe?* + 2504 +16H* Equation 4.6 (Williamson and Rimstidt (1994)

At higher pH, Fe3* is readily hydrolysed to form an insoluble precipitate (Fe (oxyhydr)oxides),
which slows the rate of reactions as it removes this additional oxidant from the aqueous
phase (Nordstrom, 1982; Williamson et al., 2006; Chandra and Gerson, 2010). Also, in
experiments where pyrite was weathered in the presence of carbonate (Nicholson et al.,
1988; Huminicki and Rimstidt, 2009; Lara et al., 2016), the rate of the pyrite oxidation was
shown to be limited by the build-up of solid Fe (oxyhydr)oxides at the mineral surface. These
weathering products were identified as lepidocrocite (Nicholson et al., 1988) or lepidocrocite
and goethite (Lara et al., 2016). It has been suggested that the decreasing reaction rates
could be explained by the shrinking core model, where the rate of pyrite oxidation is limited
by the rate of oxygen diffusion through the build-up of the oxidation product around the
edge of a particle (Nicholson et al., 1998). The microscopic evidence for Fe (oxyhydr)oxide
rims around pyrite cores on individual ‘sulphur-depleted’” microcrystals in this study (Figure
4.10 a and b) supports this model of rate limitation in carbonate-containing organic-rich
mudrock (Figure 4.14). Since the Fe (oxyhydr)oxides are relatively stable compared to pyrite
under prevailing weathering conditions (Schwertmann and Taylor, 1989) ‘sulphur-depleted’
pyrite particles are essentially ‘passivated’ by Fe (oxyhydr)oxide coatings. The retention of
pyrite framboid morphology during this transformation may be due to the two stage process
suggested by Huminicki and Rimstidt (2009). In this model, dissolved iron forms poorly
crystalline Fe-oxyhydr(oxide) colloids which are attracted to the pyrite surface, forming a
semi-permeable layer which encourages the precipitation of further Fe- oxyhydr(oxide)’s

between the pyrite face and this colloidal layer.

There is evidence that the different carbonate contents in BS and QVS4 resulted in different
levels of passivation. In BS, a higher original carbonate content maintained a higher pH
throughout the experiment (Figure 4.2a). Compared to QVS4, during weathering of BS, there
was a more pronounced increase in the Feox: pool identified by sequential Fe extraction

(Table 4.2). This may represent a greater surface area of pyrite rimmed with Fe
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(oxyhydr)oxides. Also, a more pronounced shift from ‘pristine’ to ‘sulphur-depleted’ pyrite
(Table 4.4) in BS is evident. Together with a slowing rate of S and Ca removal from the
effluent (Figures 4.4a, 4.4b and 4.4c) in BS.1, this supports enhanced passivation and
declining rates of pyrite oxidation. The conditions are different in QVS4, where the majority
of the carbonate had been dissolved by the end of the 4-week experiment (Figure 4.3a), the
pH was slightly lower (Figure 4.2a), and S and Ca continued to be leached from the rock
during the latter experimental stages (Figure 4.4). There is the possibility that enhanced
dissolution of carbonate in QVS4 was also influenced by the presence of dolomite or other
Mg carbonate minerals. Magnesium carbonate minerals have a higher solubility, and this

may explain the slightly steeper curve in Figure 4.4.

It remains unclear from this experiment how stable the Fe (oxyhydr)oxides rims are, and if
any of the pyrite would be permanently passivated even at a lower pH. In QVS4, it is likely
that all carbonate within the rock chips will dissolve before all pyrite grains are passivated,
therefore allowing pyrite oxidation and other oxidative weathering reactions to continue. In
BS, this is different; all pyrite particles may be passivated before all carbonate in the rock
chips is dissolved. From this point onwards, further oxidative weathering of BS components
would rely on the lower concentrations of protons generated by carbon dioxide dissolution.
With further work, it would be possible to identify the threshold carbonate content of a
given sample that would allow complete pyrite passivation by Fe (oxyhydr)oxides and
therefore slower rates of weathering. However, this would be complicated by various
factors, including surface area (Chandra and Gerson et al., 2010), and distance between
pyrite and carbonate particles (sample heterogeneity) (Kraal et al., 2009), which may explain
why there was a greater overall loss of pyrite from BS (t -0.37) than from QVS4 (1 -0.21)
(Figure 4.3c).

In both samples, the pyrite framboids indicate the same process of in situ Fe phase
transformation from sulphides to (oxyhydr)oxides via diffusion at individual pyrite
microcrystal surfaces, with little change in framboid morphology and negligible amounts of
Fe being lost to the effluent. The preservation of framboid morphology has also been
identified in various palaeo-redox studies which use outcrop samples (Luning et al., 2003;
Wignall and Newton, 2004). Automated particle analysis allows for the identification of
pyrite particles that have been affected by weathering, so that only ‘pristine’ pyrite particles
are included in any diameter analysis. However, in QVS4 it appears that average ‘pristine’
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pyrite diameter is increasing, possibly as smaller particles are being preferentially converted
to ‘sulphur-depleted’ pyrite (Figure 4.12). This, combined with the current inability to
decipher euhedral from framboidal pyrite, limits the use of automated particle analysis in

this study for the measurement of framboid diameter as an anoxia proxy.

In BS, the non-pyrite S fraction (Table 4.1b) increased during weathering. This was likely due
to the conservative nature and oxidation resistance of sulphurised organic matter (Table
4.1b), supporting previous findings by Petsch (2000), and due to the formation of gypsum,
some of which was retained within the rock chips. In both samples, TOC contents appeared
to be stable over the course of the experiment (positive t values, Figure 4.3a), supporting
previous research that organic carbon compounds are relatively stable towards weathering
when compared to pyrite (Clayton and Swetland, 1978; Petsch, 2000).

ety jouide
product coating

Figure 4.14 Conceptual model of shrinking core model as seen in SEM-BSE imagery of pyrite framboids in QVS54.2 (adapted
from Nicholson et al.,1989).

4.5.3 Weathering impact on trace metal proxies

Overall, the trace metals in both samples appeared to be relatively resistant to experimental
weathering, with most elements losing less than 10 % of the available trace metal content
into the effluent. Mass transfer coefficient (Equation 4.3) also show either conservation
(positive T) or minor losses (<-0.1). This, again despite the clear penetration of weathering
reactants into the rock chips (Figure 4.13). Nickel is the only trace metal consistently present
in the effluent above limits of quantification. Nickel appears in lower concentrations in the
BS effluent compared to QVS4 (Table 4.3, Appendix C), even though BS.1 contains higher
original Ni contents before weathering than QVS4.1. One explanation could be that Ni is
concentrated within a more resistant organic matter fraction in BS (Boning et al., 2015)

explaining the lower Ni losses from BS compared to QVS4.

Interestingly, the studied trace metals (including Ni) are also known to be enriched in pyrite

87



(Gregory et al., 2015; Huerta-Diaz and Morse, 1992), so they should be released from the
rock chips in an amount proportional to pyrite oxidation. This is evidently not the case, with
as 21 rel% of the original pyrite has been oxidised in QVS4 during weathering (Table 4.2)
whereas the trace elements lost no more than 10 rel% of their original quantities (Table
4.1c). AThere is no correlation between S and Ni, Zn or Mo concentrations in the leachate
either. It, therefore, seems that most trace metals are retained in the rock chips despite
significant pyrite weathering. In this context, there is evidence of enrichment of Mo, Ni, As,
U, V, Ni, Cu and Zn in goethite weathering crusts (Fischer et al., 2009). These trace metals
may, therefore, have been released during pyrite weathering within the oxidised zone/redox
front in Figure 4.13, only to be instantaneously adsorbed onto, or co-precipitated with, Fe
(oxyhydr)oxide rims around individual pyrite framboid microcrystals. Mn also appears to be
conservative. As Mn oxides/hydroxides are also known to co-precipitate/sorb with trace
elements (see Tebo et al., 2004 for a review) it would be interesting to investigate their role

in weathering in future experiments.

In this experiment, little trace metals were lost from chips of shale which are approximately
<6mm over the duration of the experiment (yr?). Therefore, it is unlikely that trace elements
would be leached before physical erosion in high erosion environments like cliff faces (up to
10! m yr?, Rosser et al., 2005). If erosion continually erodes the weathering surface, then
this study suggests that chemical weathering will not significantly affect trace metals in
these environments and trace metal proxies would be reliable. In samples without carbonate
(because of the original palaeo-environment) where pyrite may not be ‘passivated’ by the
build-up of solid Fe(oxyhydr)oxides, leaching of trace metals may be more significant before

physical erosion takes place.

4.5.4 Estimated chemical weathering rates versus physical weathering rates in high erosion

environments
Pyrite oxidation accelerates chemical weathering of other rock components in pyrite-bearing
organic-rich mudstones. Figure 4.13 shows that even in relatively impermeable mudrocks,
oxygenated water had penetrated 100 um into the mudrock in just four weeks, creating a
redox front of oxidised pyrite. Our experiments suggest that, because of pyrite ‘passivation’,
it would take years to oxidise all of the pyrite from the <6mm chips. Comparing this to rates
calculated in high physical erosion areas where outcrop samples are usually taken from, i.e
high topography stream beds (mm’s to cm’s/yr Cornwell et al., 2003; Hsieh and Knuepfer,
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2001) or coastal cliffs (m’s/yr, Rosser et al., 2005), it seems likely that physical erosion will
occur before pyrite oxidation is complete. If carbonate is present to buffer the pyrite
oxidation environment, the production of solid, seemingly relatively stable, Fe
(oxyhydr)oxides rims should also prevent significant alteration of the Feur/Fer ratio, and
possibly the retention of the investigated trace metals before physical erosion takes place.
The physical erosion of slightly chemically altered rock should, therefore, ensure that these
proxies are reliable in samples taken in these high erosion environments. In samples without
carbonate present to slow down pyrite oxidation and prompt precipitation of Fe
(oxyhydr)oxides rims, chemical weathering may have a more significant effect before
physical weathering removes the material. It would be useful to repeat this experiment with
various proportions of carbonate removed prior to initiating artificial weathering (this would
require a very careful approach and validation that no other phases were being removed)
and to carry out a longer experiment, sacrificing portions of the sample, in order to explore
changes in weathering rates beyond when all carbonate is lost and to test the stability of the

newly formed Fe (oxyhydr)oxides.
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Figure 4.15 Conceptual model of pyrite oxidation in average carbonate content mudrock (a) and carbonate-rich mudrock (b).
x axis is timescale and includes periods outside of this study therefore changes are presumed. Elements marked with (ag)
can be lost from the system. Note greater OH- ions in b) due to greater initial CaCO content, buffering the pore environment
and slowing pyrite oxidation, allowing physical erosion before oxidation is complete. This also leads to lower trace element
losses
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4.6 Conclusions
Evidence of pyrite oxidation, acid hydrolysis aluminosilicate minerals and carbonate

dissolution suggests that the soxhlet weathering experiment by Pedro (1970) is effective at
artificially weathering organic-rich mudrocks. Despite clear evidence for weathering, Fe is
behaving conservatively and the Feur/Fer ratio remains relatively unchanged. Also, trace
metals are not leached from the sample in any significant quantities. This is contrary to
natural observations of pyrite oxidation and trace metal leaching from organic-rich

mudrocks into soils, groundwater and rivers (e.g. Peng et al., 2003; Yu et al., 2012).

Figure 4.15 summarises a conceptual model of our experiment. There is evidence that pyrite
particles are passivated, and continuing oxidation is prevented by high pH values, as a result
of carbonate dissolution. Iron (oxyhydr)oxides precipitate around pyrite particles, preventing
further oxidation and encouraging co-precipitation or adsorption of trace metals. High pH
was maintained throughout our experiment due to the presence of carbonate. In our
samples, thus, it is realistic to assume that physical erosion of the outcrop would have
occurred before any significant chemical alteration was able to modify the rock
geochemistry. This, in turn, suggests that most geochemical proxies are still reliable in
carbonate-rich samples, despite significant chemical alteration. In samples with lower
carbonate content, it is likely that pH will be lower and less Fe (oxyhydr)oxides will
precipitate, allowing Fe and trace metals to be lost from the rock. Results of this study
suggests automated particle analysis is not a reliable method for ascertaining pyrite
framboid diameter due to the difficulty in distinguishing euhedral from framboidal pyrite

and the variable effects of weathering on pyrite particle diameter.

If carbonate dissolution does cause pyrite passivation and limit trace metal mobilisation,
then carbonate contents of mudrocks could be used as a first filter to choose outcrop
samples where geochemical proxies are more likely to be preserved and thus reliable. Also,
the use of automated particle analysis on mudrock thin sections would allow to confidently
identify passivated ‘sulphur-depleted’ pyrite. Further work is required to compare organic-
rich mudrock samples with varying carbonate contents, type of carbonate minerals (calcite
or dolomite) and to extend the weathering study beyond the carbonate dissolution period.
Also, detailed microanalytical analyses could confirm the contents of trace metals retained
within the Fe (oxy)hydroxide rims (Fischer et al., 2009) around pyrite particles and confirm

the initial phase of trace metals (pyrite, clay, or organic matter). Increasing the suite of
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analytes would be useful to aid understanding of weathering of contaminants into
groundwater — e.g. As (Zhu et al., 2008) and elements used as tracers for weathering — e.g.

Re for organic matter oxidation (Hilton et al., 2014).
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Chapter 5 Testing the effects of contemporary weathering on the reliability of
geochemical proxies in Colombian black shale

In this chapter, possible filters to identify weathered samples are investigated. This allows
samples geochemically altered by contemporary weathering to be identified and removed
from the sample set, leading to a more reliable data interpretation. With this scope, the

study offers a new approach to be validated and further developed in future studies using

outcrop samples.

5.1 Research Highlights
e Weathering reactions that have affected the bulk geochemistry (carbonate

dissolution and pyrite oxidation) can be identified in SEM.
e Iron (oxyhydr)oxide rims seen in the artificial weathering experiment (Chapter 4) are
evident in naturally weathered samples.
e Samples with lower CaCOs content have statistically lower TE, Fecarpb and Fepy
suggesting that these samples are geochemically more affected by weathering.
e Samples with less than 5 wt% CaCOs are considered more susceptible to weathering
and their geochemical proxies interpreted with caution.
e Weathering does not appear to affect Feur/Fer or TE content and so high contents
can be taken as an original signature.
e The Fepy/Fenr and pyrite framboid diameter proxies are not deemed reliable in
outcrop samples.
e With further development, high Feox2 and Femag contents could be used to identify
weathering.
5.2 Introduction
During sample preparation, it was evident that the samples provided by Ecopetrol for this
project had been affected by various degrees of weathering, either at outcrop or in storage.
There was evidence of white, orange and brown weathering products (likely Fe
oxy(hydr)oxides or gypsum — noted by Joekel et al., 2005; Cockell et al., 2011 and Pye and
Miller, 1990) precipitating on the surfaces of samples (Figure 5.1a). These weathering
products could often be physically removed during sample preparation, but frequently
penetrated along laminae into the sample (Figure 5.1b), suggesting that geochemical

changes would affect its geochemical inventory even if surface material was removed. Some
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samples were also soft, others arrived as coarse sand/ fine gravel sized platy grains (Figure
5.1c), suggesting that physical sediment integrity had been affected. As it is known that
weathering can affect geochemical proxies (see Chapter 4 for a thorough review), it is
important that samples affected by weathering are reliably identified and ‘filtered’ out of the
main sample set. This chapter aims to introduce a filter to exclude weathered samples from

further paleoenvironmental interpretation.

Figure 5.1 evidence for sample weathering. a. surface of a sample covered with a weathering product, likely Fe
oxy(hydr)oxides. Here an unaffected internal part of a sample can be prepared. b. discolouration caused by weathering
products along laminae, sample preparation cannot select unweathered portion for analysis. c. whole sample has
disintegrated. d and e showing weathered road cuttings from which La Marina and Crucero samples were selected.
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5.2.1 Three Possible Weathering Filters

Some samples were collected from outcrops in stream beds (Cantonera, Pedregal, Pescana
and Quebrada Vara Santa) and from road cuttings (Algodones, Crucero, La Cristalina, La
Marina, Paramo Guina, Quemado and Zipa). Although more often and more permanently
exposed to water (key for weathering reactions), samples taken from streams should have
been exposed to oxygen and water for a shorter period of time than road cuttings, as the
surface material is constantly eroded away by the action of the water. Cornwell et al. (2003)
and Hsieh and Knuepfer (2001) estimated erosion depth of sedimentary rocks by mountain
streams (like those in the Eastern Cordillera) at between 1073 and 102 m yrl. Although there
are no dates available for the construction of the various road cuttings in Colombia, the
surface material here was likely exposed to oxygen and water for much longer, at least a few
decades. Also, photographs from the field reports show that some of the road cuttings
support very extensive weathering (note pale colour, orange staining and disaggregation at
road cuttings shown in Figure 5.1d and e). The photographs from the stream cuttings show
less orange staining and disaggregation (Figure 5.1f), however, moss appeared to be
prevalent in areas outside the main stream, which could have affected the geochemistry of
the rock. The two groups of samples are compared in this study to find out if road cutting
samples are indeed more strongly weathered than stream bed samples. If so, stream beds
would be considered more suitable sampling locations, and the respective samples more

reliable for geochemical proxy interpretation.

As previously mentioned, samples showed different visual signs of weathering (Figures 5.1).
One of the products of pyrite oxidation can produce marked colouration of the rocks, e.g.
Fe3*(oxyhydr)oxides (red/orange, sometimes termed ochre), which also produces the
distinctive orange staining of rivers in acid mine drainage areas (Equation 4.1). Gypsum (and
other sulphate salts) and elemental sulphur have been identified as visual weathering
products of organic-rich mudstones as well (e.g. Joekel et al., 2005; Odin et al., 2015 and
Tuttle et al., 2009). Visual observation of colour changes and the presence of weathering
products have been used to identify the intensity of weathering in previous studies (e.g.,
Fischer et al., 2009; Cockell et al., 2011; Peng et al., 2004; Odin et al., 2015). In this chapter,
the hypothesis that visually less altered samples also have a more pristine geochemical

composition is tested.
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As discussed in Chapter 4, it is possible that the composition of samples that contain CaCO3
is less affected by oxidative weathering than samples without CaCOs. This is because pyrite
oxidation is less extensive in a high pH environment (which occurs during CaCOs dissolution).
Also, in a high pH environment, the products of pyrite oxidation, Fe oxy(hydr)oxides, can
adsorb TE as they are being released from pyrite or other rock components, preventing their
net loss from the sample. In this chapter, samples with low and high CaCOs are compared in
order to see if pyrite and TE are present in greater quantities in higher CaCOs rocks. This
filter is complicated by the possible co variation of CaCOs with TE related to productivity in
the original depositional environment. As discussed in Section 3.3.2, in most basins CaCOs
arrives at the sediments as the shells/tests of organisms, and so high values of CaCOs are
likely linked to periods of higher productivity and higher productivity related TE contents. On
the otherhand, CaCOs can also be a principal dilutor of TE, and its influence on TE and Fe
contents can be major (e.g. Clarkson et al., 2014). It will be difficult to tease out the effects
of accumulation alongside CaCOsz and dilution by CaCOs given the susceptibility of of this

component to weathering.

Figures 5.2 illustrates the complexity, with co-variation of some productivity indicators with
CaCOs and the lack of, possibly negative correlation with other productivity TE. However,
given the size of the data set, which encompasses a wide range of sedimentological
environments and weathering regimes, the influence of CaCOs, be it a weathering inhibitor

or sediment component stimulating/diminishing TE content is interesting to investigate.
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Figure 5.2. Example of correlations between CaCO3 and productivity proxies from La Cristalina 1.

5.2.2 Possible Characteristics of a Weathered Sample

It is important to determine the geochemical signatures that are expected in a sample which
has been significantly altered by weathering. Studies have shown that a sample may have
lost TE and so has lower TE contents than its equivalent unweathered sample (Perkins and
Mason, 2014; Pye and Miller, 1990; Tuttle and Breit, 2009; Zhu et al. 2008; Zhu and Wu,
2011). Pyrite is readily oxidised and so its contents in the sediment may be lower (Jin et al.,
2013; Liao et al., 2014; Littke et al., 1991; Petsch et al., 2000; Wildman et al., 2004; Zhu et
al., 2008), whilst the products of pyrite oxidation may accumulate during weathering. This
shift in Fe speciation should be noticeable in results of sequential Fe extractions (reduction
in Fepy, increase in Feox1 and Feoxz). This transformation should also reduce the Fep,/ Feur
ratio used for distinguishing euxinic from ferruginous depositional paleoenvironments, but
not the Feunr/Fer ratio that is indicative of anoxia (Poulton and Canfield, 2005). Iron
(oxyhydr)oxides are relatively stable compared to pyrite during weathering (Schwertmann
and Taylor, 1989). However, Fe weathering products are often seen on the surface of
weathered outcrops (Cockell, 2011; Fischer et al., 2009; Tuttle et al., 2009), suggesting that
Fe is leached from rocks, reducing not only their pyrite but also their total Fe content (Tuttle
and Breit, 2009). The oxidation of pyrite should further lead to a reduction in S content,
however, results of the artificial weathering experiment in Chapter 4 show that the
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precipitation of gypsum can preserve the original S content of a sample. Calcium and Fe
carbonates are readily soluble in acidic water (equation 4.2) and should, therefore, be lower
in content in weathered rock samples. These changes should also be visible in thin section.
Dissolution of calcium carbonate should be evident from pores within the rock that resemble
in shape the morphology of carbonate tests (e.g. foraminifera tests). Chapter 4 has shown
that pyrite oxidation products are also visible, and shifts can be semi-quantified using
particle analysis (INCAFeature) coupled with SEM-EDX. Complete oxidation of pyrite
framboids may leave spherical pores, likely smaller than carbonate tests with foraminifera
typically a minimum size of 0.05mm and sedimentary pyrite framboids having a maximum

diameter of around 10um (Wilkes et al., 1996).

In this study, different from other weathering studies, there is not a definite weathered and
unweathered sample set to directly compare geochemically. Instead, samples from the
entire Colombian sample set are grouped according to the three potential weathering filters
(outcrop type, visual alteration, CaCOs content), followed by a comparison of their
geochemical composition. Statistically lower TE or pyrite contents would be indicative of
increased weathering and unreliable samples for paleoenvironmental interpretation. The
same statistical approach used by Pye and Miller (2015), i.e. comparison of medians is
applied here. The sample set is very varied, with samples from different locations in the
basin and different time periods (Berriasian to Campanian). Even samples from the same
section show a great deal of variety in their geochemical signature (discussed further in
Chapters 6-8). This statistical approach is therefore based on the premise that the sample
groupings represent a similar distribution of sample types within them. Element contents are
normalised to Al in an attempt to make samples diluted variably with detrital material more
comparable (as discussed in Chapter 3). Alongside this statistical approach, the physical and
chemical effects of weathering are investigated on a fine scale, via SEM EDX, on a subset of

samples.
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5.3 Results
5.3.1 Outcrop Type

Samples were assigned to either a road cutting or stream according to information provided

by Georex (2015). Assignments and number of samples are shown in Tables 5.3 and 5.5.

Box plots in Figure 5.3 show that samples taken from stream beds overall have higher
contents of Fecarb, Feoxi, pyrite and Femag. Samples from streams also appear to have higher
Al normalised Fe content, and higher Fep,/Fenr ratios. Road cuttings appear to have higher
contents of Al normalised TE related to productivity and redox (Figure 5.3) and higher P/Al

than stream samples (5.2r).

Since data were not normally distributed (tested using Shapiro-Wilk), Mann-Whitney U tests
were run to determine if there were differences in proxies between road and stream
outcrop samples. Distributions of the proxy data were not similar for stream and road
samples (as assessed visually from box plots in Figure 5.3), so only mean ranks can be
compared. Samples taken from stream beds have statistically higher Al normalised Fe and
Mn, and higher contents of some Fe-species. All the differences observed in box plots are
shown to be statistically significant. The Mann-Whitney U statistic, the p-value and the mean

ranks are shown in Table 5.1. using an exact sampling distribution for U (Dineen & Blakesley,

1973).
Table 5.5. Statistical results of Mann-Whitney U test comparing road and stream groups. Ranks in bold are the highest.
p Mean rank Mean rank
Proxy U-value
value road stream
Fecarb <0.001 | 8080 88.03 160.25
Feoxa <0.001 | 7342 92.82 148.54
Femag <0.001 | 7703 90.48 154.28
Pyrite <0.001 6914 98.39 139.38
Fepv/Fenr 0.012 5901 102.18 125.67
Fe/Al <0.001 6880 97.61 140
Ba/Al <0.001 | 1802 130.37 60.66
Cr/Al <0.001 | 2835 123.71 76.8
Cu/Al <0.001 | 3295 120.74 83.98
Mo/Al <0.001 1024 135.39 48.51
Ni/Al 0.003 3705 118.09 90.40
V/AI <0.001 1454 132.62 55.22
U/Al <0.001 3617 118.66 89.02
Mn/Al <0.001 7466 93.96 148.84
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Figure 5.3 a-r. Box plots of sample data separated into outcrop type. Trace element, Fe, P and Mn data from XRF. Iron
speciation data (in wt%) from sequential extraction. Dark line within the box is median, box shows interquartile range,
outliers (circles and stars) are outside 1.5 x the interquartile range.

5.3.2 Visual Alteration
Table 5.2 summarises the approach used to assign visual states of alteration to each sample

and was carried out on hand specimen before sample preparation. These assignments were
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largely based on an approach by Peng et al. (2004), who described samples from parent rock

to overlying soil based on their location within a section and their characteristics.

Table 5.6 Description of the method used to assign samples to different visual alteration groups.

Category Colour Change Integrity
1 None Intact
5 Some yeIIOV\./,'orange, brown or white salts Intact

visible on the surface
Yellow, orange or brown colouring or a
3 lightening of rock colour extends >1mm into the Intact
sample. Colouration extends along laminae into
the sample
Yellow, orange or brown colouring or a
4 lightening of rock colour extends >1mm into the | Sample breaks into chips or
sample. Colouration extends along laminae into is soft
the sample

Table 5.7. Numbers of samples assigned to each visual alteration group from each section.

Location 1 2 3 4
° Pedegral 1 6 1 1
'CE’ Cantonera 3 2

o Qvs 2 5 1
& Pescana 3 10 2

Algodones 1 11 3 4
Quemado 1 7 1

La Marina 7 8 4 2

& La Cristalina 1 4 9 2 4

£ La Cristalina 2 1 3 3 1

';: La Cristalina 3 3 6 2 2

& La Cristalina 4 7 3

Zipa 2 6 7 1

El Crucero 11 5 1

PG 2 3 1 1

Total 30 94 31 21

Table 5.3 shows that most sections only have a small proportion of samples which show

signs of severe weathering (group 4). The majority of samples from all sections reveals some

signs of surface colour alteration due to weathering (group 2). There does not appear to be

a relevant difference in the visual weathering state of samples from streams or from road

cuttings by visual inspection, with both types of outcrops samples mainly being assigned to

group 2 (60 and 50 % of samples, respectively).
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Figure 5.4
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Figure 5.4 a-s Box plots of sample data separated into groups sorted by visual alteration as per Table 5.2. Trace element, Fe,
P and Mn data from XRF. Iron speciation data from sequential extraction in (wt%). CaCO3 from LECO combined with CNS
analysis (wt%). Dark line within the box is median, box shows interquartile range, outliers (circles and stars) are outside 1.5 x

the interquartile range.
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Figure 5.4 a-e shows outliers in every sample set for each of the Fe species analysed, which
makes it difficult to identify any major differences between visual weathering groups.
Visually unweathered or only surface-weathered samples (groups 1 and 2) appear to have
slightly higher Fecarb and pyrite contents, and slightly lower Feox, compared to more
extensively weathered samples in groups 3 and 4. Samples from group 3 also appear to have

lower CaCOs content (Figure 5.4r)

A Kruskal-Wallis test (chosen as the majority of data was not normally distributed, tested by
Shapiro- Wilk test) was conducted to determine if differences in Fe-species, Fe-species
ratios, or Al normalised Fe were statistically significant between sample groups with
different visual weathering extent. Statistically significant differences were found between
sample groups in Fecarb, Feoxz, pyrite and Fepy/Fenr. Test statistics are shown in Table 5.4.
Subsequently, pairwise comparisons (a post hoc test) were performed using Dunn's (1964)
procedure. A Bonferroni correction for multiple comparisons was made with statistical
significance accepted at the p < .0083 level. Statistically significant differences in data
between groups are recorded in Table 5.4. The most consistent differences are between
groups 2 and 3 (statistically higher Fecart and pyrite contents, as well as Fepy/Fenr in group 2).
Group 4 (visually most weathered samples) has significantly greater content of Feoxz than

groups 1 and 2.

No clear differences are notable when examining box plots of productivity and redox TE
proxies (Figures 5.4 | to r), and there is no statistical difference identified. Aluminium
normalised P values are statistically different between each visual alteration category, with

least visually weathered samples (group 1) having the highest content.

Table 5.8. Summarising results of Kruskal-Wallis statistical test comparing visually altered and unaltered samples, showing
only data where there are statistical differences

Pairwise comparisons
between groups

Fecarb 11.86 0.008 2 higher than 3

1 lower than 4,

Element X%(5) p-value

Feoxa 16.67 0.001 5 lower than 4
Pyrite 13.10 0.004 2 higher than 3
Fepy/Feur 15.83 0.001 2 higher than 3
Each group statistically
P/Al 7.82 0.050 different, decreasing

from group 1 to 4.
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5.3.3 (CaCOs content
The samples were grouped according to CaCOs content to investigate the effect of carbonate
contents on TE contents and Fe species (categories shown in Table 5.5). The number of

samples assigned to each category is shown in Table 5.5.

Table 5.5 shows that almost half of the samples do not contain any detectable CaCOs3 (n=
100). Most of the samples contain less than 1 wt% CaCOs in the sections representing land-
proximal, shallow settings (La Marina, Pescana and Crucero), but also the more distal,
deeper-water Algodones, Quemado and Zipa sections. The majority of samples from the La
Cristalina sections have greater than 5 wt% CaCOs. There is no clear difference in the
distribution of CaCOs content in samples from streams or from road cuttings, with most
samples in both groups (44 and 49 %, respectively) being assigned to group 0. There are,
however, more samples from road cuttings assigned to groups 4 and 5 (mostly from the La

Cristalina sections).

Figure 5.5f shows that samples with no CaCOs (group 0) have lower Fe/Al than samples with
carbonate. Group 0 samples also have lower Fenr/Fer, lower Fep,/Fenr and lower pyrite
content, and higher Femag. Easily reducible Fe oxides (Feox1), Fecarb and Femag show elevated
contents in groups 1 and 2 (0.01-5 wt% CaCQs), but diminishing contents in groups 4 and 5
(10 to >20 wt% CaCO0s), Figure 5.5a-f. A Kruskal-Wallis test, conducted to determine if
differences in Fe-species, Fe-species ratios and Fe/Al seen in the box plots were statistically
significant between groups with different CaCO3 content, showed statistically significant
differences between all tested parameters apart from Feox;. Test statistics are shown in
Table 5.6. Subsequently, pairwise comparisons (a post hoc test) were performed using
Dunn's (1964) procedure and corrected as per the previous section. This analysis identified
statistically significant differences in data between groups, as recorded in Table 5.6. Any
combinations of parameters not mentioned are not statistically different. The statistical test
confirms that samples with no detectable carbonate have significantly lower Fe/Al, pyrite,

Fecarb Fenr/Fer and Fepy/Fenr than samples with over 10 wt% CaCOs.

Figure 5.5 (i to q) shows that samples with less than 1 wt% CaCOs (group 0 and 1) have lower
Al normalised TE (Ni, Cu, Mo, U and V) than samples with greater than 1 wt% CaCQOs.There
are lower contents of Al normalised Zn and Ba in the less than 5 wt% carbonate groups
(groups 0,1 and 2). Also, Al normalised P appears to be present in decreasing quantities

with decreasing carbonate content. Following the same procedure as for Fe/Al and Fe
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species, a Kruskal-Wallis test was conducted to determine if differences in Al normalised
redox and productivity TE (and P) seen in box plots were statistically significant between
groups with different CaCOs content. Data were statistically significantly different between
the different CaCOs content groups in all cases tested. The results of the pairwise statistical
test are shown in Table 5.6. Statistical tests confirm that observations noted in boxplots are
statistically different, but additionally, samples with less than 5 wt% CaCOs (group 2) have
lower TE contents than samples with higher than 20 wt% carbonate (and in the case of Ba/Al

and Zn/Al, lower than those samples with greater than 10 wt% CaCOs).

Table 5.5. Number of samples from each section in each CaCO3 category. N is number of samples. CaCO;z estimated
assuming all IC (measured by a combination of LECO and CNS) is from CaCOs.

Category
0 1 2 3 4 5
. Total ND 0-1 wt% | 1-5 wt% >-10 10-20 >20
Location n CaCO; CaCO; CaCo; wt% wt% wt%
CaCOs; CaCOs; CaCOs;
8 Pedegral 16 7 3 4 1 1
'2 Cantonera 14 5 1 2 1
§ Qvs 8 2 1 2
o Pescana 17 7 2 2 1
La Marina 21 13 3 4 1
Algodones 22 14 2 3 1 1
o Quemado 12 9 2 1
£ La Cristalina 1 19 1 1 7 10
§ La Cristalina 2 8 2 1 1 1 3
- La Cristalina 3 13 3 1 2 2 5
;:Ou La Cristalina 4 10 1 4 3 2
Zipa 20 15 1 1 2 1
El Crucero 24 22 2
PG 7 1 6
Total 211 100 19 29 17 20 26
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Figure 5.5
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Figure 5.5
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Figure 5.5
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Figure 5.5 a-q Box plots of sample data separated by CaCOs group (Table 5.6). Trace element, Fe, P and Mn data from XRF.
Iron speciation (wt%) data from sequential extraction. CaCO3 (wt%) from LECO combined with CNS analysis. Dark line within
each box is median, box shows interquartile range, outliers (circles and stars) are outside 1.5 x the interquartile range.
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Table 9.6. Summary of results of Kruskal-Wallis tests between CaCO3 groups, showing only data where a statistical
difference was noted

Element X%(5) | p-value | Result of pairwise
comparison between

groups

Fecarb 31.8 | <0.001 | Olower than 2,4,5

Feox1 13.6 | 0.018 0 lower than 2

Femag 24.5 | <0.001 | 1 higherthan 4 and5,
2 higher than 4,5

Pyrite 26.1 | <0.001 | Olowerthan4and5

Feur/Fer 27.8 | <0.001 | Olowerthan4and5
Fepy/Fenr | 21.4 | 0.001 0 lower than 4 and 5

Fe/Al 31.1 | <0.001 | Olowerthan2,4and5
P/Al 38.9 | <0.001 | Olowerthan 4 andS5,

1 lower than 5
Ba/Al 51.7 | <0.001 | Olowerthan 4 andS5,

1 lower than 4 and 5,
2 lower than 3,4,5
Cr/Al 34.7 | <0.001 | Olowerthan4and5,
1 lower than 4 and 5,
2 lower than 5

Cu/Al 45.7 | <0.001 | Olower than 4 and 5,
1 lower than 4 and 5,
5 higher than 2 and 3.
Mo/Al 40.2 | <0.001 | Olowerthan4and5,
1 lower than 3,4,5

2 lower than 5

Ni/Al 69.3 | <0.001 | Olowerthan 2,4 and5
1 lower than 4 and 5
2 lower than 5

V/Al 49.0 | <0.001 | Olowerthan4and5
1 lowerthan 3,4, 5

2 lower than 5

U/Al 32.8 | <0.001 | Olowerthan4and5
1 lower than 5
Zn/Al 60.8 | <0.001 | Olowerthan4and5

1 lower than 4 and 5
2 lower than 4 and 5
Mn/Al 13.5 | 0.019 0 diff 5
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5.3.4 SEM-EDX

A limited number of samples has been analysed in thin section using SEM-BSE/EDX, in order
to identify the extent of weathering and its physical and geochemical effects. These samples
sit within different categories in the aforementioned groups. These sub-samples also have

different bulk geochemistry, indicative of either anoxic or oxic depositional conditions (Table

5.7 and 5.8).
Table 5.7. Fe-speciation data for each sample analysed in thin section
c
9 Q. — —_ —_ —_ <
g E |88 || S|S|8 /85|84 ¢
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] - = O I = o = ~ T = CU = =
5 a S8 0O = 5 ¥ 2 g z | = @ &
(@] jo) —
° T I B I - A - - A - B
£
Algodones 519.5 2 0 215|031 0.02| 004|000 | 151|324 | 0.68 | 0.80
Crucero 79 2 0 0.23 | 0.02 | 0.02 | 0.11 | 0.01 | 0.00 | 0.00 | 0.14 | 0.00
La Cristalina 1 336 2 5 0.32 { 0.13 | 0.04 | 0.05 | 0.00 | 0.46 | 0.99 | 0.71 | 0.67
Zipa 74.5 3 0 0.34 | 0.04 | 0.16 | 0.41 | 0.01 | 0.00 | 0.00 | 0.77 | 0.00

Table 5.8. Aluminium normalised TE data for samples examined in thin section

Outcrop
Depth (m)
Fe/Al
P/Al
Ba/Al
Cu/Al
Ni/Al
Zn/Al
Cr/Al
Mo/Al
V/AI
U/Al

Algodones 519.5 | 0.26 | 0.00 | 52.8 | 1.58 | 3.07 | 4.18 | 7.15 | 1.30 | 179 | 0.74

Crucero 79 0.08 | 0.00 | 20.0 | 0.52 | 1.03 | 1.69 | 5.08 | 0.07 4.6 | 0.52
La Cristalinal | 336 0.17 | 0.02 | 232.6 | 4.49 | 22.27 | 67.53 | 21.55 | 12.75 | 266.0 | 3.05
Zipa 745 | 0.16 | 0.01 | 87.1 | 881 | 9.02 | 27.25 | 30.12 | 2.05 | 157.6 | 3.48

Algodones (519.5 m)

This sample was collected from an outcrop in a road cutting. The sample was assigned to
visual alteration group 2 and carbonate group 0. The lithofacies interpretation provided by
Georex suggests a marine shelf depositional environment, but with sand input from unstable
sediment piles at the foot of a delta (Table 3.2). There is no carbonate detectable in the
sample, nor are there any carbonate lithologies observed within 10 m of the sample.
Geochemistry shows no enrichment in redox or paleo productivity related TE when
compared to average shale (Table 5.8), apart from Mo. The Mo content of 14 mg/kg is
greater than average shale and is indicative of sulphidic conditions limited to pore waters

(Scott and Lyons, 2012). Iron speciation identified pyrite (3.2 wt %) which makes up the
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majority of the Feur pool (Fepy/Fenr is 0.8), and Fenr/Fer is 0.68, indicative of anoxic
depositional conditions (Poulton and Canfield, 2005) (Table 5.7). Redox proxies, in this case,
contradict, with Fenr/Fer indicating anoxic conditions and TE suggesting sulphate reduction
is limited to the pore waters. Particles are relatively well aligned as evident from thin section
(Figure 5.6a), and the sample comes from a part of the outcrop where planar parallel
lamination has been noted, and evidence of bioturbation is absent. Sedimentological

indicators would, therefore, suggest bottom water anoxia.

From particle analysis in INCAfeature and EDX, it is possible to analyse geochemical data for
1000 of heavy minerals identified in SEM (Figure 5.7), as discussed in Chapter 4. It is evident
from this figure that ‘pristine’ pyrite (Fe:S<1) dominates, however, ‘sulphur depleted’ pyrite
particles and Fe oxy(hydr)oxides exist. Visual analysis of the ‘sulphur depleted’ particles
shows that 28 out of 50 particles are spherical in shape and are considered framboidal. It is
therefore evident that the precipitation of Fe oxy(hydro)oxide rims around pyrite particles,
which occurred in the artificial weathering experiment (outlined in Chapter 4), is also

occurring in this natural outcrop sample.

In Figure 5.6a, carbonate shell/test shaped pores are visible in thin section by SEM-BSE. It is
assumed that they are dissolved and not plucked out, as no CaCOs is measurable in the bulk
material (Table 5.7). Framboid shapes which are not filled by pyrite, but are Fe
oxy(hydr)oxides are visible in Figure 5.6b. The framboid shape is visible only as a rim, with
the centre dissolved/plucked out. The framboids sit within a dark area, and not directly
within the matrix. The dark area could be pore space, suggesting the framboids have
diminished in size. An alternative is that the framboids were positioned within now dissolved
carbonate tests, or within dark organic matter. Measurements of equivalent circular
diameter suggest that pyrite with Fe oxy(hydr)oxide rims do have a smaller ECD (average 1.8
pum SD 0.6) than ‘pristine’ framboids (average 2.7 um SD 1.9), providing evidence that the

framboid size has been diminished by a dissolution process.
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Figure 5.6 SEM BSE image of thin section from Algodones (519.5 m). In a. dissolved tests/shells are visible. These are
assumed dissolved and not plucked out because the bulk sample has no IC detectable by bulk geochemistry. b. framboids
composed of FeO with centres plucked out/ dissolved. The ‘framboids’ are present within a black area, which could be
porosity caused by a diminished ‘framboid’ diameter, by the dissolution of a carbonate test/shell originally surrounding the

pyrite, or it could be organic matter.
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Figure 5.7 Algodones (519.5 m) analysed by SEM- EDX particle analysis in INCAFeature. Fe and S contents of all Fe
containing particles. Red particles are FeO (less than 5% S). Green particles not considered pyrite or FeO (greater than 5% Fe
<5%S). Blue particles are considered ‘pristine’ particles (Fe:S<1). Orange particles are considered sulphur depleted pyrite
(Fe:S>1). Table summarises particle numbers.

La Cristalina 1

The La Cristalina 1 (LC1) section was exposed along a roadside, is assigned to visual
alteration group 2, and carbonate group 5. The lithofacies interpretation provided by Georex
suggests an outer continental slope with carbonates (Table 3.2). Geochemistry of the bulk
sample is enriched in paleo productivity proxies Ba, Cu, Ni and Zn and redox proxies Cr, Mo,
V and U compared to average shale (Table 5.8). Euxinia cannot be confirmed, as Mo content
is below 100 mg/kg (71 mg/kg), but when normalised to Al is higher than average shale, and
so it is likely that the water column was anoxic (Scott and Lyons, 2012). Iron speciation
analysis identifies anoxic waters (Fenr/Fer 0.70), the majority of Feug is pyrite, Fepy/Feur 0.67
(Table 5.7). In the thin section, it is difficult to identify if grains are well aligned (i.e. not
affected by the action of bioturbation) due to the very fine clay matrix. Faecal pellets, the
occasional detrital grain and shells did appear relatively well aligned. There was no
bioturbation observed at outcrop and beds/laminae here are noted as planar. The

sedimentary evidence therefore also supports anoxia.
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Evidence for carbonate dissolution (in the form of large pores) is minimal within this sample.
Also, given the high CaCOs content of the bulk sample, it is possible that some of this minor
porosity is due to plucking out of tests/shells during sample preparation. In most cases, tests
are intact and filled with calcite. There are some dark areas within shells, which may be
dissolved calcite or organic matter. Pyrite is in the form of small and dispersed framboids, or

larger and irregularly shaped within the tests (Figure 5.8).

Automated particle analysis identified pristine (31 % of Fe particles), sulphur depleted (18 %
of Fe particles) and Fe oxy(hydr)oxide (50 % of Fe particles) particles (Figure 5.9). Many of
the Fe oxy(hydr)oxides do not have a framboid morphology, they are amorphous and
associated with carbonate rich areas of the sample. A greater proportion of the sulphur
depleted particles has a framboid shape (32 out of 50 particles checked), and these particles
are likely pyrite framboids with Fe oxy(hydr)oxide rims. Sulphur depleted framboids have an
average ECD of 4.0 um (SD 3.1), pristine framboids have a diameter of 4.4 (SD 3.8). Both of
these values indicate an anoxic water column (<6um) as defined by Wilkes et al. (1996),

however, the standard deviations are large, casting some uncertainty on this assumption.

120



Pyrite in OM?

OM in shells or some

minor dissolution
Some minor dissolution?

Intact and infilled calcite
Or plucking out of forams

forams,shells
Figure 5.8 SEM BSE image of a thin section from La Cristalina (336 m). Sample with relatively high CaCO3 . Much less

porosity in this sample compared to other the thin section from Algodones or Crucero, which could suggest less carbonate
dissolution/pyrite oxidation. Pyrite is visible, both within shells and dispersed.
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Figure 5.9 La Cristalina (336 m) analysed by SEM EDX particle analysis in INCAFeature. Fe and S contents of all Fe
containing particles. Red particles are FeO (less than 5% S). Green particles not considered pyrite or FeO (greater than 5% Fe
<5%S). Blue particles are considered ‘pristine’ particles (Fe:S<1). Orange particles are considered sulphur depleted pyrite
(Fe:$>1).

Crucero

The sample from Crucero (79 m) was taken from a road cutting, was assigned to visual
alteration group 2 (light brown colour on the surface of the sample) and carbonate group 0.
There is no CaCOs detected in the bulk sample, nor in other Crucero samples, and no
carbonate lithologies were observed at outcrop in this section. No pyrite was detected in the
bulk sample, and Fe exists mainly as poorly reactive or unreactive sheet silicates (Feur/Fer is
0.14) (Table 5.7). No Al normalised redox-sensitive TE are present at contents above average
shale (Table 5.8). Both redox proxies, therefore, indicate oxic depositional conditions.
Sedimentology shows relatively well-aligned grains, which could be indicative of low oxygen

conditions.

Figure 5.10a shows bimodal pore size distribution. There are a small number of large pores
(10-30 um) which could be a combination of dissolved shells/tests (Figure 5.10.c), or dark
areas showing organic matter. There are many small (< 5 um) spherical pores in this sample

which, due to their small size, are unlikely to be shells/tests and may be the locations of
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oxidised pyrite. In some locations, it appears that the clay matrix surrounding these small
pores has been altered (Figure 5.10b), however, there is no notable difference in chemistry
(this may be an effect of the EDX, which is not entirely quantitative and less effective at very
small scales). Automated particle analysis (Figure 5.11) confirms low pyrite content in the
bulk sample, with very few particles noted. There are more Fe oxy(hydr)oxides, however,
none of these particles have framboidal morphology. The average ECD of the few pristine

particles noted is 3.7 um (SD 0.7). The sulphur depleted particle has a diameter of 4.1 um.

Minimal larger
porosity from
dissolved shell?

100%m
0.7 Tomr

Smaller porosity
possibly generated
by remaoval of pyrite

Altered rim around
possible pore generated
due to pyrite
oxidation/dissolution

Dissolved shell?

