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Abstract

The end-Permian mass extinction, 250 million years ago, was the largest in Earth’s history,
with estimates of faunal species loss up to ~90%. Western Canada plays host to deposits
spanning the Permian-Triassic boundary (the Belloy and Montney Formations) allowing for
the paleoenvironmental conditions surrounding post-extinction recovery to be evaluated.
Utilizing both geochemical methods, such as trace element proxies and carbon isotopes, as
well as sedimentology, this thesis has four aims: 1) evaluate the main mechanism facilitating
the existence of marine refugia post-extinction, 2) determine if Siberian Trap volcanism was
a factor in the delayed faunal recovery in the Early Triassic, 3) ascertain if the geochemical
signatures of events within the Early Triassic can be used to correlate deposits across the
basin and 4) examine the reliability of the geochemical proxies used to ascertain
paleoenvironmental conditions. This thesis demonstrates that, following the end-Permian
mass extinction, biotic recovery was facilitated by the monsoon cycle which produced
coastal upwelling via Ekman transport and nutrient-rich runoff from increased rainfall.
Additionally demonstrated, through the detailed evaluation of trace element proxies, is the
subsequent eruption of the Siberian Traps at the end of the Smithian, which resulted in a
temperature increase of 10°C, enhanced continental weathering, and a 0.55 unit decrease in
seawater pH which resulted in ocean acidification and anoxia. These signatures are
correlated, using chemostratigraphy, across the Western Canada Sedimentary Basin,
dividing Early Triassic deposits into 13 chemostratigraphic packages. Lastly, by examining
the interaction of cyanobacteria and clay during flocculation, this thesis suggests that the
geochemical signatures of fine-grained deposits, such as the Triassic Montney Formation,
can be altered by biological activity within the water column, in addition to seawater

composition and redox state.
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Preface

This individual chapters of this thesis, excluding the introductory chapter and conclusions,
comprise collaborative research projects which form part of a larger international research
effort headed by Dr. Konhuser and Dr. Zonneveld in partnership with the Alberta Geological
Survey. The data analysis and manuscript composition of each chapter was conducted by
me, with guidance from Dr. Konhauser, Dr. Zonneveld and other coauthors. Specific

contributions are outlined as follows:

Chapter 2 of this thesis has been submitted to Nature Geoscience as Playter, T., Robbins,
L.J., Corlett, H. Gingras, M.K., Zonneveld, J.P., and Konhauser, K.O. “Monsoon cycles,
primary productivity, and silica deposition following the end-Permian mass extinction.” | was
responsible for data collection, analysis and manuscript composition. L.J. Robbins
contributed to manuscript edits. H. Corlett assisted with data collection and manuscript
editing. M.K. Gingras assisted in data interpretation and manuscript development. J.P.
Zonneveld and K.O. Konhauser were supervisory authors and contributed to concept

development and manuscript composition.

Chapter 3 of this thesis is currently being submitted to Geology, as Playter, T., Konhauser,
K., Robbins, L, Lyons, T., Mitrovica, J., Corlett, H., Lalonde, S., Planavsky, N., Cui, Y.,
Gingras, M., and Zonneveld, J.P. “New evidence for volcanism and its global-scale impacts
in the wake of the end-Permian mass extinction.” | was responsible for data collection,
analysis, interpretation and manuscript composition. K. Konhauser and J.P. Zonneveld were
supervisory authors and assisted with concept generation and manuscript composition. L.
Robbins assisted with manuscript edits. T.Lyons, J.Mitrovica, S. Lalonde, and M. Gingras
assisted with data interpretation and manuscript edits. H. Corlett, S. Lalonde, and N.
Planavsky assisted with data generation and manuscript edits. Y.Cui provided computer

modelling results and manuscript edits.
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Chapter 3 of this thesis has been published as Playter, T., Corlett, H., Konhauser, K.,
Robbins, L., Rohais, S., Crombez, V., MacCormack, K., Rokosh, D., Prenoslo, D., Furlong,
C.M., Pawlowicz, J., Gingras, M., Lalonde, S., Lyster, S., and Zonneveld, J.P., “Clinoform
identification and correlation in fine-grained sediments: a case study using the Triassic
Montney Formation,” Sedimentology, v. 65, 263-302. | was responsible for data collection,
analysis, interpretation and manuscript composition. K. Konhauser and J.P. Zonneveld were
supervisory authors and assisted with concept generation and manuscript composition. S.
Rohais, V. Crombez, and Furlong, C.M. assisted in field data gathering and manuscript
editing. Corlett, H., MacCormack, K., Rokosh, D., Pawlowicz, J., and Lyster, S. assisted with
data generation and manuscript editing. L. Robbins, M. Gingras and S. Lalonde assisted

with data interpretation and manuscript edits.