Figure 5.10 SEM BSE image from a Sample from Crucero, 79 m. A. Very little pyrite visible. Quite a bit of porosity which may
have been carbonate (c). Some smaller spherical porosity may have been pyrite. B Some porosity has altered rims, although
there is no detectable difference in the geochemistry. Grains are relatively well aligned, and in a larger view (not shown),
planar lamination is visible
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Figure 5.11 Crucero (79 m) analysed by SEM EDX particle analysis in INCAFeature. Fe and S contents of all Fe containing

particles. Blue particles are considered ‘pristine’ particles (Fe:S <1). Orange particles are considered sulphur depleted pyrite
Fe:5>1).

Zipa ( )
The Zipa sample is again taken from a road cutting. It has been assigned to the level 3 visual
alteration group, as the light brown colour (presumed to be a pyrite oxidation product) on
the outside of the sample also penetrates into the sample along planar parallel laminae
(Figure 5.12a). The bulk sample contains no CaCOs and so was assigned to CaCOs group 0. It
is enriched in redox and productivity TE compared to average shale (Table 5.8), suggesting
deposition in an anoxic, high productivity setting. Iron speciation also suggests deposition in
an anoxic environment (Fenr/Fer is 0.77), however, no pyrite is present. Mo contents (10
mg/kg) suggest any sulphide is limited to the pore waters. Continuous planar parallel
features visible in thin section and in the unprepared sample and layers of higher porosity

(light brown coloured layers, Figure 5.12b) imply a lack of bioturbation, supporting the view

the sample was deposited in an anoxic environment.

There are many large (> 50 um) irregular shaped pores in the Zipa sample, but also smaller

124



(<10 um) pores (Figure 5.12d). Larger pores are likely dissolved carbonate tests and are
concentrated in laminae which occur approximately every 0.5 mm. Element mapping
indicates that Fe is concentrated in some of these layers (Figure 5.12c), and it is probable
that they are the light brown layers seen in hand specimen with the Fe being present as
brown Fe oxy(hydr)oxides (Feox: or Feox; as seen in Fe speciation). Smaller pores are
potentially the remains of oxidised pyrite framboids. Very little pyrite is noted in automated
particle analysis (Figure 5.13) as well as in the bulk geochemistry (Table 5.7), however, it is
probable that pyrite was initially present, given the evidence for low oxygen depositional

conditions.
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Figure 5.12 Zipa 74.5 m in hand specimen (a) and thin section (imaged using BSE SEM, b and d). Image c. SEM EDX
elemental mapping (Blue is Si, green Al, red is Fe, S is yellow, Ti is white). Parallel sub-mm light brown laminations visible in
hand specimen, on a smaller scale these laminations appear to be layers of higher porosity, likely to the dissolution
carbonate tests/shells. Elemental mapping shows concentrations of Fe sometimes associated with more porous layers and S
not associated Fe. This might be because pyrite previously deposited has been oxidised. As well as this large porosity, there
are also many smaller pores, which could be oxidised pyrite (d)
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Figure 5.13 Zipa 74.5 m analysed by SEM EDX particle analysis in INCAFeature. Fe and S contents of all Fe containing
particles. Blue particles are considered ‘pristine’ particles (Fe:S<1). Orange particles are considered sulphur depleted pyrite
(Fe:S>1). Green particles are Fe Containing but with less than 5% S.

5.4 Discussion
Grouping samples according to CaCOs content presented the most consistent differences

between samples. After a statistical analysis, it is apparent that samples with no CaCOs have
significantly lower Fecarb, Femag, Fenr/Fer, Fepy/Fenr and Fe/Al, P/Al and TE/AIl than samples
with greater than 10 wt% CaCQOs (Table 5.6). Samples with low but detectable CaCOs content
(<1 wt% and <5 wt%), also have statistically lower TE/Al than higher than 10 wt% CaCOs
samples, but not statistically lower Fe species. The higher content of TE and Fe in samples
with higher CaCOs is initially surprising, given that carbonate is considered to have a diluting
effect on these elements (Poulton et al, 2015; Clarkson et al., 2015). As discussed in section
5.2.1, some TE (Ni, Cu and Zn) may be expected to increase with higher CaCOs in high
productivity settings, and higher productivity settings can lead to anoxia, allowing the
accumulation of redox sensitive TE and Fe. However, SEM data provide some evidence
indepentdent from depositional environment that CaCOs influences the extent of

weathering independent. A sample from the high CaCOs group (LC1 336 m) imaged with

127



SEM-BSE shows the lowest degree of carbonate dissolution out of the four samples
displayed here (Figure 5.8), but a significant proportion of Fe-containing particles measured
in automated particle analysis (18 %) are sulphur depleted pyrite, suggesting pyrite oxidation
is occurring. Contents of Al normalised TE remain high (Table 5.8), suggesting there has been
little TE leaching. Together, this information supports the conclusions presented in Chapter
4, whereby carbonate within a sample buffers pyrite oxidation, thereby minimising pyrite
and TE loss. We, therefore, suggest that samples with > 5 wt% CaCOs have a greater capacity
to buffer acid generated during pyrite oxidation and limit TE loss, and such samples are
therefore more reliable for the interpretation of geochemical proxies. This value of 5%
CaCOs is the same as independently suggested by Kraal et al. (2009) as the threshold
carbonate content below which significant pyrite oxidation and apatite dissolution occurred

in Cretaceous black shale samples.

In Chapter 4, it is suggested that the Fe oxy(hydr)oxides formed when pyrite oxidises in a
high pH environment can quantitatively adsorb TE released by pyrite oxidation, either by
adsorption or co-precipitation. In this scenario, pyrite should be diminished from a sample
while TE contents should remain high. An example for this is shown by the Zipa sample (74.5
m), where it appears that it has experienced much carbonate dissolution, but TE contents
remain high, whilst all pyrite has been oxidised (Table 5.7). The statistical approach
described above suggests that TE loss occurs at a higher pore water pH (when CaCOs content
is above 5 wt%) than the loss of pyrite and other Fe species (only statistically lower contents
in the 0 wt% CaCOs). This suggests that the TE are not dominantly hosted within the pyrite,
but another rock component. Some TE also form sulphides separately (Cu, Ni, and Zn,
Huerta-Diaz and Morse, 1992; Morse and Luther, 1999), and these may be more susceptible
to oxidation at higher pH, however, none-sulphide forming TEs (U and V) behave similarly
(Table 5.6). It is also possible that some TE (Mo, V, Ni) are associated with the OM
component (Tribovillard et al., 2004; Brett and Wanty 1991; Lewen et al., 1984). Previous
studies and the results presented in Chapter 4 suggest that pyrite successfully competes
with OM for available oxidants during weathering (Clayton and Swetland, 1978; Petsch,
2000), and so this scenario is unlikely. In conclusion, the disparity between TE depletion and

pyrite oxidation in most of the studied samples warrants further investigation.

Visual alteration of hand specimens was not a useful indicator of weathering type effects on
TE contents within samples, with no statistical differences in TE contents between visually
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very strongly visually altered samples and visually ‘pristine’ samples (Figure 5.4i-r). On the
other hand, Fecrb and pyrite are higher in samples with alteration limited to surface colour
changes compared to samples with weathering penetrating into the sample (Figure 5.4a and
e). This again indicates that pyrite oxidation (and Fecar, dissolution) is more sensitive to
weathering than TE. Also, P/Al was statistically higher in visually unaltered samples and
became statistically lower with increasing visual extent of weathering, which could suggest
that P was directly involved with the extent of colour change. Kraal et al. (2009) shows that
as a result of pyrite oxidation, P can become bound to Fe, which may limit the expression of
the colour of the newly formed Fe oxy(hydr(oxides). One sample investigated in thin section
by SEM-BSE (Zipa, 74.5 m) is categorised in visual weathering group 3 because the light
brown colour attributed to pyrite oxidation products extends into the sample along planar
parallel laminae. It appears that these layers are characterised by concentrations of pores
generated by dissolution of carbonate tests. Once dissolved, this added
porosity/permeability likely allowed further penetration of oxygen and water, accelerating
the removal of carbonate and oxidation of pyrite. It is possible that this mechanism is at
work in all samples in group 3, supported by low pyrite, Fep,/Fenr and CaCOs contents seen

in Figures 5.4 e,gandr.

Samples taken from road cuttings have lower Fe/Al and highly reactive iron species, but
higher Al normalised TE contents (Figures 5.3a-h). This could indicate that pyrite oxidation
(and eventually removal of pyrite oxidation products and Fe) was occurring to a greater
degree in samples taken from road cuttings compared to stream beds, and that TE were less
affected. It is possible that TE were leached from the stream bed at a higher rate than pyrite
(present in a higher content in stream samples) before erosion could take place, however, it
is more likely in this case that the samples taken from streams had inherently lower TE
content even in an unweathered state. Evidence to support this comes from depositional
environments assigned to the different sections and samples by Georex (Table 3.2). The
samples taken from streams were deposited in very proximal paleoenvironments (shoreface
to middle platform) where redox and productivity related TE may not have accumulated.
Given this likely inherent challenge with the data set, the outcrop type is not used as a

method of filtering samples.

Magnetite might be a weathering product, with higher contents in low CaCOsz samples (Table
5.6). Also, Feoxz is present in statistically higher quantities in samples with the highest degree
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of visual alteration (Table 5. 4). Further investigation of these potential products of pyrite
oxidation may provide an alternative weathering filter. It is also useful to note that sample
groups identified as more s trongly weathered (visual alteration or low CaCOs) do not have
elevated Fenr/Fer ratios, suggesting that Fe is not being converted from poorly reactive Fe in
sheet silicates to Fenr during weathering. Therefore, a high value of this proxy is not a result
of weathering, but rather an original paleo depositional signature. This helps when
geochemical redox proxies contradict each other in the samples. In the Algodones (519.5 m)
sample, for example, Feur/Feris high, indicative of bottom water anoxia, and this is
supported by sedimentological features of a low oxygen environment. In contrast, TE
contents are low, indicative of oxic depositional conditions. Here, it is likely that TE was
leached from the sample to some extent, but Feur/Fer was preserved due to quantitative
conversion of pyrite to other Fenr phases (mainly Fe (oxyhydr)oxides). Samples with a
greater visual extent of weathering and with a lower CaCOs content did have statistically
lower Fepy/Feng ratios (Figures 5.4g and 5.4h, respectively), suggesting that this ratio is not
reliable as a redox proxy in weathered samples. Given pyrite oxidation occurs to some
extent, even when CaCOsis present, this proxy is unlikely to be reliable if there is a possibility
the sample has been affected by weathering. Another Fe based proxy which may be
unreliable is framboid diameter, with a diameter reduction even in a sample where

carbonate buffering appears to be generating Fe (oxyhydr)oxide rims (Figures 5.7 and 5.9).

Caution is recommended when interpreting differences between groups of samples. One
problem with the statistical approach described above is that the “no carbonate” group
contains samples which likely originally did not contain any carbonate (e.g. Crucero, Figure
5.10) as well as samples where carbonate was present but has since dissolved (e.g. Zipa,
Figure 5.12 and Algodones, Figure 5.6). Different weathering processes are likely to have
occurred in these samples. SEM analysis can identify samples that likely contained carbonate
prior to weathering, by the presence of appropriately sized and shaped pores. In one sample
where there is evidence that carbonate was once present (Algodones, 519.5 m), pyrite is
present (3.2 wt%) and there is also evidence for Fe (oxyhydr)oxide rims preserving some of
the pyrite framboid cores (Figure 5.6b and 5.7). Another sample which has clear signs of
carbonate dissolution (Zipa, 74.5 m) has very few preserved pyrite framboids even though Fe
(oxyhydr)oxides are prevalent (Table 5.7 and Figure 5.13). TE content in this latter sample is

also high, perhaps preserved due to adsorption to Fe (oxyhydr)oxides. In the sample with
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little evidence of carbonate dissolution (Crucero), there is a reasonably low Fe content (1
wt%, EC average is 3.5 wt%) and the Fe exists mainly as poorly reactive or unreactive sheet
silicates (Feur/Feris 0.14). In this sample, it is possible that pyrite existed (as evidenced by
<10um spherical porosity, Figure 5.10), was oxidised without the buffering effect of
carbonate, and so the products of pyrite oxidation and TE were leached out of the sample

almost entirely.

Another challenge of using statistics to evaluate the effect of weathering of different sample
types is that the grouping of samples biases the result. In the outcrop type test, for example,
sediments representing the most proximal paleo depositional conditions, where the primary
signature for may have been higher Fenr and lower TE contents, occurred in stream
outcrops. Therefore as well as comparing road and stream outcrops, original depositional
settings of proximal versus distal were also being onserved. In distal settings, the primary
signature may have been lower Fenyr and higher TE contents, possibly overiding any leaching
in TE due to weathering. . Unlike grouping by outcrop type, each carbonate group contains
samples from different sections and representing varying paleo depositional environments
and so varied primary geochemical signatures (Table 5.5). However, the high carbonate
samples dominantly occur in the La Cristalina sections. In Chapters 7 and 8, evidence is
presented that these samples are deposited under enhanced primary productivity and
anoxic redox conditions, and so are likely to have primary signatures with higher contents of
TE related to high productivity and anoxia. Also, although in these sections, CaCOs does not
directly correlate with TE content for productivity (Figures 7.7 and 8.9) higher CaCOs is in
general likely to be indicative of higher biogenic carbonate productivity. Higher calcium
carbonate productivity can also be associated with anoxia, as microorganisms consume
oxygen within the water column and sediment, further highlighting the possible original
signature differences of these sections. An ideal sample set to explore the effects of
weathering would include samples from exactly the same depositional environment that
were exposed to different weathering conditions. This situation does not occur often in the
natural environment, and is an inherent problem of weathering studies, as discussed in
Chapter 4. Also, carrying out multiple comparisons carried out by this statistical testing
increases the chance of a Type 1 error. The p-values are much lower than the 0.05 required
for significance in each test (Table 5.1, 5.4 and 5.6), suggesting low probability of incorrectly

rejecting a null hypothesis. However, future work should involve the use of a different type
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of statistical test, like principal component analysis, or use additional statistics like a

Bonferroni method to correct for this multiple comparison problem.

Another reason to be cautious with the use of a CaCO:s filter based on wt% is the spatial
distribution of CaCOs. Figure 5.12 is an example of how CaCOs can be concentrated in
laminae, which likely causes high pH pore fluids to be concentrated in this region as they
dissolve. If carbonate and pyrite are separated by relatively impermeable clay, even when
CaCOs content in the bulk sample is high, the mechanism of carbonate buffering does not
necessarily limit pyrite oxidation. However, examination of representative samples by SEM
(especially if automated particle analysis is available to identify sulphur depleted pyrite) or

light microscopy could recognise if this was the case.

5.5 Conclusion
After interrogation of geochemical data using statistical analysis it appears that a filter is

available to identify samples which are more likely to have had their geochemical inventory
affected by contemporary weathering. A weathering filter based on CaCOs content identifies
the most consistent differences (lower pyrite, Fepy/Fenr, Fecarb and CaCOs as well as lower TE
contents). Samples with lower than 5 wt% CaCQOs are considered as more susceptible to
weathering, and therefore less reliable for geochemical interpretation. The results of this
study may be biased original enrichments in TE in the more distal LC sections, where CaCO3
productivity was at its highest (further discussed in Chapter 7 and 8). Also, without SEM
analysis of additional samples, there is no scope to distinguish samples which initially had
very little CaCOs, and samples where CaCOs was present and has been dissolved during
weathering (thereby stalling pyrite oxidation and, to some extent, TE loss). This CaCOs filter
should therefore, be applied with caution. The absence of increased Feur/Fer or TE in sample
sets assumed to be more weathered (low CaCOs or more visually weathered) confirms that
elevated TE contents cannot be explained by weathering. Therefore, if an additional source
(e.g. hydrothermal fluids) can be ruled out, elevated contents compared to average shale
can be interpreted as a genuine depositional sighature. The Fepy/Fenr proxy for distinguishing
between euxinic and ferruginous redox conditions and the pyrite framboid diameter proxy
are unlikely to be reliable in any sample where the effect of weathering cannot be

completely discounted.
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Chapter 6 Macanal Formation — First Marine Deposition in the Eastern
Cordillera of Colombia.

6.1 Research Highlights
e The CIA* measure of paleo chemical weathering suggests a stable climate throughout

the Berriasian and Valanginian which is arid compared to the samples from later in
the Cretaceous.

e Thereis aslight increase in indicators for runoff, and an increase in terrestrial
vegetation reaching the sediments, suggesting a slight increase in humidity from the
Berriasian to the Valanginian seen in other locations.

e Unlike at other locations, both the Berriasian and Valanginian sea floor was
dominantly anoxic for the majority of the depositional period, likely due to the

relatively restricted nature of the basin.

In this chapter, inorganic and sedimentological data and interpretation of the two sections of
the Macanal formation are presented and discussed. These sections represent Berriasian

and Valanginian sediments deposited in the early basin filling phase of the EC. The sediments
document tidal plain (Algodones) to submarine fan (Quemado) deposits as summarised in
Table 6.1 (based on information provided by Georex, 2015). In order to understand the
results, first, a summary of what is known about the global climate during the depositional
period is presented. Results of proxies for detrital material, paleo productivity and redox
conditions are presented. When discussing the results, any changes in climate/basin
conditions through time which can be elucidated are considered within the basin, and also in

a global context.

6.2 Introduction
The Macanal formation was deposited during the Berriasian and the Valanginian (Burgl,

1961; Ulloa Rodriguez, 1979; Etayo-Serna, 1985), a greenhouse period with relatively stable
average SST up to 32°C (Littler et al., 2011) and sea levels up to 125 m higher than today
(Haqg, 2014). There is evidence that the early Berriasian was dominated by arid conditions,
with a shift to increasingly humid conditions from the start of the Valanginian. This shift is
expressed in the sedimentary record as an increase in terrestrial flux (F6llmi, 1995; van de
Schootbrugge et al., 2003, Westermann, 2013), changes in vegetation (Kujau et al., 2013)
and more intense paleo chemical weathering (strontium isotopes, McArthur et al., 2007; CIA
and clay mineralogy changes, Morales, 2013) linked to an enhanced hydrological cycle. The

arid conditions in the Berriasian coincided with anoxia in many parts of oceans (Adatte et al.,
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1996; Mutterlose et al., 2003; Richiano, 2014; Grabowski, 2016). Féllmi (2012) and Cotillon
and Rio (1984) postulated that this was due to decreased runoff and increased evaporation
reducing ocean circulation, eventually leading to water column stratification. The humid
conditions in the Valanginian may have provided nutrients for enhanced marine productivity
(Westermann, 2013; Lipinski 2002; Follmi 1995), whereas the consequences of more arid
conditions in the earlier Berriasian were lower paleo chemical weathering rates and nutrient
fluxes to the world’s oceans. The aforementioned studies are dominantly concentrated in
the Tethys (Westermann 2013; van de Schootbrugge et al 2003; Kujau et al., 2013;
Grabowski, 2016; McArthur et al., 2007) or at high latitudes (Mutterlose et al., 2003;
Richiano, 2014; Lipinski 2002). A limited number of studies has been carried out in the
Caribbean area (Mexico and Cuba) which was connected to the Proto North Atlantic in the
Cretaceous (Adatte et al., 1996; Pszczétkowski and Myczynski, 2010). No studies of more
restricted, flooded continental areas at the tropics similar to the EC exist, making this a
pioneering study to enhance our understanding of paleoenvironmental conditions across the

complete spectrum of Cretaceous marine environments.

During the Berriasian-Valanginian the study area was located approximately 5° south of the
equator (Figure 2.5) at the western edge of the supercontinent Gondwana (Hay et al., 1999).
Its location therefore provides the opportunity to investigate the change from arid Berriasian
to humid Valanginian conditions in a tropical climate, and to study the effect of these
climate changes on organic matter burial in a restricted basin. Deposition of marine
sediments in Colombia was initially limited by faults to the Cundinamarca sub-basin in the
south of the EC, before reaching the Cocuy and Tablazo sub-basins by the Valanginian.
Therefore, the basin was relatively isolated, connected only to the Colombian Marginal Sea
(Figure 2.4). The basin was also relatively narrow, with deposition in the northern portion
limited to an area approximately 80 km wide in the Cocuy Basin and 40 km wide Tablazo-
Magdalena sub basin (Figure 3.2). This depositional environment in close proximity to
terrestrial sediment sources should make the EC more sensitive to climatic shifts from arid to

humid conditions, expressed as changes in the volume and type of terrestrial supply.

There are two sampled sections which have been ascribed to the Lutitas de Macanal
formation, namely Algodones and Quemado. They are located in close proximity to each
other so likely represent similar, relatively proximal depositional locations within the paleo
basin (see location Figure 3.1 and 3.2). Algodones deposits have been assigned to the
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Berriasian to Valanginian, and Quemado contains sediments of Valanginian age as
determined by Georex (2015). As discussed in Chapter 2, the sections have been interpreted
as representing slope to distal delta environments. Both contain mass deposits of terrestrial
material, in Quemado from a submarine delta, in Algodones from unstable sediment piles
and turbidites. The lithological columns show mudrock interspersed with sand beds
(Appendix A). Bulk geochemical data show the fine grained sediments have average TOC
contents of 1.0 % (SD 0.5) in Algodones (n=210) and 2.3 % (SD 1.5) in Quemado (n=118), but
some more extreme values are present (max 5.0 % in Algodones, 5.6 % in Quemado). The
measured values of TOC are likely to be less than the initial contents, as the sections have
been buried through the oil window, with Tmax and vitrinite reflectance suggesting burial to
around 300°C (See Chapter 3). For this reason, correlations with TOC is not discussed in this

chapter.

Table 6.6.1. Summary of information about the Berriasian and Valanginian age sections covered in this chapter (provided by
Georex, 2015).

Paleo-water
Section Age Description Facies interpretation
depth (m)

Mudstone and siltstone with
occasional bands of sand,
which increase in number Tidal plain, developing

Algodones Berriasian-Valanginian and thickness towards the 20 to pro-delta,

top of the column. Fossils of submarine fan at the

ammonites, bivalves and top of the column

plant remains.

Mudstone and siltstone with
thin beds of sandstone and
siltstone, however, one
Quemado Valanginian section of 50 mis 60
monotonous. Ammonite and
bivalve impressions and
plant remains observed.

Hemipelagic
submarine fan
developing into distal
pro-delta

135



Table 6.2. Correlation coefficients calculated between elements in each of the Early Cretaceous sections. Correlations
considered good if greater than 0.5 (marked as red) or less than -0.5 (marked as green)
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6.3 Results
Here, data are presented for the 34 samples from the Algodones and Quemado sections

analysed by XRF, CNS/LECO and Fe-speciation and two samples analysed in thin sections by
SEM. Firstly, correlations between elements are presented, in order to better understand
which component of the sediment the elements are associated with and to allow for
selection of appropriate paleoenvironmental proxies. Following this, trends in detrital input,
intensity of paleo chemical weathering, productivity and redox conditions are explored. In
order to test the hypothesis that the Berriasian climate was more arid compared to the

Valanginian, samples from the two ages are compared.
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6.3.1 Correlations between main components

As discussed in Chapter 3, a positive correlation between Al (mainly found within clay)
suggests an association with detrital material, whereas a negative or no relation, could
suggest an authigenic source or association with another sediment component which is
diluted by fine detrital material source (correlation coefficients are recorded in Table 6.2, a
good correlation is considered greater than 0.5 or less than -0.5). Both sections show a
positive relationship of Al with Na and K which are major detrital elements (Figures 6.1a and
6.1b), but also with the proposed anoxia proxy Cr (which can be detrital if Chromite is
present in the hinterland (Jones and Manning, 1994)) and the productivity proxy Ba (which
can substitute for K in feldspars and micas (Puchelt, 1969)). In Quemado, there is also a
positive correlation between Al and Mn, Mg and V, which suggests that these elements are
also delivered to the basin within or adsorbed to the detrital component. Fe and P do not
show a good positive relationship with Al (Figure 6.1c and 6.1d). Silica and Zr show a

negative correlation with Al in both sections (Figure 6.1e and 6.1f)

Si and Zr correlate well with each other (correlation coefficient of 0.61 and 0.88 for
Quemado and Algodones respectively, Figure 6.1g). As discussed in Chapter 3, this suggests
that Si is dominantly within the coarse fraction, as quartz, and that Si/Al can be used to
estimate the sand/silt fraction. As Si and Zr have negative relationships with Al, coarse
material (containing quartz and zircon grains) is likely being diluted by fine, Al-rich clay.
Uranium has a positive relationship with Si, which could suggest an association between U
and the coarse fraction. Titanium has a positive relationship with Si in Quemado, suggesting
the presence of detrital Ti (e.g. rutile or anatase), but has a positive relationship with Al in
Algodones, indicating an association with the fine fraction. Apart from U and Zr (and Ti in
Quemado), other elements in both sections negatively correlate with Si, suggesting a

relatively pure quartz sand.
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Figure 6.1a-g. Correlations of major and trace elements with Al. Macanal samples are Blue crosses (Algodones) and red stars
(Quemado) with smaller data points are data from Chipaque and Fomeque sections.
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6.3.2 Main compositional components

Figure 6.1(continued)

Figure 6.2 shows that samples of Berriasian age have higher Al contents (average 11.3 wt%
compared to 10.2 wt%), but similar Si contents (average 28.9 wt% compared to 28.4 wt%) to
Valanginian sediments. This difference in Al was confirmed as statistically significant (p <0.5)
using a Mann Whitney U test (p-0.06). The low Al and slightly higher Si content leads to
higher calculated sand contents for the Valanginian (12.7 wt%) compared to the Berriasian
sediments (average 11.9 wt%), however, this difference is not statistically significant. The
Valanginian samples also have statistically higher levels of TOC (average 1.7 wt%) (p- <0.5)
than Berriasian samples (average 0.9 wt%). Both sections have very low concentrations of
CaCO0s. The Valanginian average (1.5 wt%) is higher than the Berriasian average (0.2 wt%),
but the difference is not statistically significant, with the majority of samples of both ages

less than 1 wt% CaCOs.
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Figure 6.2 Box plots to display compositional differences between samples of Berriasian and Valanginian age. A statistically
significant difference in Al and TOC between the Berriasian and Valanginian sediments was identified (p=0.06) using Mann-
Whitney U test.
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6.3.3 Detrital Proxies

Al contents remain relatively constant in both sections (average 11.0 wt%, SD 1.7 in
Algodones, 9.7 wt% SD 1.0 in Quemado), as does Si (average 28.1 wt% SD 3.5 in Algodones,
29.4 wt% SD 2.7 in Quemado), Figure 6.3. Mean calculated sand content within the
mudstone samples is 16% in Quemado (SD 7%) and 11% in Algodones (SD 14%). One sample
has a lower Al at below 8 wt% (187m, Algodones), and this is matched with lower contents
of elements presumably associated with the fine fraction (Ti, K, and Na). This sample also has
higher contents of elements associated with the coarse fraction (Si and Zr) and the highest
sand content within the Macanal samples (69%). The sample comes from an area of the
section where there are repeated (approximately every metre) sandstone beds of around 20
cm thickness. Other samples with slightly higher Si and Zr (38 and 167 m) and lower Al in
Algodones are also associated with sand beds. Samples towards the top of the section where
beds are thicker (over one meter) do not have higher Si and calculated sand contents.
Quemado, throughout most of the section, contains 0.5-1.0 m thick shale packages
alternating with siltstone beds of similar thickness (with very fine sand laminae) and around
10 cm thick sand beds. In Quemado, there is a steady increase in calculated sand content
(accompanied by a decrease in Al and increase in Si) from 30 .5 m (11.5 % sand) to 69 m (23
% sand) and again from 113.5 m (13.7 % sand) to 134.5 m (27.9 % sand). These are matched
with decreases in elements associated with the fine fraction (K and Na). The sample at 134.5
m is particularly high in Ti/Al (0.10 compared to a section average of 0.07) and Zr/Al (70.6
compared to a section average of 27.6). In both instances, the changes in the amount of
coarse material in the shales are not clearly coincident with an increase in coarse lithologies.
Supporting the bulk geochemistry in Figure 6.2, Valanginian samples also have higher Zr/Al

content than Berriasian samples (Figure 6.7).

Within the two thin sections analysed from these sampling sections (Quemado depth 14 m,
Algodones 519.5 m), all the identified detrital grains were quartz, and all measured grains

were silt sized (Figure 6.4 -6.6) corroborating field descriptions of silty mudstones.
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Figure 6.3 Detrital proxies and CaCO3 with depth (m) for the Macanal Algodones and Quemado sections. Summary lithology
and ages included from Georex reporting.
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Figure 6.4 BSE-SEM image of Quemado sample (14 m) in thin section. Porosity and organic matter black. Chemical
identification using EDX. Qtz, quartz. Note quartz grains appear to be detrital sub angular and some cracks present (note far
right). Also note lack of grain alignment which may indicate bioturbation. Pyrite not associated with any particular
lamination — distributed throughout, not consistently associated with any porosity (like shell outlines or organic matter
lenses).

10 pam

Figure 6.5 BSE-SEM image of Quemado sample (14 m) in thin section showing detail of detrital quartz grain and illite/mica
(note K content). Illite/mica appears to be slumping around quartz grain, suggesting the clay is not diagenetic
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Figure 6.6 BSE-SEM image of Algodones sample from 519.5 m in thin section. Black is porosity or OM. Note dispersed pyrite

and concentrated in distinct areas. Also note dissolution feature on the left, and the shell outline on the right, likely caused

by dissolution due to contemporary weathering. Main component is relatively well aligned (laminated) illite/mica with silt
sized quartz grains.

6.3.4 Paleo Chemical Weathering Intensity

As discussed in Chapter 3, when clays arriving at the basin are lower in K and Na, this is a
signature of more intense paleo chemical weathering or a more weathered source of detrital
material. In both sections, Na/Al and K/Al follow similar variations (Figure 6.3). There is a
decrease at 187 m in Algodones (Na/Al zero compared to a section average of 0.05, and K/Al
0.08 compared to a section average of 0.37) linked to an increase in coarse, quartz material,
whereas much of the rest of the sediment succession is relatively uniform. Similarly, a
decrease in Quemado at 134.5 m (Na/Al 0.02 compared to a section average of 0.04, and
K/Al 0.2 compared to a section average of 0.33) is linked to an increase in coarse material
and a decrease in Al. However, in Algodones, there is a steady increase in Na/Al (from 0.02
to 0.06) in the first 53 m of the section which appears to be unrelated to other detrital

proxies. The effect is that CIA* is relatively steady throughout the succession, with peaks in
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Algodones (94.5 compared to a section average of 78.6) and Quemado (86.3 compared to
section average of 78.3) linked to increases in the coarse fraction. From Figure 6.8 it appears
that Berriasian age sediments have slightly lower Na/Al values and higher K/Al values,
leading to slightly higher average CIA* values (mean value 79.0) compared to Valanginian

samples (mean CIA* 78.2).

As can be seen from Figures 6.1a and 6.1b, the Macanal sections have higher Na and K
contents than the rest of the studied Berriasian and Valanginian samples. High Na and K
could suggest an ingression of hydrothermal fluids and related metasomatism. If this is the
case, K and Na would not provide useful information about the intensity of paleo chemical
weathering (Fedo et al., 1995), and another consequence is that some TE could have been
leached from the shales (Beus, 1979). Sodium metasomatism has occurred in some regions
of the EC, leading to emerald deposits (Beus, 1979; Cheilletz and Giuliani, 1996). Beus (1979)
recommends using a low K/Na ratio to identify areas affected by this form of
metamorphism. Values from Algodones and Quemado are above the 1.5 limit recommended
by Beus for the identification of Na-metasomatised tectonic zones (Quemado average 7.5,
Algodones 6.3), and so this measure does not identify significantly altered rocks. Also, on
average, the studied samples do not have significantly higher K contents (average Quemado
3.2 wt%, Algodones 3.5 wt%) than unaltered shales in a database gathered by van de Kamp,
2016 (maximum 4 wt%) and average shale (3 wt%, Wedepohl, 1970, 1971). Five samples
from the base of the Algodones section do have slightly higher K contents (4.1-4.6 wt%),
which could suggest some minor alteration. The K/Rb ratio (an indicator for the circulation of
hydrothermal fluids which are often Rb poor, van de Kamp, 2016) in the Macanal samples is
very similar to other EC samples with lower K and Na contents (Figure 6.9), and the K/Rb is
below the value of 200 which is common in unaltered mudstones (van de Kamp, 2016). The
Macanal samples do have high quantities of illite (59-100 wt % of clay fraction, Table 6.3,
Figures 6.4-6.6), which could suggest K-metasomatism or supply of material from a less
weathered source/less intense paleo chemical weathering. In Figures 6.4-6.6, illite grains do
look relatively well crystallised, which could be an indication that they are diagenetically
formed (e.g. Bjglykke, 1998). Evidence that they may not be diagenetic comes from the fact
that the crystals do not extend into pores as seen in Zhao et al. (2017) and Wurst et al.
(2013) and also they appear to have slumped over detrital grains, suggesting they were in

position early in the burial history (Figure 6.5).The identification of chlorite in three samples
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using XRD is also an indicator of clay alteration (Hurst, 1984).

Fedo et al. (1995) offers a method of correcting for the addition of K during diagenesis using

a ternary plot (Figure 6.10). Samples from the base of Algodones and seven samples from

Quemado have a slightly higher corrected CIA (87) than the rest of the samples (corrected

CIA, 85).
Table 6.3. XRD data for Quemado and Algodones sections, provided by Ecopetrol.
> 2um fraction (wt %) < 2um fraction (wt%)
Outcrop Dg:;h clay | sand fel dlipar pyrite | other | illite | kaolinite :l‘;:::z chlorite
18.5 60 25 <5% <5% | <5% | 70 9 9 12
107 52 33 <5% <5% | <5% | 80 <5% 10 <5%
Quemado | 134.5 | 38 52 <5% 0 <5% | 100 0 0 8
180.5 | 46 44 traces 5 <5% | 82 <5% <5% 0
233 50 40 <5% traces | <5% | 94 0 6
41 67 23 <5% 0 <5% | 95 0 <5% 0
187 57 33 <5% 0 <5% | 95 0 <5% 0
Algodones | 269.5 | 50 40 <5% traces | <5% | 95 0 <5% 0
519.5 | 65 20 <5% <5% | <5% | 90 <5% <5% 0
5555 | 86 9 traces 0 <5% | 59 25 0 16
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Figure 6.8 Box plots to display differences in paleo chemical weathering proxies between samples of Berriasian and

Valanginian age.
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Figure 6.9 Correlation between K and Rb after van de Kamp (2016). Rubidium is normally depleted within hydrothermal
fluids, so a higher ratio would be indicative of interaction with high K, low Rb hydrothermal solutions. One sample with
higher ratios unlikely to be indicative of clay diagenesis, as this effect would have altered an entire area and in this case a
sample from 8 m below is unaffected. No clear difference between Macanal samples (black) and Chipaque age (white) and
Fomeque age samples (grey).
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Figure 6.10 Ternary diagrams of Na, K and Al after Fedo (1995) to correct CIA for addition of K by metasomatism. Quemado
has 7 samples around CIA 87 line, and some which sit closer to the CIA 85 line, rest of the samples appear to have slightly
higher corrected CIA
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6.3.5 Productivity

The Macanal samples are low in CaCOsz which may indicate low calcareous productivity.
There may have been higher CaCOs content before modern outcrop weathering, as there are
pores visible in thin section likely derived from the dissolution of carbonate tests (Figure 6.4
and 6.6). As discussed, it appears that Si has a detrital source and so it is likely that any
contribution by biogenic Si to the samples is also low. In both sections, there are intervals of
elevated TOC. In Algodones, between 159-211 m, average TOC is 1.65 wt%, between 47.5-
87.5 m average 1.31 wt% and between 483.5 m and the top of Algodones 1.72 wt%,
compared to a section average of 0.97 wt%. In Quemado, between 170.5 m — 210 m average
TOC is 3.50 wt%, between 86 m-120 m average is 2.67 wt%, between 0-16.5 m average is

2.61 wt% compared to section average 2.33 wt%).

As discussed in Chapters 4 and 5, contemporary weathering can affect TE proxies. As CaCOs
appears to minimise the effects of weathering, Chapter 5 suggests using a 5% CaCOz as a
filter for identifying samples less affected. Only two Macanal samples have higher than 5%
CaCO0s3, Algodones 269.5 m and 543.5 m. These samples have Al normalised TE contents of
paleo productivity proxies below average shale (Figure 6.11). In fact, all samples have paleo
productivity proxy contents below average shale apart from Algodones 486.5 m and 555.5 m
and Quemado 180.5 m (Figure 6.11). These values are within areas of higher TOC mentioned

in the previous paragraph.
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Figure 6.11. Paleoproductivity proxies with depth. Summary lithology and ages included from
Georex reporting. Blue line is average shale (values and references in Chapter 3).
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Figure 6.11 Paleo productivity proxies with depth (m) for two Macanal sections Algodones and Quemado. Summary
lithology and ages included from Georex reporting. Blue line is average shale (values and references in Chapter 3).
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6.3.6 Anoxia

Modern outcrop weathering can also affect redox proxies. Both of the Macanal samples
deemed to be most resistant to the effects of weathering (Algodones 269.5 m and 543.5 m)
contain Al normalised Mo, U and V contents close to, or slightly higher, than average shale
(Figure 6.12). The majority of other samples (which may have had TE leached by
contemporary weathering) also have redox sensitive TE levels higher than average shale.
Molybdenum contents are elevated (Algodones average 15 mg/kg maximum 69 mg/kg,
Quemado average 25 mg/kg, maximum 61 mg/kg), and Mo/Al is higher than average shale,
but are below the values required to confidently identify euxinia (100 mg/kg, Scott and
Lyons, 2012). Anoxia is indicated by Fengr/Fer greater than 0.38 in the majority of samples
(Figure 6.13). Samples between 31 and 47 m in Algodones and 125.5 m and 134.5 min
Quemado have Fengr/Ferlower than 0.38. Each of these samples have lower than section
average Fe contents (<2.4 wt%) but are not below the 0.5 wt% suggested as a filter by
Clarkson et al. (2015). Sulphur is also present at concentrations greater than average shale,
and at times exceeding the Venezuelan Cretaceous average and the C/T mean (values and
references presented in Chapter 3 and Figure 6.13). Excess S (that is S not accounted for by
pyrite) is present in most samples (up to 2.4 wt% in Algodones and 1.3 wt% in Quemado).
Figures 6.12 and 6.13 show that Valanginian samples have higher values of all redox proxies

compared to Berriasian samples (S, Feur/Fer, Mo and V/AI, U/AI).

Sediments from both sections show dominantly planar parallel laminations and very few
periods of bioturbation at outcrop scale (see Figure 6.13). In the two thin section samples
analysed, one does not display good alignment of grains (Figure 6.4 and 6.5, Quemado depth
14 m), which could indicate a bioturbated sediment interval. This sample was taken from a
section where no bioturbation was noted at the outcrop scale. The other sample from
Algodones (519.5 m) does show good alignment of grains (Figure 6.6). Both thin sections
show pyrite which appears to be relatively dispersed (Figure 6.4 and 6.6) suggesting that the
bulk geochemistry is not ‘averaging out’ a concentration of pyrite concentrated in discrete

lenses or precipitated in micro anoxic environments (like OM in shells).
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Figure 6.12 Redox proxies with depth in Quemado and Algodones. Blue line is Average shale, green line is C/T mean and red
line is the Venezuela Cretaceous average. Note Cr is likely linked to detrital influx (good correlation with Al) and so content
not likely due to redox conditions, as is V in Quemado. Ages and lithostrat column from Georex (2015)
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Figure 6.13 Redox proxies with depth (m) in Quemado and Algodones. Blue line is Average shale, green line is C/T mean and
red line is the Venezuela Cretaceous averageAges and lithostrat column from Georex (2015).

153



6.4 Discussion
A more humid climate (with the consequence of increased runoff and upwelling due to

enhanced hydrological cycle, Follmi, 2012; Cotillon and Rio, 1984) in the Valanginian
compared to the Berriasian is seen in locations in the Tethys, northern latitude boreal
locations and to some extent in the proto-North Atlantic. The expression of this shift in

climate, as seen in the sediments of the EC, are discussed in this section.

In the Macanal samples, there is good evidence from correlations between Si, Zr and Al that
calculated sand content (as described in Chapter 3) is a reliable proxy for variations in coarse
grain size. There is some evidence for higher amounts of detrital input in the Valanginian
samples. They have a slightly higher calculated sand content (as well as higher Zr and Si) and
statistically lower Al content (Figure 6.2 and 6.7) compared to Berriasian age sediments. This
would indicate that the basin is receiving a greater quantity of coarse material compared to
fine material in the Valanginian. This interpretation of the depositional system is
complicated by tectonic activity around the EC during the depositional period. The increase
in coarse material in the Valanginian compared to the Berriasian could suggest that
subsidence caused by rifting was not fast enough to create accommodation space for the
supply of material, and so progradation occurred. This could have been caused by an
increase in the supply of detrital material due to changes in climate, a decrease in the rate of
rifting, or a drop in sea level. The sedimentological interpretation by Georex (summarised in
Appendix A) suggests a deepening of the depositional basin from the Berriasian sediments of
Algodones (described as tidal plain to pro-delta), with the deepest period being represented
by Valanginian sediments at the top of the Algodones and the base of Quemado (submarine
fan). This interpretation matches well with lithological changes noted in the rest of the basin
indicating deepening during the Berriasian (Etayo-Serna et al. 1976; Guerrero 2002). As the
Berriasian-Valanginian was a syn-rift period, it has been suggested that changes in the rate
of subsidence were a major driver of relative sea level fluctuations in the basin (Mora et al.,
2009), with subsidence exceeding supply until some point in the Valanginian (Sarmiento-
Rojas et al., 2006). Deepening during the Berriasian in the EC is opposed to eustatic sea level,
which became shallower from the Berriasian to the Valanginian by approximately 50 m (Haq,
2014). In the EC, a deepening of the basin may even have led to an increased proportion of
coarse material, due to physical erosion of the steep sides of the basin. In summary, there is
some geochemical evidence that the mudstone beds received a greater volume of coarse

material (Si and Zr) compared to the fine material (Al) in the Valanginian, even though sea
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level rose due to local tectonics.

Many studies note more intense paleo chemical weathering in the Valanginian compared to
the Berriasian using different chemical proxies. Phosphorus contents and the presence of
phosphorite deposits were used to show enhanced paleo biogeochemical weathering rates
from the Berriasian into the Valanginian in the Tethys, Atlantic and Tethyan sites (Follmi.,
1995 and van de Schootbrugge et al., 2003). Also, higher kaolinite in the Valanginian is noted
in the Tethys (Hallam et al., 1991 Duchamp-Alphonse et al., 2011), suggesting more intense
paleo chemical weathering. Unfortunately, P cannot be used to trace paleo chemical
weathering in the EC, as it does not correlate with Al or Si, and so its contents are likely
controlled by other mechanisms (e.g. redox conditions, Ingall et al., 1993). There is very little

kaolinite throughout the section, however, this could be due to the effect of burial.

The samples have been buried to a temperature (estimated 300°C, see Chapter 3) which
exceeds that required for the transformation of smectite/kaolinite to illite (Elliott and
Matisoff 1996; Thyberg et al. 2010). This diagenetic transformation may explain the higher K
and Na values in these sections compared to the rest of the EC and relatively crystalline illite
crystals (Figure 6.4 and 6.6). Contradictory evidence, suggesting instead a detrital source for
the illite, are deformation of clay crystals around grains (Figure 6.5), a relatively constant
K/Rb throughout the EC samples (Figure 6.9), and K contents which only occasionally exceed
the 4 wt% threshold suggested as indicative of K metamorphosis (Figure 6.3) (van de Kamp
(2016)). However, using clay type as a paleo chemical weathering proxy would be difficult in
this context. Another theory for the dominance of illite and higher K or Na is that the
hinterland was less weathered (more K-rich) in the Macanal samples (compared to later in
the Cretaceous) or that physical weathering dominated over chemical weathering in the
Macanal samples. A possible, less weathered K and Na rich hinterland for detrital material is
the Floresta-Santander Massif, which is presumed submerged for the majority of the rest of
the Cretaceous (Sarmiento-Rojas et al., 2006). The Floresta-Santander Massif comprises
mafic and felsic metamorphic rocks as well as calc-alkaline plutonic rocks (Sarmiento-Rojas
et al., 2006; Garcia et al., 2005) and was likely comparatively richer in Na and K than the
reworked sediments which make up most of the Guyana Shield. Given the proximity of the
samples to the Guyana Shield (Figure 3.1 and 3.2), it is presumed that the majority of the
detrital material came from this direction. If this is the case, and the samples of the Macanal
Formation have not been significantly affected by clay diagenesis, they represent a climate
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with much lower intensities of paleo chemical weathering (much lower CIA*) and so a more

arid climate than the rest of the Cretaceous.

Comparing the Berriasian samples to Valanginian samples there is very little difference in
CIA* (average 79 and 78 respectively, Figure 6.8), supporting similar source rocks/climatic
regimes. If it is accepted that the samples have been altered by K metasomatism, corrected
values (Figure 6.10) also indicate only slightly more intense paleo chemical weathering in the
Berriasian, but also later in the Valanginian (corrected CIA* 87) compared to the rest of the
samples (corrected CIA*, 85). These differences are very small compared to fluctuations in
CIA* noted in the Demerara Rise during the Coniacian-Santonian (50-65) by Flogel et al.
(2008), where climate was fluctuating on orbital timescales. Another interesting trend in the
EC samples is a steady increase in Na at the base of the Algodones section unrelated to other
proxies. This could indicate a steady increase in the extent of paleo chemical weathering in
the Berriasian. Unfortunately, due to an absence of chronological markers, it is not possible
to match this to a global climatic change or a more local geological event (e.g. submersion of
the Floresta-Santander Massif). Also, where the Berriasian/Valanginian boundary is located,
and later in the Valanginian in the Quemado section, there is a decrease in Na and K and a
resulting significant increase of CIA, matched with an increase in the coarse fraction. If
climate is controlling these changes, they may relate to a temporary shift to a more humid
climate. The high CIA* values are coupled with very low amounts of feldspars (Table 6.3) and
descriptions of quartz sandstones, suggestive of a highly weathered source of detrital
material. Uncorrected CIA* values are lower than modern day Amazon suspended sediment
(84, Kronberg et al., 1987), but corrected values are similar. This may suggest a weathering

of similar types of material or a similar weathering regime.

The slightly higher coarse grain input into the Basin in the Valanginian may have tentatively
been supplied by increased runoff, supporting the hypothesis that the Valanginian was a
more humid climate than the Berriasian. Further evidence for a more humid climate in the
Valanginian are the plant remains which are frequently observed throughout the Valanginian
age sediments but are absent from the Berriasian age sediments. An increase in terrestrial
vegetation was used as evidence for higher humidity in the Valanginian in the Tethys and

Proto-north Atlantic by Follmi (2012).

In previous studies, it has been possible to link more humid conditions in the Valanginian to

higher marine productivity (due to more vigorous hydrological cycle causing greater run off
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and upwelling), and more arid climates in the Berriasian to greater anoxia (caused by a
diminished hydrological cycle and more stagnant water masses) (Féllmi, 2012; Cotillon and
Rio, 1984; Follmi, 1995; Westermann et al., 2010). Unfortunately, in this case of our EC
sections, the effect of variable contemporary weathering limits accurate interpretation
based on TE, and the effect of thermal maturity limits the information provided by TOC.
Tentatively, there may have been higher productivity in the Valanginian, given the
statistically higher TOC (Figure 6.2), however, this may be a result of a greater contribution
of more thermally recalcitrant terrestrial organic material. There is some evidence for anoxic
conditions throughout the majority of deposition (Berriasian and Valanginian) from Feur/Fer,
high S and Mo contents. Anoxic conditions in the Valanginian would be contradictory to
previous research in more open ocean locations, which suggest more oxic conditions in the
Valanagian (Adatte et al., 1996; Mutterlose et al., 2003; Richiano, 2014; Grabowski, 2016).
Anoxic conditions in the EC may relate to the restricted nature of the basin, with deep
waters assumed to be more or less cut off from the open ocean by steep normal faults in the
East and West, and continental facies in the North and South (Figure 2.4). Lower sea levels
and active rifting may have isolated these deep waters further. The hydro-morphology of the
basin during the deposition of the Macanal may have been similar to that of modern silled
water bodies like the Black Sea, which becomes anoxic due to stratification between fresher
water from runoff on the top of deep, more saline water (Demaison and Moore, 1980).
Sections from more proximal locations, where this shallower fresher and oxic water

intersects the slope, would be useful to confirm this hypothesis.

6.5 Conclusion
The Macanal samples of Berriasian-Valanginian age are affected by contemporary

weathering and deep burial which has altered the organic matter and may have affected the
clay mineralogy. This limits the use of many geochemical proxies. The slightly greater
amounts of coarse material and the presence of terrestrial material in the Valanginian
supports the compiled information in Follmi, 2012 (from the Tethys, high latitudes and
proto-North Atlantic) that there was a global shift from arid to humid climates from the
Berriasian to the Valanginian, however the shift in climate here is very slight. Geochemical
information relating to paleo productivity and redox conditions is scarce, due to
contemporary weathering and high thermal maturity. There is, however, evidence that
oxygen was limited in the EC throughout deposition, different to more open water locations

where the Valanginian was a period of oxic conditions. This may be due to the restricted
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nature of the basin, which may have resulted in the reduced mixing of deep waters, similarly

to the Black or Baltic Sea.
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Chapter 7 Fomeque Formation — Hauterivian to Aptian depositional
environment in the Eastern Cordillera and beyond

7.1 Research Highlights
e Extremely high productivity was likely sustained through high runoff from a humid

interior, coupled with upwelling driven by offshore winds and with P release from
anoxic sediments.

e Anoxia was not limited to particular periods within the Fomeque (OAE’s) but was
sustained in the distal parts of the EC basin likely due to high productivity and/or by
stratification caused by a freshwater lid.

e The particular combination of basin geography and climate led to organic matter

accumulation exceeding most open ocean settings of similar age.

In this chapter, inorganic and sedimentological data and interpretation for the five sections
of the Fomeque formation will be presented and discussed. These sections represent
Hauterivian to Albian deposition in the EC and adjacent MMV. The sections document
variable depositional settings, from internal platform and tidal plain (La Marina, Pedregal
and Cantonera) to outer continental slope (La Cristalina 2 (LC2) and La Cristalina 3 (LC3)) and

these different environments are compared

7.2 Introduction
The Early and Mid-Cretaceous is a period of extreme and fluctuating greenhouse conditions

(e.g. Erbacher, 2001; Wagner et al 2008; Mutterlose et al., 2010), punctuated by significant
climatic events which led to widespread deposition of organic-rich mudstones. Assumed
global climatic events included the Faraoni Event (near end of Hauterivian), Taxy and Selli
Events and the accompanying OAE 13, (Late Barremanian-Early Aptian), and the Fallot,
Paquier and associated Events (Late Aptian-Early Albian, OAE 1b). These have been linked to
warming (possibly caused by increased volcanic activity) increasing the hydrological cycle,
which either led to higher input of nutrients and high productivity (Tremolada et al., 2008;
Company et al., 2005; Coccioni et al., 2006; Switzerland, Stein 2012; Italy, Stein et al., 2011;
Heimhofer et al., 2008; Herrle et al., 2003), freshwater surface layers which caused
stratification and increases in OM preservation (Erbacher, 2001), or increase in terrestrial
organic matter input (during periods of falling sea level) (Erbacher et al., 1996). The majority
of studies investigating these climatic changes in the Early to Mid-Cretaceous have paleo
geographic locations around the Tethys Ocean, the Atlantic and Pacific. Since the majority of

the extreme climatic events of this period are thought to be influenced by runoff and the
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input of terrestrial nutrients (Follmi et al., 2012), these should be well expressed in the

spatially restricted, land-enclosed siliciclastic-dominated EC basin.

During the Hauterivian-Barremian the connection to the Atlantic and the Pacific (Figure 2.6)
was restricted (mostly continental deposition occurring), but the Colombian Marginal Sea
was present in the west, which in turn was variably connected to the Caribbean depending
on the extent of the ancestral Central Cordillera. During the Aptian-Albian, marine
deposition started in the Maracaibo Basin in the North, developing into carbonates of the
Maraca formation by the mid-late Albian (Erlich et al., 2003). By the Albian, marine
deposition was occurring in the north and south, and so the EC was part of an epicontinental
seaway that connected the proto-North Atlantic and the Pacific (Macellari, 1988; Erlich et al.,
2003, Figure 2.7). Until the end of the Hauterivian, the EC was still an active rift system
(Mora et al., 2006, Parra et al., 2009). After the Hauterivian, accumulation of sediment was
largely controlled by passive thermal subsidence and eustatic sea level fluctuations (Narvaez
et al., 2013). The Santander-Floresta high (Figure 2.1), which separated the Tablazo and
Cocuy sub-basins, became submerged creating one larger basin (Fabre, 1985) allowing
deposition of marine sediments across a larger area than the Macanal (approximately 150
km, Figure 3.2). The submerged high still influenced the transport of sediment from the
Guyana Shield in the East until the Aptian, when there was a basin-wide transgression. The
location of this paleo high still appears to have a distinct influence on the basin, marking the
transition from middle to outer shelf during the Aptian-Albian in Figure 2.7. The ancestral
Central Cordillera in the west was variably emergent, at times restricted the EC and
Colombian Marginal Sea and providing an additional source of detrital material (the extent
and elevation of the ancestral Central Cordillera are poorly constrained). The general sea
level falls during the late Albian led to a transition from fine grained marine deposits of the
Fomeque and stratigraphic equivalents to the sand-dominated Une formation (Sarmiento-

Rojas et al., 2006).

The Fomeque is dominated by dark grey and black mudstones interstratified with grey
siltstones and marls, with lenses of limestone and beds of grey quartz sandstone from cm to
m thick (Ulloa and Rodriguez, 1979). It is located between the sand dominated Caqueza and
Une formations and was deposited during the Barremian and Albian (Parra et al., 2009). As
discussed in Chapter 3, stratigraphic boundaries within the Fomeque are mostly based on
lithostratigraphy, and therefore not well constrained. The Fomeque is exposed in the
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Pedregal and Cantonera sections, in streams close to San Luis de Gaceno, Boyaca (see Figure
3.1). In the western flank of the Eastern Cordillera, the time equivalent formation is the Paja
formation, which is also mudstone dominated, with lenses of sandstone and levels of
evaporites (gypsum) and carbonates (Fuguen and Osorno, 2005; Narvaez et al., 2013). The
Paja is followed by the Albian Hilé formation, which is dominated by silty shales, fine
sandstones and cherts (Mojica and Scheidegger, 1984). The Paja and Hilo are represented in
this study by the La Marina section (a road cutting close to San Pablo de Borbor, Figure 3.1)
and La Cristalina 2 and 3 (also road cuttings on the road between Puerto Boyaca and
Otanche, Figure 3.1). Their approximate paleo locations within the basin are shown in Figure
3.2, with Pedregal and Cantonera located in the far east, in the Cocuy Sub-Basin, the La
Marina section located in the west, in the Tablazo Magdalena sub-basin, and the LC2 and

LC3 sections located in the adjacent MMV.

Unlike the Macanal, there are a number of geochemical studies that have been carried out
on the Fomeque or its lateral equivalents in the EC. Narvaez et al. (2013) studied a section
just west of the Santander-Floresta Massif (See Figure 2.1), near Curiti, more northerly than
any of the sections within this study. Here, limestones were deposited in the Barremian (the
Rosablanca Formation), followed in the Aptian by the limestone-, marl- and shale-dominated
Paja Formation. Villamil (1995) analysed a section from the very south of the EC basin, near
Olini. Campos Alvarez and Roser (2006) studied Hauterivian to Aptian black shales, silty
sandstones and sandy mudstones from the Bolivar region (close to the Santander-Floresta
Massif). The results of these studies can be combined with our new data to give a more

complete picture of the paleoenvironment during this depositional period.
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Table 7.1 Summary of information about the Hauterivian to Albian sections covered in this chapter (provided by Georex,
2015). Formations introduced in Figure 2.2.

Palaeo-
. . Flank of . .
Section Formation Age Basin water depth Facies interpretation
(m)
Protected internal platform, mudflats,
. tidal plain, sometimes hypersaline,
. . Hauterivian . .
La Marina Paja . Western 30 sometimes influenced by the open ocean
to Aptian . s .
(tides or swells) or with increased input
from hinterland (tidal streams).
Barremian to Internal to middle platform shallowing to
Pedregal Fomeque . Eastern 15 . P . &
Aptian littoral zone at the top of the section.
Base of column internal to external
Aptian to latform, towards the top, mostl
Cantonera Fomeque P . Eastern 12 P . P Y
Albian fluctuating between shoreface and
intertidal plain
La Aptian to Outer shallowing to inner continental
Cristalina Paja/Hilo P . Western - &
N Albian slope
La Simiti/Paja Aptian to
Cristalina . J P . Western - Mid-outer continental slope
3 /Hilo Albian
7.3 Results

Here | will present data for the 82 samples from the Pedregal, Cantonera, La Marina, LC2 and

LC3 sections analysed by XRF, CNS/LECO and Fe speciation, 13 samples analysed by XRD, and

three samples analysed in thin sections by SEM. Firstly correlations between elements will

be presented, in order to better understand which component of the sediment the elements

are associated and to allow for selection of appropriate proxies. Following this, trends in

detrital input, intensity of paleo chemical weathering, productivity and redox proxies will be

explored.

7.3.1 Correlation between main components

As discussed in Chapter 3, identifying correlations with Al can help to distinguish between

detrital and authigenic/diagenetic influence on the general sedimentation pattern. All

correlation coefficients are recorded in Table 7.2 and correlations coefficients greater than

0.5 (or less than 0.5) will be considered good. Silica has a negative correlation with Al in all

sections, however, this correlation is only considered good in the Pedregal section (Figure

7.1a). Zirconium also has a good negative correlation with Al in Pedregal, and a good positive

correlation with Al in LC2 and LC3 (7.1b). In Pedregal and Cantonera, there are good positive

correlations between Al and Ti (Figure 7.1c), Mg (Figure 7.1d) and K (Figure 7.1e). Na is

strongly correlated to Al in Pedregal but not in Cantonera (Figure 7.1f), possibly due to some

samples having Na contents close to limits of quantification in XRF (0.02 wt%). In La Marina,
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there are no strong positive correlations between Al contents and Na, Mg and K, (Figure
7.1d, e and f). However, Ti content is well correlated with Al (Figure 7.1c). In Pedregal,
Cantonera and La Marina, Fe does not correlate with Al (Figure 7.1f). In both LC2 and 3, Al
strongly correlates with Ti, Fe and K (Figures 7.1c, 7.1e and 7.1f). Magnesium content
correlates with Al in LC2 but not in LC3 (Figure 7.1d). Sodium strongly correlates with Al in
LC3 but not LC2, where it is below the limits of detection in most samples (Figure 7.1f). There
is not a good correlation between P and Al in any of the sections (Figure 7.1g), suggesting
that its content is not controlled by detrital input. Therefore, in all the Fomeque samples,
there are correlations with Al in Ti contents, correlations with K, Fe and Mg are more

variable and no section has a correlation between P and Al.

There is also varying correlation between TE and Al in the different sections. In Pedregal and
Cantonera, some redox and productivity proxies correlate well with Al, including Ba (Figure
7.1h) and Cr (Figure 7.1i). In Pedregal, V, Cu and Ni also correlate well with Al (Figure 7.1j,
7.1k and 7.1l). For Cu, this may be due to some samples having contents close to limits of
quantification in XRF (12 mg/kg). This suggests that the TE are arriving with detrital material
in Pedregal, and to some extent in Cantonera. In La Marina, there are no TE which positively
correlate with Al, but U, Zn and Ni contents negatively correlate (Figure 7.1n, 7.10 and 7.2k).
In LC2, Cr, Mo and V correlate well with Al (Figure 7.1i, 7.1m and 7.11), whereas in LC3 there
are no strong correlations between TE content and Al. These TE which correlate with Al
should be used with caution as redox or productivity proxies, as variations are likely

predominantly influenced by variations in detrital input.

As discussed in Chapter 3, Zr arrives at sediments as zircon grains with a high specific
density, hence a correlation between Si and Zr is evidence that Si content is related to the
coarse grain size fraction. When this is the case, the calculated sand fraction (described in
Chapter 3 and based on Si/Al) is a reliable indication of the contribution of sand and silt to
the sediments. In Pedregal and Cantonera, Si and Zr positively correlate (Figure 7.1p) and
therefore calculated sand content should provide a relatively reliable estimation. In La
Marina and LC2 and LC3, Si and Zr contents do not correlate, suggesting Si may be supplied
by a different source (Figure 1q). In Pedregal, Mg, Na, K, Ba, Cr, Ni and V positively correlate
with Al but negatively correlate with Si, suggesting that they are concentrated in the fine-
grained detrital fraction (Table 7.2). In La Marina, Mg has a positive correlation with Si (0.5,
Figure 7.1q), perhaps suggesting its concentration in the coarse fraction. In LC 2 and 3, there
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are a number of elements which strongly negatively correlated with Si — Mn, Mg, and in LC2

—also Niand Zn (Table 7.2).

As discussed in Chapter 3, samples from the Fomeque formation have been buried to
temperatures within and past the oil window (Table 3.5, vitrinite reflectance between 1.3
(LC2) and 2.0 (La Marina)). Measured TOC is therefore unlikely to reflect pre-oil window
values, and TOC-TE relationships are therefore unlikely to be pristine. However, good
positive correlations between redox and anoxia TE proxies in LC2, LC3 and La Marina (Table
7.2, variable but including Mo, Ni, V, U and Zn) may hint at factors controlling the
accumulation of TOC. There is also a good correlation between Al and TOC in LC2, which may
hint that either both are being diluted by another major component, or they are delivered to

the sediment together.
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Figure 7.1
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Figure 7.1 a-r. Correlations of elements with Al and Si. Contents measured using XRF. Coloured points are from the Fomeque,
small points are from the rest of the EC data set. Blue diamonds are Cantonera, red triangles are LC2 samples, green stars
are LC3 samples, purple triangles are La Marina samples, light blue stars are Pedregal samples. Note that correlations
between Al and Ba and V are shown with a logarithmic for the TE.
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Table 7.2 Correlation coefficient for elements when correlated with Al, Si and TOC. IC and S from LECO and CNS analysis,
other elements from XRF. Red data is good to very good positive correlations. Green data is good to very good negative

correlations.

. ) Mn Ba Cr Cu Mo Ni \ u Zn Zr
Si (wt%) | Ti (wt%) | Al (wt%) | Fe (wt%) (wt%) Mg (wt%)| Ca (wt%) |Na (wt%) | K (wt%) | P (wt%) [ S (wt%) [IC(wt%) (me/ke) | (merke) | (me/ke) | (meske) | (me/ke) | (meske) | (merke) | (me/ke) | (merke)

Al (wt%) | -0.28 0.80 1.00 -0.34 0.11 0.60 0.14 0.26 0.93 0.33 -0.49 0.17 0.86 0.82 -0.27 -0.32 0.24 0.34 -0.08 -0.35 -0.14

Cantonera| Si (wt%) | 1.00 0.03 -0.28 -0.76 -0.22 -0.31 -0.09 0.13 -0.25 -0.10 -0.62 -0.38 -0.20 -0.69 -0.67 -0.06 -0.68 -0.73 -0.19 -0.33 0.61
[foC (wt%) -0.36 -0.51 -0.47 0.41 -0.25 -0.55 -0.38 -0.43 -0.43 -0.45 0.65 -0.02 -0.37 -0.12 0.39 0.39 0.18 0.24 0.49 0.12 -0.26

Al (wt%) | -0.59 0.69 1.00 0.38 0.07 0.57 -0.19 0.64 0.95 0.31 0.21 -0.33 0.98 0.97 0.56 -0.18 0.70 0.98 -0.03 0.49 -0.54

Pedregal | Si (wt%) | 1.00 -0.10 -0.59 -0.77 -0.71 -0.87 -0.67 -0.72 -0.66 -0.83 -0.15 -0.53 -0.65 -0.66 -0.55 -0.63 -0.55 -0.64 0.58 -0.57 0.79
TOC (wt%) 0.13 0.30 0.14 -0.10 -0.05 -0.36 -0.28 -0.34 -0.12 -0.11 0.13 -0.30 0.05 0.04 -0.10 -0.23 -0.10 0.06 0.39 -0.36 0.38

Al (wt%) | -0.08 0.47 1.00 0.39 -0.38 -0.30 0.20 -0.31 0.01 0.26 -0.57 -0.39 -0.22 -0.45 -0.10 0.34 -0.57 0.00 -0.68 -0.54 -0.30

La Marina | Si (wt%) | 1.00 -0.33 -0.08 -0.41 -0.02 0.54 0.24 0.68 -0.30 -0.08 -0.06 0.53 -0.17 -0.26 -0.13 -0.47 -0.03 -0.14 0.05 0.09 0.07
[TOC (wt%) -0.11 -0.24 -0.63 -0.18 0.08 0.01 -0.11 0.08 0.01 -0.06 0.78 -0.01 0.40 0.19 0.28 -0.16 0.63 -0.31 0.63 0.69 0.34

Al (wt%)| 0.10 0.97 1.00 0.68 -0.32 0.52 -0.42 0.13 0.98 0.23 0.39 -0.08 0.41 0.73 -0.31 0.87 0.11 0.79 0.12 -0.11 0.91

LC2 Si(wt%) [ 1.00 0.15 0.10 -0.09 -0.89 -0.68 -0.94 0.09 0.09 -0.04 -0.11 0.00 0.35 0.09 -0.20 -0.13 -0.52 -0.13 0.00 -0.55 -0.04
roC (wt%) -0.57 0.49 0.58 0.40 0.23 0.65 0.31 0.05 0.51 0.37 -0.09 -0.26 0.21 0.40 -0.10 0.50 0.17 0.66 0.10 0.08 0.58

Al (wt%) | -0.34 1.00 1.00 0.90 0.56 0.34 -0.64 0.72 0.98 0.18 0.69 -0.5 0.17 -0.10 -0.16 -0.06 -0.10 -0.32 -0.13 -0.15 0.96

LC3 Si(wt%) [ 1.00 -0.39 -0.34 -0.32 -0.62 -0.83 -0.45 -0.16 -0.39 -0.53 -0.23 -0.37 -0.28 -0.19 -0.09 0.17 -0.10 -0.15 0.00 0.09 -0.51
[fOC (wt%) -0.11 -0.25 -0.27 -0.15 0.27 -0.03 0.08 -0.76 -0.11 -0.19 0.11 -0.22 -0.20 0.91 0.92 0.54 0.79 0.88 0.82 0.72 -0.26
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7.3.2 Main Compositional Differences

Figure 7.2 shows differences between the sections in the main components of the samples.
Silica contents are similar in all sections. This is surprising given the greater
number/thickness of sand beds noted within the sections in Pedregal and Cantonera and the
much more proximal depositional environment. The La Cristalina sections 2 and 3 have
statistically lower Al contents than the other sections (p<0.005). Aluminium contents in
Pedregal, Cantonera and LC3 are very variable. La Marina has a much smaller range of Si and
Al contents. Calcium carbonate content is lower in the more proximal La Marina, Pedregal
and Cantonera sections. The LC sections have higher TOC contents, statistically higher when

compared to Pedregal (p= <0.005).
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Figure 7.2 Compositional differences between the Fomeque age sections. There is a statistical difference (tested with
Kruskal Wallis, with the same method as in Chapter 5) between Al contents (p<0.005), between LC2 and LC3 and Pedregal,
Cantonera, La marina. There is a statistical difference between CaCO; content between La Marina and LC3 (p is <0.11).
Cantonera, La Marina, Pedregal statistically different to LC3 and LC2 (p<0.005).

7.3.3 Detrital Proxies

Variations in proxies commonly ascribed to detrital input are displayed in Figure 7.3 to show

changes over the length of the section, and to compare sections.
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The calculated sand fraction is highly variable in Cantonera and Pedregal (average 26%, SD
52%; 25%, SD 33%, respectively), and maxima coincide with elevated Zr contents, confirming
that the dominant Si origin is within the coarse fraction. Field descriptions of silty mudstone
and muddy sandstone, together with this variable sand/silt content estimated in bulk
chemistry, suggest variable mixing with overlying coarser beds and not distinct and sudden
influxes of coarse material. Thin sections from Pedregal (at 2.5 m and 220 m) attest to this
mixing, showing poorly graded quartz sand and silt within a clay matrix (Figure 7.4 and 7.5).
Calculated sand fraction is very high in LC2 and LC3, reaching 100%, although these high
values are not matched by Zr/Al (which is much lower in LC2 and LC3), confirming the Si is
not associated with the coarse fraction. Field descriptions do not identify sand lamina, lenses
or beds with these La Cristalina sections, however, siltstones are observed in LC3 and chert
was noted. The switch to 100% calculated sand content is matched by a sharp decrease in Al,
corresponding to the change from the Albian Paja to the more silt/chert dominated Aptian
Hil6 formation in LC3. No such dramatic change in Si and Al is noted at the same time
boundary in LC2, however, calculated sand contents are very variable throughout. La Marina
has a much higher Al content than LC2 and LC3, but with comparable Si and Zr/Al Silica and
sand, contents remain relatively stable and low, even during periods with a greater number
of sand lenses/beds, e.g. between 320 and 360 m (Figure 7.3). The La Marina section is
described as proximal (internal platform, mudflats, tidal plain, Table 7.1) but the lack of
coarse material supports the suggestion by Georex (2015) that the environment was

protected from the open ocean.
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Figure 7.3 Variation in detrital proxies (measured using XRF) and sand fraction (based on Si/Al, see Chapter 3 for
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Figure 7.4 SEM BSE image of a thin section of sample from Pedregal -2.5 m , chemistry derived from EDX. Black is porosity or
OM. Note sand size detrital quartz and Fe cement in this burrow through much finer sediment and oxidised pyrite
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Figure 7.6 Sample from La Marina (547 m) in SEM-BSE mode, elemental contents derived from EDX. Black is porosity or OM.
Note grain alignment suggesting a lack of bioturbation. Fractures could have been caused during thin section preparation.
Some silt size grains are Mg and Fe rich (silt-sized) appear to be altered.

7.3.4  Paleo Chemical Weathering Intensity

Chemical index of alteration (CIA*) can provide information about the intensity of chemical
weathering of feldspars to K and Na rich clay (Nesbitt and Young, 1982) which in turn

provides information about climate and provenance. Values are quite different in each
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section (Figure 7.3). CIA* values of La Cristalina 2 and 3 are relatively stable over the
depositional period (average LC 2, 89.8, SD 1.5; LC 3 88.3, SD 2.4), and are the highest out of
the five sections. There is, however, a slight decline in the Albian in LC3 (from 90 to 85 at the
end of the depositional period) and in LC2 from 90 at 67.5 m to 87 at 90.5 m) caused by
decreasing Al and increasing Na contents. CIA* values from La Marina samples are the
lowest, but are also relatively stable (average 79.2, SD 1.2). The low values come from
consistently higher Na/Al and K/Al compared to the other sections. The two elements seem
to vary independently (Figure 7.3) which combine to cause the relatively steady CIA*. The La
Marina samples not only contain detrital quartz grains but also weathered feldspars and
other minerals (Figure 7.6). In Pedregal, average CIA* is 87.5 (SD 2.7) and in Cantonera it is
85.9 (SD 3.1). In Cantonera, the Aptian samples show a decrease before the Aptian/Albian
boundary (from 95.7 at 54 m to 77.3 at 96.5 m). In Pedregal, there is an increase in CIA* at
the Barremian/Aptian boundary (from 84.2 at 126 m to 92.8 at 133.5 m). In both cases, it
appears the shift is largely controlled by variations in K/Al, although Na/Al shows
corresponding lower magnitude changes. Also, shifts to higher CIA* are matched by higher
Zr/Al and sand content in Cantonera and Pedregal. In the few samples analysed by XRD, clay
mineralogy is mostly dominated by illite with some kaolinite. This is confirmed by SEM EDX,
with most of the clay matrix containing K, and forming needle like structures (presumed
illite) (Figure 7.4 and 7.5). A proportion of the <2um proportion in XRD is identified as micro
guartz, up to 20 % in Cantonera (96.5 m), Table 7.3.

Table 7.3 XRD data for the Fomeque age sediments. All values are wt %.

>2um portion <2um portion
h 9 N
—_ o © 9 E o +
AN AR AR IR I IR BRI
5 |°| 3| @ el g | 2|6 € || 9]¢
o o i S < £ < |2
© 96.5 | 50 | 35 | traces 0 0 <5 <5 | <5 47 | 33 | 20
o |1525] 15 | 38 0 <5 0 32 <5 | <5 48 | 42 | 10
§ 2385 | 48 | 32 | traces | <5 <5 |traces | <5 | <5 75| 20 | <5
& 12785 |45 | 40 |traces | <5 | 0 |traces| <5 | <5 69 | 31 | 0
299 | 42 | 43 | traces 0 0 <5 <5 | <5 54 | 37 9
7.5 | 65| 20 | traces | traces | O <5 <5 | <5 0 63| 37 | O
EUD 52.5 | 38 | 42 | traces 5 0 5 <5 | <5 5 65| 25 | <5
£1177 |25 |65| O 0 0 0 | <5 |<5 0 50 | 40 | 10
& |237.5| 63 | 22 | traces | traces | O <5 <5 | <5 0 65 | 35 0
274 | 38 | 47 | traces |traces| O <5 <5 | <5 0 66 | 34 | O
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7.3.5 Productivity

Calcium carbonate contents of samples from Cantonera (average 5.5 wt%), Pedregal (3.5
wt%) and La Marina (3.1 wt%) are considerably lower than those measured in LC2 (18.9
wt%) and LC3 (14.4 wt%), suggesting lower calcareous productivity (Figure 7.2, Figure 7.7). In
Cantonera and Pedregal, carbonate is present in the sections as thick beds (up to 1.5 m) and
in La Marina as thin beds (most about 0.1 m) of packstone and wackestone as well as
nodules (Appendix A). In LC2 and LC3 such calcareous beds are largely absent, but the
siltstones and mudstones are often described as calcareous (Appendix A), suggesting
calcareous productivity was more constant than in the other, more proximal settings. As
described in Chapters 4 and 5, CaCOs is readily dissolved during contemporary weathering. It
is possible that samples from Cantonera, Pedregal and La Marina contained greater amounts
of CaCOs just after deposition, and that the carbonate has since been dissolved. However,
samples from Pedregal and La Marina, when investigated in thin section in SEM, showed
little signs of large test/shell pores which would be evidence of CaCOs3 dissolution (Figure
7.4-7.6). Siliceous productivity may also have been higher in LC2 and LC3. As discussed in
Section 7.21 and 7.23, Si content does not appear related to coarse grained detrital input in
LC2 and LC3 and therefore could have a biological source. Silica and Zr relationships suggest
that biogenic Si may also be present in La Marina, but Si/Al here is relatively low and no
microcrystalline quartz was visible in SEM. The presence of minor microcrystalline quartz (up
to 20% of the clay size fraction) from XRD suggests that authigenic/biogenic quartz may also
be present in Pedregal and Cantonera. Average TOC is higher in LC2 (3.2 wt%) and LC3 (3.2
wt%) compared to the other sections (La Marina average 1.6 wt%, Pedregal 1.5 wt% and
Cantonera 1.5 wt%). Samples from Cantonera have the highest maximum TOC contents in
the Fomeque sections (and the highest in the whole of this study) with three samples
containing 24.3 wt%, 15.5 wt% and 15.1 wt% TOC. There are some periods of elevated TOC
in each section (Figure 7.8). In LC2 and LC3, TOC is high for a number of consecutive samples
at the location assigned to the Aptian/Albian boundary. In La Marina, TOC is high in the first
35.5m, 84.5-124.5 m, and 508-703 m. In Pedregal, TOC is higher above 125m, the
approximate location of the Barremian to Aptian boundary, while in Cantonera, peaks in TOC
are relatively isolated. In Pedregal and Cantonera, there is evidence that plant material may
be contributing to the TOC content, with plant remains noted occasionally throughout the
column and thin beds of coal present in Pedregal. However, as mentioned in Section 7.2.1,

original TOC contents were likely diminished by thermal maturation depending on the OM
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type. Oil stains were noted in the sandstone of Pedregal and Cantonera, indicating oil
migration from the adjacent shale beds or from elsewhere in the basin, which could lead to

elevated TOC contents.

Trace element based paleo productivity proxies have been developed for application in the
open marine realm. Therefore, their application in more coastal environments with higher
and more variable depositional energies like Cantonera, Pedregal and La Marina is not
useful. In the more open marine LC sections, these TE proxies are useful, and here nearly
every sample displays Al-normalised Ba, Cu, Ni and Zn contents above average shale values
(Figure 7.7). In fact, accumulations of Ba, Cu, Ni and Zn in many samples exceed the
respective values in the Venezuelan Cretaceous average, the C/T mean, and modern day
upwelling sediments (Namibian mud)(references for these values are included in Chapter 3
section A). In LC3, a temporal trend can be observed (Figure 7.7). It appears that CaCOs and
Si/Al, Cu/Al, Ni/Al and Zn/Al generally increase from 36 m to the top of the section. There is
a jump at 140 m (which corresponds to higher contents of all paleo productivity proxies
apart from Ba) which corresponds to a change to a more siltstone dominated lithology
(Appendix A). At 175.5 m, Ba/Al also increases. There are two samples with elevated P/Al,
and they correspond to samples with elevated CaCO3 (213 m) and Si/Al (244 m).

In LC2, there is again a general increase in Cu/Al and Si/Al from the base of the section to the
top, however, the other proxies are more variable. There are two periods of elevated
contents of Zn/Al and Ni/Al, at the base of the section (4.5 m) and between 67.5 m and

100.5 m.

There is little sedimentological evidence of upwelling and high productivity (e.g. P beds or
fish remains) observed in any of the columns (Appendix A), apart from isolated fish remains
in La Marina, Cantonera and Pedregal. Chert beds (<0.5 m thick) are also noted in the

lithological descriptions of LC2 and LC3.
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Figure 7.7 Variation in productivity proxies (measured using XRF) for the Fomeque age sediments plotted against height in

section (m). Blue vertical line is average shale value, green is the C/T mean, red is a Cretaceous Venezuelan average (Lo
Monaco et al.,2002 and Alberdi-Genolet and Tocco, 1999), and purple is Namibian modern day upwelling (Brumsack, 2006).
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7.3.6 Anoxia

Due to the proximal nature of the Pedregal, Cantonera and La Marina sections (Table 7.1),
redox proxies are less reliable, given the complexities of TE redox reactions in these
environments. Proxies for anoxia in the more distal LC2 and LC3 will be more reliable. Also,
samples have higher CaCOj; contents; 5 out of 8 samples in La Cristalina 2, and 9 out of 13 in
LC 3 contain greater than 5 wt%. In these samples, the original geochemical composition will

have been better preserved from the effects of modern weathering.

There is sedimentological evidence of bioturbation in the Pedregal and Cantonera sections
(discrete ichnofossils or lack of lamination, Figure 7.8). There are, however, intervals with
less frequent bioturbation. In Cantonera, there is no bioturbation noted between 96 m and
187.5 m (across the interval assigned to the Aptian/Albian boundary). In Pedregal, there
appears to be less bioturbation towards the top of the column (above 157 m). Bioturbation
was noted in one of the thin sections from Pedregal (2.5 m) (Figure 7.4), filled with quartz
sand and silt in an illite matrix. In turn, the Pedregal sample (220 m) without discrete
burrows does not show signs of lamination (Figure 7.5), which may indicate that the
sediment was affected by bioturbation. Pyrite (or oxidised pyrite framboids) within both thin
sections analysed for Pedregal sections are quite dispersed, however, they are occasionally
concentrated in lenses suggesting localised sulphate reduction within the sediments
(perhaps associated with degrading OM). Within the burrow of the thin section from 2.5 m,
Fe-rich cement suggests that Fe was remobilised from pyrite dissolution, perhaps during
fluctuations in sea floor/sediment redox conditions (Figure 7.4). Samples within Pedregal
and Cantonera do contain S at contents greater than the Venezuelan Cretaceous average,
and approaching the C/T mean (Figure 7.8). At least some of this S is in excess of the pyrite
fraction and may be present as sulphurised organic matter, supported by very high S
coinciding with high TOC (for example, in Cantonera the sample with 15.0 wt% TOC at 152.5
m has 22.6 wt% S that is almost entirely non-pyritic). High S contents are often found within
proximal sediments, likely due to intense sulphate reduction within the sediment caused by
high OM input (Canfield et al., 1992). Another explanation is that the samples contain
sulphur rich coal. One sample in particular (Cantonera 152.5 m) has a very particular
geochemistry and so is not included in Figures 7.3, 7.7-7.9. It has an extremely high S
content, 32% Fe (mostly as poorly or unreactive silicate-bound Fe, Fenr/Fer 0.09), 22% S

(mostly excess S), and very high As (219 mg/kg), Cu (93 mg/kg) and Pb (827 mg/kg). In hand
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specimen, it has a very low density and is black and lustrous, further evidence that the
sample contains coal. Apart from this specific sample, the low TE contents, combined with
more frequent observations of bioturbation, suggest that for the majority of the depositional
period the bottom water was oxic. The high (>0.38) Feur/Fer in most samples seems to
contradict this and provides support for anoxic bottom waters (Figure 7.8). Fe and Feur are
concentrated in such proximal/coastal settings even in oxic bottom waters (Boyle, 1974;
Wen et al., 1999; Aller et al., 2004; Lyons and Severmann, 2006), and so the Feugr/Feris not a

usefulindicator of anoxia in these proximal settings.

Although likely complicated by the proximal nature of the sediments in the La Marina
section, it is observed that Mo/Al contents are greater than average shale in all samples
(Figure 7.9). Samples below 100 m, samples 308 m and 327 m, and samples above 523 m
have Mo contents greater than the 25 mg/kg cut off where persistent euxinia may have
occurred and water column conditions were at least oxygen limited (Scott and Lyons, 2015).
Unlike Pedregal and Cantonera, however, there is little S or pyrite in the La Marina samples.
Although likely complicated by the proximal nature of the sediments, V/Al values are
elevated above average shale in the bottom 100 m of the samples and towards the top of
the analysed section above 523 m), and this corresponds to higher Mo, TOC, Fe and
FeHR/FeT (>0.38) (Figure 7.8 and 7.9). The low values of TOC and redox proxies in the mid
portion of this section coincide with the presence of sand beds (which are interpreted to be
the result of tidal streams and coastal sand bars by Georex). Tentatively (due to the concern
of the reliability of proxies here), it is suggested that deeper waters in this protected interior
platform were at least seasonally anoxic. In a thin section from 547 m, a lack of bioturbation
is noted as grains are aligned (Figure 7.6), and there is a lack of bioturbation observed at the
La Marina outcrop (Figure 7.8). This could suggest low oxygen bottom water conditions,
however, hypersaline conditions noted within the column (veins, crystals of halite, gypsum,
calcite - dispersed and in laminae) would also limit the prevalence of burrowing benthic life

forms.

In LC2 and LC3, Fenr/Fer is consistently above 0.38, suggesting anoxic conditions (Figure 7.8).
Apart from two samples at the base of LC3 (which contain little to no CaCOs), Al-normalised
redox sensitive TE are enriched compared to average shale, Venezuelan Cretaceous average
(V), and CT mean (U, V, Cr) (Figure 7.9). Molybdenum is above the 100 mg/kg threshold for
confident identification of euxinic conditions (Scott and Lyons, 2015) in three samples in LC2
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(two in the Aptian and one in the Albian (4.5, 10.5 and 73.5 m)) and in LC3 in four samples
(at 18 and 118 m (Aptian) and 169 and 254 m (Albian)). S contents remain relatively low in
both sections (average 0.4 and 0.5 wt % in LC3 and LC3, respectively). In LC2, redox proxies
are very variable, and the low sample resolution prevents any clear trend. In LC 3, there is a
gradual increase in Al-normalised TE (U, V, Cr) towards a peak at 140 m, (which has been
identified as the Aptian/Albian boundary), with Mo being more variable (Figure 7.9). There is

very little bioturbation noted within LC2 and LC3, and no ichnofossils were observed.
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Figure 7.8 Anoxia proxies in S and Fe for the Fomeque age sediments plotted against height in the section (m). A Feur/Fer
greater than 0.38 is considered anoxic. The bioturbation is 1 if noted in the column as homogenised sediments and 2 if
ichnofossils are present. Blue vertical line is average shale value, green is the C/T mean, and red is a Cretaceous Venezuelan
average (Lo Monaco et al.,2002 and Alberdi-Genolet and Tocco, 1999).
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7.4 Discussion
The geochemistry, sedimentology and field descriptions suggest very diverse

paleoenvironments represented in the studied Fomeque sections. The relatively proximal
sections Pedregal and Cantonera, compared to the proximal but more protected La Marina
environment and the more open marine LC2 and LC3 settings, show very different
geochemistry. As anticipated, detrital proxies are higher (Al, Ti and Zr) in the more proximal
Pedregal, Cantonera and La Marina sections, compared to LC2 and LC3, despite similar Si
contents (Figure 7.2 and 7.3). In LC2 and LC3, the lack of correlation between Si and detrital
Zr and Al, and covariation between Si/Al and TE productivity proxies suggests that the Si is

derived from a biogenic source.

The proximal environments can be considered as an intermediate detrital source of TE. Thus
comparisons can allow elucidation of detrital versus authigenic enrichments. The Cantonera
and La Cristalina sections cover broadly the same time period and represent proximal
(shoreface-intertidal plain) versus more distal (inner to outer continental slope)
environments in the basin. As can be seen from Figure 7.9, redox sensitive TE (Cr, Mo, U, V)
are present in much higher quantities in the distal LC sections (average 180 and 150, 144 and
162, 21 and 17, 2755 and 2038 mg/kg respectively Appendix C.2) compared to the proximal
Cantonera (76, 1, 6 and 110 mg/kg respectively, Appendix C.2). This suggests an alternative
detrital source of the material, or authigenic enrichments occurring due to basin processes.
Figure 7.1 indicates that relationships between redox sensitive elements and Al are
decoupled in the distal section, providing further evidence that enrichments within the distal
section are not related to a particularly TE rich detrital source (which would also supply Al).
Also, when normalised to Al, these differences still exist (Figure 7.9). This is also true of
productivity related TE contents. The distal LC sections have much higher contents of Ba, Cu,
Ni and Zn (average 3040 and 1070, 57 and 52, 155 and 162, 931 and 1531 mg/kg
respectively, Appendix C.2) compared to the proximal Cantonera (average 276, 15, 29 and 70
mg/kg respectively), lower normalised contents (Figure 7.7) and TE contents decoupled from
Al (Figure 7.1). Concentrations of Ba are extremely high in two samples from LC2 (8642
mg/kg at 10.5 m and 8872 mg/kg at 139.5 m) far exceeding Brumsack (2006) modern
upwelling environments and the C/T at Gubbio and as discussed, a detrital source of this Ba
can be discounted. Interestingly, P contents are similar in the proximal (average 0.05 mg/kg)
and distal sections (average 0.05 and 0.07 mg/kg), however, again P is decoupled from Al

(Figure 7.1g). These comparisons are limited, given the lack of CaCOs in the Cantonera
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section, allowing weathering to leach TE from the outcrop, however, absence of a consistent
enrichment of TE in the proximal sections lends evidence for an authigenic (or non-detrital)

soure of TE.

It is not possible to confidentally investigate redox and paleo productivity proxies in all
different Fomeque locations, as the proxies are not reliable in the very proximal settings and
due to possible effects of contemporary weathering. It is tentatively suggested that the
majority of deposition in Pedregal and Cantonera sections was under oxic conditions (regular
observation of bioturbation at outcrop Figure 7.8), whereas in La Marina the lower 100 m
(Hauterivian age) may have experienced lower oxygenation (V/Al greater than average shale
and Mo content greater than 25 mg/kg). Redox proxies are likely more reliable in the more
distal, carbonate containing LC2 and LC3, and here anoxic bottom waters may have been
prevalent throughout Aptian and Albian (Fenr/Fer greater than 0.38, enrichment of redox
sensitive TE above average shale). The samples collected from the central basin by Campos-
Alvarez and Roser (2007) (Hauterivian to Aptian) also appear to indicate anoxic bottom
water conditions, with a particular enrichment of V/Al (average 112 compared to average
shale value of 15). There is also evidence of a euxinic water column in these distal sections,
with high redox sensitive TE and high Fenr/Fer being matched with Mo contents greater than
100 mg/kg. Although higher Feur/Ferin the LC2 and LC3 sections suggests an active Fe-
shuttle, Fe/Al ratios do not increase from proximal to distal sections (average 0.79 to 0.34
and 0.26 in Cantonera, LC2 and LC3 repsectively), as would be expected in the presence of
anoxic waters (Lyons and Severmann, 2006). However, there are some unusual enrichments
in Cantonera increasing the average. In these samples, Fe may be enriched due to the very

proximal location.

Similarly to the Macanal, the CIA* values in all Fomeque sections (ranging from 77-90) are
considerably higher than those recorded on the Atlantic Demerara Rise during the
Coniacian-Santonian, which was also receiving detrital material from the Guyana Shield (50
and 65, Flogel et al., 2008). Also, XRD data show that the coarse component of the Fomeque
rock is dominated by quartz sand (Table 7.3), suggesting a highly weathered source. This
suggests that either paleo chemical weathering intensity was reduced in the
Coniacian/Santonian, or that the geological province on the Western flank of the Guyana
Shield which supplied detrital material to the EC was significantly more weathered than the
Eastern Flank supplying material to the Demerara Rise. Apart from the La Marina section,
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average values for CIA* (86 in Cantonera to 90 in LC2) are also higher than modern day
Amazon suspended sediment (84, Kronberg et al., 1987), suggesting either a more
weathered source or more intensive chemical weathering in the Hautervarian—Albian times

compared to modern times, or a slightly less weathered source (like the Andes).

La Marina has considerably higher Na/Al and K/Al contents compared to other sections
(Figure 7.3). As discussed in Chapter 6, the EC sediments do not appear to have had
significant K or Na added to the samples by hydrothermal fluids, and so the higher Na and K
is a depositional signature, likely due to less intense chemical weathering, or a different
source of detrital material. The fact that CIA* values in LC3 and LC2 in the far west of the
basin are similar to Pedregal and Cantonera in the east (Figure 3.1) does not support a
differing climate across the basin (for example, a rain shadow causing greater aridity on one
side of the basin). Barremian samples from Pedregal have much higher CIA* than Barremian
samples from La Marina (Figure 7.3) suggesting that the regional climate was not more arid
during this depositional period. A source of less weathered, more Na and K rich rocks
providing material to the EC is, therefore, a more likely scenario. The La Marina samples are
located close to the Santander-Floresta high, which was submerged during this depositional
period, but may have still affected deposition (Sarmiento-Rojas et al., 2006). A study carried
out on Fomeque age samples by Campos-Alvarez and Roser (2007), whose samples were
also collected close to the Santander-Floresta high, noted Na/Al (average value 0.03) higher
than those recorded in this study for the Pedregal, Cantonera and LC2 and LC3, but still
lower than those recorded in La Marina (0.07). Campos-Alvarez and Roser (2007) used rare
earth element enrichments to suggest a dominant Guyana Shield source, but also Na-rich
volcanic/granitic rocks contributing to the sediments. Other evidence for a less weathered
sediment source comes from the investigation of the thin sections, where possible
weathered feldspar grains were noted (Figure 7.6). As discussed in Chapter 6, the Santander
Massif comprises mafic and felsic metamorphic rocks as well as calc-alkaline plutonic rocks
(Sarmiento-Rojas et al., 2006; Garcia et al., 2005) and could have provided more Na and K

than the reworked sediments which make up most of the Guyana Shield.

As discussed in Chapter 3, the ages of sediments within the EC are highly uncertain. Also, the
13Corg is not analysed at sufficiently high resolution to identify potential CIEs relating to OAEs
which may have provided a chemostratigraphic framework. However, it is useful to look at
geochemical trends across the available timeframe, to see how they compare to global
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trends.

There are changes in geochemistry in Pedregal at the Barremian-Aptian Boundary which may
be representative of global environmental patterns seen elsewhere. The Late Barremian-
Early Aptian period is punctuated by organic matter burial events, but in general this period
is marked in the Atlantic and Tethys by a general increase in TOC and redox sensitive trace
elements, culminating in the OAE 1a/Selli Event (e.g. Follmi, 2012; Stein et al., 2011, 2012;
Westermann et al, 2013; Bralower, 1994). Similarly to Narvaez et al. (2013), who analysed
samples from the northwest of the EC, there is a marked increase in coarse terrestrial
material entering the depositional basin (increase in Zr/Al, Si, and calculated sand),
combined with an increase in CIA* (Figure 7.3), which suggests an increase in paleo chemical
and physical weathering across the presumed Barremian-Aptian boundary. Redox proxies
are difficult to interpret in this proximal section, however, there is also a marked decrease in
the frequency of bioturbation and an increase in average TOC (from 1.1 wt% in Barremian to
2.3 wt% in Aptian). In the samples examined by Narvaez et al. (2013) this detrital input
increase was matched with an increase in TOC and rare benthic fossils, suggesting low
oxygen availability at the seafloor. Potentially this shift to more detrital input, increased
paleo weathering and decreased oxygen availability may have been a basin-wide feature.
The shift towards higher detrital input with an accompanied increase in organic matter
burial (possibly due to higher marine productivity) may be an EC expression of the global
OAE 1a, which shows similar changes in the Western Tethys (Switzerland, Stein, 2012; Italy,
Stein et al., 2011). Volcanic activity is suggested to have increased nutrient input into oceans
during this period either directly or via warming of the climate and enhanced hydrological
cycle. Here increased paleo chemical weathering is matched with increased detrital input,
suggesting that an enhanced hydrological cycle influenced sedimentation in the EC as well

during this period.