Chapter 4 of this thesis has been published as Playter, T., Konhauser, K., Owttrim, G.,
Hodgson, C., Warchola, T., Mloszewska, A.M., Sutherland, B., Bekker, A., Zonneveld, J.P.,
Pemberton, S.G., and Gingras, M. , “Microbe-clay interactions as a mechanism for the
preservation of organic matter and trace metal biosignatures in black shales,” Chemical
Geology, v. 459, 65-90. | was responsible for data generation, analysis, interpretation and
manuscript composition. K. Konhauser, J.P. Zonneveld, and M. Gingras were supervisory
authors and assisted in concept formation, experimental design and manuscript composition.
G. Owttrim and Mloszewska, A.M. assisted with cyanobacterial culturing and manuscript
editing. C. Hodgson and T. Warchola assisted with data generation and manuscript editing.

B. Sutherland and B. Bekkar assisted with data interpretation and manuscript editing.
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Chapter 1: Introduction

The end-Permian biotic crisis at 251 million years ago (Ma) was the largest mass
extinction event in the Phanerozoic, with estimates of faunal species loss as high as
~90%. This event was coincident with a number of changes, such as ocean
acidification, vegetation loss and soil alteration, sea-level rise. In addition, slower
ocean circulation and warmer oceans resulted in decreased levels of dissolved
oxygen that led to marine anoxia, and ultimately ocean stratification. Within western
Canada, deposits from this critical time period are preserved in both core and
outcrop (Belloy and Montney Formations). The following thesis aims to answer
numerous questions still remaining regarding this time period and the nature of the
rocks which were formed: (1) what was the main mechanism supporting the
development of marine refugia immediately following the end-Permian mass
extinction; (2) was volcanism an active factor in the punctuated faunal recovery
following the end-Permian mass extinction; (3) how do the geochemical signatures of
events within the Early Triassic correlate stratigraphically within the Western Canada
Sedimentary Basin and (4) how reliable are the geochemical proxies we have

employed?

Detailed geochemical and sedimentological analysis of a Permian-Triassic section
from western Canada demonstrates systematic trends in weathering and
palaeoproductivity proxies, as well as biogenic silica fluxes. These trends, when

paired with sedimentological indicators of riverine input and storm episodes, suggest



that seasonal monsoons produced wind-induced upwelling along the northwest
margin of Pangea. These intervals of upwelling coincide with intervals of biogenic
silica and occur anti-phase to indicators of increased weathering. This suggests that
winter storms, in partnership with coastal runoff, were the major factor in supporting

biotic recovery in the Griesbachian.

Although it has been postulated that the protracted biotic recovery was slowed by
unfavorable environmental conditions following the end-Permian event (Hallam,
1991; Payne et al.,, 2004; Knoll et al, 2007), other studies contend that the time
interval itself records smaller, punctuated extinction events within the Early Triassic
(Griesbachian, Dienerian, Smithian and Spathian substages) (Galfetti et al., 2007;
Stanley, 2009; Song et al., 2011). Of these subsequent extinctions the end-Smithian
(250.7 Ma) event was especially devastating in terms of ammonoid and conodont
recovery. While the initial, major mass extinction at the end of the Permian has been
linked to extreme climatic change triggered by the eruption of the Siberian Traps, the
cause of the end-Smithian extinction remains cryptic and unresolved. Here, in
chapter 2, we show that massive CO: input at the end of the Smithian resulted in a
temperature increase of up to 10°C, enhanced continental weathering, and a 0.55
unit decrease in seawater pH which resulted in ocean acidification and anoxia. The
CO2 increase was sourced from the Siberian Traps, demonstrating that global

climate change at that time also caused end-Smithian extinction event.

The earliest Triassic deposits within western Canada (Montney Formation) are very
fine-grained. Stratigraphic correlation of fine-grained successions is not always

straightforward, making the up-scaling of paleoenvironmental observations (such as



the presence of biogenic silica or volcanism indicators) difficult. Complicating factors,
such as unconformities, structural complexity, subsidence and especially minimal
grain-size variation, make the application of traditional correlation methods to fine-
grained successions problematic. Alternatively, the analysis of detailed geochemical
data can allow for the determination of variations in sediment provenance,
mineralogy, detrital flux and hydrothermal input. When compared with modelled clay
input over time, these geochemical indicators can be used to determine changes in
relative sea-level and palaeoclimate, allowing for the identification of clinoform
surfaces. As an example, chapter 3 outlines detailed correlations of
chemostratigraphic packages within the lower Triassic Montney Formation in
Western Canada to demonstrate the effectiveness of chemostratigraphy in defining
and correlating fine-grained clinoforms across a sedimentary basin. The data set
used includes five wells and one outcrop succession, from which geochemical
profiles were generated and tied directly to mineralogical data and well logs. These
analyses reveal 13 distinct chemostratigraphic packages that correlate across the
basin. Observed elemental and inferred mineralogical changes highlight trends in
relative sea-level and palaeoclimate, as well as episodes of inferred hydrothermal
input to the Montney basin. Cross-plots of La/Sm and Yb/Sm further suggest
hydrothermal input as well as the scavenging of middle rare earth elements by
phosphatic fish debris. Additionally, plots of La/Sm versus Yb/Sm, which show
volcanic arc input within the Doig Formation, suggest an additional sediment source
from the west during the Anisian. Pairing detrital and clay proxies demonstrates

changes in relative sea-level and, at the Smithian/Spathian boundary, the lowest



relative sea-level in the Montney Formation is observed, corresponding to a change

in climate and the observations of volcanic input from chapter 2.