Deposition in Cantonera and LC2 and LC3 should cover the Aptian-Albian boundary, the
approximate period of the OAE 1b (Leckie et al, 2002). In Cantonera, there is an increasing
contribution of Al in the sediments towards the tentative stratigraphic boundary, followed
by a decrease. This is matched by an opposing trend in calculated sand and Zr, suggesting a
decrease in coarse material compared to fine material in the Aptian, and an increase in the
Albian. An increase of kaolinite of 10% over the same interval (Table 7.3, Figure 7.3), and a
slight increase in CIA* (84-87) suggests that this shift to coarser material is also matched by
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an increase in paleo chemical weathering. A sample with very high TOC (15 wt%) is present
within the Aptian-Albian boundary area. In the more distal LC3, the opposite geochemical
patterns are seen, i.e., a decrease in Al towards the boundary, and a decreasing CIA*
matched with a slight increase in Zr/Al. The decrease in Al may be due to an increase in the
relative proportions of biogenic material (Si, CaCOsand TOC/Al and a sustained period (36
m) of high but generally decreasing TOC (10.9-4.6 wt%)). An increase in detrital input at the
Aptian-Albian boundary caused by an enhanced hydrological cycle in a warm climate has
been noted by Herrle et al. (2003) and Wagner et al. (2007) in the Western Tethys and
proto-North Atlantic, both of which are relatively open ocean locations. In the EC, at least in
the proximal settings of Cantonera and Pedregal, increased paleo chemical weathering is
coupled with increased coarse detrital input (Zr and Si) in a number of depth intervals,
suggesting runoff from a humid interior instead of an aeolian source of coarse material. In
the more distal LC3, there is a switch from high Al and CIA*, suggestive of humid conditions,
to lower CIA* and higher aeolian coarse material, suggestive of drier climates and more
intense offshore wind. Opposing trends in the LC3 and Cantonera may be a result of scale
(different sample resolution) or it may be the case that coarse material was not being
effectively moved across the basin. Conceptual models by Cooper et al. (1995) suggest the
Floresta-Santander high limited movement of detrital material from the major source of
sediment in the east to the west, starving the Tablazo Magdalena Basin and the MMV of

clastic sediments.

Although all samples within the LC3 have geochemistry indicative of bottom water anoxia
(Fenr/Fer >0.38), there appears to be an increase in the intensity of anoxia (increase in the
enrichments of V, U and Cr) towards the Aptian-Albian boundary, followed by a decrease (in
V, U and Cr) later in the Albian (Figure 7.9). Productivity trends in TE (Cu, P, Ni and Zn) and
TOC appear to match this, suggesting that anoxia may have been driven by enhanced
productivity (Figure 7.7). There is the possibility that Cu, Ni and Zn would have been
enriched as sulphides because of decreasing oxygen contents even in the absence of high
productivity settings. The concomitant enrichment in P and Si/Al, both of which do not
become enriched in anoxic/euxinic setting, provide evidence that these elements became
enriched due to higher productivity. Likewise, the enrichment of redox sensitive U and V
alongside alternative measures of anoxia (Fenr/Fer) is evidence that these elements did not

accumulate sorbed to the high amounts of organic matter. In LC2, the sample resolution is
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too poor to see these temporal changes, however, TOC content is highest at the proposed
Aptian-Albian boundary and steadily decreases afterwards, supporting an increase then
decrease in anoxia/productivity (Figure 7.9). Although TOC is affected by thermal maturity,
there are good correlations between TOC and TE redox and productivity indicators in LC2
and LC3 (Table 7.2). Barium contents in the LC2 and LC3 (value) far exceed those measured
in the Mid-Late Albian at Olini section (around 200-800 mg/kg) in the south of the EC
(Villamil, 1996), which suggests that the exceptionally high contents seen in the EC may be
linked to localised high productivity cells, or high productivity only around the Aptian-Albian
boundary. As discussed at the beginning of this section, Ba contents (and other TE) do not
appear linked to some localised detrital source of high Ba from the hinterland. Hoffman et al.
(2008) and Wagner et al. (2007) noted low oxygen but not anoxic conditions in the open
proto North Atlantic. In the EC, there is clear support for anoxia and at least intermittent
euxinia in the distal LC sections during the Aptian-Albian. In the proto North Atlantic and the
Western Tethys, the enhanced monsoonal system which supplied nutrient to the ocean also
is assumed to slow ocean circulation, reducing resupply of oxygen to bottom waters. Also,
the presence of a freshwater lid reducing vertical mixing has been suggested to explain
lower oxygen conditions at the Aptian-Albian boundary in the proto North Atlantic (Erbacher
et al., 2001). Here, at least in the distal sections of the EC, there appears to be an increase in
aridity suggestive of offshore winds and upwelling which may have caused the increased

productivity.

The presence of biogenic/diagenetic Si appears to be endemic to Northern South America,
with the Albian Hilé formation partly distinguished from the Aptian Paja formation by the
presence of chert and siliceous mudstones (Mojica and Scheidegger, 1984). Enhanced
biogenic Si productivity was identified during time equivalent facies in the Pacific (Robinson
et al., 2004) and in the Atlantic (Hofmann et al., 2008). In the Pacific at Shatsky Rise,
equatorial upwelling was supported by an influx of nutrients to the ocean (possibly due to
weathering of volcanic basalts) resulting in distinct periods of enhanced chert deposition
during the OAE 1a and b (Robinson et al, 2004). Offshore wind directions are considered the
reason for persistent upwelling across the Aptian-Albian boundary off Northwest Africa

(Hoffmann et al., 2008), and this similar mechanism may have been working in the EC.

The changes in the Atlantic and western Tethys are short lived, limited to the OAE 1b and
lasting around 45 kyr (Wagner et al., 2007). In the EC (in LC2 and LC3) there is a shift to
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higher productivity at the Aptian-Albian boundary which, in general, continues to increase
for 10s of metres (the higher resolution TOC suggests 50 m). Although sedimentation rate is
unknown for this period, a much more persistent increase in productivity is represented in
the EC and this may represent a general shift to the more humid climate in the Late Aptian-
Early Albian. Wagner et al. (2013) compiled Albian TOC contents from DSDP/ODP drill sites
across the North and South Atlantic. The maximum TOC content in LC3 (10.9 wt%) exceeds
all maxima noted apart from the Gambian Abyssal Plain, which has a maximum TOC of 25.1
wt% (Hofmann et al, 1999). It thus appears the particular combination of basin
configuration/climatic features of the EC during the Aptian-Albian was ideal for organic

matter preservation.

7.5 Conclusion
Five sections, three from proximal environments, two from more distal parts of the basin,

record Hauterivian to Albian sedimentation in the EC basin. Geochemical proxies for anoxia
and productivity are compromised in proximal sediments. Distal LC2 and LC3 sections are
extremely enriched in TE related to productivity (calcareous and siliceous), anoxia and
occasional euxinia, both of which contributed to relatively high and prolonged organic
matter accumulations (average 3 wt% TOC over 300 m). These enrichments in TE and P
appear to be unrelated to enrichments in the proximal settings discounting a purely detrital
source of TE. A number of climatic and geographical factors may have combined to cause a
further enhancement of OM burial around the Aptian-Albian boundary. The humid
environment seen in the Tethys, Atlantic and Pacific may have occurred in the EC, increasing
runoff and input of nutrients compared to the Early Cretaceous shales. Differently in the EC,
potentially diluting clastic material was limited to coastal regions by the submerged Floresta-
Santander Massif, allowing enhanced organic matter accumulation. There is evidence that
high siliceous productivity in the Albian could have been caused by upwelling of nutrient rich
waters as a result of offshore winds. This enhanced productivity may have prolonged anoxia

so that it occurred beyond OAE events.
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Chapter 8 Chipaque Formation — Cenomanian to Campanian depositional
environment in the Eastern Cordillera and beyond

8.1 Research Highlights
e Sediments of Cenomanian to Campanian (incl. OAE 2 and OAE 3) age have

geochemical and sedimentological markers of high productivity, especially in the
more distal portions of the basin.

e The OAE 2, identified by a distinct positive CIE, occurred in an environment of long
term high productivity and anoxia. Siliceous and calcareous productivity and anoxia
increased during and after the CIE.

e The OAE 2 sediments corresponded to a period of enhanced paleo chemical
weathering and influx of detrital material, suggesting that enhanced OC burial was
linked to increased runoff from a more humid continental interior.

e The Caribbean Large Igneous Province (LIP) may have supplied additional nutrients,
however not to the extents seen in parts of the Atlantic. However, high
sedimentation rates inferred by the thickness of the CIE (11cm/kyr) suggest that the

EC acted as a major sink of OC and TE.

In this chapter, inorganic geochemical data and interpretation for five sections located
within the Eastern Cordillera (EC) Basin and Middle Magdalena Valley (MMV) are presented.
The sections representing Cenomanian to Campanian age sediments document varied
depositional environments, from the outer continental slope (La Cristalina 1, LC1) to
shoreface (El Crucero and Pescana), as summarised in Table 8.1 based on information
provided by Georex (2015). In order to place the results into the wider context of the Late
Cretaceous, the global depositional and climatic conditions are summarised. Results of
proxies for detrital material, palaeo-productivity and redox conditions are then presented.
Finally, one section with a robust age model confirming preservation of OAE 2 is compared

to other more open marine equivalents.

8.2 Introduction
The Cretaceous Cenomanian to Campanian period experienced the highest global sea level

during the Mesozoic and Cenozoic, with a maximum at the Cenomanian/Turonian (C/T)
boundary that possibly reached up to 250 m higher than present day (Haq, 2014). Sea
surface and deep ocean temperature were also significantly higher than today, with a
maximum in the Cenomanian (sea surface temperatures 35 °C, deep water 20 °C) (Jenkyns,

1994; Huber et al., 2002; Friedrich, 2012. The warmer climate in the Late Cretaceous caused,
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amongst other effects, a globally enhanced hydrological cycle with more intense continental
paleo weathering and greater runoff (Hallam, 1984; Wilson et al., 2002; Hofmann et al.,
2008). Variations in sea level and continental run off should be particularly noticeable in the
EC, which, at that time, was a relatively narrow, and shallow siliciclastic basin. The igneous
activity, especially the Caribbean large igneous province (CLIP), is thought by some authors
(Orth et al., 1993; Snow et al., 2005; Holmden et al., 2016; Turgeon and Creaser, 2008) to
have provided the additional TE and nutrients required to sustain elevated productivity over
the C/T boundary. Given the location of the EC, close to the CLIP and possibly connected to
the Pacific via flooded basins in the south east (Figure 2.10), the effect of TE (especially Cr,

Fe, Cu, Co, Zn) should be particularly pronounced.

As shown in Figures 2.9-2.10, high sea levels during the C/T period resulted in the EC being
part of a wide epicontinental seaway which stretched from the open Equatorial Atlantic in
the North (via the Maracaibo Basin in Venezuela), the Pacific the South (via the UMV), the
Magdalena Valley in the West and the Llanos basin in the East (Villamil et al., 1999;
Macellari, 1988; Erlich et al., 2003). . The basin was at its widest during the Cenomanian —
Campanian period, with marine deposition across a 250 km wide basin (Figure 3.2). From the
Santonian, the Colombian Marginal Sea was closed and the Central Cordillera started to
uplift constraining the basin in the west (Macellari, 1988; Figure 2.11), however the Central
Cordillera may have been a barrier in the West during other periods, as its paleo extent and
altitude are poorly constrained. Lithologies vary temporally and spatially, but black
mudstones are dominant. The main mudstone units of the Late Cretaceous are the (i) La
Luna Formation, well developed in the Magdalena Valley, Maracaibo, and Western Flank of
the EC, the (ii) Gacheta Formation in the Llanos Basin, and the (iii) Chipaque Formation in the
Eastern Flank of the EC. As well as mudstones, widespread chert and phosphate beds are
reported from this period across northern South America (Villamil et al., 1999; Martinez et
al., 2003; Martinez and Vergara, 1999; Follmi et al., 1993; Erlich et al., 1999; Davis et al.,
1999). Deposition of mudstone dominated formations terminated in the Campanian,
responding to a basin-wide regression. In the EC, this sea level regression is represented by

the onset of massive sandstone beds of the Arenisca Dura (Vergara and Rodriguez, 1997).

Cenomanian to Campanian rocks have been intensely studied in northern South America, in
Venezuela (e.g. Erlich et al., 1999; Davis et al., 1999; Villamil et al., 1999; Perez-Infante et al.,
1996; Mongenot et al., 1996; Tribovillard, 1990; Macelarri and Vries, 1986; Terraza, 2003), in
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the Upper Magdalena Basin in Colombia (Martinez et al., 2003; Mann and Stein., 1997;
Villamil and Arango, 1998), and within the EC (Martinez and Vergara, 1999; Vergara et al.,
1997; Villamil, 1996). These studies used sedimentological evidence, inorganic and organic
geochemistry as well as micropaleontology to suggest upwelling and enhanced siliceous
productivity from the Cenomanian throughout the majority of the Upper Cretaceous to the

Campanian.

Previous studies in northern South America also provide evidence for anoxic bottom waters
throughout most of the Cenomanian to Campanian interval (based on sedimentology and
organic and inorganic geochemistry). As discussed in Chapter 1, it is possible that the more
restricted, land-bound eastern EC sustained prolonged and more sustained anoxia. The new
inorganic geochemical data from this study provides new insights into the cause and extent
of enhanced productivity and anoxia during this critical time period of globally high carbon

burial and greenhouse climate.

Assignment of stratigraphic stages is difficult in the EC, due to the scarcity of age indicative
fossils and enhanced thermal maturity, challenging detailed biostratigraphy and
palynological analysis (Vergara et al., 1997). However, uniquely in this project, a definitive
age can be assigned to one section using chemostratigraphy. A distinct and well known
positive carbon isotope excursion (CIE) is identified within LC1, confirming the coverage of
ocean anoxic event (OAE) 2 at the C/T boundary (Figure 8.1) at this location. Ages estimated
by Ecopetrol and Georex show the whole of LC1 is of Cenomanian age and so identification
of the CIE substantially refines this interpretation. As critical new information, identification
of the diagnostic OAE 2 CIE clearly defines the C/T boundary in the EC and thus provides an
opportunity to compare geochemical characteristics in the EC to time equivalent records
elsewhere on the globe. The environment of OAE 2 is well constrained in the open water
conditions of Tethys Ocean and the proto North and South Atlantic (summarised in Wagner
et al., 2013). Epicontinental basins were important sinks of OM during this period (Schlanger
and Jenkyns, 1976) and many have been well studied (e.g. the WIS (Arthur and Sageman,
2005) and in Germany (Hetzel et al., 2011). Less is known about deposition in equatorial

epicontinental basins, like the EC.

Within this chapter, temporal and spatial variations in the detrital component of the shales
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are investigated, providing clues about multi-scale variations in the hydrological cycle over

the Cenomanian-Campanian period. A focus is on observations that support variations in

productivity, related to runoff and/or upwelling. Further, redox proxies test if the more

restricted conditions in the EC were more susceptible to anoxia and euxinia than in the more

northern open and oceanward Maracaibo Basin and other hemipelagic basins in the north.

The EC is finally compared to other basins to see if there is a particular enrichment in TE or

heightened productivity due to closer proximity to the supply of nutrients from the CLIP.

Table 8.1. Summary of information about the Cenomanian to Campanian sections covered in this chapter (provided by
Georex, 2015). Formations introduced in Figure 2.2.

Palaeo-
Section Noted Age Flank of water Facies interpretation
formation g basin depth P
(m)
o Simiti/La Cenomanian . .
La Cristalina 1 / . Western 100 Mid-outer continental slope
Frontera - Turonian
Unidad
intermedia
s . Distal delta deepening to mid-
La Cristalina 4 de Shales/ Turonian Western 120 . P &
outer continental slope
Ruedas de
Carretera
Offshore transition to inner-middle
. continental shelf — under the
. Ruedas de Coniacian - . .
Zipa . Western 110-120 influence of upwelling and post
Carretera Santonian . s e
diagenetic silicification in the half
portion of the section
Repeated successions shallowing
. from offshore, transition and
. Cenomanian . .
El Crucero Chipaque . Eastern 25-50 shoreface, with the dominance of
-Campanian . .
shoreface increasing up Storms
concentrate phosphatic fragments
Repeated successions representing
. Coniacian - shallowing upward sequences from
Pescana Chipaque . Eastern 25-30 St e g
Campanian offshore transition to lower

shoreface or intertidal plain
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Figure 8.1 3C,q of LC1 samples with possible CIE identified as a decrease in *3Corq. OAE 2 in shaded grey box and the C/T
boundary at the top of the OAE 2 (from Kolonic, 2005, based on signatures identified at Tarfaya).

8.3 Results
Here, data is presented for the 92 samples from the Pescana, Crucero, Zipa, LC1 and LC4

sections analysed by XRF, CNS/LECO and Fe-speciation, and five samples analysed in thin
sections by SEM. Firstly, correlations between elements are presented, in order to better
understand which component of the sediment the elements are associated and to allow for
selection of appropriate proxies. Following this, spatiotemporal trends in detrital input,

intensity of chemical paleo weathering, productivity and redox proxies are explored.

8.3.1 Correlations between main components

As discussed in the previous chapters, a positive correlation with Al (a purely detrital
element, mainly found within clay in marine sediments) can help identify elements which
likely arrive at the sediment associated with detrital material. All correlation coefficients are
included in Table 8.2. In Pescana, the most proximal of locations according to
sedimentological interpretation (Table 6.1), Al correlates positively with Ti, K, Cr and V
(correlation coefficients 0.9, 0.6, 0.6 and 0.6, respectively, Figures 8.2b, e, j, and n). In
Crucero, only Ti correlates with Al (correlation coefficient 0.5, Figure 8.2b). In Zipa,
considered more distal than Crucero and Pescana, Al correlates with Ti, Fe, Mg, Na, K as well
as Cr, Cu, Mo, V and Zr (with correlation coefficients of 0.9, 0.8, 0.7, 0.5, 0.9, 0.9, 0.8, 0.8.,
0.8 and 0.6, respectively, Figures 8.2b, f, c, d, e, j, |, n and p). In the more distal LC1, Al
correlates with Ti, Fe, Mg, K, P, Cr and Zr (correlation coefficients of 1.0, 0.7, 0.8, 0.8, 0.6, 0.8
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and 0.8, respectively, Figures 8.2b, f, c, e, g, j and p). In LC4, also distal, Al correlates with Ti,
Na, K, P and Zr (correlation coefficients of 0.8, 0.5, 0.9, 0.7 and 0.7, respectively, Figures
8.2a,d, e, gandP).

Correlations with Si help distinguish its source — within clay, the coarse fraction (as quartz
sand and silt) or as biogenic Si. All of the aforementioned elements, which correlate
positively with Al, correlate negatively with Si in Crucero, Pescana and Zipa (see Table 8.2). Si
correlates negatively with Al in Crucero, Pescana and Zipa (correlation coefficients -0.9, -0.9
and -0.7, respectively, Figure 8.2a), supporting a dominant source of Si from the clay
fraction. Si and Zr do not strongly correlate in any of the sections (Table 8.2, Figure 8.2q). As
discussed in Chapter 3, Zr (usually within the coarse fraction) and Si should correlate if Si was
to be used as a measure of sand content. If Zr and Si do not correlate, it is possible that there
is a source of Si outside of the coarse fraction (e.g, biogenic opal). Going forward, calculated
sand content is therefore not presented for the Chipague Formation sediments. As can be
seen in Figure 8.1q, in LC4, LC1 and Zipa, Si increases without a corresponding increase in Zr.
In Pescana and Crucero, there is a general increase in Zr with an increasing Si, but it is not
linear, with some samples having much higher Zr for the corresponding Si. One of the
samples within LC4 (at depth 427.5 m) is enriched in Zr (178 mg/kg compared to a section
average of 79 mg/kg) possibly due to volcanic ash (noted as taken from a tuff bed in the field

observations, Georex, 2015).

If an element accumulates alongside TOC, it could provide information about the
accumulation mechanism for organic matter. Only LC1 and Pescana have TOC contents
which have been less altered due to thermal maturation, having not passed through the oil
window (Table 3.5). Correlations with TOC may therefore not provide useful information. In
Pescana, there is a positive correlation between TOC and Mo (correlation coefficient of
0.84). There are, however, very low concentrations of TOC (average 0.4 wt%, SD 0.3) and Mo
(average 1.0 mg/kg, SD 2.9) in this section, so caution must be taken when interpreting this
relationship. In LC1 there is a positive correlation between Mo, U and TOC (correlation
coefficient 0.51 to 0.57, respectively) and the productivity proxies Cu and Ni (0.57 and 0.51,
respectively). In LC1, there is a negative correlation between TOC and the productivity proxy
Ba (correlation coefficient -0.55) as well as with the detrital elements Na and K (correlation
coefficients -0.72 and -0.59, respectively). There are no strong positive correlations between
TOC and detrital elements or the nutrients P and Fe in any of the sections.
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Table 8.2 Pearson’s correlation coefficient for elements when correlated with Al, Si and TOC. IC and S from LECO and CNS
analysis, other elements from XRF. Red data is good to very good positive correlations. Green data is good to very good

negative correlations.

Si Al Fe Ti Mn Mg Ca Na K P Ba Co Cr Cu Mo Ni \' U Zn Zr |CaCoOs;
Pescana 0.15 | -0.23 | -0.06 ( 0.02 | 0.09 | -0.32 ( 0.10 | 0.33 | 0.40 | -0.21 | 0.27 | -0.23 | -0.40 | -0.41 | 0.84 | -0.55 | 0.12 | 0.13 | -0.38 | -0.01 | 0.07
Crucero -0.27 | 0.26 | 0.12 | 0.17 | 0.05 | 0.26 { -0.01 | -0.01 | -0.02 [ -0.18 | 0.06 | 0.17 [ 0.40 | 0.05 | -0.05 | 0.53 | 0.23 | 0.13 | 0.30 | -0.06 | 0.57
Zipa TOC | -0.49 | 0.69 | 0.36 [ 0.40 | -0.13 | 0.31 | -0.23 | 0.32 | 0.47 | 0.26 | -0.16 | -0.25 | 0.78 | 0.78 | 0.67 | -0.02 | 0.76 | 0.74 | -0.05 | 0.16 | -0.22
LC1 -0.32 | -021 | 0.09 [ -0.26 | 0.44 | -0.22 [ 0.22 | -0.72 | -0.59 [ 0.09 | -0.55 | 0.79 [ -0.44 | 0.57 | 051 | 0.51 | 0.33 | 0.57 | -0.27 | 0.17 | 0.29
LC4 -0.56 | -0.33 | 0.00 | -0.32 | -0.03 | 0.31 { 0.51 | -0.55 | -0.12 { -0.22 | -0.02 | -0.38 | 0.30 | 0.87 | 0.83 | 0.84 | 0.71 | 0.47 | 0.61 | -0.73 | 0.39
Pescana -0.86 | -0.63 | -0.72 | -0.57 | -0.68 | 0.43 | -0.28 | -0.51 | 0.52 [ -0.08 | -0.56 | -0.46 | -0.44 | 0.11 | -0.41 | -0.47 | 0.32 | 0.22 | -0.02 | 0.02
Crucero -0.88 | -0.01 | -0.62 | 0.00 | -0.25 | 0.03 | -0.37 | -0.14 | 0.13 | 0.07 | -0.20 | -0.28 | -0.03 | 0.24 | -0.21 | -0.01 | -0.13 | -0.10 | 0.41 | -0.10
Zipa Si -0.72 | -0.84 | -0.73 [ -0.29 | -0.90 | -0.51 | -0.68 | -0.77 | -0.23 | -0.30 | -0.31 | -0.65 [ -0.58 | -0.54 | -0.40 | -0.52 | -0.56 | -0.37 [ -0.55 | -0.53
LC1 -0.18 | -0.56 | -0.11 | -0.64 | -0.40 | -0.75 | -0.11 | -0.07 | 0.11 | -0.22 | -0.51 | 0.04 | -0.69 | 0.05 | 0.12 | 0.19 | 0.11 | 0.28 | -0.20 | -0.79
LC4 034 | 051 ]| 0.51 [ -0.01 | -0.22 | -0.89 ( 0.08 | 0.40 | 0.12 [ -0.03 | 0.19 | 0.08 | -0.77 | -0.85 | -0.66 | -0.86 | -0.55 | -0.77 [ 0.47 | -0.88
Pescana 0.20 | 0.86 | 0.11 | 0.36 | -0.63 | 0.41 | 0.60 | -0.54 | 0.32 | 0.49 | 0.57 | 0.36 [ -0.04 | 0.36 | 0.62 [ -0.12 | -0.15 | 0.16 | -0.41
Crucero -0.28 | 0.51 | -0.34 | 0.14 | -0.37 | 0.26 { 0.11 | -0.13 | -0.06 | -0.13 | 0.29 | -0.06 [ -0.16 | 0.04 | 0.02 [ 0.20 | 0.01 | -0.62 | 0.14
Zipa Al 0.80 | 0.85 | -0.01 [ 0.66 | -0.21 | 0.50 ( 0.92 | 0.02 | 0.04 | -0.06 | 0.86 | 0.81 [ 0.77 | 0.06 | 0.79 | 0.79 | 0.05 | 0.61 | -0.18
LC1 071 | 097 | -0.16 ( 0.83 | -0.48 | 0.46 | 0.77 | 0.56 | -0.04 | 0.02 | 0.79 | -0.19 [ 0.27 | 0.20 | 0.08 [ 0.00 | 0.08 | 0.81 [ -0.35
LC4 034 | 082 | 0.03 ( 0.02 | -0.72 | 0.51 ( 0.87 | 0.66 | 0.15 | 0.93 | 0.14 | -0.36 | -0.54 | -0.19 | -0.16 | 0.03 | -0.28 | 0.71 | -0.68

200



8.3.2 Compositional Difference

There are some differences in the proportions of the main components of the samples
between the studied sections (Figure 8.3). Aluminium content is higher in proximal sections
(Pescana average 8.6 wt%, SD 3.0; Crucero 11.8 wt%, SD 2.0) compared to distal sections
(Zipa average 4.7 wt%, SD 2.1; LC1 5.5 wt%, SD 1.7; LC4 5.4 wt%, SD 8.6) (Figure 8.3). On the
other hand, there is less notable difference in the Si content of the proximal compared to
the distal sections (Pescana average 30.1 wt%, SD 4.3; Crucero 28.3 wt%, SD 2.2; Zipa 35.9
wt%, SD 4.4; LC1 27.1 wt%, SD 3.8; LC4 28.2 wt%, SD 5.2, Figure 8.3). Calcium carbonate is
very low in the majority of samples from Pescana, Crucero and Zipa, but makes up a
considerable proportion of the most distal LC samples (LC1 average 19.9 wt%, SD 8.6; LC4
average 16.4 wt %SD 16.9). The TOC content of samples appears to increase with distance
from shore (Figure 8.3) from Pescana (average 0.4 wt%, SD 0.3), Crucero (0.8 wt%, SD 0.5),
Zipa (average 1.6 wt%, SD 1.2), to the most distal LC4 (average 2.6 wt%, SD 1.0) and LC1
(average 3.6 wt%, SD 1.5).
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Figure 8.3. The composition differences between samples from different locations. A range of data for Si, Al, CaCO3 and TOC
(all wt%) for Chipaque age sediments from proximal on the right to distal on the left.
Bold line within the box is median, box edges and the 1st and 3rd percentiles.
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8.3.3 Detrital proxies
Considering detrital proxies in Crucero (Figure 8.4), the first sample has higher Al normalised

Ti and Zr, perhaps suggesting higher coarse detrital input. Between approximately 71 and
147 m, there is strong variability in Si and Al, although this may be due to the higher
sampling resolution in this area. From 348-385.5 m, there is consistently higher Ti/Al,
matched with higher Zr/Al and Si, suggesting a greater influence of coarse detrital material in
this area. Aluminium normalised K and Na also show some increase during this period. SEM
images were taken with BSE (Figure 8.5) from a sample at 79 m with representative Si (26.9
wt% compared to average 28.3 wt%). There is abundant fine to coarse quartz silt in a clay
matrix. Volcanic sediments are also present, with a possible bentonite layer was observed at

530 m (Georex, 2015, orange rectangle in Figure 8.4).

In Pescana, the first sample has lower Si and Al normalised Ti, Zr, K and Na. After this, there
is a steady increase in Si, Ti and Zr until 35 m. Si and Al remain relatively steady until there is
a shift to higher Si, opposing in Al, at 148 m (Figure 8.4). The increase in Si is matched with
an increase in Zr/Al and a modest increase in Ti/Al and is not within or near an area of the
section assigned a shoreface facies. In general, these values then decrease (with opposing Al
increase) towards the top of the Pescana section. Changes in K/Al mostly follow Ti, however,
Na/Al does not follow any detrital element. In SEM, a sample from 255.5 m (within the high
Si area) contains abundant silt and fine sand-sized quartz, as well as granular micro quartz
(Figure 8.6). Silt-size zircon crystals are also present among the quartz crystals. At 133 and
211 m, thin (<0.5 m) phosphorite beds are present with associated faecal pellets, fish

skeletal fragments and teeth as well as ichnofossils.

In Zipa, there is a gradual increase in Si with opposing decrease in Al from the base of the
section to 116 m (Figure 8.4). A sample from 74.5 m shows pervasive granular micro quartz
in SEM, which comprises the majority of the thin section, with only occasional detrital silt-
size grains of Si (Figure 8.7). Above 116 m, Al increases, but the values remain lower than at
the bottom of Zipa. Aluminium normalised Ti and K values increase in this uppermost section
(from 150 m) and remain steadily high. Normalised values Zr also peak in the top half of the
section. Aluminium normalised Na also increases at 150 m, but then behaves differently

from other detrital elements, and steadily decreases after this.

In LC4, there is much variation in the detrital proxies through the section (Figure 8.4). The

varying carbonate content throughout the section is mostly matched with opposing trends in
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Al and Si (Figure 8.4). There are samples with high carbonate and Si, matched with high
Aluminium normalised Ti (439.5 and 780.5 m). The samples with the highest Zr/Al are from
within volcanic sediments (a tuffaceous bed 427.5 m and 433.5 m, marked with yellow bands

in Figure 8.4).

In LC1, there is a steady decrease in Al and Si (which is matched with a decrease in Ti/Al and
K/Al) to a low at 269 m, with an opposing general increase in calcium carbonate (Figure 8.4).
Above 269 m, Al remains low until 330 m, but Si increases to a peak at 186 m, before
decreasing at 330 m. Aluminium normalised Zr changes differently to Si. A sample taken
from 336 m, when viewed in SEM-BSE (Figure 8.8) is dominated by microcrystalline quartz,
however, Ca is also pervasive through this quartz matrix, and calcite is present as infilled
shells/tests. Within the CIE (orange box in Figure 8.4), there is a steady decrease in Al.
Calcium carbonate jumps from 15.8 — 33.8 wt% within the CIE and stays around 30 wt% for
the rest of the CIE. Silica and Al normalised Zr are higher in this first portion of the CIE,

before reducing at the same depth that CaCOs increases.

In Pescana and Crucero, there are massive sand beds which represent shoreface facies and
the most regressive part of a sea-level cycle (grey boxes in Figure 8.4). The samples taken at
these depths are from thin mudstone beds (1m to 0.1 m) in between larger sand beds. It
could be predicted that these mudstones would have a consistently higher Si, but they do
not. This suggests that their deposition represents repeated sharp decreases in the coarse
input. In Pescana this fits with descriptions of mudstones without silt or sand, and an
absence of fining upwards sequences (Georex, 2015). In Crucero, the Georex (2015)
observations of fine laminations of silt and sand in mudstones throughout the column. Also
in thin section under SEM-BSE, a coarser layer with randomly orientated grains is observed
(Figure 8.5), perhaps representing a storm event. This sample was taken from a location not
close to shoreface facies (79 m). Short influxes of coarser material may be common during
shale deposition in these more proximal settings, causing a relatively steady bulk Si content

when samples are homogenised (Figure 8.4).
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Figure 8.4 Variation in detrital proxies and major rock components (measured using XRF) and sand fraction (based on Si/Al,
see Chapter 3 for methodology) for the Chipaque age sediments plotted against height in the section (m). Pink lines are p
phosphatic lenses, grey boxes are sand beds, orange lines are tephra and the red box is the proposed C/T boundary.
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Alumino- silicates?
Laminae represents

higher energy )
deposition (no ite? (1% K, Mg 1 %)
lamination) — debris )
flow? Carbonate mineral 5-10% Ca
Irregular porosity — dissolve or Silt sized detrital quartz
Ti Oxide plucked out grains
minerals tests/shells/agglutinated forams

Ba (1%) and P (2 %)
containing mineral

S . ) Possible agglutinated benthic
Magnified irregular porosity — Possibly partly foraminifera in cross section
fractured coarser higher energy storm layer? Organic
matter? geochemistry is not distinct from clay matrix

Figure 8.5 SEM BSE image of Crucero sample from 79 m in thin section. Features identified are irregular sized silt sized
detrital quartz grains, silt sized Ti oxides, irregular porosity (possible dissolved/plucked out tests) and a possible agglutinated
benthic foraminifera. Grains appear to sit within clay matrix in a relatively well laminated manner, and there are some
planar features, however there are darker beds where grains are more irregular, which may represent a storm bed.
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Figure 8.6 SEM BSE image of thin section from Pescana section from 255.5 m. A variety of silt and sand sized minerals
present, including feldspars, fluoroapatite and zircon.
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Figure 8.7 SEM BSE image of Zipa 74.5 m in thin section. Features identified are pervasive micro crystalline quartz, possible
microbial mats/ clay layers and irregular porosity, likely caused by dissolution/plucking out of tests.
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Figure 8.8 BSE SEM images of thin section from LC1 at 336 m. Key features identified are: many carbonate infilled
tests/shells; irregular porosity which could be OM; possible faecal pellets; micro quartz abundant in the clay matrix but
concentrated further in faecal pellets

8.3.4 Paleo chemical weathering Intensity
As discussed in Chapter 3, as well as being predominantly detrital, K and Na are generated by
chemical weathering of feldspars, and together with CIA*, can provide information about

the extent of chemical paleo weathering in the hinterland.
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In Zipa, Al normalised K increases from 150 m and is matched with a decrease in CIA* from
an average of 88.7 before 150 m to 84.6 after. Aluminium normalised Na behaves differently
and peaks at 150 m at 0.03 before reducing again to average values (0.01). Kaolinite remains
low throughout the Zipa section (only one sample has kaolinite above the LOQ, 88 m, 12
wt%). In LC4, Al normalised K peaks at 439.5 m and 780.5 m. Samples were taken from a tuff
layer (at 427.5 and 433.5 m) have considerably higher Na/Al (0.29 and 0.11 respectively)
than section average (0.06) and have the highest Na content in the EC sample set (2.74 and
0.39 mg/kg respectively). This high Na value distorts the CIA to much lower values at this
point. Without these two values, CIA* is relatively constant (average 86.7, SD 2.8). In LC1,
the CIA* gradually increases from 86.4 at the base of the section to 92.2 close to the top,
and this is coupled with gradual decreases in Al normalised K and Na. Within the CIE, K/Al
and Na/Al values fall, however, Na values increase again at 171 m. In Crucero, paleo
chemical weathering indicators (kaolinite content, Na/Al, K/Al CIA*) are relatively constant
until 370m, where there is an increase in K/Al (from average 0.12 to above 0.2) and a
corresponding decrease in CIA* (from 91.5 to an average of 86.5). Within this area, there is
also a kaolinite content is also lower (20 wt% compared to 50% lower in the section). In
Pescana, there is a sharp increase in paleo chemical weathering proxies (CIA*, Na/Al and
K/Al). Apart from this, Al normalised Na and K change differently, with K decreasing to a
minimum of 0.13 at 85.5 m and then recovering, whilst Na increases to a maximum of 0.05
at 87 m before decreasing to the end of the column. The overall effect on the CIA is minimal,
apart from a dip to 82.8 at 255.5 m in a sample with elevated K (to a value of 0.29). Kaolinite
varies considerably (Table 8.3), and is apparently unrelated to K and Na, with samples with
high contents (147, 240.5 and 255.5 m) corresponding to high K/Al and separately Na/Al. A
sample from 255.5 m was examined in thin section by SEM-BSE and silt-sized K-containing
mineral grains (assumed to be feldspar) were abundant. This sample also contains the

highest amount of feldspar measured in the EC with XRD at 7%.

When comparing sections, Crucero has the highest CIA*(average 90.1), suggesting that this
section received sediments from the most weathered source, or from a period/location of
less intense chemical paleo weathering. However, the sections are not dramatically
different, with averages ranging only from 90.1 to 86.6 (in Zipa) when tuff samples are not
considered. Neither is there much variation in each section, with a maximum standard

deviation of 3.4 (Pescana).
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Table 8.3 XRD data for the Chipaque section. Depths in metres, values wt %. Taken from Ecopetrol report GTN-F-216 (2015).

>2um fraction < 2um fraction
illite/ .
. K- Na- . . . micro
Section Depth clay sand Carbonates| Pyrite [Anatase | Other |smect| lllite [kaolinite
feldspar |Feldspar ite quartz

58.5 62 33 trace 0 trace <5% 15 20 45 20

79 63 27 trace trace <5% <5% 22 13 59 6

Crucero 130.5 77 18 trace trace trace <5% 18 23 50 9
385.5 35 55 0 trace <5% <5% 25 50 20 4.5

530 77 18 trace trace trace <5% 43 25 32 0

13.5 27 68 0 0 0 0 trace <5% 0 23 23 19

35 68 17 <5% trace 0 0 <5% <5% 0 28 28 5

147 38 52 <5% trace 0 trace trace <5% 0 63 63 5

Pescana 148 10 85 trace 0 0 trace trace <5% 0 34 34 32
214.5 8 77 <5% 0 trace <5% trace <5% 0 18 18 64

240.5 46 39 trace trace <5% 0.1 <5% <5% 0 45 49 6

255.5 23 60 7 0 0 <5% trace <5% 0 27 59 14

2 11 84 0 trace trace <5% 73 <5% 22

25 39 56 0 trace trace <5% 90 5 5

Zipa 46 14 81 trace 0 trace <5% 60 <5% 35
72 4.5 90 0 0 0 <5% 42 <5% 53

74.5 10 85 0 0 trace <5% 82 4.5 13

88 25 70 0 trace trace <5% 68 12 20

8.3.5 Productivity

As discussed in Chapters 4 -7, when using productivity proxies, it is important to consider the
sample location within the basin, the redox conditions, and the extent of contemporary
weathering. Some of the samples from Crucero and Pescana were deposited in proximal
conditions (note samples close to or within grey boxes in Figure 8.9, which are shoreface
facies). Trace element productivity proxies are unlikely to be reliable in these very proximal
conditions. Samples from Crucero and Pescana may also have been influenced to a greater
extent by the effects of contemporary weathering at outcrop/in storage because of the lack
of carbonate buffering capacity during pyrite oxidation. As discussed in Chapter 5, a sample
Crucero (which has 0 wt% CaCOs content) contains large, irregular pores visible in SEM which
could indicate shells/tests which have been dissolved by contemporary weathering —
affecting the bulk geochemistry which may have originally had a signature of higher
calcareous productivity (Figures 8.5). However, the sedimentological evidence does suggest
a strong biological activity, with fish skeletal fragments and pellets observed throughout
both columns and phosphate beds are noted in Pescana (Figure 8.9). There is also significant
granular micro quartz visible in SEM in a Pescana sample, and abundant micro quartz
identified here using XRD (maximum 63 wt%, average 21 wt% of the sub 2um sample). This
could be biological in origin. The more distal samples have higher TOC contents (Figure 8.3),
however, when normalised to Al, background TOC levels are similar between sections (8.10),

suggesting that dilution of organic matter may be a primary control on TOC content.
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In Zipa, CaCOs is also low in the majority of samples (16 out of 21 samples), so here, low
values of TE may have been caused by contemporary weathering. There are two samples
displaying elevated Al normalised TOC compared to background (average 0.54), one at 86 m
(1.2) and another at 116 m (1.4) (Figure 8.9). The sample at 86 m is not matched by
enrichment of TE proxies for productivity, but this may be an effect of contemporary
weathering in this CaCOs free sample. The sample at 116 m is matched with elevated Si/Al
(27.3 compared to section average of 9.9), Ni/Al (33.5 compared to average 16.9) and Zn/Al
(154.8 compared to average 66.7). At 150 m the first sample with CaCOs is present, above
this, there is an enrichment of Ba/Al (average below 150 m 97.0, above 150 m 395.1), and
another sample with elevated values for Ni/Al and Zn/Al (43.6 and 128.2 respectively).
Aluminium normalised Ba, Ni and Zn reach a section high at a sample from 192 m (1345,
129.3 and 631.7 respectively). This sample is also marked by elevated CaCOs contents. In
Zipa, there are a number of phosphate beds (at 13, 16.5, 26.5, 37 and 74 m) interpreted
within Zipa as being indicative of upwelling by Georex (2015). Aluminium normalised
phosphorous increases substantially (from an average of 0.007 below 75 m) above the final
phosphate bed (average of 0.027), and is very variable. A more stable high between 150 and
192 m corresponds to a high in Ba/Al. Fish remains are also noted at 83.5, 155, 157.5 and
167 m. A number of samples from Zipa are grey mudstones, intercalated with sub-mm light
brown planar parallel lamination, and the rock breaks into planar fragments along these
edges (Figure 8.10). As discussed in Chapter 4, it appears that these regular, planar laminae
did contain carbonate that has been dissolved by contemporary weathering (Figure 8.10).

This suggests regular variation in dominant producers on a fine scale.

The average TOC in LC4 is higher than in Zipa, (average 2.6 wt%, SD 1.0). In LC4, TOC/Al is
matched with elevated Si/Al, as well as Ba/Al at 433.5 and 780.5 m (Figure 8.9). The sample
at 433.5 m is taken from a tuff layer, which may explain the high contents (Si/Al 9.5
compared to a section average of 6.1 and Ba/Al 758.3 compared to an average of 313.5). The
next closest sample above this tuff layer (439.5 m) is enriched in CaCOs (30.4 wt%) and Cu/Al
(10.9), Ni/Al (44.3), Zn/Al (193.5) and P/Al (0.02) compared to averages for the section (16.4,
5.5, 22.9, 125.1 and 0.013 respectively). The sample from 780.5 m is elevated in TOC/AI,
CaCOs, Si/Al, Ba/Al, Cu/Al, Ni/Al, Zn/Al and P/Al (1.83, 57.9 wt%, 8.5, 694.4, 18.2, 75.5, 558.2
and 0.023 respectively) and is not from a tuff, nor located close to an observed tuff layer. In

LC4 there are no phosphatic beds noted, however, fish remains are noted at 5, 9.5, 14, 19
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and 25 m.

In LC1, TOC is the highest within the studied Chipaque formation sections (Figure 8.3),
however, this could be also because this section, alongside Pescana, is the only that has not
passed completely through the oil window (Tmax average 455 and 434°C, respectively).
TOC/Al appears relatively constant until 145 m, then it increases from an average of 0.5 to a
maximum of 3.7 at 269 m (Figure 8.9). The same pattern occurs when considering Cu/Al,
which increases from an average of 4.7 to a maximum of 18.8 over the same range. Other
proxies also increase in the top half of the section, but not until 171 m in the case of Ba/Al
(average before this point 252.0, maximum after 1348.1) and 187 m for Si/Al (average
before 4.5 maximum 22.0), Ni/Al (average before 16.2, maximum 106.2), Zn/Al (average
before 66.5, maximum 353.7) and P/Al (average before 0.008, maximum 0.031). Calcium
carbonate differs from other productivity proxies, as it is enriched compared to the section
average (19.9 wt%) below 145 m (25 .5 wt% at 77 m) as well as towards the top of the
section (maximum of 33.8 wt% at 145 m). In all cases, contents decrease at the top of the
section from 298 m and in the case of calcium carbonate, from 302 m. A sample was taken
from beyond this peak (336 m) shows abundant remains of organism infilled with calcite,
what appear to be many faecal pellets, and pervasive granular microcrystalline quartz
(Figure 8.8). Georex (2015) did not macroscopically observe phosphatic beds, pellets or fish

remains in the whole section.

The CIE in LC1 (the orange shaded box in Figure 8.9) is the area where the majority of the
increases in the productivity proxies are taking place (127-187 m), however, highest values

of TOC/AI, Si/Al, Cu/Al Ni/Al and Zn/Al occur after the CIE, at 269 m.
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Figure 8.9 TE and productivity proxies (measured using XRF) for the Chipaque age sediments plotted against height in
section (m). Blue vertical line is average shale value, green is the C/T mean, red is a Cretaceous Venezuelan average (Lo
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213



Sample breaks along light  5ub 1 mm light brown
brown planar laminations // .+ planar parallel
s I_am'ln ations

e

Light brown, enhanced

weathering of pyrite High porosity, dissolved

carbonate tests

Dark Grey, less
weathering of
pyrite

Lower porosity,
dissolved and re
mineralised siliceous
tests

Light brown, enhanced

. . High porosity, dissolved
weathering of pyrite

carbonate tests

Figure 8.10 Zipa 74.5 m in hand specimen and thin section (seen using BSE SEM). Bottom figure Planar taken using SEM EDX
mapping. Parallel sub-mm light brown laminations visible in hand specimen, on a smaller scale these laminations appear to
be layers of higher porosity, likely to the dissolution of carbonate tests of foraminifera.

8.3.6 Anoxia

As discussed in Chapters 4 and 5, calcium carbonate can reduce the impact of modern
oxidative weathering on TE and Fe-based proxies for anoxia. All of the Crucero samples
contain no carbonate, thus TE and Fe-based proxies should be considered with caution. In
Pescana and Zipa, most of the samples have no CaCOs present and again, caution should be
taken when interpreting proxies. The majority of samples within LC4 and LC1 do contain
carbonate, and here TE and Fe-based proxies ought to be reliable. Also, the majority of
proxies were developed and applied for open marine conditions and therefore may not be

reliable in the most proximal settings of Crucero and Pescana.

In Crucero, bioturbation was noted throughout the section, as both homogenised beds and
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ichnofossils (Figure 8.11). In the absence of reliable geochemical data, this is good evidence
that during the majority of the depositional period (Cenomanian — Campanian), oxic
conditions prevailed. However, when a sample from 79 m was investigated in SEM (Figure
8.5), grains look relatively well aligned, suggesting a lack of bioturbation. Within the same
part of the thin section agglutinated foraminifera, an infaunal organism has been observed.
It is interesting that there is still S (average 0.1. SD 0.2) within the samples (S is easily leached
from samples during contemporary weathering — see Chapter 3 and 4), however, this is
mostly contained as non-pyritic, excess S (Figure 8.11). This could be present within the

more weathering resistant organic matter, or as the contemporary weathering product

gypsum.

In Pescana, again there are few CaCOs containing samples in this proximal section. Two
samples contain >5% CaCOs (1.0 and 1.1 wt% CaCOs) and were deposited during more distal,
offshore transition periods (148 m and 214.5 m in the column). Here, the geochemical
proxies are more likely to be reliable. These samples contain normalised Mn, U, V and Cr
contents above average shale, and Fenr/Fer greater than 0.38 (Figure 8.11 and 8.12), and
may represent anoxic/suboxic conditions. The sample at 148 m was taken from a location
close to where ichnofossils were observed, and the sample from 214 m was taken from an
area where no bioturbation was observed (Figure 8.11). A sample taken from 255.5 m was
observed using SEM-BSE and shows quartz grains orientated in random directions. Here,
pyrite framboids are seen associated with black laminae which could be OM (or porosity).

Bioturbation is noted throughout the column (Figure 8.11).

Zipa is a more distal section which, according to Georex (2015), represents offshore
transition to middle continental shelf. There are three samples (150 m, 152 m and 192 m)
with CaCOs contents higher than 5 wt% (2.41, 1.82, 1.74 wt% respectively — Figure 8.11).
These samples have Fenr/Fer greater than 0.38 (see Figure 8.11) and contain Cr, U and V
higher than average shale (Figure 8.12). Molybdenum is present in only low concentrations
(maximum 2 mg/kg) and normalised Fe contents are below average shale. Although likely
affected by contemporary weathering, the fact that the majority of samples have Al
normalised Mo, V and U greater than average shale suggests that there may have been
suboxic/anoxic but not euxinic conditions, at least at these intervals. Ichnofossils are present
at two depths (170 and 225 m), the only bioturbation observed, suggesting that the rest of
the column may have been under anoxic/suboxic conditions during deposition. In Zipa, few
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pyrite framboids are visible in a sample using SEM-BSE, however, there is some evidence
that the number has been reduced due to contemporary weathering (Chapter 5). Relatively
well-aligned grains within this sample (taken from 74.5 m) attest to the laminated beds and
lack of biological homogenisation visible at outcrop. An agglutinated foraminifera was
identified in a sample from the base of the section (74.5 m) by Buckman et al. (2017), which
is considered anoxic by enrichment compared to average shale in Mo, V and U, evidencing at
least temporary oxygenation. Phosphate beds may cause the enrichment of redox sensitive
trace metals in samples at 25 m (Figure 8.12), however, samples adjacent to other

phosphate beds in this section are not corresponding enriched.

La Cristalina 1 was deposited in a mid-outer continental slope environment and CaCOs is
present in the majority of samples (apart from one at 20.5 m), so most of the geochemical
proxies are deemed to be reliable. The Fenr/Fer anoxia proxy is above 0.38 in the majority of
samples apart from at 171 and 298 m (0.35 and 0.30, respectively) (Figure 8.11). The sample
at 171 m is the only sample where normalised Fe contents are slightly higher than average
shale (0.56). There is also a sample where Fer is lower than 0.5 wt% (269 m, 0.3 wt%), and so
here the proxy is unreliable (Clarkson et al., 2015). Sulphur content is mostly higher than
average shale and is very variable (average 0.61 wt%, SD 0.51) (Figure 8.11). The majority of
sulphur is within metal sulphides, with two samples containing excess S (171 and 298 m,
containing 76% and 73% of excess S). Normalised contents of Cr, Mo, U and V are above
average shale throughout the section (average 24.3, 11.3, 2.7 and 190.8 respectively). There
is an interval between 187 and 298 m where the normalised content of U, V, Cr and Mo
increase and approach, or exceed in the case of U, V and Cr, the normalised contents seen at
the C/T mean (Brumsack, 2006). Normalised V and Cr also exceed the Venezuelan
Cretaceous mean. Interestingly, this period (187-298 m) also contains the only observations
of bioturbation (mostly as homogenised beds, but ichnofossils were observed at 280.5 m).
Mo contents only exceed 100 mg/kg (euxinia threshold according to Scott and Lyons, 2012)
after this 298 m. A sample taken from 336 m (where Mo is lower than 100 mg/kg) shows
pyrite prevalent within calcite tests/shells and within black areas which could be OM (or
porosity) (Figure 8.8). Zinc sulphide is also present, only observed within tests/shells Figure

8.13).

La Cristalina 4 was deposited in a distal delta to outer continental slope and CaCOs is present

in all but one sample (271.5 m), so the majority of geochemical proxies are deemed to be
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reliable. Here Feur/Fer is above 0.38 in all samples, however, two samples have less than
0.5% Fe (427.5 and 780.5 m with 0.47 and 0.38 wt% Fe respectively) and so here the proxy is
unreliable (Clarkson et al., 2015) (Figure 8.11). S content is very variable (average 0.54 wt%,
SD 0.60), with very little S out with metal sulphides (max excess S is 0.03 wt% in the sample
at 271.5 m, 79% of the S content within this low S sample). Similarly to LC1, the Al
normalised content of Cr, Mo, V and U is above average shale (average normalised content
22.0, 8.5, 156.1 and 2.0 respectively) and approaches, or slightly exceeds, C/T mean
(Brumsack, 2006) and Venezuelan Cretaceous average (Figure 8.12). Unfortunately, due to
low sample resolution, it is difficult to decipher temporal changes over the depositional
periods. There appear to be two peaks in TE accumulation, at 739.5 and 780.5 m. There
appears to be no additional TE or Fe accumulation within the sample from the tuff layer
(427.5). Bioturbation, in the form of homogenised beds, is only observed at one depth, 1633

m.

During the CIE in LC1, there is an increase in the Fe/Al which is not matched by an equal
increase in Feug, leading to the decrease in the Fepr/Fer proxy (minimum 0.35 compared to
average 0.7). There are also two samples with higher S content (1.39 and 1.49 wt%
compared to average 0.61 wt%). In the highest S content, Feur/Fer is at a minimum and the S
is mostly within OM (72%). Accumulation of TE significantly increases only towards the top
of the CIE (reaching and surpassing the Brumsack (2006) C/T mean in V and Cr), and the
enrichment continues beyond the CIE. Molybdenum content does not exceed 100 mg/kg in
the CIE sediments and therefore the sediments are not likely euxinic, however Al normalised
Cr, U and V do exceed average shale, and Feur/Fer is above 0.38, therefore the sediments
are likely at least suboxic-anoxic. Bioturbation, in the form of homogenised beds, follows the

CIE, suggesting a switch to at least episodically oxic conditions.
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Figure 8.12 TE and Mn redox proxies (measured using XRF) for the Chipaque age sediments plotted against height in section
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Figure 8.13 BSE-SEM images of LC1 336 m, observations of minerals. Sulphide minerals - Pyrite framboids and ZnS, which
have grown within a carbonate/calcite test.

8.3.7 The C/T boundary (OAE 2) Carbon Isotopic Excursion

The bulk organic carbon isotope excursion (CIE) starts at approximately 127 m at a value of -
27.16 %o and becomes more positive reaching a plateau at -23.74 %o at 145 m, with a slight
increase to a peak at 171 m at -23.02 %o (Figure 8.1). The *3Corg returns to background round
levels of -27.08 %o at 187 m. Confidence that this excursion is related to the C/T boundary
event comes from the magnitude, which is similar to that measured by Villamil and Arango
(1998) in the UMV, Lenninger et al. (2014) in the WIS (Pueblo, USA), Eldrett et al. (2014) also
in the WIS (Texas, USA) and by Mort et al. (2008) in the tropical North Atlantic (Tarfaya,
Morocco), which all observe a range of ~4%e.. In the La Luna, Western Venezuela, the CIE is
measured as 3%o (Perez-Infante et al., 1996). The sample resolution is not adequate for
identifying the internal structure of the CIE (e.g. the Plenus Cold Event, Jenkyns, 2017),
which would have provided further chemostratigraphy, however, the plateau is identified in
the aforementioned studies (Figure 8.1). The CIE is matched with a variable, but increasing
TOC, from an average of 2.8 wt% before, an average of 5.1 wt% during the CIE (with a

maximum of 7.1 wt%) and an average 3.9 wt% after (Figure 8.1).
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8.3.8 Comparing EC to other Cretaceous Basins

Here data from the more restricted EC is compared to the more proximal Llanos, deeper
MMV and the more northern ocean-ward Maracaibo basins. Figure 8.14 shows that the
Cenomanian — Campanian samples of the EC have a similar range of TOC values, and similar
but slightly higher Si/Al and Ba/Al to samples taken from the MMV and Maracaibo basin. The
more proximal Llanos basin sediments have much lower Si/Al and Ba/Al (no TOC data
available). It appears that overall, the samples from the EC have similar, but slightly lower Al
normalised Mo, U and V contents than MMV and Maracaibo basin (Figure 8.15), but higher
contents than the Llanos Basin samples. Furthermore, the EC has lower Al normalised Fe
than any other basin (Figure 8.15). All of the northern South American samples have U/Al

and Fe/Al less than average shale.

The OAE 2 within LC1 offers the opportunity to compare time equivalent samples in the EC
to other basins. Figure 8.16 shows that the EC has more TOC than samples from Mexico
(Nunez-Useche et al., 2016), comparable but slightly higher TOC than Central Italy (Owens et
al., 2017) and Galicia (Thurow et al., 1988) but less TOC than Tarfaya (Poulton et al., 2015)
and Demerara Rise (Hetzel, 2009). The productivity proxy Ba/Al from EC is comparable to
samples from Mexico, Demerara Rise and Galicia. Again, Al normalised Fe is low compared
to other locations where data is available (8.17). Samples from the EC have comparable, or

slightly lower in Al normalised contents of redox-sensitive metals (8.18).
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Figure 8.15 Comparing anoxia proxies in samples of Cenomanian to Campanian age in basins of Northern South America.
Llanos basin data from two wells reported by Jaramillo et al. (2004). Maracaibo Basin data from Davies et al. (1999), Rey et
al. (2004), Erlich et al. (1999), Mongenot et al. (1996) and Genolet and Tocco (1999). Western Maracaibo Basin data from Lo
Monaco (2002). Middle Magdalena Valley (MMV) from well samples provided to this project.
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suggesting comparable productivity and also TOC accumulation.
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8.4 Discussion
All results are compiled per section, in order to attempt to understand how the paleo

depositional environment changes at each location over time. Although time constraints are
not precise, information about paleo depositional environments within the EC for each stage
are compared to those of similar age within tropical South America. As there is only one time
constrained interval (OAE 2 CIE in LC1) this section is compared to other time equivalent

sections across the globe.

8.4.1 La Cristalina 1 — Cenomanian —Turonian sedimentation on the mid-outer continental
slope
In the LC1 section, there is evidence that the dominant Si supply to the sediment is biogenic
(negative correlation between Zr and Si, and a positive relationship between Zr and Al (Table
8.2) and pervasive granular microcrystalline quartz (Figure 8.8 and Buckman et al., 2017). Si
content co-varies with productivity proxies (Cu/Al, Ni/Al and Zn/Al, Figure 8.12), providing
evidence that the primary control on these trace elements is productivity, rather than redox.
Other studies of Late Cretaceous chert formations (Lidita Inferior and Superior) in in the
UMV (Terraza, 2003) note chert replacing micrite and sparite and suggests an external
source of Si (from clay diagenesis of quartz grain contact dissolution in adjacent sand beds).
This replacement is not seen in SEM-BSE samples from LC1, with calcite infilled shells
appearing pristine and unaffected by ‘corrosion’ by Si replacement (Figure 8.8). This
observation appears relevant as it may suggest a different mechanism for chert formation in
the EC compared to the UMV, or compositional differences in the rock (e.g. a greater
proportion of carbonate in the UMV and so greater surface area for corrosion). The
abundance of biogenic Si, as well as enrichments of TE productivity proxies above average
shale, and consistently exceeding C/T and Venezuelan Cretaceous mean when considering

Ba/Al, highlighting exceptional levels of productivity during deposition of LC1 sediments.

There is the possibility that these extreme enrichments in TE related productivity proxies are
related to the erosion of particularly TE rich rocks in the hinterland. Proximal sediments are
intermediate sources of detrital material for the more distal basin, and so comparison of
these sediments with the more proximal (offshore to shoreface) Cenomanian and Turonian
sediments of the Crucero section should provide source clarification. In Crucero, Ni, Cu and
Zn content of samples is 15.8, 4.6 and 24.9 mg/kg respectively, compared to 126.6, 33.0 and

452.6 mg/kg respectively. These higher values, combined with an decoupling from detrital Al
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(Figure 8.2), are evidence that these enrichments of TE are related to authigenic processes,

not simply a TE rich source of detrital material.

In LC1 a gradual reduction in K/Al, which corresponds to an increase in CIA*, is observed,
suggesting a gradual increase in the intensity of paleo chemical weathering or a change to a
more strongly weathered hinterland from the Cenomanian to the Turonian. This trend is
matched by a general decrease in Al manifesting a decrease in clay input and a slight
increase in Zr/Al linked with a lithological change to coarse sediments (greater dominance of
siltstone (Appendix A)). These gradual changes could be due to a decrease in sea level or
increase in runoff. There is global evidence supporting a decreasing sea level following the
C/T boundary (Haq, 2014), however, the uplift of the Llanos Basin in the Cenomanian (due to
subduction of the Caribbean plate under Colombia) may have also increased supply
(Sarmiento-Rojas et al., 2006). A decrease in global temperatures after the C/T hothouse
should lead to a decrease in paleo chemical weathering in the hinterland that supplied run
off to the EC (Jones et al., 1994; Huber et al., 2002; Friedrich, 2012). The increase seen at LC1

is therefore likely a more local climatic effect, perhaps related in part to local tectonics.

It appears that anoxia is prevalent throughout the depositional period in LC1, with redox
sensitive metals above average shale and Feur/Fer above 0.38 in the majority of samples.
The absence of phosphate-rich beds visible at the outcrop (unlike Zipa, Crucero and Pescana)
may also suggest more constant anoxia during this depositional period (Ingall et al., 2005).
Similarly to productivity proxies, it is possible that these enrichments come from erosion of
redox sensitive TE rich hinterland. In this case, the Cenomanian and Turonian samples of the
proximal Crucero samples should have a higher content of these TE. These samples have
average contents of U and V (6.4 and 74.0 mg/kg respectively) which are much lower than
LC1 (12.2 and 855.7 respectively). This pattern is also evident in TE/Al ratios (Figure 8.12).
This, along with the decoupling from detrital Al (Figure 8.2) suggests that these enrichments
are not related to a switch to more TE rich detrital source and instead relate to authigenic
enrichments related to processes in this deeper part of the basin. This comparison is

complicated by the possible leaching of TE from the lower CaCOs Crucero samples.

The change in lithology in the Turonian to a siltstone dominated bed (in the uppermost
portion of this section, directly after the CIE) corresponds to a marked change in
geochemistry and so a change in climate. This bed contains peaks in TOC/AI, Si/Al, Ba/Al,

Cu/Al, Ni/Al and Zn/Al, suggestive of an increase in siliceous productivity, but a matched
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decrease in carbonate, which peaks at 33 % in the sample preceding the siltstone bed,
suggesting a switch from calcareous to siliceous productivity. Within this siltstone dominated
bed, samples exceed the C/T mean and Venezuelan Cretaceous average in both redox and
productivity proxies (Figure 8.9, 8.11 and 8.12), and productivity proxies exceed values in the
modern day upwelling sediments in Namibia, in combination testifying a highly productive
setting. This period of high productivity also is combined with to the enhanced accumulation
of redox-sensitive trace elements and S compared to the lower portion of the section,
consistent with other high TOC black shale analogues. As mentioned in Chapter 3 and 4, U
and V may become enriched in oxic, high productivity settings. However, this should not
effect Mo, which is present in quantities indicative of euxinia (up to 163 mg/kg, above the
100 mg/kg required for euxinia by Scott and Lyons, 2012). The fact that there are two
samples with high S (1.5 and 1.7 wt%), the majority of which is not contained within pyrite
(76 and 73 %, respectively), argues that during at least some periods Feur limited the amount
of pyrite formation, and not the availability of sulphide (Figure 8.11). When sulphide is in
excess of Feug, sulphide becomes associated with organic matter, which leads to early
geopolymerisation and an increased preservation potential (e.g. Damsté et al., 1998). This
may explain the overall higher TOC in the LC1 section compared to other distal sections in
the EC (Figure 8.3). Mongenot et al. (1995) also noted a scarcity of Fe compared to average
shale, noted here to be a feature across the basins of northern South America in the Late
Cretaceous (Figure 8.15). Iron limiting/increased S availability conditions have been noted
during this period in other locations (Poulton et al., 2015; Hetzel et al., 2009) due to varying

inputs of S and Fe from hydrothermal and detrital sources.

Due to the relative immaturity of this section (Tmax 454°C, Vitrinite reflectance 1 %Ro, Table
3.5), TOC relationships provide meaningful information. TOC decreases with an increase in
coarse material in the siltstone bed, however TOC/Al increases, suggesting that the organic
matter has been diluted by continental mineral matter. There is also a strong positive
correlation between TOC and redox proxies Mo and U, supporting that organic matter was
effectively preserved during periods of greater anoxia, especially in the siltstone beds (Table

8.2).

8.4.2 Cenomanian-Turonian Boundary CIE within La Cristalina 1
A distinct positive CIE associated with the OAE 2 C/T boundary is identified within LC1 (Figure
8.1). The C/T boundary itself has been identified in other parts of the EC as a condensed
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section with phosphatic lags, repeated layers of bentonite and pyrite nodules (Vergara et al.,
1997; Villamil and Arango, 1998; Villamil et al., 1999). These sedimentological markers are,
however, not seen in LC1 (nor in the Crucero section), suggesting that they are not laterally
continuous, or have been eroded. Villamil and Arango (1998) blame condensation and
whinnowing on the lack of ash beds in one of the sections they have studied in the UMV. In
the distal LC1, this could also be the case, however there is no geochemical evidence (e.g
enrichment in Zr). Similarly to the Demerara Rise (Erbacher et al., 2005), the CIE in LC1 exists
in mudstone, although three beds of wackestone (<1m thick) within the CIE were observed
at outcrop. In the WIS-USA and Dover-UK, there is also an increase in CaCOs content during

the CIE, with a switch from marls to more pure carbonates (Jenkyns, 2017).

Voigt et al. (2006) estimated the length of the CIE, from a minor decrease in 13C at the onset
to the end of the plateau (last high 13C value before the decrease to background levels) as a
period of 400 kyr. Although the end of the CIE in LC1 is not well recorded (due to low sample
resolution), if the end of the plateau is considered the end of the CIE (sensu Voigt et al,
2006), this gives a thickness of 44 m and a sedimentation rate of 11cm/kyr, which is very
high. For comparison, the CIE covers a thickness of sediment greater than the 9 m on the
Demerara Rise (Erbacher et al., 2005); 15 m in Tarfaya (Tsikos et al., 2004); 17 m in the WIS
(Eldrett et al., 2014); 15 m measured in Eastbourne, UK (Tsikos et al., 2004) but closer to the
37 m measured by Perez-Infante et al. (1996) in Venezuela. This testifies to much higher
accumulation rates in this relatively narrow, proximal basin and in Western Venezuela, and
provides outstanding opportunities for future high-resolution research of OAE 2. The
thickness of the CIE in the more proximal, more southern section investigated by Villamil and
Arango (1998) in the UMV is only 8 m, suggesting wide heterogeneity in rates of deposition
in Colombia. There is a large gap between the end of the CIE and the next post-CIE sample. It
is, therefore, possible that the observed decrease in 3Corg after the plateau which is
currently considered to be the end of the CIE plateau is actually an internal fluctuation seen
in many highly resolved sections (e.g. the Plenus Cold Event seen in the Vocontian Trough,
Du Vivier et al., 2014, or Tarfaya, Tsikos et al., 2004). This would mean that the CIE at LC1

could potentially cover an even greater thickness.

Different to most reported OAE 2 sections from the open ocean, at the onset in of the CIE,
there is no dramatic change in any of the proxies at LC1. Rather, the beginning of a steady

increase in Cu/Al and TOC (normalised to Al and total) and a modest increase in Mo/Al and
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Fenr/Fer (suggesting a decrease in overall oxygen availability) is observed. The clay fraction
(in Al) also begins to steadily reduce to a minimum (lowest measured in all Chipaque
formation samples, possibly diluted by biogenic Si and CaCOs) with the onset of a steady
increase in the coarse fraction relative to the fine (Zr/Al). More changes occur at the start of
the CIE plateau, i.e. the period of maximum global carbon-climate perturbation. Iron, S and
TOC increase, but Mo/Al and Feur/Ferdrop (Figure 8.11). This is a similar response to the
OAE 2 previously investigated in the adjacent basin UMV, with enrichments in TE not
occurring until the centre of the CIE (Villamil and Arango, 1998). At the sample which
represents the onset of recovery to background 3Corg values (end of CIE plateau) a dramatic
increase in productivity and redox-sensitive trace elements is recorded, signalling the onset
of extreme productivity and anoxia (but not euxinia, Mo remains below 100 mg/kg, Scott
and Lyons, 2012). This is matched with a decrease in the coarse fraction (Zr/Al) and a switch
from shale dominated to a siltstone (likely biogenic Si) dominated lithology. The increases in
productivity and anoxia proxies all continue beyond the CIE (in the previously discussed
siltstone bed) and markers for euxinia are detected towards the top of the column. This
feature is not observed in the samples taken from the UMV by Villamil and Arango (1998),
again suggesting inter basin heterogeneity in the wider seaway. The CIE is contained within a
period of prolonged low oxygen conditions in LC1, other sections in Colombia, and the wider
northern South America (Perez-Infante, 1993; Martinez et al., 2003; Erlich et al., 1999;
Villamil and Arango, 1998). It appears that in LC1, the factors involved in OAE 2 may have
primed the EC for euxinia. An alternative is that the CIE does extend beyond the last low
13Corg value into the siltstone bed, as mentioned above, and euxinia and enhanced siliceous

productivity is indeed a feature of the peak CIE and not the post-CIE.

There is also an increase in CIA* in the CIE, caused by a sharp decrease in Na/Al and a
general decrease in K/Al which continues into the Turonian (Figure 8.4). This increase in the
intensity of paleo chemical weathering may have provided nutrients for increased
productivity, as evidenced by a strong negative correlation between Na and K and TOC
(Table 8.2). Increased paleo chemical weathering is a common global signature during the
OAE 2 and is thought to be caused by a hotter, more humid climate and a greater volume of
basalts exposed due to increased volcanism and is identified using isotope systems (Li,
Pogge von Strandmann et al., 2013; Ca, Blattler et al., 2011) and modelling (Handoh and

Lenton, 2003). In the EC, increasing chemical paleo weathering is linked to increasing Zr/Al
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suggesting a humid environment with increased runoff of coarse grain material from the
coast. Anincrease in the detrital material at the C/T boundary is also noted in some parts of
the Maracaibo Basin (Davis et al., 1999) but a decrease is noted elsewhere (Erlich et al.,
1999), negating a uniform response to a global eustatic sea level change and emphasizing
the importance of local response on the architecture and composition of OAE 2 sediments in
the wider EC. Here the uplift of the Llanos Basin may have had a variable influence on the
type and volume of material arriving at each location in northern South America. In other
locations, orbital shifts in climate identified with CIA* and proxies for coarse grain input,
track wind direction and the intensity of runoff during the C/T and other OAE’s (seen in
Atlantic settings by Kolonic et al., 2005; Beckmann et al., 2005; Hofmann and Wagner, 2011;
Wagner et al., 2013; Poulton et al., 2015). These studies suggest that a shifting position of
the ITCZ causes these orbitally forced changes in climate. The broader, more long term
increase in chemical paleo weathering seen in the LC1 section across the CIE (400 kyr, Voigt
et al., 2006) may be indicative of a longer term shift in the position of the ITCZ. The orbital
timescale shifts evident in other locations are not resolvable in this study, and this warrants

further investigation in order to identify the extent of the ITCZ influence.

Throughout the CIE there is a general increase in Cu (Figure 8.9) and Co (not shown) which
are considered mafic elements (Eldrett et al., 2014; Snow et al., 2005; Orth et al., 1993), and
a mid CIE increase in Fe (which can also be a result of volcanic activity - Duggen et al., 2010;
Olgun et al., 2011). This could suggest an accumulation of igneous derived TE and Fe
throughout the CIE, alongside increased continental paleo weathering input. Volcanoclastic
sediments indicative of aerial volcanism are noted at the C/T boundary in other parts of the
EC and northern South America (Vergara et al., 1997; Villamil et al., 1999). Snow et al. (2005)
investigated the effect of the subaerial Caribbean Large Igneous Province (CLIP) on mafic TE
accumulation during the CIE in Colorado. The CLIP is also relatively close to the EC basin and
could be affected by the same mafic TE enrichment mechanism. Molybdenum and TOC
relationships are similar to or higher than non-restricted basins of the same age (Figure
8.18), suggesting that the basin is not particularly restricted from the open ocean during the
CIE, possibly as a direct result of the high sea level during the C/T event (Haq, 2014). A
taxonomic study of agglutinated foraminifera in the EC also suggests a good connection to
the Caribbean and the Atlantic Oceans during this period (Vergara et al., 1997). In Colorado,

TE accumulation is at its maximum in the middle of the CIE (Snow et al., 2005). This may
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explain the more gradual input of possibly igneous source of elements, and the later input of
Fe (Figure 8.11). The low content of Fe within sediments throughout the deposition of the
Chipaque formation points to a low Fe source of detrital material. The Guyana Shield is the
likely source of detrital material (Cooper et al, 1995) and CIA* suggest that it is consistently
heavily weathered (this study, Campos Alvarez and Roser, 2007). In the absence of a more
local source of Fe rich detrital material, an additional source of Fe from the CLIP is
particularly attractive to explain the increase in Fe seen within the later CIE. Comparing CIE
sediments in LC1 to those from other basins of the world provide further insights into the
effect of the CLIP (Figures 8.16 and 8.17). The EC sediments show similar accumulations of
TOC, as well as productivity and redox-related trace elements to other basins in the C/T
boundary. Aluminium normalised Fe is low in the EC compared to other basins, but apart
from that, there appear to be similar amounts of TE available for enhanced productivity. If
the CLIP is providing TE to a water mass travelling through the Caribbean into the Atlantic
during the OAE 2, as suggested by Trabucho Alexandre et al. (2010), it would be expected
that the EC, much closer to the source, would have higher TE content. This is not apparent
(Figures 8.16 and 8.17), suggesting the deep, CLIP influenced waters are not reaching the EC
basin. Nevertheless, the thickness of the CIE in the EC compared to other locations implies
that the basins of northern South America although small in area, were a significant sink of

TE and OC during this critical period in the Cretaceous.

8.4.3 La Cristalina 4 — distal delta to outer continental slope. Turonian

The samples from La Cristalina have a relatively low resolution (1 sample every 170 m) and
so it is difficult to ascertain any distinct trends over time. However, a similar relationship
between Si, Al and Zr is observed as at LC1, so Si content can tentatively be assumed to be
primarily controlled by siliceous productivity. The samples from LC4 are much more strongly
dominated by CaCOs (up to 57.9 %), compared to LC1, which dilutes Al and Si (Figure 8.4,
Table 8.2). In two samples, CaCOs and Si increase in tandem, suggesting enhanced siliceous
and calcareous productivity. In one of these samples from the Turonian (780.5), this is
matched with increased detrital material (Ti/Al), increased continental paleo
weathering/switch to less weathered source (K/Al) as well as a section peak in productivity
(Ba/Al, Cu/Al, Ni/Al and Zn/Al) and anoxia proxies (Cr/Al, U/Al, V/Al, Mo/Al). Together, this
indicates enhanced productivity causing anoxia, driven by increased runoff, similar to the

mechanisms seen in LC1. Similary to LC1, these enrichments in TE are not replicated in
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Turonian samples from the proximal (offshore to shoreface) Crucero, where TE contents and
TE/Al are much lower (as illustrated in Figure 8.9 amd 8.12). Also, co-enrichment of redox
sensitive U and V, alongside Mo and high Fenr/Fer again provides evidence that these
elements are not being enriched purely as a result of high productivity. Again, this
comparison is complicated by the effect of weathering, which may have preferentially
leached TE from the proximal Crucero samples (low CaCOs)Anoxic and high productivity
conditions prevail throughout the section (Figures 8.9, 8.11 and 8.12), with accumulation of
redox-sensitive V and U and productivity proxies (particularly Ba) exceeding average shale
and approaching the C/T mean and the Venezuelan Cretaceous average (and exceeding
them at the 780.5 m samples). Prolonged euxinia cannot be confirmed here, with Mo
remaining below 100 mg/kg (Scott and Lyons, 2012) in every sample studied. Two samples
taken from a tuff layer are high in Na, CaCOs, Cr, V, U, Mo, Ba, Cu, Ni, Zn, Mg and Zr.
Unfortunately, due to a lack of biostratigraphy and low sample resolution for carbon isotope
chemostratigraphy, it is not possible to associate the tuff layers to a particular time period,

for example, the C/T boundary as in other studies (Vergara et al., 1997; Villamil et al., 1999).

8.4.4 Zipa — offshore transition to middle continental slope. Coniacian — Santonian

In Zipa, there also appears to be a predominance of biogenic Si (no relationship with Zr, co-
variation of Si/Al and productivity TE/Al, XRD data and SEM evidence Table 8.3 and Figure
8.7 and 8.9) and so Si content. Siliceous productivity is lower in the bottom 110 m of Zipa
(Figure 8.9). This portion of the La Zipa section also has the highest TOC and greater
enrichment of redox sensitive TE suggesting more intense/sustained anoxia, although Mo
indicates that euxinia is unlikely (Figure 8.12). As in LC1 and LC4, in order to discount the
possible switch to a more TE rich hinterland causing TE enrichment, a comparison was made
to the Santonian samples of the more proximal (offshore to shoreface) Pescana section.
These Pescana samples have much lower contents of Cu, Ni, Zn, Cr, V and U (average 2.7,
17.4,79.6, 96.0, 130.3 and 5.8 mg/kg respectively) compared to Santonian Zipa (average
15.0, 86.5, 356.4, 125.7, 162.7 and 7.2 mg/kg respectively). Similar differences are apparent
when normalised to Al (Figure 8.9 and 8.12) and when plotted against Al on a cross plot
(Figure 8.2). Again, these comparisons are complicated by the variable affect of TE leaching

by weathering, which in this case, may affect both the proximal Pescana and Zipa sections.

Between 110-150 m, there appears to be an increase in siliceous productivity linked to very
high (but variable) TE based productivity proxies at levels close to or exceeding the C/T
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mean, Venezuelan Cretaceous average and modern day Namibian upwelling sediments
(Figure 8.9). This is not linked to an increase in overall TOC and is tentatively associated with
a decrease in the intensity of anoxia (Figure 8.2). The increase in productivity may have been
driven by greater input of terrestrial material caused by increased runoff or decreasing sea
level, as evidenced by increased Al, Ti/Al, Zr/Al (Figure 8.4). Differently, decreasing in paleo
chemical weathering is suggested by a sharp increase in K/Al and a decrease in CIA* (Figure
8.4). This, along with an increase in Zr and Ti, could suggest an increase in the aeolian
component due to offshore winds from more arid climate. Above 150 m, because CaCOs is
above 5 wt% in some samples redox proxies should be more reliable. Here, although TE
redox proxies are low, they are still greater than average shale, and Feunr/Fer is indicative of
anoxic conditions (Figure 8.11). It is likely that other carbonate free samples are also anoxic
as redox-sensitive TE contents are greater than average shale throughout the column (Figure
8.12). These changes occur at or around the assumed Coniacian/Santonian boundary, the
time interval associated with OAE 3. This is a more regional anoxic event affecting
continental margin and shelf/epicontinental sea setting assumed to be largely driven by
upwelling and nutrients supplied by runoff (Wagreich et al., 2012; Beckmann et al., 2005;
Marz et al., 2008; Hofmann and Wagner, 2011).

There is evidence for fluctuations in siliceous and carbonate productivity on a mm scale in
Zipa, alongside variations in Al (and so clay) content (Figure 8.10). A switch from siliceous to
calcareous productivity over short (orbital and lower) time scales may be caused by
variations in the influx of sedimentary material, with high detrital influx preventing CaCO3
saturation and causing turbidity (Davis et al., 1999; Carmo and Pratt, 1999; Vergara et al.,
1997). These sub mm scale variations may therefore relate to climate, with carbonate rich
layers representing drier periods, and siliceous layers representing more humid periods with
greater runoff. As reliable sedimentation rates are not available within this section, these
may represent seasonal to annual variations. Samples with similar bedding are noted
throughout the Zipa section (Figure 8.9) and so this may be a persistent feature of
deposition at Zipa. Changes in sediment CaCOs content have been used to investigate
climatic changes and feedbacks during Coniacian and Santonian on orbital time scales (Flogel
et al., 2008; Beckmann et al., 2005), with variations in content the sub metre scale.
Frequency analysis on the fine scale variations of CaCO3 content apparent in the Zipa section

could provide unprecedented detail for tuning these models.
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Interestingly, the samples from Zipa have considerably higher CIA* (average 86 SD 2.5) than
those recorded on the Atlantic Demerara Rise during the Coniacian-Santonian, which is also
receiving detrital material from the Guyana Shield (50 and 65, Flogel et al., 2008). This may
highlight a significant variation in lithology of the Guyana Shield between the western
catchments (providing detrital material to the EC) and the eastern catchments (providing
material to the Demerara Rise), or a variation in climate (being much more humid in the
eastern catchments). An alternative is that the more distal Demerara Rise sediments
received clays which had been density segregated, providing a greater proportion of less

dense smectite, which would lower the CIA*.

8.4.5 Pescana — offshore transition to lower shoreface. Coniacian — Campanian

The Pescana section was deposited in a proximal environment and has low carbonate, so
geochemical proxies here provide little information available about redox conditions. Two
samples in the more distal portions of the section which also have carbonate have redox-
sensitive TE and Fenr/Fer indicative of anoxic/suboxic conditions (Figure 8.11, 8.12).
Bioturbation observed throughout the column and the proximal nature of the sediments is

suggestive of dominantly oxic conditions (Figure 8.11).

Productivity proxies are also unlikely to be reliable but are below (Ba, Cu and Ni) or close to
(Zn) average shale (Figure 8.9). Biogenic Si is unlikely to be affected by contemporary
weathering and could be a proxy for productivity. In Pescana, however there is evidence Si is
not predominately biogenic in origin ( Si and Zr crudely co-vary across the section), however,
there is some evidence for micro-crystalline quartz within this sample (Figure 8.6) and some
other Pescana samples (Table 8.3). However, in this sediment with a greater proportion of
detrital grains, the role of grain to grain contact dissolution as a source of this
microcrystalline quartz cannot be ruled out. Given the proximal and slightly coarse nature of
the sediments, in Pescana Si and microcrystalline quartz is unlikely to be dominantly
biogenic Si and thus offer no information on palaeo-productivity. There is some different
sedimentological evidence for high productivity. Fish skeletal fragments and pellets observed
throughout the column, and also associated with phosphate beds are noted in Pescana
coupled with P/Al values higher than C/T mean in one sample (Figure 8.9), evidence for at

least moderate biological activity.

The lower 150 m of the section has a higher clay content (as indicated by Al and XRD, Table

8.3 Figure 8.4) and a decreasing coarse fraction (Ti/Al and Zr/Al representing rutile and
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zircon grains). Above 150 m there is a sharp increase in the coarse component (Si Zr/Al and
sand), which then generally reduces until the top of the section. The decreasing coarse
content between 50-150 m followed by a switch to increased coarse component at 150 m
may represent a period of sea level regression, followed by a gradual transgression. These

sea level fluctuations are also recorded in the column as varying thicknesses of sand beds

In Pescana, the Al normalised Na content is higher than in other sections (apart from tuff
influenced samples in LC4). This may be because there are feldspar grains reaching these
proximal sediments (Table 8.3, Figure 8.6), however, the feldspars in this sample are mostly
K-rich. It is quite surprising that the hinterland provided many feldspars grains, considering
the high CIA of the sediments throughout the Cretaceous, indicative of extremely chemically
weathered sediments. The CIA* appears unaffected by this and is similar to other sections
(Figure 8.4). This may be because Na and K appear to be opposing in the Pescana section, so
even with changes in the individual proxies, there is little effect on CIA*. In conclusion, it is
likely that the Pescana sediments received material from a less weathered source, possibly

due to changes in the paleo river system during this time of active tectonics.

8.4.6 Crucero — offshore to shoreface. Cenomanian to Campanian

As Pescana, anoxia proxies are not reliable in the Crucero section because it is relatively
proximal, and has low carbonate so proxies could have been readily affected by
contemporary weathering. Bioturbation (homogenised sediments and ichnofossils) are
observed throughout the column in sand and shale beds. A sample analysed by SEM-BSE
(Figure 8.5) shows relatively well-aligned grains, which suggests deposition without being
reworked by infaunal organisms. However, within this same thin section, an agglutinated
foraminifera has been tentatively identified. Phosphatic sandstones noted at the outcrop
(Appendix A) provide support for oxic/fluctuating redox conditions. Given the absence of
geochemical information, predominantly oxic conditions but fluctuating with some periods
of anoxia/suboxia are cautiously ascribed. Vergara et al. (1997) studied a section the same
area (and same age) and noted many agglutinated foraminifera in shale beds, but also some
shale beds with clear planar parallel lamination, suggesting a lack of bioturbation. This study

therefore also supports fluctuating redox during deposition.

Productivity proxies are also unlikely to be reliable in Crucero, however, biogenic Si is
unlikely to be affected by contemporary weathering and could cautiously be used as a proxy

for productivity. No micro quartz was identified, and little was noted via XRD in the clay-
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sized fraction (Table 8.3, max 20%). It is likely here that Si is dominantly from quartz,
suggesting low biogenic Si productivity. Dissolution of a large quantity of CaCOs due to
contemporary weathering is unlikely given the relatively low (compared to Zipa) amounts of
porosity seen in thin section in Crucero (Figure 8.5). It is possible that high calcium carbonate
productivity was prevented by under saturation of calcium carbonate in this proximal, high
detrital influx setting (Vergara et al., 1997). Within the Crucero section, therefore, low Si and
CaCOs productivity is suggested. Evidence of agglutinated foraminifera (noted here and by
Vergara et al., 1997) and pellets and fish fragments within the column does suggest at least

moderate biological activity.

In Crucero, the first sample of the section has high Zr, as well as Ti, K and Na, indicative of
relatively high coarse and fine detrital input. In samples between 49.5 to 147 m, which
roughly corresponds to the Turonian, detrital proxies are very variable and chemical paleo
weathering proxies are relatively constant (Figure 8.4). At outcrop, many thin sandstone
beds intercalate the shale. Together, this is suggestive of highly variable sea level. Between
370 m and 450 m, an area of the section which should represent the Santonian, there is an
increase in coarse material (Si and Zr) relative to Al. This is matched with an increase in
chemical paleo weathering (increase in K/Al, decrease in kaolinite and CIA*). Also, the 370-
450 m contains higher FeHR/FeT, TOC/AIl, and Ba/Al. This could tentatively indicate a period
of greater chemical paleo weathering, runoff leading to increased productivity and lower

oxygen conditions (although bioturbation is still prevalent in the sand beds).

8.4.7 Comparison to time equivalent sections in the rest of Northern South American

Here data from the more landlocked EC (especially if the Central Cordillera in the west is
emergent) is compared to the more distal MMV and the more ocean-ward Maracaibo Basin.
Figure 8.14 shows that the Cenomanian — Campanian samples of the EC have a similar range
of TOC values to samples taken from the MMV and Maracaibo basin, even given the
variation in the maturity of samples within each sample set. It appears that the EC was as
highly productive, if not occasionally more productive than the MMV and Maracaibo basin
(Ba/Al and Si/Al values). The high productivity signature is not seen in the more proximal
Llanos basin sediments. It appears that overall, the samples from the EC were not deposited
during more sustained or more extensive anoxia, compared to the deeper MMV or more
ocean-ward Maracaibo Basin (Figure 8.14), with lower contents of redox sensitive trace
metals and Fe. It could be expected that this shallower, more hydrographically restricted
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basin would be more prone to anoxia than the Maracaibo, likely directly connected to the
equatorial Atlantic throughout the period. This is further evidence that waters were free to
move unrestricted around this epicontinental seaway during the Late Cretaceous, and that
low oxygen content was a characteristic of most of this water column. An interesting feature
is that the whole of the northern South America appears to have low Fe, and also U, content

compared to average shale, and other temporal equivalents (Figure 8.17).

8.5 Conclusions
The Cenomanian to Campanian is a period of sustained and enhanced siliceous and

calcareous productivity in the distal portions of the EC and the wider northern South
America, exceeding at times modern day upwelling settings, such as the upwelling system
off Namibia and leading to significant carbon burial. In this way, the EC is similar to sustained
carbon burial evident from off the coast of Ghana and the Demerara Rise, where black shale
was deposited more or less continuously from the Cenomanian to the Santonian (Wagreich,
2009). In the EC, it is likely that high productivity was sustained for an extended period via
the supply of nutrients from various sources. During the Cenomanian and Turonian, highest
periods of productivity are linked to greater runoff and paleo weathering, especially at the
C/T boundary, linking depositional conditions in the EC to more global climatic changes. Late
Coniacian/Early Santonian sediments show an increase in productivity unrelated to paleo

weathering proxies where upwelling may be the main supplier of nutrients to the system.

Tentatively, the CLIP could have provided an additional supply of nutrients to the EC basins
(especially during the OAE 2). Conceptual models about the distribution of nutrients from
the CLIP (Orth et al., 1993; Trabuco Alexandre et al., 2010) show supply of CLIP enriched
waters close to the EC. Comparing the TE inventories of samples sets from OAE 2 does not
show a preferential enrichment, highlighting the importance of the ocean circulation in the
Atlantic for accumulating the CLIP sourced TE. In fact samples across northern South
America during this period appear to be depleted in Fe (which can be supplied by igneous
and volcanic sources) when compared to average shale (Figure 8.15). More comprehensive
and high-resolution sampling may identify brief intervals with more significant enrichments
in the EC. Furthermore, analysis of isotopes systems like S (Adams et al., 2010), Os (Jenkyns
et al., 2017) or Cr (Holmden et al., 2017) could help distinguish varying influence of the CLIP

on productivity and associated anoxia and organic matter burial.

This period of long term high productivity was coupled with and may have caused persistent
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and widespread anoxia and occasional euxinia in the EC. Evidence from Mo TOC
relationships indicates that the EC was well connected to the open ocean to be replenished
with TE, at least during the OAE 2 (8.21), perhaps due to the extremely high sea level during
this period. If this is the case, these open ocean waters may have been prone to anoxia by
being already low in oxygen before they entered the basin area. The correlation between
TOC and TE redox proxies, even in sediments deposited during extremely high levels of
productivity, emphasises the importance of low oxygen content on the carbon cycle is (Table

8.2, Figures 8.12).
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Chapter 9  Research Synthesis and Outlook

This study is composed of two complementary parts. The first part aims to improve the
understanding of inorganic geochemical proxies when applied to deeply weathered samples
from outcrops to achieve a robust interpretation. The second part uses this new information
to reconstruct the paleo depositional environment of Cretaceous petroleum source rocks in
the EC and adjacent basins. The EC basin is understudied (only Villamil, Erlich, Narvaez,
Follmi and co-authors have published on its geochemistry to reconstruct the
paleoenvironment in the EC) and so this thesis provides important new information about
how this basin accumulated organic matter in the Cretaceous, compared to other
sedimentary basins across the globe. This new information is used to identify key areas for
future work, to further constrain paleo depositional settings as well as to develop improved
methodologies to assess and validate the impact of contemporary weathering on proxy

reliability.

9.1 Reliability of inorganic geochemical proxies

The first two chapters of this thesis discuss a key challenge faced by most projects that rely
on rock samples from outcrops in tropical environments. It was clear from field and
laboratory observations that mudstone samples taken from outcrop in the EC for this project
were variably affected by contemporary weathering (Figure 5.1). Initial geochemical data
further identified generally low Fe contents in these samples (Figure 8.15 and Figure 8.17),
compared to the values of the reference material average shale, as well as some
inconsistencies between commonly used inorganic proxies (Figure 6.12 and 6.13), likely
caused by leaching of TE and Fe by contemporary weathering. Given the variety of
paleoenvironments represented by the samples (Table 3.2), from shoreface to outer slope, it
was not possible to use geochemistry data to unequivocally identify samples which were
affected by contemporary weathering. Challenges circled around two questions: (1) Were
samples with low levels of redox sensitive TE content deposited during oxic conditions, or (2)
was the sample originally deposited under anoxic conditions and the TE were later leached
due to contemporary weathering? Given the difficulty in answering these fundamental
questions, Chapters 4 and 5 aim to identify novel filters that can be applied to identify
samples whose geochemical composition was likely altered by outcrop weathering. Chapter

4 further attempts to identify proxies which may be more resistant to contemporary
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weathering by means of an artificial weathering experiment.

The artificial weathering experiment summarized in Chapter 4 succeeded in inducing pyrite
oxidation and carbonate dissolution, which are essential first steps in the chemical
weathering of shales in the natural environment. Different from other weathering
experiments reported in the literature, little net loss of Fe and TE from the samples was
observed. Also, although there were changes in the Fe species, no overall change in the
anoxia proxy, Fexr/Fer, was observed. Automated particle analysis of the samples using SEM
EDX before and after artificial weathering established a novel method of identifying and
guantifying pyrite oxidation. In this approach, individual pyrite framboids that had been
affected by pyrite oxidation are clearly identifiable by their lower Fe:S ratios (Figures 4.8 and
4.9). Closer examination of the pyrite framboids using SEM showed that these ‘sulphur
depleted’ framboids contained microcrystals of pyrite with Fe (oxyhydr)oxide rims. Previous
work in the laboratory and in soils (Lara et al., 2015; Nicholson et al., 1988; Huminicki and
Rimstidt, 2009) hypothesised that the buildup of these rims occurred at high pH and limited
the rate of pyrite oxidation. Since redox sensitive TE are often hosted in pyrite (Gregory et
al., 2015; Huerta-Diaz and Morse, 1992), this rate limiting mechanism for pyrite oxidation
should also be critical to the loss of TE during outcrop weathering. Due to carbonate
dissolution in some of the samples, the artificial weathering environment remained neutral
to alkaline throughout the experiment. It was concluded that the limited loss of Fe and TE
during the artificial weathering experiment occurred because pyrite oxidation was stalled by
the generation of Fe (oxyhydr)oxide rims which, in turn, could only be precipitated under
relatively elevated pH values caused by carbonate dissolution. It was further proposed that if
the weathering experiment had been continued until all CaCOsin the sample had dissolved,
the pH would drop and the environment within the sample would again be conducive to
pyrite oxidation. In such an instance, any pyrite that had not been stabilised by Fe
(oxyhydr)oxide rims would get oxidised. This led to the working hypothesis that natural
samples containing an appropriate amount of carbonate may be more resistant to the
effects of contemporary weathering. This conclusion is a major outcome as it suggests that
the degree of outcrop weathering, and the suitability of samples for paleoenvironmental
studies using inorganic geochemical methods, can be assessed and estimated by

determining the carbonate content.

In Chapter 5, this novel hypothesis was applied to the main sample set from the EC. Detailed
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statistical analysis showed that samples with a carbonate content greater than 5 wt% had
higher TE and pyrite contents, suggesting that they had been less affected by contemporary
weathering. Comparison of samples which appeared pristine or visually altered by
weathering showed fewer geochemical differences than those categorised based on their
CaCOs content. Also, samples traditionally considered to be unweathered — e.g. from quickly
eroding stream beds - were not consistently geochemically different to road outcrop
samples. This gave further support to the concept that carbonate content could be used as a
filter to identify samples which are more susceptible to geochemical alteration by
contemporary weathering. An unrelated study of samples which had been weathered in
storage also considered 5 wt% carbonate as an appropriate filter for samples reliable for
geochemical analysis (Kraal et al., 2009). Combined, these studies suggest that future work
with outcrop/ stored samples should consider filtering samples by carbonate content to

ensure a more robust geochemical interpretation.

For the second part of the thesis, samples with less than 5 wt% CaCOs would not necessarily
carry an original signature of the paleoenvironment. This means a significant reduction in
the number of samples, from 196 to 60, where TE proxies are reliable (Figure 9.1). For some
sections, no samples exist where TE proxies for productivity and anoxia will be reliable
(Crucero and Quemado). However, knowledge of these limitations allowed the confident
interpretation of geochemical proxies in the 60 unweathered samples in order to make
implications about the paleoenvironment in Chapters 6-8. Also, when considering only these
filtered (higher than 5 wt% CaCQs) samples, it is clear that the EC (and adjacent basins in
Mexico) still retain a signature of lower TE and Fe contents than other Cretaceous organic-

rich shales worldwide (Figure 8.17), indicating a depositional mechanism for this difference.
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9.2 Paleoenvironmental Synthesis — why shales were deposited and OM was preserved

In this section, information from all 12 sections described in Chapters 6-8 are combined in
order to understand how the depositional environment of the study area changed through
the Cretaceous. Figure 9.1 shows a compilation of data sets from the most distal sections
from each time period discussed in this thesis to evaluate changes over time. These most
distal sections were chosen as traditional TE proxies for redox conditions and productivity
have been developed for these environments, and because these sections tend to contain
more carbonate and hence the original TE inventory. The Hauterivian, Barremian and
Campanian are only represented in much more proximal environments in the EC, so these

periods are not discussed here.

In order to elucidate gross changes in climate and the hinterland as a source of nutrients
over the Cretaceous, proxies related to terrigenous input are presented. The CIA* is chosen
to track humidity in the continental interior, although (as discussed in Chapters 6-8) it can be
affected by changes in the provenance of the terrigenous material. This should alter with
gross changes in climate and rock weathering rates seen over the Cretaceous (e.g. Hofmann
and Wagner, 2011). To trace coarse grained detrital material, either through aeolian input
when the climate is arid (Hofmann et al., 2008) or via river systems when it is humid, Zr/Al
has been used (as it correlates well with detrital Al or Si throughout deposition of these
sections, Table 6.2, 7.2 and 8.2). In terms of redox conditions, there may have been periods
when the basin was more prone to anoxia as the basin geography changed throughout the
Cretaceous due to progressive rifting, sea level variations and uplift in adjacent areas. To
trace how anoxia (which increases preservation of organic matter) changes with basin
geography, Feur/Fer has been used, as it has been shown to be less affected by
contemporary weathering than TE contents or enrichment patterns (Chapters 4 and 5). To
identify periods of sustained euxinia, Mo is presented as an enrichment factor (normalised
to Al then to average shale values, Brumsack, 2006) although, as discussed, this proxy is
considered with caution due to its potential loss from the samples by contemporary

weathering.

There are numerous sources of nutrients which may have driven high productivity during the
Cretaceous. Studies have identified the Caribbean Large Igneous Province (CLIP) as a possible

source for additional TE which accumulated preferentially in some parts of the Atlantic
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during the Cenomanian and Turonian (Orth et al., 1993; Alexandre Trabucho et al., 2010).
Deep CLIP influenced waters travelled through the Caribbean Seaway into the Atlantic and
during the Cenomanian and Turonian, and these provide nutrients to surface waters when
upwelled on to the shelf (e.g off the coast of northern South America and Africa). The CLIP
may also have provided TE rich waters to the EC, enhancing productivity, however this relies
on efficient transport of upwelled water from the proto-North Atlantic. Previous studies
have suggested a northward movement of northern South America as driving enhanced
productivity in the study area (Erlich et al., 1999; Villamil et al., 1999). This mechanism is
based on the fact that with easterly trade winds, Eckman transport will drive winds south in
the EC and adjacent basins when they are located south of the equator (and so onshore in
these NE-SW trending basins, causing downwelling), but when the basin moves north of the
equator, Ekman transport drives waters north and offshore, causing upwelling. This
mechanism was implicated in a productivity maximum across northern South America
(represented by widespread chert formation) occurring during the Santonian to
Maastrichtian stages when the coast of northern South America was between 5 and 10°
north. This should be identified in the EC as increasing productivity throughout the Late
Cretaceous until the site has migrated completely over the equator (Santonian, Figure 2.12).
In this synthesis, productivity is traced using Ba and P, although these proxies must also be
treated with caution due to potential primary and secondary effects affecting their contents

in samples, including contemporary weathering.
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9.2.1 Berriasian

During the Berriasian, CIA* is significantly lower than at other ages (Figure 9.2), and Figure
6.1 identifies both the Macanal sections as containing significantly more K and Na. This could
suggest that this period (and the Valanginian) was one of relatively low paleo chemical
weathering compared to later in the Cretaceous. In Chapter 6, the possibility that these
elements were added during late diagenesis by K and Na metasomatism was dismissed. The
CIA could be reduced by segregation of different clay particles based on density, leading to a
greater amount of the less dense smectite (higher K and Na content than kaolinite)
accumulating in more distal sources. The Algodones and Quemado samples are the most
proximal of all of the locations used in this summary (tidal plain to prodelta) and therefore
this mechanism for reducing CIA can be discounted. The most likely scenario then is that the
Guyana Shield, the proposed dominant source of detrital material to the EC (Villamil, 1996),
was not being as extensively chemically weathered in the Berriasian compared to the later
Cretaceous, and therefore that the climate was relatively arid. This corresponds to other
climate records (strontium isotope and P burial records of global paleo weathering) which
show low geochemical weathering and therefore relative aridity in the Berriasian,
corroborating an overall arid global climate (Jones et al, 1994; Fo6llmi, 2012; McArthur et al.,
2007). Also, during the Early Cretaceous, evidence from plant and animal fossils and climate
sensitive sediments (e.g. laterite and coal) indicate a tropical-equatorial hot arid belt,
possibly related to the super continent Gondwana (Hay and Floegel, 2012; Chumakov, 1995).
Evidence from CIA can be affected by provenance of detrital material and this study has not
provided clear indications for variations (apart from at the La Marina section, Chapter 7),
and further work is suggested in order to constrain this variable. The Berriasian (and
Valangingian) have higher Zr/Al (Figure 9.2) than the later sections, evidencing a greater
proportion of detrital material. This may a result of the more proximal nature of the
sections, however it may also be a response to the basin basin geometry, with steep fault
shoulders possibly reducing the size of the shelf (a trap for coarse sediment) in the early

rifting history of the basin.

The EC sediments appear to be deposited under periodically anoxic conditions (Fenr/Fer,
Figure 9.2 and S and Mo contents, Figure 6.12 and 6.13). In the absence of evidence for high
productivity (low Si/Al (less affected by contemporary weathering), CaCOs and TE for

productivity, Figure 9.2 and 6.13) anoxia, in this case, may have been driven by basin
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geography. The location of the basin between major fault shoulders may have acted to
prevent the exchange of deep and intermediate waters with the Colombian Marginal Sea
(Figure 9.3). Although no detailed information about water depth is available (e.g. macro
fossils) Georex estimated a water depth of 20-60 m for Algodones and Quemado (Table 3.1),
although the complete depth of the basin and the depth of the sill has not been investigated.
If the basin was relatively shallow, it may have become a stratified, silled basin, similar to the
Baltic Sea (Arthur and Sageman, 1994), or if deeper, like the Black Sea (Demaison and
Moore, 1980). Stratification in these silled basins requires a positive water balance (runoff
greater than evaporation, causing a general outflow of low-density fresh water and
preventing inward movement of denser deeper oxygenated open ocean water) (e.g.
Demaison and Moore, 1980, Erbacher et al., 2001; Arthur and Sageman, 1994). Therefore,
although this period may have been more arid than later in the Cretaceous, there is still
likely runoff significant to cause this freshwater lid. This is supported by the fact that,
although the CIA* is relatively low for the Cretaceous, it is still high (average 79), and
comparable to modern day tropical weathering in the Amazon (CIA* 84, Kronberg et al.,

1985).

The nature of the basin, bound by steep fault shoulders, should also have reduced the
shelf:basin ratio compared to later periods, when limited thermal subsidence instead of
active rifting dominated and higher sea levels flooded a wider area). This lower shelf:basin
ratio could reduce the area of chemocline intersect with the shelf and the capacity of the Fe-
shuttles capacity to enrich the basin in Feng (Lyons and Severmann, 2006). While the
Feur/Ferratio is similar in later periods, the earlier Berriasian and Valanginian samples do
have lower Fe/Al (average 0.23 in Berriasian and Valanginian) compared to later samples
(average 0.34in LC3, 0.27 in LC1). This could evidence a less effective Fe-shuttle due to basin

geography in the early basin history.

9.2.2 Valanginian

The intensity of paleo chemical weathering did not significantly increase between the
Berriasian and the Valanginian (Figure 9.2 and 6.10), suggesting little change in climate from
the Berriasian. This is different to studies recording climate in other parts of the world,
where a change to a more humid climate is observed (Follmi, 1995; van de Schootbrugge et
al., 2003, Westermann, 2013; McArthur et al., 2007; Morales, 2015). A possible reason why
the EC may not have experienced a significant increase in humidity, as represented by an
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elevated CIA*, is its position at the western margin of Gondwana during the Early
Cretaceous. If the dominant wind direction was easterly during this period, as suggested by
Hay et al. (2008) and Flogel (2008), the wind across this large land mass may have prolonged
an arid environment in the hinterland. This mechanism to generate aridity may have been
less prominent later in the Cretaceous as Gondwana broke up and the South Atlantic was
formed, as in the climate maps generated by Chumakov et al. (1995), which show an

equatorial humid belt from the Albian onwards.

Also, in the EC anoxia proxies suggest more persistent anoxia in the Valanginian than during
the Berriasian, contradictory to other studies across the globe (summarised by Féllmi, 2012).
In the absence of indicators for higher productivity, this anoxic state was most likely caused
by basin geography. The lower global (and local) sea levels in the Valanginian compared to
the Berriasian (Sarmiento-Rojas et al., 2006; Haqg et al., 2014) could have enhanced the
effects of sills and may have led to more sustained periods of anoxia (Figure 9.3), leading to

greater accumulation of organic matter (Figure 6.2).
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Figure 9.3. Generalised schematic for the paleo depositional environment during the Early Cretaceous (Berriasian and
Valanginian). Adapted from Cooper et al. (1995) with information from Etayo et al. (1997) (Figure 2.4), and paleo latitude
from http://www.odsn.de.
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9.2.3 Aptian

The conditions in the EC during the Aptian were more humid and relatively stable compared
to the Berriasian and Valanginian (relatively high and mostly uniform CIA* in all sections),
supporting some geochemical studies which suggest higher humidity than the Valanginian
and Hauterivian (Western Tethys, Stein et al., 2012; F6llmi, 2012), and higher equatorial
humidity seen in the climate maps of Chumakov et al. (1995) but opposing a shift to greater
global aridity seen in other studies (Jones and Jenkyns 2001; F6llmi et al., 1995). The
hinterland was relatively highly weathered, leading to an average CIA* of 89 (note a CIA* of
100 represents most intense paleo chemical weathering, i.e. kaolinite). The amount of
coarse material arriving at the study sites was highly variable near the coast (Pedregal and
Cantonera), and co-varies with CIA* (Figure 7.3). Further offshore in the distal LC sections,
these variables are more stable, consistent with the distal nature of the sediments and
detrital material being concentrated in the east of the basin (Figure 9.4). There is a disparity
in redox conditions, too, with anoxia evident throughout the distal sections, but at least
regular oxic periods (confirmed by bioturbation) nearer the coast (Figure 7.8). High values of
redox sensitive TE in other samples of Aptian age, collected from close to the centre of the
EC, also support anoxia (Campos Alvarez and Roser, 2006). Given that marine deposition
extended beyond the fault bounded EC during the Aptian (due to rifting ceasing and higher
sea levels, Sarmiento Rojas et al., 2006; Cooper et al., 1995; Haq, 2014), one would have
assumed that the bottom waters of the EC would have been better ventilated and more oxic
in the Aptian than the Early Cretaceous (Figure 9.4). An alternative mechanism to generate
anoxia may have been higher regional productivity, as indicated by TE and P proxies higher
than average shale and well above values seen in the Berriasian and Valanginian (Figure 9.2
and 7.8). Nutrients for these higher levels of productivity could have come from the
increased chemical weathering of the hinterland in comparison to earlier sediments, but also

the open Ocean, with limited connections to the proto-Atlantic being initiated in the Aptian.

9.2.4 Albian

In all sections, there is indication of increasing aridity in the hinterland (decreasing CIA*)
after the Aptian-Albian boundary, suggesting a gradual change to a more arid climate in the
Albian. This suggests that climate in the EC may have been modulated by global (or at least
Atlantic) climate, which some records indicate is becoming cooler and more arid in the

Albian compared to the Aptian (McAnena et al., 2013; Follmi, 1995). In the distal sections,
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this is matched with a general increase in Zr, which may indicate an increasing aeolian
component and offshore winds from an arid interior. The distal Albian sections are anoxic,
similarly to the Aptian samples, and a number of samples have geochemical signatures of
euxinia (Figure 9.2, elevated Mo EEF and Mo contents greater than 100 mg/kg indicative of
euxinia (Scott and Lyons, 2012). There is a dramatic increase in TOC at the proposed Aptian-
Albian boundary (e.g. 2.8 wt% to 10.9 wt% in LC3), which is linked to an increase in Mo and a
possible euxinic period. Differently to the Aptian, there are Albian samples where
productivity proxies exceed those seen in modern day upwelling sediments (Brumsack,
2006), suggesting extremely high productivity. This increase in productivity could be
connected to enhanced connectivity of the basin to nutrient rich waters of the open ocean,
with the basins connecting from the Pacific to the Atlantic to form an epicontinental seaway
which persisted until the Santonian (Erlich et al., 2003). High productivity in samples of
Albian age has also been identified in the very south of the EC (Villamil et al., 1996),
supporting the idea of basin wide higher productivity. Similar to the Aptian, it is suggested
that it is this high productivity that drove bottom water anoxia/euxinia. In the EC, decreasing
humidity in the Albian was linked to increased productivity which is suggestive of an offshore
wind pattern causing upwelling of nutrient-rich waters. Differently, in the western Tethys
and the proto-North Atlantic, anoxia (during OAE 1b) were driven by increased freshwater
runoff from land, supplying nutrients and creating a freshwater lid (Herrle et al., 2003;

Wagner et al., 2007; Erbacher et al., 2001).
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Figure 9.4 Generalised schematic for the paleo depositional environment during the mid- Cretaceous (Aptian and Albian).
Adapted from Cooper et al. (1995) with information from Etayo et al. (1997) (Figure 2.7), and paleo latitude from
http://www.odsn.de.

9.2.5 Cenomanian

The Cenomanian was a time of high and rising global sea level (Hag, 2014). This high sea
level linked decreased the effect of local bathymetric highs located within the epicontinental
seaway (eg the Santander Massif between the EC and the Maracaibo Basin) and likely was
the period of most unhindered flow through the seaway. Despite the opportunity for water
mass mixing with the open Atlantic and Pacific during this time of high sea level, the distal
samples of the LC1 are consistently anoxic. Cenomanian samples are deposited under high
siliceous productivity, with TE and bulk proxies suggesting similar levels of productivity to
the Aptian, and productivity may have driven the low oxygen concentrations. It appears that
the climate was relatively stable, with CIA* values comparable to the Albian but lower than
the Aptian in all sections (Figure 7.3, 8.4, 9.2). This suggests that the climate in the
hinterland was not getting significantly more humid, even with the increase in sea surface
temperatures seen globally (Jenkyns, 1994; Huber et al., 2002; Friedrich, 2012), perhaps
suggesting relative aridity in this part of the tropics. As discussed in the Berriasian section, it
is possible that the rise in sea level could have reduced the CIA*, cancelling out any signal of
increasing paleo chemical weathering with increased humidity (Westermann, 2013) and so
an alternative measure of paleo chemical weathering should be sought to confirm this

observation. The global sea level maximum during the Cenomanian (up to 250 m higher than
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today (Haq, 2014)) did not result in significantly less detrital material arriving at the LC1
location when compared to the Early Albian (when global sea level was 150 m higher than
today) in LC3 (Figure 9.1). In fact, in the more proximal settings (like Crucero), there is a
higher proportion of coarse detrital material reaching the sediments than during later
periods in the Cretaceous with lower sea levels (Figure 8.4). This is likely due to local
tectonics, including the subduction of the Caribbean plate under the Central Cordillera

causing uplift in the Llanos basin (Sarmiento-Rojas et al., 2006).

9.2.6 Turonian

The OAE 2 CIE in LC1 offers the opportunity to directly compare the EC/MMYV records to
temporal equivalents in other parts of the world. During the CIE itself, an increase in CIA*
corresponds to increased paleo chemical weathering rates seen in global proxies for
weathering (e.g. Sr isotopes, Jenkyns, 2010). This increased weathering may have supplied
nutrients for increased productivity. An alternative source of nutrients according to
conceptual models of Trabucho Alexandre et al. (2010) and Orth et al. (1993) is the CLIP.
There is an increase in elements which may have been derived from the CLIP (Cu, Fe, Cr)
during OAE 2 (Figure 8.9 and Figure 8.12). However, Figures 8.16 and Figure 8.17 show that
the EC has lower TE contents and productivity proxies compared to sites within the Atlantic.
This could be evidence supporting the nutrient trap concept, i.e. that the CLIP sourced TE
and nutrients only accumulated to extreme extents due to the particular geography of the
Proto-North Atlantic (Trabucho Alexandre et al., 2010). The CIE does not correspond to
exceptionally high productivity or TOC compared to other time periods in the EC. In fact,
samples directly following the CIE show signs of being deposited in conditions of even higher
productivity. This suggests that factors globally associated with the CIE are not the dominant
controls on carbon accumulation in the MMV. An alternative mechanism is that the TE
inventory of the sea water was drawn down during the large scale euxinic conditions of the
OAE 2, preventing their circulation and subsequent accumulation in the sediments under in
euxinic conditions. This mechanism appeared to occur off the coast of northern South

America (Hetzel et al., 2009) and in the southern Tethys (Dickinson et al., 2017).

In the Turonian, the intensity of paleo chemical weathering increased, especially towards the

top of the LC1 section. The Turonian is still a greenhouse world, likely with high global

humidity, however a decrease in humidity should be expected in a cooling world (Jenkyns,

1994; Huber et al., 2002; Friedrich, 2012), suggesting a more local climatic feature may be
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controlling extents of paleo chemical weathering around the EC. Perhaps the continuation in
humidity relates to the breaking up of Gondwana and the opening of the South Atlantic.
Westerly winds blowing across the equator would have been drier until the South Atlantic
was wide enough to accommodate greater water vapour transfer to the continent (Hay and
Floegel, 2012). Samples from LC1 have TE proxies indicating that productivity (calcareous or
siliceous) was generally high but variable (Figure 9.2). Geochemistry indicates bottom water
anoxia throughout the majority of the Turonian. The Turonian has the only samples with
Mo/Al significantly higher than average shale and Mo contents indicative of euxinia
(according to the definition by Scott and Lyons, 2012) in the Late Cretaceous. Samples from
this period also show more intense paleo chemical weathering (and more coarse material)
suggesting increased runoff, possibly driving anoxia by causing stratification and supplying
nutrients for increased productivity (Figure 9.4). Euxinia were also identified in Turonian
sediments in the Maracaibo basin (Davis et al., 1999; Perez Infante et al., 1996), suggesting
extreme redox conditions was a wider basin feature in the Turonian. This may have
reinforced enhanced productivity by releasing the essential nutrient P from anoxic-euxinic
sediments (Poulton et al., 2015). The TOC content in the LC1 section should be similar to the
original depositional content as the samples have not been buried through the oil window.
There are correlations between TOC and proxies for anoxia/euxinia (Table 8.2), suggesting
that preservation under anoxic conditions was important for the accumulation of TOC, even

in this high productivity setting.

255



Connected
to the

CHitars Easterly wind
Atlantic 4 -

from a humid
interior

Qutflow of water
increased inTuronian
due to higher
humidity/enhanced
hydrological cycle

High productivity

Possible inflow of

nutrient enriched,
AR
water from CLIP

High sediment
input from highly
weathered
Guyana Shield

cted to

= 7/ Oxiccoastal and
the Racific

surface waters, possibly
occasionally anoxic

Anoxic/euxinic
bottom
waters

Figure 9.5. Generalised schematic for the paleo depositional environment during the Turonian. Adapted from Cooper et al.
(1995) with information from Etayo et al. (1997) (Figure 2.9), and paleo latitude from http://www.odsn.de.

9.2.7 Coniacian

During the Coniacian, CIA* is relatively low, similar in level to the Albian and Cenomanian
sediments, but increases towards the boundary with the Santonian, suggestive of a gradual
increase in the humidity of the continent, again opposing a generally cooling trend seen
globally, as in the Turonian. Coarse detrital input is relatively steady in Zipa, although Al
content (and so likely clay content) varies (Figure 8.4), likely influenced by dilution by the

biogenic material.

Coniacian samples within Zipa and LC4 contain productivity proxies at levels higher than
average shale, but lower than samples taken from the Turonian and the Aptian when the site
was located south of the equator, providing further evidence that the northward migration
of the EC is not the dominant cause of upwelling. However, TE enrichments may have been
reduced via leaching from these low CaCOs3 samples, and they may well have been higher in
the past (Figure 9.1). Beds rich in phosphorous are also present within the Zipa section
(Figure 8.9). The phosphate beds in Zipa are were deposited during periods with the highest
redox sensitive TE contents, so they may be associated with high productivity and mostly
anoxic but fluctuating redox conditions (Ingall et al., 2005). It is interesting to note that

phosphate beds are limited to the Coniacian at Zipa, whereas in other locations in Colombia,
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and the Maracaibo basin phosphate beds (linked to rapid algal growth and resultant mass
fish mortality by Erlich et al., 1999) are limited to the Santonian (Erlich et al., 2000). The
assumed spatial variation in P beds in chert dominated Coniacian and Santonian sediments
across northern South America may be due to a variation in the loci of upwelling. Some of
the samples from Zipa show characteristic planar lamination (Figure 8.10). On closer
examination, it appears that this lamination is due to a switch from siliceous to calcareous
productivity on a sub mm scale. This suggests that the dominant planktonic community
during the Coniacian (and Santonian) was particularly sensitive to changes in the
environment. Samples from the Coniacian in Zipa and LC4 document anoxic or euxinic
bottom waters (Figure 9.1). The Coniacian section of Crucero is devoid of sedimentological
indicators of bioturbation, which may indicate generally low levels of oxygen even in this

proximal location. These anoxia/euxinia may have been driven by the high productivity.

9.2.8 Santonian

There is a shift to higher siliceous productivity at the assumed Coniacian-Santonian
boundary in Zipa. This is linked to a shift to a more arid interior, with CIA* decreasing over
the Santonian to levels comparable to those in the Berriasian and Valanginian. This change
to greater aridity may be caused by the globally cooling temperatures (Friedrich et al., 2012).
This period is one of major turnovers in the Upper Magdalena Valley Basin coupled with an
increase in radiolarian productivity (Martinez et al., 2003). An increase in the dominance of
chert going into the Santonian is assumed to be widespread across northern South America
(Villamil et al., 1999). Trace element and P proxies for productivity are high, with TE contents
exceeding modern day upwelling settings, but are variable throughout the rest of the Zipa
section. In Pescana, TE proxies are not useful due to the proximal nature of the sediments,
but sedimentological evidence (faecal pellets, skeletal remains, P beds) indicates relatively
high productivity even in proximal settings. Although the Coniacian-Santonian boundary is
not categorically defined within the Zipa section (using bio- or chemostratigraphy), there are
some geochemical changes in these samples which are comparable to other sections. The
shift to higher siliceous productivity linked to greater runoff and higher paleo chemical
weathering at the supposed stage boundary in Zipa are similar to changes seen at Demerara

Rise (Flogel et al., 2008) and off the coast of Northwest Africa (Beckmann et al., 2005).

In Zipa, the Santonian sediments contain redox sensitive TE and Fenr/Fer proxies which
indicate bottom water anoxia, but TE are less enriched compared to Coniacian sediments
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(Figure 9.2 and 8.12). This is surprising as the Colombian Marginal Sea closed during the
Santonian, restricting the basin in the west (Figure 9.6). Again, these differences might be
caused by contemporary weathering, however, CaCOs containing samples also have low

redox sensitive TE (Figure 9.2).

The enrichments in productivity proxies in Zipa are similar in magnitude those seen in
samples from the Turonian, but they are related to lower, not higher extents of paleo
chemical weathering (Figure 9.2). In this more arid environment, high productivity (and
related anoxia) is not likely to be fuelled by increased nutrients from land, like during periods
in the Turonian. There is a corresponding increase in coarse material which, when linked to a
more arid interior and increased ventilation, provides evidence for an increase in the

intensity of offshore winds, which would result in upwelling as main source of nutrients.

High siliceous productivity and upwelling in the Santonian, when the site had migrated to
north of the equator (Figure 2.12), may support models of Villamil et al. (1999) and Erlich et
al. (1999) that this geographic migration is an important factor driving stronger offshore
winds and upwelling. However, there are samples of Turonian and Albian age (when the site
straddled the equator) which have TE contents suggestive of similar levels of productivity
(Figure 9.2). This could indicate that upwelling of nutrient rich proto-North Atlantic waters
was occurring in northern hemisphere locations in Venezuela, and they were being
efficiently transported to southern hemisphere locations, as shown in climate models
(Donnadieu et al., 2016), or it could indicating that the location relative to the equator was

not the only dominant mechanism for driving high productivity.
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Figure 9.6 Generalised schematic for the paleo depositional environment during the Turonian. Adapted from Cooper et al.
(1995) with information from Etayo et al. (1997) (Figure 2.11), and paleo latitude from http://www.odsn.de

9.2.9 Conclusions about paleoenvironmental evolution in the EC during the Cretaceous

It is evident from first bulk organic geochemistry provided by Ecopetrol (Appendix A) that
depositional conditions in the EC and surrounding basins allowed significant accumulations
of organic matter during the Cretaceous. Chapters 6-8 and the summary provided here show
that the factors which caused the accumulation of organic matter varied over the
Cretaceous. In the Early Cretaceous, the active rifting of this isolated basin caused the
bottom waters to become anoxic allowing the preservation of organic matter and the
formation of the TOC rich Macanal Formation. In the Aptian and Albian, sea levels were
higher and sedimentation was no longer limited by the fault bound EC basin. Very high
productivity (Ba contents higher than those in modern day upwelling sites), likely caused by
wind driven upwelling, generated organic matter and reduced oxygen availability, allowing
this organic matter to be preserved. This, coupled with low dilution by detrital material (in
the west of the basin) allowed the formation of the organic rich Fomeque Fm. (and time
equivalents). During the C/T boundary and the Lower Turonian, periods of enhanced organic
matter burial are linked to high productivity (and consequent anoxia/euxinia) with nutrient

input from land generated by paleo chemical weathering, but also a possible influx of
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nutrient rich waters from the CLIP. Later in the Cretaceous, it appears that organic matter
burial was also linked to productivity with a dominance of siliceous plankton. In the
Santonian, enhanced productivity was linked to wind driven upwelling across large parts of
northern South America. This is tentatively linked to a northward migration of the continent
across the equator, as suggested by Erlich et al. (1999) and Villamil et al. (1999), but TE
proxies indicate similar levels of upwelling related productivity in the Albian, when the site
was further south, straddling the equator. These different mechanisms to enhance
productivity allowed the accumulation of organic matter for the Chipaque Formation (and
time equivalents). Even in samples where there is evidence for extremely high productivity,
where TOC correlations are available (LC1 section), they are most strongly positively
correlated with TE for anoxia, suggesting a redox control on organic matter preservation
even in very high productivity settings. Information about the climate derived from CIA*
agrees with global climate proxies trends in most cases, but there appears to be some
evidence for the maintenance of aridity for much longer in the Early Cretaceous, and
increases in humidity in a globally cooling world from the Turonian and Coniacian, both of
which may relate to the sites position on the most Westerly part of the supercontinent
Gondwana as it breaks up. This is would affect models of Cretaceous ocean circulation which
rely on precipitation over South America to produce a deep water creation in the high

latitude South Atlantic (e.g. Donnadieu et al., 2015)

9.3 Future work

9.3.1 Benefits of increasing sample resolution
In this pioneering study, a relatively coarse sampling resolution was used in order to gain a

broad understanding of the paleoenvironment over most of the Cretaceous at several
locations within the EC. Therefore, an increased resolution of the geochemical records could
be especially helpful to better understand various aspects of basin evolution. One major
benefit of increased sample resolution would be an improved age model using
chemostratigraphic correlations. There is a problem assigning ages to samples of the EC, due
to sparse and poorly preserved microfossils (Vergara et al., 1997). Most geological studies
carried out in the EC have required lithostratigraphy to correlate sections to ones where
biostratigraphy was possible (Georex, 2015; Villamil, 1998), which arguably introduced a
large uncertainty. High resolution geochemical analysis would allow different sections to be

better correlated across the basin. Also, with a high resolution data set, time series analysis
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can be applied, constraining changes in the environment to orbital forcing providing further
information about durations of environmental change (Weedon et al., 2003;
Schwarzacher,1993). Although the age models produced in this way are not absolute and
need to be ground-truthed with biostratigraphy/chemostratigraphy, they could be used to
better estimate sedimentation rates (vital for varying fluxes of elements to the sediments) in
between these known absolute dates (Villamil, 1996; Wagner et al., 2007). Analysis of bulk
8'3Corg or Srisotopes could be used to correlate sections between basins (e.g. Voigt et al.,
2000; Meyers et al., 2012, Jenkyns et al., 2002), further improving dating. This high
resolution could be achieved with hand-held XRF, although it is possible that variable
permeability of the mudstones and so variable water content could affect the data (Lemiere
et al., 2014). Also, ensuring samples are unweathered will increase the number of samples
which are reliable for geochemical analysis. This could be done by using excavating tools, or

hand-held corers and after sample collection, freeze drying the samples as soon as possible.

Orbital scale variations in paleo chemical weathering and upwelling have been noted in the
prot-Atlantic during OAE’s in the Cretaceous (e.g. Hoffman and Wagner, 2011; Beckmann et
al., 2005), linking provision of nutrients to fuel productivity to orbitally induced variations in
the ITCZ and Hadley Cells. In this thesis, the low sampling resolution has only allowed
interpretation about the long term effect of runoff versus upwelling on organic matter
accumulation. Increased resolution of samples in the EC could, due to its equatorial location,
provide additional information about the effects of these tropical phenomena, and
determine cause and effect. Refining the effects of short scale changes in the climate at the
tropics (related to the ITCZ) on the global climate during greenhouse periods like the
Cretaceous is vital, given the current observations of an expanded tropical belt due to

anthropogenic global warming at the equator (Seidel et al., 2008).

This thesis has identified specific locations where increased resolution could provide
potentially novel information about Cretaceous paleoclimate. In the La Zipa section, there is
evidence for sub mm scale variation in the dominant plankton type (siliceous or calcareous)
close to the OAE 1b (Figure 5.11). Further, elemental mapping by SEM could constrain the
geochemistry of these different layers and so provide some depositional context for the
fluctuations — likely changes in the amount or type of nutrient influx on a possibly
seasonal/annual resolution. Since the fluctuations are visible at outcrop scale due to variable
effects of contemporary weathering, these sub mm variations could be tracked over the

261



scale metres, provide vital information about longer term (millennial) trends of these
seasonal/annual changes. Such a study may combine fine scale geochemistry (SEM-EDX or
laser ablation ICP-MS) with large scale visualisation and quantification (using photos and
visualisation software). Also, analysis of further samples from the OAE 2 CIE in the LC1
section could provide an unprecedented level of detail about this global climatic event due
high sedimentation rate (11 cm/kyr compared to 4 cm/kyr in the WIS at another relatively

thick section).

A sub set of the larger sample set collected by Georex (see Chapter 3 for details) was
selected for analysis for this thesis. Although chosen to cover the full length of the section,
samples with higher TOC were preferentially selected to allow for concurrent organic
geochemical analysis. This, combined with a selection of samples from only the fine
lithologies, may have biased the sample set towards more anoxic or higher productivity
samples. Analysing a greater number of the larger sample set (which was taken on a more

systematic basis, mostly every 2 m) would remove any bias.

9.3.2 Additional analysis for further clarification/insights

In this study, CIA* has been used to assess the extent of paleo chemical weathering, with its
inferences towards the climate in the hinterland. Interpretation has, however, been
complicated by the possibility of a variable source of detrital material, especially when
considering the evolution of the Central Cordillera, and by the effect of sea level change.
Analysis of rare earth elements, or heavy mineral analysis of adjacent sandstone beds
(possibly automated in SEM), would be useful to assess provenance, and thus decipher
changes in provenance material versus changes in paleo chemical weathering (e.g. Campos

Alvarez and Roser, 2006; Nie and Peng, 2014).

During OAE 2 in the EC, an increase in paleo chemical weathering intensity is evident, which
may have provided nutrients to stimulate the high productivity seen in the samples. A similar
mechanism during the OAE 2 is seen elsewhere (Baroni et al., 2014; van Helmond et al.,
2014). According to the conceptual model of Trabucho Alexandre et al. (2010), the EC could
also be affected by hydrothermally nutrient enriched waters from the CLIP during OAE 2.
Further work with Sr, Cr and Os isotope systems could help to distinguish the relative
dominance of supply from land by increased paleo chemical weathering and supply of
nutrients from hydrothermal sources (Holmden et al., 2016; Jenkyns et al., 2010). It may also

help to pick out more subtle changes in the extents of weathering, like those that may have
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been missed in the Valanginian.

This study has highlighted the low Fe contents of Cretaceous shales in the EC, along with
other basins across northern South America, when compared to studied sections in other
parts of the world (Figure 8.17). As discussed in Chapter 3, in anoxic/euxinic conditions,
basins with low availability of Fe (more precisely low Fenr) have more sulphide available to
react with OM than basins where there is an excess of Fenr to react with all of the sulphide,
forming pyrite (as summarised in Meyers et al., 2007). The most commonly used proxy to
investigate this balance between availability of Feng and S is Fepy/Fenr (Poulton and Canfield,
2011; Anderson and Raiswell, 2004; Marz et al., 2008). However, as discussed in Chapters 4
and 5, this proxy is susceptible to contemporary weathering and so this interesting aspect of
deposition in the EC during the Cretaceous was not investigated. However, from the dataset
presented here, there are hints that there were times when Fenr limited the amount of
pyrite formed and that S was available to react with OM. Samples from Cantonera,
Algodones, Quemado and LC1 in particular have varying amounts of sulphur not related to
pyrite (up to 4 wt%), and this S is likely associated with OM (Figures 6.13, 7.8 and 8.11).
Sulphurised organic matter has also been reported in other Cretaceous shales in northern
South America (Mongenot et al., 1996) and oils of Venezuela (Lo Monaco, 2003). An
alternative reason that some samples may contain S in excess of Feug is variation in the
supply of sulphate. There is mounting evidence that the availability of sulphate in the world’s
oceans has varied during the Phanerozoic, and was significantly lower than the modern day
concentrations in some periods of the Cretaceous (Poulton and Canfield., 2011; Marz et al.,
2008, Owens et al., 2013, Adams et al., 2010, Poulton et al., 2015). Periods with higher
sulphate may be the result of increase input from volcanic/hydrothermal influences (Adams
et al., 2010) but also from continental weathering of pyrite containing shales (Poulton et al.,
2015). Using S isotopes of pyrite and carbonate from the EC samples would help to identify
variations in changes the amount of S available and thus help distinguish if locally low Fe, or
varying S content of the world’s oceans contributed to sulphurised organic matter in the EC

and Venezuela (Poulton et al., Owens et al., 2013, Adams et al., 2010).

9.3.3 Further exploration into the effects of contemporary weathering

The identification of methods to quantify the effects of pyrite oxidation in a neutral to high
pH environment described in Chapter 4 has a lot of potential and should be further explored
as a method of identifying samples affected by contemporary weathering. Also, it is assumed
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that TE which are liberated from the pyrite are adsorbed onto the newly precipitated Fe
(oxyhydr)oxide rims. Further work with laser ablation ICP-MS could identify the presence of
TE within the pyrite, which was not apparent when using SEM-EDX (Gregory et al., 2015).
Time-of-flight Secondary lon Mass Spectrometry could also identify the location of TE, either
within the pyrite core of within the Fe (oxyhydr)oxide rim. If TE could be seen to be trapped
within the rim, this could have inferences for the release of TM from shales, which is an
environmental problem in some regions (e.g. Hunan in China, Peng et al., 2004). With
further work, controlling the pH of shale outcrops/soils could encourage the precipitation of
Fe (oxyhydr)oxides, offering a potential remediation solution for these natural sources of

heavy metals to ground and surface waters.

Since pyrite oxidation is a key proton donor for accelerating silicate weathering, the stalling
of pyrite oxidation by the presence of carbonate could affect models of oxygen, carbon and
sulphur cycles on geological timescales (e.g. Petsch and Berner, 1998; Wildman et al., 2004).
Further research should take into account the exposure of carbonate rich lithologies during
orogenesis when calculating fluxes of elements from mountain belts. New research indicates
that contemporary weathering of mountain ranges can actually be a source, not a sink of
carbon dioxide via the oxidation of organic matter (Hilton et al., 2014). Since pyrite oxidation
also provides protons for organic matter oxidation, the presence of carbonate could also
significantly impact this source versus sink balance. Further research could compare the
rates of organic matter weathering (perhaps using rhenium as in Hilton et al., 2015) between
catchments draining hillsides where carbonate rich, or non-carbonate rich mudstones were

exposed.

9.4 Final words

This study has revealed long term anoxia and high productivity in Colombia, making the
basin a significant carbon sink during the Cretaceous. These under investigated mudstones,
therefore, have the potential to provide answers to key questions about the Cretaceous
climate and carbon cycling — the relative importance of nutrients sourced from igneous
provinces or the weathering of the land; the fine detail of the causes and effects of OAE 2
and the causes of short term variation in the dominant producers in an extremely high
productivity (and so high carbon burial) setting. Armed with a new understanding of how
geochemical proxies can be affected by contemporary weathering at outcrop, geochemists
would greatly benefit from probing further into the mudstones exposed in this beautiful part
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of the world.
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Appendix A — Summary of field observations and lithological columns provided

by Georex
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555

Valanginian

Berriasian

193

1

el

LR

Algodones
Ecopetrol TOC [wi%)

Georey field descriptions and interpretation

This section has the coarsest sediments. It mainly
oomgprises siltstones, mudstones with planar parallel
siltstone laminations. Muddy sandstone [guartz
arenite) beds with normal gradation and have planar
parallel and undulating lamination. Ammonite fossils
are present in the base and fossil plant remains are
present throughout. The environment of low energy
deposition with mixed coarse and fine sediment
arriving through fluid flows, is 2 hemipelagic
submarine fan closa to a delta.

:
%

Silty mudstones and mudstones with fine laminations
of =ilt with mica. Preservation of parallel and
undulating lamination suggests a lack of bicturbation.
Again s=dimentation in a low energy environment, but
many plant remains indicate steady influx of terrestrial
material. Here there are no sand beds so this pro-delta

Grey to black mudstone which is oocasionally
laminated [parallel to shghtly undulating) with
siltstone. There are thin, sandier (guartz arenite] beds
with lenticular or wavy bedding. &t the top of this
saction there is na lamination or alternation of beds
due to bioturbation. The environment is interpreted as
from the bottom, pro-delta with suspension settling

- section is more distal than the previous.
>
= F Mudstones intercalzting with siltstones with planar
= . parzllel or undulating lamination. There are beds of
- ’: muddy sandstones {quartz arenite). At the top of this
- | zaction there is sandstone with grey interclasts
| followed by monotonous grey mudstons with parallel
= | lamination. The environment aggin is interpreted as
[ pro-delta, with sand arriving as gravitational flows. As
" | _;; sand beds are less frequent, this section is more distal
| than the previous.
L
e Top and bottom grey and to black mudstone with
e ” | planar lamination and no evidence bioturbation. Fine
2 = muddy sandstone and mudstone in thin beds with
s 7 lenticular and flasser lamination are also present
o alongside dark grey shales with thin light grey silt
layers where with bivahe fossils are present. well
preserved ammaonites confirm marine but close to
= ; shore due to plant remains. The environment is
interpreted as low energy with sedimentation by
» ’ decantation and gradation in sandstone beds suggests
= gravitational flows in @ pro-delta with large sediment
= ¥ loads. The thicker sand bads in the middle suggest the
s peak of progradation.
* 4
a 5 b e]

sadiments, tidal plain alternating periods of
decantation of sediments and more active
sadimentation
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Georax log

Quemado

Ecopatrol TOC [wih)

Georex field descriptions and interpretation

Monaotonous beds of black and dark grey mudstone
with planar parallel lamination with very little evidence
of bioturbation. There are some layers with sbundant
dizzaminated pyrite. iImprints of plant remains are
common. Fossiliferous layers contain ammonite and
bivalve impressions. Towards the top of the column
there are dark grey mudstones (oocasionally with
layers of disseminated pyrite] with laminations of
siltstone. The environment is interpreted as low
energy, marine but with supply of continental material.
Fyrite indicates low coygen conditions. Distal pro-delta
offshore coastal plain.

vaianiginmnan

|

Black and grey mudstones and siltstones with planar
parallel lamination. Often micacegus. very little
evidence of bioturbation. Oocasional thin beds of
zandstone which show gradation from coarse and
mixed sands to finer beds with either planar paraliel or
undulating lamination followed by siltstone with
undulating ar planar parallel lamination. Disseminzted
pyrite is wisible in most lithologies. At the base therzs is
3 bed of phosphatic sandstone with pellets. The
enviromment is interpreted as being low energy (due to
fine nature of the sediments). The phosphatic layeriz a
condensation level and represents hemipelagic
environment. The presence of pyrite suggests low
oxygen conditions. The coarser layers are indicative of
turbidite flows. 5o the emdronment is interpreted as
submiarine fan with turbidite flows.
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Aptian

Barremian

Pedregal

Georex log Ecopetrod TOC {wiH) Georex fizld descriptions and interpretation

300
Mudstone with leaf fragments and muscovite. Wackestone with

madlusc shells, fish fragments and gccasional ammaonite fossil,

280 . e phosphatic laminations present. Environment interpreted as
= shallow marine —internal platform dose to the littoral zone.

260 |
Mainly sandstone with lamination planar
24() discontinuous and occasionally include, with
= . muscovite, glauconite and oil stains. Thin lenses
E : of black mudstone contain coal fragments ,

- AL . locally with shell fragments. Environment
70 interpreted as littoral bar above the wave base,
== mer==r AT transitioning to internal platform. .
200 e

silty shale with fragment of fish and shells, with thin lenses of fine sand
with coal fragments and a calcareous packstone bed. Contacts between
beds are transitionzl and there is little evidence of bioturbation.
Environment interpreted as middle platform with some storm influence.

Sandstone beds fine-medium white with planar to hummocky
lamination and thin beds of coal. Mudstones are grey to black, with
muscovite, some evidence of bioturbation. Environment

180 |

160 |

interpreted as high energy, above the wave base littoral Bar, with
140 shales depaositad in lower energy — internal platform
) 1

Mudstones with thin beds of fine sand. The mudstones show signs of
bioturbation, have a poor fossil content and have planar to undulating
lamination (where present). Emdronment interpreted as low energy with
occasional influx of fluid flows bringing fine sand, below the wawe base -

middle platform.

sandy mudstones, sandstones, wackestons and calcareous shale.
Bioclasts, fish fragments and large bivalve shells. The accumulation
of shells acowrring throush mechanical rewaorking, perhaps erosion
of alder carbonate rocks during storm events in an otherwise low
energy environment — middle to internal platform.

a 5

120 4

104) 1

40 Shale with sandstone beds. Sand of quartz and Ithic fragment, with
fossils (imcluding well presenved Trigonias). The mudstones are
black, with shell fragments, locally muscovite, fossils and fragments
of fish. Lamination is often undulating. Sand layers thin towards top,
with lenses of siltstone at the top. Environment interpreted as
shallow, but below the wave base - upper Internal platform

20

ho4]
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Georex |og Ecopetrol TOC {wi%)

Cantonera

Georex field descriptions and interpretation

Yellcww {lithic rich) fine sandsbane with some svidenice of bioborbation. Thin beds
mnd barinations of blsck musdstore. Laminstion indined, tangental or
unculating. Littoral domirated by wewes with pericds of lower enerey

Black mudshorne with fire sand and sit beds, looaily bicturbsted with plant
remairs and muscovits, abssi noides snd oooasional planar end unidulsting
Isminstion. Sand bed [guartz] in middie is fine graired with shale mminabors.
Internal piatomn — litboral -inkenmesd plathorm .

Coarse grsin sandstone st e, cther sandstones fine to coarse. Some beds show fining upwends
with fine shelz [sminstions snd plant remeins. Cross-oedding, undulating, angential and planar
Isminztion ohseried. |nberdasts nobed. Bisck mudstone slightly sitty with discontinuous laminations
of st and fire sand. Litboral bar to inbertidal pisin. Evidence of srosion of nelstively res sediments

Erey shale vith sitstone beds and cooasionsl Isminstions of very fine ssndstone Thelssinoides
{and other evidenice of bioburbation|, shell fmgments and muscovibe oos=reed. Looally laminations

plainaith olrton—s
L F
Sanistone with plarar to undulating lsminstion with glaucorite and musooite.

Foilowed Iy Binck fissile mudrock intercalsted with fine sand and sittstone beds, plank
r=msins Bnd oil stwins Littoral bar bo kower shore facefinternal plationm.

Fine, grey sandstone with cross and hummodsy strtificstion snd ichnofossils,
with ocoasioral sardstore inkradast and shale Isminsticrs. Littorsl bar. Blsck
mudstones intermisted with thin beds =nd laminations of sitstone and fire
smndstane, locally rich in shel fragments and bichsorbabed, ccoasionsily
uncuimtirg lsmmimation, ormasicnally fiszile. Seds of fine greined sndstons
with shale inbradasts Arbertidal plain.

Imtertical plain |no further information susiable)

Grey fire calcareous sendstones, cocssionslly [sminsted |plensr| intercslsb=d
with grey mudstone with calicyreous siltskone with biweke fossils snd silkstons
Imyers. Evidencs fomsis from reworkesd matenal. Littors) bar to evtertidsl

lin.

Elack shele inbarcalstad with wackestone with caloareous ssndstones towards
the top. Commionslly the shsle contsins shisll fragments snd fossils. Also
caicareous siftstone with abundsntin tsct and broken shells. . Middle to
internal piathonm ocosionslly nflusnced by wives and Stonm evenits

Fine {oroesionally coarse| bisck, grey and white ssmdstones with shell
tragments, corasionally fossiliferous, with Iaminations of carbaon rich
rriudstoriss with plant imprints or ocoasionally miloansous. Lsmiretion plarer
tangentisl low snge Sand beds pocxsomslly very hisharbabsd (induded
harizonisl ichmofossils) present. Shsle blsck to grey interolsted with
limastone or wackestone with shell Tregmznits snd fossils Shoreface tointemal

piattorm

Fissile binck rudstores inkercalsbed with oalcareous silkstone.
Beds of Tossiliferous §mestone with oooasional plant rerain -
idaie to exbemnal platform

Grey, fine sandstones with undulsting lamination or ooss bedding
ocmsiorally with fossils. This is followed by bleck mudstone interoisted

with Slkstore and fire sand, with sccasionsl fossil rich snd calcsreous
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La Marina

Georex fiekd descriptions and interpratation

Georex log Ecopetrol TOC [wibs) Int=rmalstions of rudstorne with lenses of sit, fine. muddy, calcareous ssndstone and beds
of wackestone and packstone. Lamination undulsting snd parslel. Fossils of smmonites
T obseried. Intemal plakform but also sublthorsl, increasing ses level.

“iudstone and sitstone with cocasionsl lenses of siiceous Sitstone |amineticns of gypsum

aned meodulbes of pyTite in lenticuler beds and lminations undulsting and planar paralzl.

i . Lxter, muddy fine sandstones with sbundant mic snd weins of quartz. Followed by thin
Ieniticuler beds of silt int=rcsiabed with sitty mudstane, celcareous mucstone snd ity
samdstore. Hene weins of fibrous calcite, and gypsum. Soosional lensflaminstion of

] wakestore, packstone and quartz fine grained ssrdstore. Some laysrs oontsinmg fossi
Arsgments (smmonites | Platfonm imbernal — restricbed bart some link to the open ses

- Sest Gomimenily packatont and CICaresus mudstanes with fEmgenous and calote
intercalations, gypsum [lsminstions). S=st of section sitston=s and shale lenses, with thin
Ieds of calcaracus rudstones, pyTite modules and comeretions, mica, sporadic lenses of

- wn ckestones, wains of pypsum snd celcite lamination undulsting and sormetimes paralisl. Bads

ol lenticuler. Interior plathorm, shallow marine, very kow enengy, possibly mud fists

T30 Blmck mudstones with lamiration discontinuous =t te base, to plensr snd undulsting in
the rest of the column. Conkects bebween beds clzar, With some lenses of greyweckes and
sitsbones with fining upwerd sequences and disseminsted pyrite, iron oxides, mics and
weins of gypsum (from 723 mi|. Lomlly smmonits snd bivales fossis. interion platform in

"""--...‘_‘_E_uizt wanber, varying sea leved [or sform inundation].
Wiudstones with disseminerted mio, undulsting snd not enosie contscts, undulating

Irrination o mixed beds. Abundent mios snd lerses of silkstones snd sity sancstone snd
concrebons. From S80m incresse in sitk. Pyribe, mio snd hseratite observed. A8 847 m
smmonite shell fragments. Protected plstform with poor drodation, varying sea level

Mudstores with disseminsted mice, undulatng snd not enoske mntscks, sporsdic
Iarmiration of pyrits, snd nodules of pynie. Lerses of folisted ssnidsbone, prepwacies
that are =i ghtly calcaregus snd siftsbane. Sypsum snd pyrits in frechures. Princpaily
pomlizl and unculatig lsmiration until 531m, from then only undulating with lenses of
siltstone and fining upwerd sequence. Interfor platform, tidal flats but influence of
tidal ourents, tidal streams
Wiorortonous surpession of masty siliceous mudstones with heterogensous,
undulsting to plensr lsminstion, disseminsted pyribe and oysteks of gypsum.
Aprnanite Tossils snd nodules snd concretions of pynite are obseried, Dossto 334 m
there are sightly calcareous sendstones. Evidence for moderste activity of orgeniams.

Int=ricr platiorm, influence of tidal currents, seslls and storms.
— ! p

wiudstones with thin lenses snd beds of sandy siftstone, sitstore and greyvaacke
| calcmrecus ot the top of this sschon). pyrite, mics and beds of sandstone with fining
upsvard sequence. Lsminstion is undul sting =nd planar towards top. Frotected
Emterior p bekoa i e of tidal o and waves
Silicenus mudstonss, undulatre |smmetion (oocesonsly planar|, ooasionally
fiszile, intercalations of sandy siltstone snd greywschs loolly &5 lanzes, lsmirations
mnd beds. Syrite |dissemingbes, in Erinations snd nodules), ormsional gypsum
[420-328) =rvd rmics are coserved . e thick band <3m dominebed by greywacks
obszrved Ansenoe of fossls. Probected interior platformn, mud fiots, network of
Sdal streams |or storms) — o oozsionally supplies sediments of Ianger gramns

Grey SINCE0US MUDSEonE Unoulehng Brana Gon, with py nie, Tossils present
30 snd 245 [ameronites and bivelves) From 354 m rudstone becomes derk
grey, amd lamiration planar, with levels pyrits, pypsum and intsroalston of
fine zand and sift. Towards top, mudrods sitemstes between sliceowes snd
carbormte with bivaive, ammanite, fish fragments snd plant reraing with
rodules of myrite. Frobected interior platform, mud flats, network of tidal
streams — ocmsionally supplies sedimervts of Ianger grains
Dark grey s bimck silicecaus maudstones with oocssionsl fine send and =it
Izyersfienses. Pyrite and mim pressnt. From 247-261 only mudstone,
\=rmiration plerar or undulating, without Tossils, with nodules of pyrite
Deformed smmaonite fragmemnts (223 m), but mast section Tossil fres. Pyrite
|gizzaminat=d and nodules) chssned locely. Platform interior piatomm,
mudiiets, netaork of tidal stresms ormsionslly supplies ssdments of lsger
rain size.

Aptian

Al

Barremian

&

Ll

2K}

Hauterivian

Grey mnd dark grey,'brown mudstones, siliceous ocmsionally fbon sceous, lsminstion
undulsting until top of section, where it is oooasicnally plansr and the mudstone is
fissile, with fossis [ammonites | concentrabed in fossliterous beds gt e base of this
sertion. Fyrite {disseminsted in conoetions] and gypsum |oystals), weins of sulphur
arid plank rerrains observed throughout. Mudfiats in protected intenior pletiorm with

i pencds of higher ssa l=vel

Caloareous |bothorn 14 metre) and sifceous bladk snd grey mudstone, with undulsting
and planar lsminstion, pyribs (often caidised|, laminations of gypsum and fine oystls
of calcite observed trougshout. Plant rersing pressnt. Sandy bedsdZz, T0-76 m) rich in
orgamic msthar, top band fmctursd with pyrite and gypsum, smmanitas fregmerts
present and vertics] bumows. Frofected interior jpk . mud fiats ooosi ¥
Irypersaline |gypsum, lite Moturbetion, dehydration crack)

[=]
[}

L)
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La Cristalina Section 3

Georex log

Ecopetral TOC (wit¥)

B5D

Georex field descriptions and interpretation

mionotonous succession of dark grey mudstone with
calcareous siltstone, planar parzllel lamination. Impressions
of ammaonites noted locally as is beds with disseminated

pyrite. Outer continental slope.

Mionotonous succession of calcareous siltstones, partially
silicified, intercalated with calcareous mudstones with

750

planar parallel lamination and bivalve and ammonites
observed. Grey chert present towards the top, with planar
parallel lamination. Mid- outer continental slope.

4]

La Cristalina Section 2

.
e
£

10

Black to dark grey fossiliferous mudstone with ammonites,
calcareous mudstone and laminated siltstone. Planar
parallel lamination. Within more calcareous packages are
micritic modules. Veins of calcite and disseminated pyrite
nct-:d in the siltstones. There are some khnofossils. Middle
continental slope.

monotonous succession of black and dark grey siliceous (commonly
micaceous) mudstones with planar parzllel lamination. Little
bicturbation noted. Towsards the base are wery thin beds of chert,
with siltstone, veins of calcite and bivahves. Bivalves and ammaonites
noted throughout and disseminated pyrite noted. Concretions with
Fed present in the middle and siltstone again present at the top.
Outer continental slope

Light and dark grey chert with planar parallel lamination, in thick
packets intercalated with mudstones. Frequent fossils of
foraminifera planktonic and benthic. In between these thick packets
of chert and mudstone are monotanows black and grey mudstone.
at the base of this section iz a bed of micritic imestone and grey
wackestone with shell fragments (bivalves). Contact between beds
is chear and planar. Middle continental slope

Mionotonous succession of dark grey mostly siliceous

|oocasionally calcareous) mudstones with planar parallel
lamination. Impressions of ammonites, bivalves (in the upmeost
section) and mica (restricted to base) chserved. Towards the top
there is some dark grey chert intercalations. Outer continental
slope
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Lz Cristalina 4
Gaorex field desoriptions and interpretation
Georex log Ecopetrol TOC (wik)
Black to grey mudstone and siltstone with planar parzllel lamination,
intercalated with calcareous mudstone. Towards the base there are

concretions (maostly restricted to siltstone beds). Mid-outer
continental slope

This interval starts with thick beds of dark grey volcanic tuff
intercalated with sift and mudstones. Above this, calcareous
mudstones with planar parzllel lamination were noted, with shell
fragments, bivalves and concretions with pyrite and Fz oxides. A
limestone mud was noted, after which siltstone intercalations began.
some beds are fossiliferous with impressions of bivalves and

s = \E emmaonites. Locally the mudstones are siliceous, with thin beds of
e & “__chert. Mid-continental slope
x Monotonous succession of dark grey mudstones with planar
140 D.;"@ parallal lamination. At the base, there are soma siliceous beds with
occasional carbonate levels. Towards the top it 1s completely
L K = calcareous, and is intercalated with calcareous siltstones. There are
Chfe beds with nodules with iron oxides, pyrite concretions and bivalve
1 M - fossils and muscovite is observed. 308-318 m there are many
ammonite fossils. Distal delta-outer continental slope.
5

iacian

Con

'Jrh - lenses of micrite. Within calcareous mudstone layers, impressions of
&8 - ammanites and bivalwes and pyrite concretions noted. Two beds (1649
M and 1679 m) contain concretions up to 1 m across. Mid Continental
100 ot slope
L - e
. Pradominantly bads of black to dark grey mudstone with planar
Ll e @ = parallel lamination, intercalated with calcareous mudstones
within which impressions of ammonites and bivalwes and
] 5K Onfe concretions are noted. Outer continental slope
e Dark grey ta black (locally calcareous) mudrocks with planar parallel
i = lamination, with carbonate rich laminations with foraminifera.
se @ = Towards the centre there are thin beds of siltstone, muscovite and
" é pyrite concretions. Locally bivalve imprassions noted, as well as

e

Turonian

Dark grey ta black, locally bituminous mudstone with planar
parallel lamination. At the base there are minor interpositions
of limestone mudstones and calcareous nodules. Towards the
top there are minor interpositions of black calcareous siltstone.

3 Beds wers obsarved with fossils (ammonites, bivalves and fish
scales. Outer Ramip

n & o

La Cristalina 1 Fault at 310 m. Succession of monotonous dark grey,
calcareous mudstones with planar parallel lamingtion. Fine,
disseminated pyrite concentrated in recurrent beds. Fossils
of ammonites noted, increasing in frequency towards the
top of the section. Duter continental slope.

14) h /Dark grey to black., mosthy calcareous siltstone with planar
parzllel lamination. Intercalated with thin to medium beds of
. silicecus siltstone and chart. Occasionzl laminations with
300 disseminated pyrite. Biotwrbation is very low. Fassils (ammanite)
i only encountered in one bed. Outer continental slope.
24 -
ol M & suocession of black and grey mudstones and siltstones, mostly
W :al:_E.rEl:_-us anl:! '.-:'it_h:u.rt I::in:vturbal:_ic-n. '._'.-it_h_ pl_anar parall=l
. lamination. This is intercalated with micritic limestones (mosthy
’ laminated) and grey wackestone. Muscovite, shells of bivalves
150 and planktonic foraminifera observed. In some siltstone beds
M \\ incipient silicification is observed. Muddy Mid-continental slope.
100 raonotonous thick packets of mostly calcareous, dark grey and black
mudstone, with lamination planar parallel and shighthy undulating.
W0 n Regular bads with very little bioturbation. Close to the base thee are
beds of chert. In the middle there is micritic limestone. some

Cenomanian

mudstone beds hawve ammonite fossils. Toward the top, some beds
are fossiliferous (bivalves) . Outer continental slope with carbonate

g 5 1% gither via mechanical accumulation/rewarking of shells or
precipitation)
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La Zipa

Gearax log Ecopetrol TOC [wis)

L]
il

&

Georex fizld descriptions and interpretation

The bottom half comprises black mudstones beds intercalated with
gray silicegus siltstone beds with planar parzllel lamination.
abundant benthic foraminifera and occasional ses urchin remains
noted. The top half comprises brown to black siltstone, dark grey
siiceous siltstone, dark grey mudstones and chert, with planar
parallel [often discontinuous) to undulating lamination. Planktonic
foraminifera and nodules of pyrite are noted. . Towards the top,
there are also benthic foraminifera and horizontal burrows. Offshore
- inmer shelf

%

Santonian

14

Black calcareous and sificeous siltstone with cocasional black siliceous
mudstomne, with benthic (siltstone)and planktonic (mudstone)
foraminifera, mica, cocasional plant remains and fish pisces noted,
and planar parallel lamination cbserved. Close to the top, the
siltstones have laminations of very fine sandstone, and oocasional
undulating lamination. Bicturbation is noted as low, however
oocasional vertical burrows and benthic foraminifera noted
throughout the column suggest some bottom water moggen. Inmer
shelf to offshore transition.

Chert and silicified micrite with lamination planar parallel
discontinuous, intercalated with siliceous siltstone. In the top of this
section black to grey mudstone is noted. Varied bicturbation (some
bed contacts are irregular). Planktonic foraminifera are commeon
throughout this section. Modules of pyrite and occasional bivalwe
shell are noted. Offshore inner shelf with post-diagenstic dhert
silicification

:
;

Coniacian

hoH

Grey, brownish grey or black mudstones with planar parallel
lamination and ammaonites. Towards the base and the top are
thin bads pf light grey and brown sibceous siltstons.
Fragments of fish and bivalve fossils are noted. Brown,
phosphatic levels, with pellets visible are noted [very altered).
Planktonic foramdnifers, iron oxides, pyrite concretions and
bivahie shells also observed. Offshore internal to middle
continental shelf possibly under influence of upwelling
currents
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Crucero

Arenisca Dura

Ecopetrol TOC [wt%)

eorex field descriptions and interpretation

Thick beds of white and yellow, fine grained, friable well-sorted quarz
sandstone. kchnofossils, relict undulating lamination, fragments of fish,
muscovite and foraminifera noted. Upper and lower shoreface

white and Bght grey sandstone with sub-rounded, well sorted grains, with
commaon interpositions of mud and siltstone. Bioturbation i noted in the

initial thick sandstone bed and phosphatic fragments and broken shells are

=—____ notzd in the thinner beds. Shoreface to transition zone,

sandstone and mudstone (55:45) in fining upwards sequences each 4-8 m.
saquence starts with mudstone, with fine siltstone laminations, then thin
beds of siltstone (mostly planar parallel laminztion | and sandstone with
undulating lamination. Towards the top are fine grained sandstone beds
with undulating lamination. Some sandstones beds, intercalated with
mudstones are siltstones, are phosphatic. Transition zone-shore face

Campanian

i

hosthy white to light grey, fine grained quartz sandstone with muddisr
patches, with undulating, lenticular, wavy and flasser lamination. Towards
the top the sandstone becomes dean, in massive beds. The contact
between the underlying mudstone and sandstone is transitional, with 3
progressive increase in bioturbation. Upper and lower shoreface

Dominantly dark grey to black mudstones with laminations of siltstone
[#5%] with sandstone beds with transitional contacts. Towards the top the
sandstone beds and siltstone laminations become maore frequent and
laminations are flasser, undulating and lenticular with bigturbation noted.
Possible bentonite bed &t 530 m. Offshore to shoreface.

Relatively monotonous dark grey and black mudstones with siltstone bands
plznar parallel lamination. Transitional contact with 6 m sandstone bed with
relicts of undulating lamination. Shoreface to offshore transition zone

wery fine to fine, white to yellow quartz sandstone [occasionally muddy),
with lenticular geormetry, and relics of undulating lamination, also lentioular
to flasser beds with fining upwards grainsize distribution. At the base, shell

30

%
13l

fragments are observed, and in thick bads ichnofabric noted — lower and
upper shoreface

Dark grey mudstone with thin planar parallel laminations of grey siltstone.
At the base the mudstone is black, without siltstone [aminations and wery

Coniacian

lowi bicturbation. Towards the top are thick beds of white guartz very fine
to fine sandstone. Bioturbation, relic symmetrical undulating lamination and
occasional laminations of mudstone are noted. Contacts are sometimes
transitional, other times undulating. Shoreface to transition to offshore.

s

sandstone dominated (G5%) with mudstones, displaying fining upwards
Erain size transition with laminations. In mudstones with siltstone
lamination is planar parallel and slightly undulating .in the sandstone beds
the lamination is undulating, flasser and wavy and guartz, muscovite and
bioturbation observed. Lower shoreface

e

Thick monotonous succession of mudstones and mudstones intercalated
with siltstone with thin packages of phosphatic and muddy sandstone.

(I

uronian

Towards the top the silt and sandstone become more common, as do
observations of muscovite, fish scales and plant remains. Offshore and
offshore transition

Black and grey mudstoneas with planar parallel aminations of zilt and wery
fine sand. Phosphatic sandstone beds which contain occasional bivahe shell

/

RN G S B

il

Cenomanian

[=]
i

are noted. Muscovite and plant remains noted in the mudstones. The
sandstones occasionally display flasser or symmetrical lamination,
ichnofabric, and are locally muddy. The topmost sandstone bed contains
haorizontal burrow. Parasequence from offshore, transition zone to
shoreface

e

Mudstones (black and grey) with thin laminations of silt and sandstones

[zometimes very fing) with planar parallel lamination. Towards the top the

sandstone s with flasser and undulating lamination, and muscovite, plant

remains, scales and phosphatic fragmenits. Burrows and other ichnofiossils
e omman. offshore and transition zone
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_ampanian

s
L

Santondan

Coniacian

Pescana

Georex log Ecopetrol TOC [wid)

M

bt}

-i

Georex field descriptions and interpretation

/ Grey, locally calcareous, mudstone with planar or slightly

A

undulating lamination. Towards the base there are thin to thick
beds of fine and very fine light grey quartz sandstone beds with
undulating and parzllel discontinuous lamination. There iz a
minar proportion of thin beds of siltstone and lenses of
limestone. shells are noted very oocasionally.

Bioturbation is low, apart from the sandstones at the base,
whers there are vertical and horizontal burrows. Lower
shoreface to offshore transition to lower shoreface,

//This association comprised mostly of thick packets of dark grey
#

rmudstones with lamination planar parallel. From the base there
are thin interpositions of siltstones and interlaminations of
sandstone with undulating and planar parallel lamination and
occasionally lenticular. At the base and top of this saction, the
shales contain micritic nodules and thin, undulating beds of
packstone with fragments of bivalves and gastropods. at the
top there is a fine grained, calcareous sand bed with
undulating, parallel and discontinuous lamination with some
bicturbation. In general the bioturbation in this intenval is bow.
oOffshore transition/upper offshore

This succession begins with a thin phosphatic bed, rich in fish
remains, siliceous pellets and intradlasts. This is followed by a
thick bed of dark grey mudstone with planar parallel lamination
with thin laminations od siftstone, with no evidence of
bicturbation. The rest of this section comprises grey siltstone
{with undulating,/parallel lamination) afternating with fine
grained guartz dominated sandstonas with undulating,

\ discontinuous lamination. Towards the top, the proportion of

sandstone increases, 3t 248 m containing pellets, fish remains,

180

160

120

[ 1]

™

morizontaborrows amd rod et tevel ol condensation to
offshore transition/upper offshore lower shoreface.

Bads light grey medium grained guartz sandstone with
undulating, parallel, discontinuous lamination, and minor

intercalations of black, micaceous siltstone. Horizontal burrows

niotes as well as beds with lower bicturbation. Lower

\\ shoreface.

Thick packets of dark grey to black mudstone with undulating
and planar parallzl lamination. Thers are segments where there
are fine sand and silt intercalated with mudstone, which
contain fragments of shells and ammonites... in the central part
there is are thin beds rich in fish remnains, shells, peliets,
phasphate, ichnofossils and calcareous cement — condensation
level. Fine quartz sandstone beds with undulating, parallel,
discontinuous lamination, Bicturbation observed throughout
the section, especially at contacts between beds, whers
horizontal and wertical burrows are noted, Offshore transition
to lower shoreface

Thick packets of black mudstones with planar parallel
lamination and thick beds of very fine to fine quartz sandstones
with undulating lamination, and fine- medium grain sandstones
with planar discontinuous lamination. There is also minor
interposition of siltstons. The mudstones contain occasionzl
shell fossils. The sandstones contain up to 5% mud, eocasional
calcareous cement or glauconite. Low to moderate
bigturbation Offshore transition shoreface — intertidal plain
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Appendix B - Freeze-Thaw disaggregation for direct measurement of grain size
Yang and Aplin (1997) developed a technique to disaggregate mudstones so that that grain
size may be measured directly using sieves. The main premise is that chips of shale are
soaked in water under vacuum, so that the water enters the pore space. Then the sample is
frozen so that the water expands, and then thawed. This process is repeated many times,
this replicating the freeze thaw cycles which disaggregate rocks in nature. The disaggregated
rocks are then mixed with sodium hexametaphosphate for clay dispersal before the sand is
separated by wet sieving using a 0.062 mm sieve. The results of a trial carried out on
selected samples of different maturity and composition, are shown in Table 8. The majority
of the pilot samples could not be completely disaggregated and remained as chips of gravel,
very thin coarse sand size platelets or fine sand size material which appeared to include clay
(perhaps silt covered with a thin layer of clay — increasing its size. Five samples were almost

completely disaggregated and their sand fraction values are recorded in Table B.1.

Table B.1. Calculated and measured sand fraction. ND are samples which were not successfully disaggregated.

sample Measured sand fraction
(wt%)
Qvsi ND
QVvs2 ND
QVvs3 1.0
Qvsa ND
QVS5 3.7
QVS6 ND
QVvs7 ND
QVSs8 ND
PG9 314
PG10 ND
PG11 ND
PG12 4.7
PG13 2.3
PG14 ND
PG15 ND
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Appendix C— Raw Data

Appendix C.1. C and S data and Fe Speciation

LECO and Elementar Fe speciation (wt%)
Depth | TOC S CaCo;
(m) wise) | owise) | wisey® Fecars | Feoxi | Feoxo | Femag | Fepy | Fewr/Fer | Fepy/Fenr
0.5 1.02 1.54 0.00 0.48 0.11 0.15 0.00 | 0.78 0.70 0.51
31 1.07 0.03 0.00 0.01 0.03 0.25 0.00 | 0.00 0.28 0.00
38 1.39 0.00 0.00 0.02 0.03 0.05 0.01 | 0.00 0.12 0.00
41 2.47 0.24 0.25 0.04 0.03 0.02 0.00 | 0.02 0.13 0.19
47 1.35 0.05 0.00 0.04 0.05 0.45 0.01 | 0.00 0.37 0.00
53| 2.89 | 2.38 0.00| 081| 046 | 034 | 0.04]| 270 0.97 0.62
159 3.10 0.06 0.00 0.04 0.10 0.29 0.01 | 0.00 0.41 0.00
167 2.03 0.00 0.00 0.01 0.01 0.01 0.00 | 0.00 0.02 0.00
181 | 1.46 | 0.55 0.00| 0.09| 0.10| 059 0.02| 0.48 0.71 0.37
o 187 3.96 2.38 3.85 0.00 0.01 0.50 0.01 | 0.01 1.23 0.03
.§ 199 1.24 0.05 0.06 0.01 0.05 2.99 0.05 | 0.03 0.92 0.01
% 203 2.79 0.10 0.00 0.00 0.11 0.86 0.02 | 0.01 0.64 0.01
269.5 1.37 0.25 16.37 0.22 0.02 0.01 0.00 | 1.16 0.77 0.82
327.5 1.28 2,71 0.00 0.33 0.10 0.03 0.01 | 2.54 0.81 0.85
486.5 3.82 0.20 4.84 0.24 0.33 2.48 0.07 | 0.05 0.64 0.01
519.5 2.82 2.15 0.00 0.31 0.02 0.04 0.00 | 151 0.68 0.80
528.5| 3.61| 0.17 0.00| 0.00| 0.60| 0.71| 0.03 0.54 0.00
543.5 1.40 3.24 9.21 0.61 0.09 0.15 0.01 | 2.72 0.76 0.76
555.5 5.10 2.25 1.34 1.10 0.13 3.74 0.09 | 0.92 0.82 0.15
570.4 1.97 2.06 0.00 0.33 0.04 0.02 0.02 | 1.40 0.62 0.77
578 1.26 2.39 0.00 0.27 0.08 0.07 0.01 | 2.20 0.90 0.83
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LECO and Elementar

Fe speciation (wt%)

Depth TOC S CaCOs3
- i) wise) | (wise)* Fecarb Feox1 Feoxz Femag Fepy Feur/Fer | Fepy/Feur
4 2431 7.89 0.00 1.50 0.14 0.33 0.01 3.26 0.62 0.62
28.5 1.02 1.75 3.02 0.65 0.55 0.07 0.23 1.32 0.67 0.47
315 0.97 1.38 0.64 1.33 0.11 0.59 0.17 0.48 0.06
54 5.69 0.21 0.00 0.13 0.01 0.00 0.01 0.12 1.15 0.46
66 1.15 1.07 2.99 1.06 0.52 0.05 0.11 1.12 0.79 0.39
96.5 6.09 1.39 0.00 0.35 0.09 0.21 0.00 0.63 3.32 0.49
118.5 1.83 0.61 0.12 0.36 1.69 0.35 0.15 0.68 0.05
141.5 1.02 0.39 0.00 0.30 0.59 0.09 0.29 0.42 0.44 0.25
150.5 1.60 0.85 0.57 0.72 0.04 0.19 0.16 0.52 0.09
152.5 15.07 22.63 14.26 1.12 0.10 0.74 0.03 0.03 0.09 0.01
154 2.10 0.74 2.08 3.15 0.10 0.58 0.15 0.78 0.02
§ 193.5 1.66 1.05 0.00 0.88 0.60 0.04 0.06 0.15 0.09
% 203.5 2.14 0.72 1.23 0.09 0.37 0.62 0.80 0.57 0.26
“ 2325 1.71 0.34 2.11 1.63 0.04 0.14 0.15 0.84 0.04
234.5 2.74 0.71 2.85 3.21 1.16 0.07 0.12 0.15 0.80 0.03
238.5 4.18 0.73 1.26 0.47 0.08 0.34 0.40 0.62 0.16
243 1.54 0.55 11.36 0.08 0.05 0.04 0.02 0.15 0.25 0.44
278.5 1.22 0.03 39.26 291 0.81 0.21 1.85 0.09 0.64 0.02
299 4.34 1.00 2.70 0.22 0.07 0.04 0.01 0.93 0.66 0.73
301 15.55 2.77 1.24 0.31 0.07 0.10 0.01 1.89 0.76 0.80
324.5 2.38 0.04 0.40 0.33 0.06 0.02 0.16 0.67 0.17
336.5 1.28 0.68 5.29 1.74 1.19 0.04 0.04 0.16 0.90 0.05
363.5 1.74 0.07 0.00 1.85 0.49 0.17 0.55 0.07 0.58 0.02
378 3.08 0.27 0.00 0.02 0.02 0.00 0.00 0.09 0.20 0.74
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LECO and Elementar

Fe speciation (wt%)

Depth | TOC S CaCOs
- (it wise) | (wise)* Fecarb Feox1 Feoxz Femag Fepy Feur/Fer | Fepy/Feur
4 134 0.00 0.00 0.01 0.02 0.42 0.01 0.00 0.13 0.00
58.5 1.83 0.24 0.00 0.02 0.02 0.02 0.00 0.02 0.09 0.24
71 1.21 0.00 0.00 0.01 0.00 0.03 0.00 0.00 0.03 0.00
73 1.77 0.00 0.00 0.00 0.01 0.03 0.00 0.02 0.06 0.35
79 1.71 0.23 0.00 0.02 0.02 0.11 0.01 0.00 0.14 0.00
86 1.13 0.00 0.00 0.01 0.01 0.01 0.01 0.01 0.06 0.27
96 1.19 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.02 0.00
114.5 1.03 0.00 0.00 0.00 0.00 0.00 0.00 0.03 0.04 0.87
118.5 1.70 0.00 0.00 0.01 0.01 0.01 0.00 0.04 0.07 0.55
126.5 1.04 0.00 0.06 0.00 0.01 0.06 0.02 0.03 0.12 0.25
130.5 1.01 0.23 0.00 0.02 0.02 0.02 0.01 0.00 0.05 0.00
g 143 1.67 0.00 0.00 0.03 0.03 0.40 0.01 0.00 0.45 0.00
g 147 1.25 0.00 0.00 0.01 0.03 0.46 0.01 0.00 0.40 0.00
182.5 1.23 0.00 0.00 0.01 0.03 0.06 0.00 0.00 0.10 0.00
348 0.93 0.00 0.00 0.01 0.01 0.01 0.00 0.00 0.03 0.00
369.5 1.44 0.06 0.00 0.01 0.01 0.44 0.00 0.05 0.42 0.10
385.5 0.60 0.65 0.00 0.13 0.02 0.03 0.00 0.33 0.35 0.64
429.5 1.28 0.04 0.00 0.13 0.12 0.21 0.08 0.01 0.40 0.02
448 0.63 0.00 0.00 0.01 0.01 0.02 0.00 0.00 0.03 0.00
529 2.67 0.19 0.00 0.06 0.03 0.04 0.01 0.14 0.16 0.51
530 1.74 0.73 0.13 0.10 0.02 0.02 0.00 0.43 0.31 0.75
535 3.32 0.24 0.00 0.04 0.04 0.12 0.01 0.00 0.13 0.00
547.5 1.13 0.00 0.00 0.01 0.03 0.41 0.01 0.00 0.25 0.00
562 0.84 0.00 10.35 0.09 0.06 0.05 0.00 0.00 0.15 0.00

282




LECO and Elementar

Fe speciation (wt%)

Depth | TOC s | cacos
) | wtse) | cwise) | (wesey® Fecaro | Feoxi | Feoxz | Femag | Fepy | Feur/Fer | Fepy/Fenr
6.5 2.81 0.51 0.00 0.12 0.19 0.97 0.02 | 051 0.81 0.28
20.5 2.11 0.01 15.31 0.01 0.03 1.10 0.02 | 0.00 0.66 0.00
68.5 3.53 0.35 25.54 0.13 0.18 0.44 0.01 | 0.39 0.80 0.34
77 3.00 0.16 23.95 0.11 0.14 0.57 0.01 | 0.10 0.73 0.11
81 1.84 0.04 20.15 0.13 0.16 0.84 0.01 | 0.03 0.76 0.03
121 3.22 0.33 15.85 0.11 0.18 0.36 0.01 | 0.38 0.70 0.37
127 3.73 0.55 15.64 0.23 0.22 0.08 0.00 | 0.65 0.82 0.55
139 4.86 1.39 33.75 0.20 0.02 0.00 0.00 | 1.22 0.87 0.85
‘r:“ 145 5.51 0.37 28.60 0.12 0.54 0.27 0.00 | 0.81 0.86 0.47
"_é 153 7.11 0.94 32.12 0.24 0.06 0.05 0.00 | 0.86 0.64 0.71
§ 171 6.00 1.48 31.85 0.26 0.07 0.11 0.01 | 0.30 0.35 0.41
- 187 3.69 0.27 19.39 0.11 0.03 0.00 0.00 | 0.36 0.78 0.73
269 5.48 0.15 9.44 0.07 0.06 0.02 0.00 | 0.08 0.74 0.36
284 4.95 0.20 21.44 0.07 0.03 0.00 0.00 | 0.30 0.76 0.75
298 5.23 1.66 13.15 0.24 0.03 0.02 0.00 | 0.39 0.30 0.58
302 7.37 0.98 18.67 0.16 0.02 0.01 0.00 | 0.81 0.64 0.81
306 6.11 1.02 20.12 0.24 0.04 0.01 0.00 | 1.01 0.78 0.78
330 6.04 0.94 23.09 0.37 0.03 0.01 0.00 | 0.80 0.73 0.66
336 4.71 0.32 39.44 0.13 0.04 0.05 0.00 | 0.46 0.71 0.67
45 8.18 0.49 8.35 0.10 0.01 0.00 0.00 | 1.27 1.88 0.92
10.5 9.06 0.68 3.60 0.07 0.36 0.49 0.00 | 0.04 0.72 0.04
~ 145 7.14 0.16 28.09 0.01 0.15 0.55 0.00 | 0.01 0.75 0.02
.(_% 67.5 8.27 0.08 16.44 0.02 0.10 0.48 0.00 | 0.02 0.75 0.03
g_’ 73.5 4.53 1.10 0.00 0.18 0.01 0.00 0.00 | 0.71 0.75 0.79
8 90.5 5.97 0.50 55.67 0.24 0.01 0.00 0.01 | 0.89 1.14 0.77
100.5 1.91 0.36 0.00 0.10 0.07 0.14 0.00 | 0.16 0.66 0.35
139.5 3.92 0.23 0.00 0.04 0.22 0.32 0.01 | 0.01 0.82 0.02

283




LECO and Elementar

Fe speciation (wt%)

Depth | TOC s | cacos
O T e Fecars | Feoxi | Feoxa | Femag | Fepy | Fewr/Fer | Fepy/Fenr
18 9.57 1.06 0.00 0.18 0.08 0.05 0.00 | 0.47 0.66 0.59
36 1.47 1.22 1.01 0.20 0.05 0.03 0.03 | 1.24 0.74 0.80
104 0.94 0.42 11.94 0.14 0.24 1.13 0.01 | 0.24 0.77 0.14
118 6.66 0.52 25.03 0.20 0.25 0.03 0.00 | 0.42 0.76 0.47
138 5.99 0.11 0.00 0.02 0.23 0.32 0.00 | 0.02 0.77 0.04
?;“ 140 | 10.89 0.25 7.58 0.00 0.14 0.28 0.01 | 0.00 0.66 0.00
"_é 169 6.03 0.44 29.21 0.14 0.14 0.01 0.00 | 0.29 0.94 0.50
§ 175.5 4.64 0.16 40.35 0.09 0.13 0.03 0.00 | 0.23 0.76 0.48
- 213 2.98 0.31 14.78 0.08 0.01 0.00 0.00 | 0.31 0.97 0.77
223 2.92 0.34 25.73 0.07 0.09 0.21 0.00 | 0.23 0.84 0.39
244 1.88 0.07 21.98 0.07 0.02 0.02 0.00 | 0.20 0.82 0.63
254 7.18 0.77 9.43 0.21 0.18 0.03 0.01 | 0.74 0.76 0.64
266 2.21 0.36 17.84 0.08 0.02 0.01 0.00 | 0.26 1.14 0.72
53 2.21 0.68 10.75 0.20 0.02 0.00 0.00 | 0.83 0.95 0.79
140.5 3.35 1.08 0.00 0.18 0.04 0.03 0.00 | 1.11 0.90 0.82
271.5 4.18 0.04 6.18 0.01 0.10 0.95 0.02 | 0.01 0.67 0.01
< 427.5 0.73 0.05 5.47 0.08 0.12 0.13 0.00 | 0.03 0.77 0.08
% 433.5 2.42 0.01 30.38 0.11 0.05 0.29 0.00 | 0.03 0.86 0.06
% 439.5 6.00 0.20 18.64 0.11 0.02 0.18 0.00 | 0.31 0.86 0.49
8 535 241 0.28 7.64 0.20 0.08 0.24 0.00 | 0.43 0.77 0.45
636.5 1.93 1.33 57.89 0.23 0.04 0.02 0.00 | 1.35 0.94 0.82
780.5 3.62 0.12 8.84 0.08 0.01 0.02 0.00 | 0.23 0.86 0.68
1689 2.65 1.62 25.24 0.23 0.02 0.00 0.00 | 1.45 0.95 0.85
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LECO and Elementar

Fe speciation (wt%)

Depth | TOC S CaCOs
) | wtse) | cwise) | (wesey® Fecaro | Feoxi | Feoxz | Femag | Fepy | Feur/Fer | Fepy/Fenr
0.5 3.23 0.10 9.62 0.25 0.05 0.11 0.00 | 0.08 0.80 0.16
18.5 5.43 0.10 0.00 0.07 0.09 1.10 0.02 | 0.02 0.89 0.01
36.5 8.15 0.00 447 0.01 0.07 0.67 0.01 | 0.02 0.83 0.03
98.5 1.02 0.02 1.51 0.08 0.28 2.56 0.07 | 0.01 0.86 0.00
104.5 4.09 0.01 7.37 0.06 0.06 1.01 0.05 | 0.00 0.81 0.00
116.5 1.73 0.00 0.00 0.05 0.26 2.56 0.24 | 0.00 0.54 0.00
1225 5.46 0.04 8.52 0.00 0.01 0.01 0.01 | 0.00 0.04 0.00
186 1.37 0.01 0.00 0.02 0.04 0.03 0.02 | 0.00 0.09 0.00
282 1.77 0.00 0.00 0.12 0.22 0.06 0.28 | 0.00 0.31 0.00
- 308 2.20 0.15 0.00 0.03 0.04 0.21 0.04 | 0.06 0.27 0.16
§ 327 2.04 0.01 0.00 0.09 0.07 0.07 0.03 | 0.03 0.38 0.11
8 339 1.09 0.10 0.00 0.11 0.16 0.03 0.16 | 0.01 0.13 0.02
345 2.66 0.00 0.00 0.08 0.08 0.07 0.13 | 0.01 0.16 0.03
381 1.39 0.22 6.12 0.10 0.09 0.01 0.04 | 0.15 0.17 0.38
435 1.03 0.01 0.00 0.06 0.07 0.03 0.07 | 0.00 0.16 0.00
517 1.43 0.93 0.00 0.12 0.05 0.17 0.02 | 0.82 0.64 0.69
523 2.23 0.06 0.00 0.07 0.12 0.22 0.04 | 0.08 0.20 0.15
529 6.31 0.00 1.70 0.10 0.79 3.78 0.16 | 0.03 0.54 0.01
541 1.82 0.11 0.00 0.09 0.19 0.24 0.02 | 0.09 0.30 0.14
547 1.76 0.07 0.00 0.07 0.25 0.36 0.02 | 0.05 0.44 0.07
560 2.79 0.72 1.55 0.18 0.03 0.32 0.01 | 0.00 0.38 0.00
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LECO and Elementar

Fe speciation (wt%)

Depth | TOC | S | CacO;
O T e Fecars | Feoxi | Feoxa | Femag | Fepy | Fewr/Fer | Fepy/Fenr
15| 343| 172| o000| 067| 008| 061| 001| 1.10| o087 0.44
75| 392| 095| 000| 010| 003| 00L| 0.00| 057 0.47 0.80
27| 262| 045| 013| 009| 003| 002| 000| 030| 037 0.68
525| 243 | 262| 3713| 038| 029 007| 015| 1.93 0.64 0.68
66| 1.02| 087 | 285| 097| 051| 005| 021 175 0.73 0.50
93| 124| 063| 092] 025| 009| 002| 002 055 0.47 0.59
1065 | 1.29| 1.97| 000| 047| 037| 006| 000 0.89 0.42 0.50
T 126 | 1.25| 092| 000| 016| 012 003| 004| 087 0.45 0.72
§ 1335 | 3.68| 000| 1129 002| 003| 035| 013]| 000 1.01 0.00
153 | 291| 002| 000| 000| 001| 005| 000]| 001 0.42 0.18
1635 | 6.85| 023| 000| 089| 1.22| 011| 000]| 0.19 0.79 0.08
177 | 206| 121| 114| 012| 001| 002| 010| 084| o087 0.76
2205 | 411| 1.07| 000| 0.14| 003| 000| 000| 096| 062 0.85
2375 | 892| 222| 117| 041| 003| 002| 034| 150| 092 0.65
274 | 354| 274| 037| 023| 001| 001| 000| 2.04| 099 0.89
277 | 164| 062| 1035| 007| 002 000| 000| 047 0.56 0.84
05| 109| 031| 000| 234| 1.14| 164| 107 0.19 0.57 0.03
135| 249| 032| 000| 006| 00L| 018| 000]| 0.14| 030 0.36
165| 1.04| 002| 008| 042| 039] 015| 002 001 0.58 0.01
35| 090| 030| 000| 030| 062| 027| 037 0.09 0.47 0.06
42| 069| 047| 000| 017| 019| 005| 010]| 036| 037 0.41
62| 065| 029| 000| 021| 033| 008| 018 022 0.39 0.21
855| 0.88| 026| 080| 034| 062 009| 024] 025 0.45 0.16
i 87| 0.80| 059| 000| 043| 065| 1.12| 0.8 0.9 0.82 0.07
§ 134| 065| 031] 005
& 147 075| 059| 802| 026 027| 004| 008| 028 0.39 0.30
148 | 124| 053] 129| 029 035| 005| 012] 036| 061 0.31
2145 | 082| 099| 945| 050| 054 006| 017 | 068 0.74 0.35
2145 | 082 128| 113
219| 075| 047| 006| 027| 037 005| 012] 038 0.58 0.32
2405 | 088| 057| 028| 018| 0.18| 003| 006| 0.60| 0.60 0.57
2555 | 0.89| 069| 000| 028| 026| 005| 0.10| 049 0.57 0.42
3185| 063| 028| 118| 037| 087 | 016| 021] 021 1.16 0.11
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LECO and Elementar

Fe speciation (wt%)

Depth | TOC s | cacos
O T e Fecars | Feoxi | Feoxa | Femag | Fepy | Fewr/Fer | Fepy/Fenr
5.43 2.43 0.10 0.06 0.08 0.01 | 0.02 0.33 0.07
3.33 3.55 0.30 0.21 0.08 0.01 | 0.02 0.51 0.03
10.92 1.09 0.23 0.08 0.15 0.01 | 0.01 0.54 0.02
W 2.62 3.26 0.28 0.15 0.30 0.01 | 0.02 0.70 0.03
8.74 1.59 0.21 0.14 0.30 0.01 | 0.01 0.68 0.02
7.30 0.21 0.23 0.08 0.14 0.01 | 0.01 0.60 0.02
0.61 1.82 0.00 0.01 0.23 0.01 | 0.01 0.26 0.04
14 2.35 2.08 0.00 0.30 0.06 0.02 0.00 | 1.68 0.82 0.81
18.5 2.86 1.05 0.14
18.5 2.86 0.00 0.29 0.07 0.11 0.01 | 0.75 0.96 0.61
30.5 4.85 0.30 0.00 0.02 0.02 0.10 0.01 | 0.29 0.51 0.67
455 3.25 2.26 0.00 0.37 0.09 0.47 0.01 | 1.97 0.94 0.68
'rgv 69 1.51 0.00 0.00 0.02 0.05 3.24 0.06 | 0.02 0.92 0.01
§ 107 4.71 2.92 0.00 0.55 0.03 0.01 0.00 | 2.11 0.91 0.78
° 1135 3.72 0.42 0.00 0.03 0.04 0.04 0.01 | 0.29 0.66 0.72
1255 1.16 0.00 0.00 0.02 0.01 0.00 0.00 | 0.00 0.07 0.00
1345 2.25 0.19 0.00 0.01 0.02 0.01 0.00 | 0.00 0.03 0.00
180.5 4.54 4.71 0.72 1.68 0.09 0.36 0.04 | 2.97 0.85 0.58
233 4.57 0.21 1.01 0.01 0.02 0.31 0.00 | 0.00 0.41 0.00
0.66 39.74 0.16 0.27 0.05 0.21 | 0.25 0.32 0.26
0.26 5.58 3.00 4.10 | 1543 | 19.80 | 0.04 1.08 0.00
0.52 0.13 0.60 0.99 0.14 151 | 0.11 0.57 0.03
- 0.50 2.97 0.31 0.57 0.09 0.23 | 0.38 0.38 0.24
8 2.94 0.23 0.27 0.47 0.06 0.19 | 0.85 0.54 0.46
0.40 26.16 0.15 0.32 0.05 0.67 | 0.18 0.53 0.13
0.26 0.14 0.23 1.06 0.52 | 10.04 | 0.41 0.50 0.03
0.50 0.00 0.08 0.02 0.04 0.01 | 0.58 0.58 0.79
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LECO and Elementar

Fe speciation (wt%)

Depth | TOC S CaCOs
) | wtse) | cwise) | (wesey® Fecaro | Feoxi | Feoxz | Femag | Fepy | Feur/Fer | Fepy/Fenr
2 2.13 0.03 20.14 0.02 0.10 0.55 0.00 | 0.00 0.69 0.00
2 1.22 0.79 15.19 0.39 0.09 0.01 0.01 | 0.49 0.82 0.49
4 2.01 0.61 0.00 0.16 0.01 0.01 0.00 | 0.62 0.88 0.77
10 1.67 0.02 0.00 0.06 0.30 0.79 0.01 | 0.02 0.85 0.02
14 4.24 0.02 3.38 0.00 0.12 1.82 0.05 | 0.02 0.89 0.01
24 2.55 0.03 0.00 0.06 0.33 0.07 0.02 | 0.01 0.28 0.01
25 5.92 0.16 0.49 0.01 0.18 1.68 0.04 | 0.01 0.87 0.01
28 1.47 0.07 0.00 0.04 0.18 0.81 0.02 | 0.00 0.85 0.00
36 1.98 0.04 0.00 0.05 0.28 0.28 0.00 | 0.03 0.73 0.05
© 38 1.06 0.02 14.48 0.08 0.41 0.66 0.01 | 0.00 0.84 0.00
'S- 44 1.92 0.54 0.00 0.53 0.29 0.26 0.00 | 0.55 0.89 0.34
46 2.63 0.09 0.00 0.01 0.02 0.38 0.00 | 0.00 0.45 0.00
62 1.43 0.00 0.00 0.01 0.14 0.79 0.01 | 0.01 0.89 0.01
72 1.32 0.23 0.00 0.00 0.05 0.16 0.00 | 0.00 0.62 0.00
74.5 2.54 0.34 0.00 0.04 0.16 0.41 0.01 | 0.00 0.77 0.00
86 5.09 0.03 0.00 0.05 0.13 0.08 0.00 | 0.00 0.59 0.00
88 3.78 0.33 0.00 0.07 0.17 0.15 0.01 | 0.00 0.63 0.00
110 1.08 0.00 0.00 0.00 0.05 0.08 0.00 | 0.00 0.62 0.00
116 2.12 0.01 0.00 0.00 0.03 0.13 0.00 | 0.02 0.82 0.11
1315 1.30 0.03 0.01 0.05 0.14 0.00 | 0.00 0.70 0.00
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Appendix C.2. XRF Data

wt% mg/kg wt %

Depth | _. . .
(m) Si|Ti|A |Fe|Mn{Mg|[Ca|Na| K| P [As|Ba|Co|Cr|{Cu|Mo|Ni| V| U]Zn| Zr [Total
0.5 25.0]0.56]11.2/2.18(0.01(0.42]0.04]|0.22]4.10[{0.02( 20 |400] 10 | 89 | 13 0 9 120 5 8 [159] 88.6
31 127.1]0.59[12.8]|1.07|0.00]0.52(0.03|0.45]4.49]0.03| 5 |468]| 6 [103| 1 | 4 | 1 [170] 4 | 6 [174]| 917
38 134.3]0.77[12.110.92]0.00]0.48(0.04|0.50]4.13]0.02| 9 |516] 5 [ 96 | 23 | 10 | 0 [215] 9 | 17 [281]105.5
41 |28.0]0.63]12.9/0.91/0.00]|0.46|0.03[0.53]|4.63]|0.02| 11 |560]| 5 [100[ 0 | 7 | 5 [201| 6 | 9 |166| 94
47 127.8|0.55/11.8[1.48]0.00]|0.44[0.04|0.584.23|0.02| 11 [563]| 6 | 84 | 10 [ 4 | 6 |161| 4 [ 11 |172] 919
53 239]047]11.5/4.50(0.02(0.81/0.04|0.70]3.69]0.12| 52 [531]| 17 | 84 | 52 | 69 [ 81 [259]| 6 34 [ 158 93.7
159 127.7]10.69/12.3/1.08[(0.00/0.34]0.03|10.79]3.61]|0.03[ 8 [541]| 6 |104] 4 6 4 1246 4 13 | 230] 918
167 |32.0/0.68] 9.8 [0.95/0.00]|0.280.04[0.62|3.40|0.02| 3 [570| 6 | 73 {11 | 4 | 0 [174] 5 | 6 |292] 952
¢ | 181 [280]0.65[12.3]|1.80]0.00|0.36]0.03|0.74]3.70/0.02| 16 |578] 7 |105] 20 | 11 | 10 |209| 6 | 14 |187] 947
S | 187 |385]0.21]5.6[0.43/0.00/0.09/0.04]{0.00|046/0.02f 0 |41 ]| 6 |27 | 0| 0] 3 |22/ 9 |10]|577)948
'8 199 126.6]0.66/12.4|13.41/0.00/0.34]10.03]|0.73|3.66[0.03| 30 |562| 3 102 47 [ 23 4 1192 3 16 | 195] 92.9
o0 203 ]29.9]0.65] 9.8 11.55]/0.00]0.28[{0.07(0.60|2.91|0.02] 11 | 466 6 85 5 21 | 23 1197 5 22 | 304] 91.1
< 269.5 [29.3]0.68]11.211.8310.00/0.32]0.03[/0.65(3.32|0.03| 13 |478] 10 [ 84 | 17 7 19 |161| 6 22 1242 944
327.5 126.7]/0.61[11.2|3.7310.01]0.40[0.04|0.573.30{0.03| 16 |481] 27 [ 93 | 21 | 7 |32 [192] 1 | 31 [191] 977
486.5 |24.5|0.54]12.0(4.92|0.01]|0.580.04[0.62|3.38|0.05| 28 [515] 13 |126| 5 | 57 | 102|529 7 |337]|160] 89.9
519.5 |28.2]0.60[10.8]|2.76]|0.01]0.35[0.04|0.64|3.67[0.03| 17 |568| 10 [ 77 | 17 | 14 | 33 [193]| 8 | 45 [214] 936
528.5 [30.8]0.56] 9.0 |2.50]|0.01/0.48[0.04(0.50|2.91|0.02| 8 |471| 5 65 | 11 | 17 [ 10 [182]| 4 56 | 251] 92.9
543.5 [25.1]0.55/10.814.73]10.01]/0.48]0.04(0.59|3.64]|0.03]| 18 | 573 16 | 81 | 48 | 15 | 64 | 206| 2 71 [ 193 96.6
555.5 [24.5]0.52] 94 17.29]10.02/0.49[0.04(0.50/2.97]|0.03] 21 |474[ 15 [ 80 | 24 | 27 | 80 | 232| 6 |[222]194] 909
570.4 |28.8]/0.53| 8.8 |2.94]|0.01]0.43[0.04|0.50]2.87[0.03| 10 | 444 | 11 [ 58 | 22 | 11 | 38 [138| 7 | 46 [209] 93.6
578 [25.310.61]12.2]2.95[0.00/0.32/0.03]0.67[3.54|0.03] 23 | 515 14 | 102] 36 | 14 | 52 | 265]| 2 [ 19 | 178] 94.5
wt% mg/kg wt%

Depth | _. . .
(m) Si | Ti|A |Fe|Mn{Mg|Ca|Na| K| P [As|Ba|Co|Cr|{Cu|Mo|Ni| V| U]/|Zn| Zr [Total
4 19.1]0.33[ 6.1 [8.40/0.01]0.20]0.05]0.09(1.20(/0.03] 17 | 173 ] 17 [ 76 [ 16 4 21 | 130] 12 | 10 [ 205]| 75
28.5 [28.0/0.58| 8.4 |4.23[0.02|0.52]1.19]0.15/1.52|10.06] 9 [219]| 21 | 64 [ 11 | 0 |31 |82 | 8 |63 |511| 92
315 [23.0/0.69]12.1]5.90[0.01|0.99]0.69|0.22|2.45|0.08| 13 [343]| 22 |101| 15 | 0 | 42 |120| 4 | 88 |201| 91
54 41.1]0.18| 2.0 |0.23]|0.00]0.02(0.04|0.00]|0.13]{0.01| 0 |20 | 7 [14 | o | o | 5 [ 27| 4 | 54 |388]| 93
66 324)10.61] 6.7 [3.60[0.02(0.42|0.17|0.19]|1.10|0.04 4 |156]| 20 | 40 | 15 0 24 | 67 6 33 | 539 94
96.5 [34.2(0.56] 7.1 |0.38]|0.00]0.21{0.03[/0.30|2.50|/0.01| 4 448 5 67 1 15 1 |175] 4 2 | 362| 92
1185 [25.1/0.74]112.313.91]{0.00[/0.68(0.24/0.2212.40]|0.05] 9 [306( 15 | 100]| 16 0 38 |125] 5 59 1290 89
1415 |27.1]0.75[11.7|3.83]0.01[0.75/0.21|0.262.59/0.05| 11 |342| 18 | 99 | 15 | 0 |34 [121] 6 | 86 [291] 93
150.5 [33.2]0.84| 6.3 |3.21]0.04[0.47/0.14]0.31]1.20(0.04| 6 |190| 17 | 48 | 6 | 0 |16 | 65| 8 | 36 [577] 93
© | 152.5 [12.0/0.24| 2.8 |22.2/0.02|0.15]0.07|0.05]0.49/0.02| 219|108 85 | 80 | 93 | 7 | 63 |193] 5 |319|173| 72
O | 154 [26.7/0.60| 7.6 |7.77]0.15]0.68(0.40(0.20|1.35|0.07| 5 |202f 13 [ 59 | 11 | 0 |24 |81 [ 7 | 67 |447] 88
S [ 2035 [31.2]049] 6.7 |5.45]0.07]0.53]0.44|0.16]1.47]|0.15| 9 |187] 20 | 58 | 12 0 23 | 68 3 [126[338] 95
g 2325 [28.7]0.72| 85 |4.82|0.07]0.55]0.24[0.24(194(0.06| 4 |255] 14 [ 73 [ 11 0 24 | 88 7 61 | 406[ 90
© | 2345 |245]0.72]10.3]5920.10]0.68]0.53 |0.25|2.61[0.07] 4 [320] 18 [ 92 [ 11 | o | 28 [113] 6 | 68 | 260] 88
238.5 |29.7|0.52| 8.3 [4.09]|0.06]0.45[0.19/0.15|1.870.06| 11 |224]| 24 [ 64 | 11 | 0 | 24 [ 86 | 7 |280|215| 91
243 [25.1/0.97|14.1]1.36[0.00|0.50]0.080.22[3.03|0.05| 4 [463| 27 |104| 15 | 0 | 39 |123| 7 | 35 |468| 89
278.5 [21.2]|0.58[11.2(9.23]0.281.24|0.34[0.16[2.90|0.07| 8 [338]| 10 | 89 | 5 [ 0 |29 |141]| 5 | 46 [158| 88
299 [23.8[0.84[12.5|1.94/0.00(0.37]0.09|0.11|2.40({0.04| 9 |364| 25 [ 85 | 8 | 2 | 21 [130]| 4 | 18 [247| 83
301 [27.6/0.71]| 8.6 |3.13]0.00[{0.26[0.04/0.10|1.69]0.03| 17 [ 227 38 | 66 | 14 0 50 | 93 9 17 [425] &5
324.5 |30.1]0.81[10.0/1.45]0.02]0.31(0.08/0.072.01(0.05| 5 |306] 24 [ 75 | 9 | 2 |30 [102] 1 |35 [427]| 90
336.5 |23.1]|0.84[13.8/3.53]|0.05]0.68[0.17|0.14]|3.30{0.07| 9 |431]| 16 [109| 17 | 0 | 31 [155| 6 | 15 |265| 88
363.5 |23.0]0.71[12.7|5.44)|0.08]0.63[0.30|0.10|2.79]0.07| 9 |373]| 15 [ 97 | 18 | 0 |29 [148]| 6 | 70 [209| 88
378 [30.0/0.98]|10.810.64]0.00{0.27[0.05/0.09]12.26]|0.05] 15 [344| 34 | 78 | 18 0 37 1104] 8 18 [642] 91

290




wt% mg/kg wt%

Depth | . . .
(m) Si | Ti|A | Fe|[Mn|Mg|Ca[Na| K| P |As|Ba|Co|Cr|Cu|Mo|Ni|V | U/|Z2Zn| Zr |Total
4 28.7]10.60| 8.3 |3.7510.02{0.49(2.49)0.16|1.61[0.04| 10 | 204 | 17 | 67 | 16 1 31 | 90 3 53 [ 474 94.8
585 130.7]/0.43[11.3]0.89]0.00/{0.30/0.04|0.10[1.28(0.04] 1 |222| 6 66 7 0 21 | 49 6 22 (126 91.6
71 24.7(0.55(14.3]1.07|0.00/0.31|0.04|0.10(1.34)10.04] 2 [227| 8 68 3 0 17 | 57 8 25 [ 182 | 84.9
73 25.1(0.63/15.111.08{0.00/0.3410.04]|0.16[1.59]10.04] 3 [230]| 6 86 4 3 13 |1 71 3 27 (182 87.9
79 126.9/055]13.6[1.13|0.00(0.34]|0.05]0.13|1.41{0.05| 3 [|272| 7 |69 | 7 | 1 |14 |62 | 7 | 23 |182] 887
86 28.2(0.45(11.5]0.88{0.00/0.30|0.04]|0.11({1.25|0.04] O [202| 8 59 2 0 14 | 48 9 17 | 166 | 86.5
96 29.0(0.45(12.5]10.94|0.00/0.3210.04]|0.10({1.29]10.04] 1 [197| 8 72 2 0 13 | 57 7 23 [116] 90.3
114.5 [29.8/0.37]10.1/0.760.00[0.27|0.04[0.10|1.13[{0.03| 0 [175| 6 |61 | 0 | 1 [11 |56 | 4 | 20 |104]| 86.8
118.5 |26.1|0.56[13.6/0.97|0.00/0.31(0.04|0.161.43(0.04| 2 |244| 6 91 0 3 15 | 77 4 21 [ 205| 86.8
126.5 [28.6/0.47]11.7/1.02]|0.00[0.33]|0.04[0.12|1.280.05| 2 [226| 7 | 75| 3 | 2 [23 |63 | 5 | 22 [142] 881
o 130.5 |28.5]0.54(12.7]1.14|0.00/0.39(0.04)0.13|1.55[/0.04] 1 |211| 6 61 5 0 12 | 54 8 25 [ 163 | 90.6
It 143 131.2]0.50f 9.3 11.04]0.00{0.24(0.04|10.10]1.02(/0.03] 2 |171| 6 58 3 1 15 | 75 9 25 [ 341 88.8
2 | 147 |30.6/0.41[10.8/1.29/0.00[0.31[0.04[0.10[1.30[0.04| 4 |[262| 6 [ 93 | 10 | 27 | 13 |191]| 9 | 25 |126] 91.1
© 182.5 |25.710.48|13.0/1.06|0.00/0.37(0.04|0.13|1.64(0.04| 1 |221| 7 |100]| 3 0 9 86 8 20 [ 143 85.1
348 [24.7|0.58(14.5/1.180.00|0.45]|0.07 [0.09]2.13[0.04| 3 [321| 8 [105| 1 | 0 [20 |131f 12 | 37 |162] 86.7
369.5 |30.5[0.48] 9.1 [1.20]/0.00{0.33|0.04|0.06|1.89]|0.04| 3 |290| 9 | 70 3 | 19 [115]| 7 [120]345] 886
385.5 [30.1)0.54)10.3[1.47(0.00|/0.40]|0.04(0.07|2.29]|0.10f 4 |339]| 8 80 [ 11 0 13 1 89 [ 11 | 106|348 | 914
4295 132.6(0.42( 7.9 11.38[0.00/0.31|/0.04|0.07[(1.50]0.04] 3 [315]| 6 79 0 1 15 | 110 7 47 1532 904
448 129.6(0.50/11.3]1.36[/0.00|0.5210.04|0.07[2.68|0.03] 1 [358| 5 [122| 3 1 8 |235] 6 23 [238] 91.9
529 25.7(0.57(14.211.74|0.00/0.52|0.04|0.07[2.17]0.04] 4 [289( 12 |198]| 7 0 29 [235] 9 [179]172] 89.8
530 [26.9]|0.44|12.6/1.86]0.00|0.55]|0.040.07|2.10(0.06| 4 [380| 14 |185| 16 | 3 | 41 |274| 8 |307|178| 89
535 27.1(0.50(129]1.68[{0.00/0.59|0.06|0.06(2.11]0.06] 3 [428| 7 |171| 4 0 31 [ 228] 10 | 73 [195( 89.8
547.5 [28.3]0.53]112.6[/1.80(/0.00|0.50]|0.04[0.06/2.25]0.05f 6 [356| 7 [156| 7 0 16 1247 6 70 [ 236] 91.8
562 [30.4]033] 9.7 [1.34|0.00/0.52{0.05/0.06|2.21{0.14| 4 |580] 8 |159| 3 5 17 1249 3 83 | 136 90.1
wt% mg/kg wt%

Depth | _. ) .
(m) Si | Ti|A | Fe|[Mn|Mg|Ca[Na| K| P |As|Ba|Co|Cr|Cu|Mo|Ni|V | U/|Zn| Zr |Total
6.5 28.210.37| 7.0 |2.2210.00{0.27(5.32|0.09|1.44(0.08| 18 |1840| 6 |195] 25 | 13 [167|572| 7 (1216|106 89.6
20.5 335|040 7.7 11.75]0.00{0.28/0.30|0.10|1.65|/0.06| 9 |741| 6 |153] 11 [ 13 | 56 | 453 7 |324]112] 929
68.5 |28.2]0.27| 5.8 [1.43[0.00]0.23[6.670.081.15]|0.05[ 18 |2255| 6 |127| 25 | 25 | 92 [561] 10 [312] 70 | 87.3
77 25.4(0.26( 5.7 11.27[0.00/0.2319.22|0.07(1.15]0.08]| 22 [3261| 5 | 153 36 [ 28 | 88 | 797 10 | 497 | 71 | 839
81 26.2(0.29| 6.4 11.56/0.00/0.27]8.20|0.10({1.33]0.04] 19 [2180f 5 135 32 [ 30 | 73 |613| 8 |426] 79 | 855
121 [26.5]|0.28| 6.1 |1.47[0.00|0.25|8.17|0.071.25|0.08 | 18 [2069| 8 [124]| 28 | 12 | 86 |581| 11 [371| 67 | 86.6
- 127 28.0({0.25( 5.4 11.43|0.00/0.25]7.28|0.10(1.15]0.05] 10 {803 | 6 | 111 30 [ 38 | 79 | 663 11 | 294 | 61 | 87.7
® 139 28.3[0.28| 6.3 11.65[/0.00/0.27]5.28|0.05[1.26]0.03] 16 | 663 | 9 |123| 41 [ 54 | 152|770 8 |495]| 74 | 89.2
'(_; 145 20.3(0.22| 5.2 12.01|0.01/0.25]13.1|0.05({0.99]0.03] 14 [ 789 8 | 112 42 | 13 | 99 | 377 12 |177| 74 | 80.1
k7] 153 23.1(0.23| 5.0 11.90{0.01/0.22110.2|0.03[{0.95]0.02] 11 [ 605 11 | 92 [ 50 8 92 [308] 9 192 69 [ 831
S 171 |206]0.19] 3.8 [2.13]0.02]0.21[14.1]0.08|0.71]0.02] 13 [1633] 11 | 69 | 44 | 6 | 56 [225] 6 |164] 63 | 82
© 187 27.4(0.12( 2.7 10.63]0.00/0.13111.4]|0.04{0.45]0.03] 23 [3575( 6 | 111 39 [ 53 | 1171107 11 | 833 | 38 | 84.1
269 [32.7]0.06] 1.5 (0.31/0.00/0.08{7.90[{0.01)0.23]0.05f 2 |337] 6 79 | 28 | 46 | 158 [1097] 14 | 526 15 [ 85.8
284 [35.1]0.09] 2.5 (0.52/0.00|0.10({4.91({0.02|0.35]|0.04| 4 |398]| 7 72 | 27 | 51 | 121(833]| 16 | 391 20 [ 89.6
298 [26.0|032] 7.1 [2.29/0.00]|0.23[5.32(0.05|0.85[0.11| 20 | 856 | 8 |136| 40 | 155|214 |1441| 16 [ 473|109 87.7
302 [26.7|0.34] 6.6 |1.57]0.00|0.21|5.30[0.04|0.81[0.10| 13 [852| 9 [139| 30 | 163|214 |1384] 22 | 539|175 85.4
306 [28.2]0.29]| 6.7 [1.66/0.00]/0.20(4.10({0.02|0.76[0.12| 15 | 667 | 8 |147) 36 | 161|230 (1680| 19 [ 499|109 87.3
330 [25.0]0.28] 6.7 [1.65/0.00/0.34(7.32/0.03]|0.76[/0.10 13 | 823 | 9 |127) 38 | 134|188 |1316] 17 [495]| 93 | 844
336 [25.3]|0.22| 5.6 |0.97]0.00[0.20]9.45[0.04|0.65[0.09| 10 [1295| 7 [120| 25 | 71 [124|1481| 17 |376| 67 | 831
4.5 20.0(0.12| 3.5 ]10.73]0.00/0.19|14.9]-0.01{0.49]0.12] 12 [383| 7 |155| 95 [230] 303 |2813| 38 |2603] 25 | 76.1
N 10.5 [319(0.29]| 6.0 ]1.36[/0.00/0.2510.04[0.04[0.94]10.05| 62 [8642]| 3 |279| 27 | 443 ] 99 [4221] 15 | 95 [ 92 | 86.8
g 145 |37.2(0.15| 3.5 ]10.97|0.00/0.14)0.160.01(0.49]0.07| 17 [1512 5 | 134 21 | 41 | 72 |2376f 22 | 275] 29 90
® | 675 |23.1/0.13| 2.8 [0.83[0.00{0.19|12.7]0.00{0.43]0.04| 47 |3551| 4 |240| 76 | 60 |217(3772| 19 [1127] 33 | 77.2
-2 | 735 |315[0.18] 3.7 [1.20/0.00{0.21 [5.38]0.01 [0.63|0.02| 32 | 563 | 8 |193| 52 | 190|252 [2623| 20 [1372] 43 | 89.3
"; 905 [18.4]0.06] 1.3 [1.01/0.00/0.2221.3/0.04|0.23|0.01| 50 |458| 5 |106]| 39 | 62 |106(1762] 9 [778| 21 | 77.3
- 100.5 |40.1]0.09] 2.2 10.69]/0.00]0.12(0.21|0.00]|0.36f/0.03| 34 |344| 5 |166) 53 | 67 [163|2334] 20 [1125] 15 | 93.8
139.5 |140.010.09| 2.2 |0.73]0.00|/0.10(0.04|0.02]|0.30{0.07| 63 |8872| 6 |168| 89 | 56 [ 31 |2140| 24 [ 71 | 13 | 93.9

2901




wit% mg/kg wt%

Depth | _. . .
(m) Si|Ti|A|Fe|[Mn|Mg|fCa|Naf K| P |As|Ba|[Co|Cr|Cu|[Mo|Ni|V | U/|Zn| Zr |Total
18 31.7|0.19]| 4.5 ]1.20]|0.00]0.19]2.82[0.03[0.76 [0.04| 49 [756]| 9 |197| 94 | 303|319 |3015| 27 |3024| 44 | 879
36 24.710.63(15.212.10/0.00{0.26/0.19]0.15[1.73[0.10| 19 | 832 20 | 88 | 18 | 30 [ 80 | 227| 5 [320]|177] 924
104 |31.3)0.39] 9.9 ]2.28|0.00/0.180.17[0.13[1.16f0.12| 34 [2600] 6 |107| 23 | 62 | 47 |920] 15 | 583 | 83 | 93.3
o 118 130.1)0.21) 53 11.1810.00]/0.1714.04[{0.03{0.84(0.11[ 33 [602| 9 |213]|103| 17637712843 29 14638| 52 | 86.5
o | 138 |29.6]/0.15 3.4 |0.78[0.00|0.186.78|0.01(0.58 |0.10| 47 [ 773 | 5 |[214| 74 | 42 | 122 |3683| 20 [1263| 43 | 83.4
% 140 |27.9|0.12) 2.6 |0.66]0.00]|0.17]9.15[0.00{0.49[0.09| 63 [768| 5 |283|110| 39 | 225]4149]| 25 |2909| 40 | 81.2
A7) 169 |35.8[0.10f 3.0 10.62]0.00(0.13]12.62]0.01/0.45]0.03] 29 [523]| 6 |154| 47 [159] 166 (1835 16 |1665| 20 90
S [1755 |27.4]0.12] 2.6 [0.64]0.00]0.13[11.5[0.03|0.45]0.03] 22 [3589] 6 |113] 36 | 55 | 116 [1118] 10 | 835 | 42 | 843
© 213 [233[0.07[ 1.6 ]0.41/0.00/0.33116.7]0.05]0.27]0.24] 13 [1175] 6 93 | 30 | 62 | 97 ]1550] 9 ]1069| 34 | 804
223 [34.210.10] 2.0 (0.71/0.00]|0.13[6.60|0.06]0.36]0.02| 18 | 463| 5 96 | 33 [ 60 | 108 |1392| 12 | 828 | 26 | 89.6
244 [31.2/0.05f 1.2 ]0.38/0.00/0.16)|11.0/0.080.22]0.07| 12 | 519 5 64 | 14 | 52 | 77 | 977 7 [490| 25 [ 87.1
254 [23.9]0.22] 45 [1.53]0.00/0.27[(9.91]0.06]0.80({0.01| 49 |879| 7 |233)| 64 |154[276|3534| 27 [1141| 56 | 82.4
266 [38.4/0.05| 1.0 |0.31]0.00[0.12]4.61/0.06]|0.17[0.01| 19 [439| 6 | 95 | 26 | 69 | 93 |1248[ 13 |1134| 9 | 926
53 30.7|0.19] 3.7 |1.11]0.00]0.30[8.03[/0.12f0.72[0.05[ 9 [986]| 5 93 | 14 | 21 | 56 | 342] 6 |171| 55 | 90.6
140.5 |31.110.22| 49 ]1.51]0.00[/0.21[5.66]10.06/0.80f{0.08] 9 |516f 5 |126) 19 | 30 [110)577| 7 [545]| 60 | 91.8
< | 2715 [28.0|0.34| 9.8 [1.63]0.00|/0.30|2.74/0.10({1.40]|0.08| 27 (1851 8 |140| 30 [ 30 |148|880| 10 [675| 77 | 88.4
_E 427.5 129.0]|0.26] 9.4 [0.47[0.00[0.13[3.92]2.74|0.98]|0.12| 10 |2247]| 8 39 6 4 15 [ 348 10 [159[178 [ 92.3
® | 4335 |33.6/0.11] 3.5 [0.56]0.01[0.12]6.35[0.39]0.63]0.03| 13 |2673| 5 | 59 | 16 | 10 | 33 [ 325 10 [157| 78 | 90.6
2 439.5 |21.5]0.13] 3.3 [0.74[0.00(0.19(15.3]0.12|0.74]|0.07| 15 |1673] 5 91 | 36 | 68 | 146 |1007| 12 | 637 | 39 | 784
‘r-’“ 535 [27.210.27] 6.3 |1.22[0.00/0.21]7.73/0.071.01{0.04| 13 |560| 7 [122| 22 | 22 [ 95 | 891 10 |351| 70 | 86.6
— | 636.5 |32.0[0.32| 5.8 [1.75/0.00|0.20|3.89]0.07[1.10]|0.07 | 16 |1235[ 7 |141| 20 | 18 | 70 | 457 | 4 |509]| 103 | 94.5
7805 [16.8[/0.07[ 2.0 |0.38/0.00/0.24)21.6]/0.10]|0.44]0.05| 10 |1371] 5 87 | 36 | 68 | 14911083] 10 |1102| 32 | 73.6
1689 [31.810.29] 5.5 |1.780.00/0.19]3.92|0.06]1.00|0.08| 8 [480]| 6 [103]| 17 | 31 |101|310| 8 |418| 97 | 936
wit% mg/kg wt%

Depth | _. .

(m) Si| Ti| A |Fe|Mn|Mg|Ca|Na| K| P |[As|Ba|Co|Cr|Cu|Mo|Ni| V| U/|Zn| Zr |Total
0.5 22.610.42]10.3]0.62]0.01|0.33[7.44[0.72(3.13[0.07 7 [455] 7 99 3 48 | 20 |523] 11 6 1122| 86
185 128.8/037/10.9]1.45]0.00(/0.19]0.23]0.74(3.35/0.11| 20 | 485 8 |121] -1 100 51 |691| 8 3 1127] 91
36.5 [28.6/0.37]12.4]0.94]|0.00|/0.20/0.14]0.75]3.82]10.13| 36 | 547 9 [115[ -2 | 58 | 25 |739]| 14 | 10 | 104] 93
985 [283]0.49]|11.9]|3.48|0.00/0.18]10.16]1.2212.66]/0.09] 10 |447| 12 [101[ 9 25 [ 58 392 9 25 1170 95
104.5 [26.6]/0.63[13.3|1.45]/0.00[0.23]/0.19[1.38]|2.97[0.07| 7 |515]| 14 |105| 1 | 64 | 25 | 251 10 | 7 [169] 92
116.5 |26.7]0.36]11.9]|5.74]0.00]/0.19/0.121.17[2.40({0.04 3 [399]| 15 | 74 | 28 | 17 | 87 |259]| 6 51 | 97 94
122.5 29.5/0.58{11.7/0.74]0.00(0.18]0.32[1.282.42{0.15| 3 |404| 7 |93 | 0o | 5 | 4 |261[ 10| 2 [209] 93
186 |28.6]/0.69/12.8|1.13[0.00]|0.33[0.06]|1.14[3.01/0.02| 3 [496]| 5 [ 67| 0o | 3 | 4 [127] 9 |10 |251]| 94
© 282 [29.3]0.69]11.7]2.22|0.00|0.6210.06|0.68]3.16|0.04| 7 |507| 3 93 0 9 5 [140( 4 30 | 226] 95
- | 308 |28.9]0.60/12.1]|1.38[0.00]|0.42[0.06|0.76[3.44|0.02| 12 [554| 6 [ 97 | 0 [ 28| 7 [214]| 4 | 25 |197| 94
g 327 [30.4]0.6611.2]0.79]|0.00|0.28]10.05]0.70]3.30|0.04| 26 | 540 5 87 0 28 0 |163] 4 2 1237 94
© 339 [29.3]0.66]10.9(3.73]0.00/0.89(/0.04|0.5112.84|0.05( 6 |457| 2 88 5 6 12 | 150] 4 58 [ 210 96
— | 345 [29.4]053] 9.8 [2.25[0.00[0.57]0.05]052]2.69]0.05] 6 410 4 [ 79 | 3 [ 14| 4 [162] 4 | 29 [283] a1
381 ([28.1]0.66]12.3]2.38|0.00|0.60]|0.06/0.65]|3.44]0.08]| 11 | 531 11 [103[ 2 8 10 [ 186 3 34 1196| 95
435 129.2]10.69]1119]1.49(0.00|/0.47]0.04(/0.69]|3.37]0.05] 8 [519] 4 [108] O 18 6 1221] 6 25 |1 227| 94
517 [28.0]0.63]12.5]1.85|0.00|/0.37]0.15]0.8113.46]0.03| 15 | 568 10 [102( 7 12 | 24 |278] 5 30 ] 182] 96
523 [28.7]0.65]|11.6|2.62|0.00|0.71]0.0810.7112.91|0.05| 8 [474| 4 [116[ O 28 | 22 [341| 5 56 | 171] 95
529 [23.2]/0.39[10.7|9.05]0.01|1.09]|0.22|0.56]2.22(0.24| 3 [361]| 8 [105| 56 | 50 | 72 |320| 8 |707[119] 90
541 ([27.3]0.62]13.0]2.13]0.00|0.57]0.09]0.85|3.34]0.04] 8 [539| 4 [117[ 1 28 | 17 [344| 5 53 | 172 94
547 [26.710.63(14.0|1.70]0.00/0.42]0.12/0.983.69(0.05| 11 |611| 7 |131| 5 |32 | 13 |447| 4 | 63 [174]| 94
560 [27.6]0.63]13.0/1.41]0.00|0.25]0.10]1.13]3.10]0.03] 13 | 515 9 91 9 38 1 25 1308] 8 |102]195] 94
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wt% mg/kg wt%
Depth | . ) .
(m) Si | Ti|A | Fe|[Mn|Mg|Ca[Na| K| P |As|Ba|Co|Cr|Cu|Mo|Ni|V | U/|Zn| Zr |Total
1.5 27.210.63| 9.5 12.84|0.01{0.30(/0.05|0.08[2.05(0.03| 10 |242| 8 76 7 1 12 | 96 6 14 | 444 | 88.5
7.5 27.3[0.75/11.6]1.50({0.00/0.39|10.06]0.13[2.45]0.05] 6 [316] 23 | 83 [ 16 0 54 106 12 | 83 [ 334 883
27 28.110.88(10.4]1.20)0.00{0.33(0.05|0.15|2.39f/0.05| 7 |289| 13 | 80 | 19 0 19 | 107 9 33 [430] 87.7
525 129.8]|0.64| 8.1 |4.44]10.00/0.60(0.19]0.17]1.63[0.06] 9 |197| 23 | 65 | 20 0 39 | 84 8 61 [449] 91.9
66 |14.4[033]| 6.9 [4.79]|0.06[0.79]|15.8|0.14|1.63[0.20| 7 |188| 16 | 57 | 14 | 2 [27 | 75| 0 | 69 |134] 832
93 26.110.76(11.8]1.98|0.00{0.51(0.15|0.14|2.68[0.05| 10 | 323 | 18 | 85 | 20 0 32 [ 122 9 74 | 292 | 88.6
© | 1065 [22.5[0.59]13.4/4.2810.0210.760.65]0.163.30]0.17| 16 |351| 29 |122] 12 | O | 65 |126] 4 | 85 |137] 92.7
% | 126 [25.3]0.72]13.0{2.71/0.01/0.58]0.16]0.13]3.30/0.05| 10 |330] 24 [110| 11 | 0 | 33 [129| 4 | 62 |192] 922
8 133.5 |36.5]0.39| 5.5 ]0.52|0.00]|0.08(0.07[0.02|0.57[{0.02| O 74 6 28 2 0 4 45 8 10 | 403 ] 91
o 153 1379]0.34( 3.6 0.17]0.00{0.05/0.0410.01]{0.38|0.01] O 54 7 23 0 0 2 31 7 5 | 565|894
163.5 |26.710.80]10.7]3.06|0.04|0.30(0.18|0.06|1.65[0.05] 3 |233| 24 | 78 | 15 0 31 | 99 9 44 | 520 87
177 136.0/0.61| 5.6 |1.26]0.00/0.11/0.03]0.04]0.95]0.02] 1 129 10 | 35 7 0 16 | 51 [ 11 | 10 | 583 ] 924
220.5 |26.9[0.80/10.9/1.80/0.00|0.31/0.15]|0.082.11]|0.04| 6 |294| 22 | 80 [ 11 | 0o |35 | 95| 10 | 30 | 401 88.3
2375 [27.4]0.78111.7[2.50(0.00|0.31]|0.06[0.08|2.24]0.10f 17 [ 298] 16 | 90 9 0 23 [112] 8 13 | 456 ] 90.8
274 [33.0/0.57] 7.1 |2.30]0.00/0.16]0.03[0.04|1.17[0.02| 3 [166| 22 | 50 | 12 | 0 [ 31 | 74 [ 11| 79 |576] 90.8
277 |[32.8|0.78| 7.8 [1.01/0.00]/0.17|/0.04(0.06|1.38{0.03| 3 |178]| 16 | 51 6 0 13 | 76 6 30 [ 600 | 91.6
0.5 20.6]0.51(10.3111.3]0.48(1.13/0.40)0.02[1.92|0.04] 2 211 13 | 85 8 0 23 | 65 0 59 [149| 86.9
13.5 |32.0[0.59]| 8.5 [1.29]|0.00[0.25]|0.04|0.57[3.03]|0.02| 4 |486| 6 | 65| 0 | 12 | 5 |168| 7 | 45 |273]| 9256
16.5 |28.1(0.86/11.2]1.72(0.04|0.36|0.14[0.04[1.97]|0.04| 4 ([324) 18 | 58 2 0 17 | 79 7 72 | 454 | 88.9
35 33.3]0.48| 7.2 13.51|0.00{0.58(0.13|0.08[1.58(0.04] 1 |262| 5 40 2 0 12 | 45 6 |108|526( 943
42 |29.6|0.61/10.0]/2.36[0.00]0.48[0.25|0.19[2.04|0.04| 7 |364| 11 | 84 | 4 | 0 | 15 [102]| 5 | 74 | 468 91.9
62 28.0(0.65(11.5]2.58]0.00/0.56|0.22|0.13[1.98]0.05| 6 [330( 10 |108| 2 2 19 | 128 2 83 [ 379 911
85.5 [27.9/0.56[11.2]|3.43]0.00|0.74]0.21|0.51(1.48|0.06]| 4 [284] 12 [127] 7 | 0 | 29 [182]| 3 | 92 |176] 919
g 87 28.810.59(10.4]3.16|0.00{0.69(0.19|0.53|1.43[0.06] 3 |300| 9 |112| 3 0 21 [151] 8 [117 214 916
Q 134 126.0/0.56(11.9]|3.82|0.00{0.75/0.21|0.49(1.59|0.04] 3 [296( 10 |156] 3 0 23 [193] 5 96 | 209 [ 89.5
& | 147 |285]0.53]|11.0/2.36/0.00|0.66|0.39/0.19/1.51|0.04| 2 |295| 9 |166| 4 [ 0o [ 23 [183| 9 [ 62 |217] 905
148 |36.2]|0.16| 2.8 |1.94]0.03{0.35(3.81|0.08|0.44(0.12] 0 |129| 5 44 0 0 10 | 72 6 47 240 93.2
2145 [349]0.25] 54 [2.64(0.0110.51]0.99(0.05/0.89]030f 1 [261] 11 | 94 5 0 25 | 65 ] 10 [133[105] 94.1
214.5 |37.0(0.21| 4.7 [2.36/0.02|0.45|0.320.04|0.85|0.05[ 0 |272| 6 |58 | 1 | 0o |10 |38 | 4 [136]|102] 94.9
219 [34.8]|0.27]| 6.0 [2.05/0.01]0.51|0.74[{0.05|095]0.22f 1 |263]| 9 99 4 3 24 | 72 1 71 [118 ] 94.1
240.5 |35.5[0.29| 6.1 [1.76/0.00{0.37|0.620.04[137]|0.15[ 1 |345| 9 |86 | 6 | 0 |17 [ 49| 7 [ 76 |424| 96
255.5 (31.0)0.50) 8.5 [2.06[/0.01|0.37]|0.36[0.07|2.44]0.12( 6 |532] 9 90 6 0 14 | 61 7 59 [539] 92.8
318.5 [27.7]0.53]12.8/1.57(0.00|/0.37]0.06[/0.10|/1.65]0.07 3 [288) 7 [114]| 8 0 19 1109 5 38 [ 227 ] 89.6
wt% mg/kg wt%
Depth | _. , .
(m) Si | Ti|A | Fe|[Mn|Mg|Ca[Na| K| P |As|Ba|Co|Cr|Cu|Mo|Ni|V | U/|Zn| Zr |Total
33.7]0.21| 6.1 |0.80|0.00{0.26[(0.06|0.03|0.86(0.11| 9 |192| 4 |169]| 11 | 24 [ 75 |1255| 17 [ 18 | 195
32.810.23| 6.9 ]1.20)0.00{0.35(0.10|0.03|1.01f0.23] 19 |169| 6 |215] 75 | 16 [ 28 |2179] 32 | 18 | 88
32.9/0.16| 5.5 [0.90]|0.00[0.25]|0.16 |0.02 |0.74[0.21| 27 | 182 | 4 |180| 15 | 91 | 194 |1667| 19 | 83 | 49
E 37.0]0.21| 4.9 ]11.08|0.00{0.21(0.04|0.04]|0.71(0.04]| 24 |162| 6 90 [ 18 | 55 | 34 [ 366 11 | 32 | 112
34.810.20| 4.7 10.99]10.00{0.23(0.04|0.02|0.70(/0.03] 39 | 98 6 |174] 32 [131| 96 |1474| 10 | 13 | 66
35.8/0.17| 5.0 [0.79]0.00[0.24|0.030.03|0.71[0.02| 22 | 108 | 5 |130| 33 | 53 | 72 |1109| 14 | 14 | 45
26.7(0.81/14.811.01|0.00/0.2210.04|0.06(2.21)0.07] 13 [278| 6 89 0 1 42 | 90 9 16 | 650
14 28.8[(0.57| 9.9 12.52|{0.00/0.27]0.04|0.42(3.30)0.01] 20 [613| 10 | 83 [ 28 | 26 | 41 | 173 3 14 1209] 96
185 |27.2(0.62/11.8]13.41|0.00/0.70)0.03|0.57(3.66|0.04] 24 [648| 10 | 92 [ 25 | 18 | 49 | 183 3 30 [188] 95
185 ]30.1(0.60| 9.2 11.28(0.00/0.25]0.030.39(3.09|0.01] 10 [577| 8 76 7 25 [ 14 | 181| 4 9 [254]| 92
30.5 |28.6]/0.68|10.4|0.86[0.00]0.36[0.03|0.56[3.76/0.01| 10 |682| 6 | 85 | 1 |29 | 4 [204]| 6 [ 18 |239| 90
-8 455 [279]0.56] 9.3 [3.09/0.00)0.25]0.03(0.40)3.19]0.02f 36 |593]| 15 [ 79 | 25 | 34 | 55 [175] 3 37 [220]| 94
g 69 31.0/0.61| 8.6 |3.68|0.00{0.24(/0.03|10.36[2.95[/0.01| 30 | 564 5 78 5 21 [ 18 | 168] 5 19 1262 | 94
g 107 |30.1]0.60| 9.0 |2.96]0.00{0.30/0.03|0.37[3.10f0.01| 22 |552| 13 | 80 | 28 | 31 [ 43 | 207]| 7 15 | 274] 95
O | 1135 |30.1{0.61/10.3[0.60/0.00]0.29|0.03]|0.44[3.55|0.01| 8 |603| 6 90 0 27 1 |216f 5 7 1223] 92
125.5 [32.7/0.65| 9.5 |0.480.00[0.27|0.04[0.40|3.34[{0.01| 6 |600| 6 |81 | 2 | 2 [ 0o |195[ 6 | 2 [251| 95
1345 |32.210.81| 8.2 |1.55/0.00|0.24(0.03/0.14|1.64({0.03| 11 | 219| 12 | 60 8 0 15 | 80 6 24 [576| 92
180.5 |22.5]0.51|10.8|6.04|0.00|/0.40(0.06|0.55|3.58(0.12| 57 | 601 | 22 |102| 56 | 61 [105)220| 4 48 | 142 92
233 [31.4]0.62] 9.4 |0.82]0.00|0.29]|0.04[0.50|3.17[0.01| 3 [570| 5 [ 81| 8 |30 | 0 |176 7 | 5 |257| 93
25.210.63[13.7]12.90|0.01{0.58/0.26|0.042.41|0.06| 9 |220( 16 | 83 9 3 29 | 91 4 74 [ 231
5.5 (0.14] 3.7 139.2(/0.66]|1.30|1.04[0.01/0.46]0.09] 5 79 6 24 0 0 23 | 34 2 1103 50
23.0/0.53[13.5|5.90|0.05{0.81/0.34|0.181.90|0.06| 7 219 10 | 81 9 0 23 | 92 8 [132) 144
Q 25.410.50(12.714.13]0.01|0.72]0.34|0.381.82|0.07| 6 [278] 10 [117]| 7 [ 0 | 25 [145]| 9 |343]| 168
g 25.4/0.57]12.1/3.42|0.01(0.48|0.54[0.05|1.79(0.06| 10 |179| 8 |85 | 7 | 1 [35 |92 7 | 92 [182
35.5]|042| 6.4 ]12.57|0.00{0.36(0.31|0.19|1.54(0.11| 6 |335] 6 59 0 1 11 | 87 6 |281]767
8.8 [0.15] 3.3 1243]0.43]1.5916.94(0.10{0.42]12.35] 10 [200| O 40 4 0 7 68 1 (207143
359]0.29| 7.1 |1.26|0.00{0.15(0.08|0.03|0.74{0.03| 5 |189| 7 |125] 3 0 25 | 49 8 62 | 95
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wt% mg/kg wit%

Depth | _. . .
(m) Si|Ti|Al|Fe|[Mn[{Mg|Ca|Na| K| P |As|Ba|Co|Cr|[Cu|Mo|Ni |V |[U/]Zn| Zr |Total
2 36.4]0.17| 5.6 {0.99]0.00|0.17[0.08]0.02|1.05[0.03] 13 | 490 5 85 |53 |16 | 54 |852] 10 |221) 57 92
2 |29.6]0.21] 33 [1.22|0.00/0.30|7.21/0.10|0.80{0.12| 3 |502| 8 |97 [ 22| 0 |32 |111| 9 |127]|102] 87
4 (321021 3.6 0.92/0.00|0.16|6.93 [0.07|0.90|0.08 1197 6 [118)| 16 | 2 |155[123| 5 [456| 76 | 87
10 [36.3]0.31| 4.9 |1.40{0.00(0.19/0.71|0.07|1.20[0.18| 17 |3307| 8 [147| 13 | 0 | 40 [155]| 7 |125|127| 92
14 28.8(0.40( 9.3 [2.25[/0.00]0.30]0.03|0.07]1.90|0.04) 34 | 713 | 5 |259]|149]|107 | 83 (2397 99 | 366|129 93
24 33.210.30| 5.1 {1.71]0.00|0.22(3.19]|0.07|1.34]0.11] 8 |609| 7 |181] 20 0 | 61 |166] 10 |192[102| 89
25 28.010.46| 9.9 [2.23]0.00|0.31/0.04]|0.09|1.88/0.07] 50 |690f 5 |516]212| 90 | 61 [3963] 126 |225|160f 91
28 |37.7]0.29] 4.1 [1.24]|0.00]0.15[1.49|0.06|0.94]0.15| 14 |2560| 7 |115| 9 | 1 |46 |114| 6 |142]|169| 96
36 |36.9[0.18| 5.2 |0.88)|0.01]0.14[0.03|0.04|0.85]0.05| 10 |483| 9 |156| 55 | 2 | 31 |1342| 28 |136| 54 [ 96
8| 38 [37.8]|033]|4.8|1.38/0.00|0.16]0.05[0.07[1.09|0.10| 7 [534| 5 |141| 13 [ 2 |11 |132| 7 | 38 |209] 95
N 44 30.4(0.28| 4.7 [1.84]0.05]/0.40]|5.41]10.05]1.18)0.14| 32 |6361] 13 | 171 18 1 [611]153] 3 ]2986)115]| 85
46 36.1]0.39| 6.4 [0.91]0.00)0.23[/0.04]|0.09|157[002] 6 |625 5 ]203] 8 4 122|191 4 10 [145] 91
62 |36.4[0.28| 5.1 [1.09/0.00]0.17[0.25|0.07|1.10{0.15| 5 |589| 7 |186| 26 | 0 | 39 |185] 11 | 130|102 93
72 |41.8]0.10] 2.3 |0.34]|0.00]0.080.23|0.02|0.48(0.06| 0 |844]| 3 |73 | 1 | 2 |40 |110| 3 |148]| 29 | 91
745 [37.7|0.18| 4.9 |0.80[0.00|0.12|0.03|0.07|0.66|0.03| 7 [425| 6 |147| 43 | 10 | 44 |769| 17 [133| 67 | 95
86 36.3(0.15( 4.3 [0.43]0.00]0.12]0.36/0.06/0.63|0.28| 0 |375| 5 |178]| 36 4 [ 29 [571] 15 9 63 95
88 36.5(0.18] 5.2 [0.63]0.00]0.14]0.11]0.07]0.75]|0.16| 2 |415]| 6 |205]| 63 2 | 26 |656] 22 | 23 | 68 91
110 [42.7]0.05]| 1.8 [0.20]0.00|0.06[{0.03]|0.04|0.31[{001] -2 |269| 6 | 83 | 24 8 1269] 10 | 22 | 16 94
116 |42.3|0.04| 1.6 [0.22/0.00]/0.04]0.75[0.02|0.17]|0.04| -3 |176| 6 |31 | 9 |11 |52 |212| 8 |240| 3 | 92
1315 [41.7/0.08] 2.3 [0.27[0.00[0.08]0.03]0.05[0.43[0.01]| -3 [288| 6 | 88 | 16 7 |194[10 |17 |20 96
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