Geochemical proxies are critical when it comes to evaluating Early Triassic
depositional conditions. However, the reliability of proxies, particularly as they relate
to marine anoxia, is not entirely established. In general, organic-rich, fine-grained
sedimentary rocks are important geochemical archives providing information on the
evolution of seawater composition and biological activity over the past 3 billion
years. While biological productivity and sedimentation rates greatly affect the organic
matter content in these rocks, mechanisms linking these two processes remain
poorly resolved. Here in chapter 4, we examine the interactions of clay minerals with
the marine planktonic cyanobacterium Synechococcus sp. PCC 7002. We suggest
that clays settling through the water column could influence carbon and trace metal
burial in three ways: (1) the interaction of reactive clay surfaces with the bacterial
cells increases organic matter deposition via mass increase in a seawater growth
medium by several orders of magnitude; (2) reactive bacterial cells become
completely encased within a clay shroud, enhancing the preservation potential of this
organic matter; and (3) the trace metal content of the biomass buried along with
metals sorbed to the clay particles contributes to the trace metal concentrations of
the black shale precursor sediments. Significantly, our findings imply that the
chemical composition of ancient, organic-rich, fine-grained deposits are not only
archives of ancient seawater composition and redox state, but they also provide a
record of the degree of biological activity in the water column through geological

time.
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Chapter 2: Monsoon cycles, primary productivity, and silica deposition
following the end-Permian mass extinction

Introduction

The end-Permian biotic crisis is the largest mass extinction recorded in Earth’s
history, with species loss approaching ~90% (Erwin, 2006). Increased volcanism led
to elevated CO: levels and a period of global warming (Kump et al., 2005; Sun et al.,
2012), which, in turn, led to vegetation loss and soil alteration (Retallack et al.,
1996), ocean acidification (Wignall and Twitchett, 1996; Retallack et al, 1996), and
sea-level rise (Hallam and Wignall, 1999). These changes were accompanied by
perturbed ocean circulation, stratification, and marine anoxia (Wignall and Twitchett,
1996; Isozaki, 1997; Beauchamp and Baud, 2002). It has been suggested that the
decline in marine productivity may have been compounded by a 700% increase in
detrital fluxes and a transition to more clay-rich sediment during the Early Triassic
(Algeo and Twitchett, 2010). This may have been detrimental for marine organisms
as elevated turbidity inhibits necessary biological functions such as feeding,
osmoregulation, and larval recruitment (Gingras, et al., 1998; Algeo and Twitchett,
2010), as well as limiting light penetration of light into the photic zone (e.g., Algeo
and Twitchett, 2010) and increasing flocculation of planktonic bacteria (e.g., Playter

et al., 2017) that may be expected to accompany increased clay mineral supply.

Despite these environmental stressors, there was an abrupt reappearance of
warm-water taxa within 4 Myrs of the Permian-Triassic (PT) boundary, the so-called
Lazarus taxa (Jablonski and Flessa, 1986; Kozur, 1998; Erwin, 2006). This suggests

that organisms, specifically siliceous sponges and radiolarians, remained biologically



active during the Early Triassic (Kozur, 1998; Godbold et al., 2017). Marine refugia,
namely isolated pockets of ecologically favorable conditions, such as sheltered near-
shore environments, would have provided local environments where marine biota
were able to weather the mass extinction (Beatty et al., 2008; Goldbold et al., 2017).
While the existence of such refugia is largely uncontested, how the shallow water
habitable zone, where these isolated pockets developed, was supplied with organic
matter and nutrients in the wake of the collapse of the trophic pyramid has been

largely unexplored.

Seasonal monsoons represent a potential and unexplored mechanism that
may have driven primary productivity following the PT mass extinction. In modern
environments, monsoons have been observed to fuel primary productivity. High
winds during the summer monsoon deepen the mixed layer and intensify circulation,
leading to the increased upwelling of nutrient-rich deep-waters (Thushara and
Vinayachandran, 2016). Monsoons would also contribute to higher rates of physical
and chemical weathering on land due to elevated temperatures, greater rainfall,
destruction of land plant ecosystems, and enhanced soil erosion (Algeo and
Twitchett, 2010). Critical to this hypothesis is whether conditions favorable for the
development of monsoons existed during the Early Triassic. The Triassic climate
system would have been characterized by cold winters, hot summers, and strong
monsoonal circulation, leading to seasonal, abundant rainfall, depressed zonal
climate patterns, and a dry equatorial region (Parrish, 1993). Such a climate system
would have been supported by the presence of a singular supercontinent, Pangea,

that is likely to have already existed at that time (Davies et al., 1997).



Herein we test the link between Early Triassic biogenically sourced silica, an
indicator of primary productivity, and monsoonal activity by examining sedimentary
core from western Canada that spans the PT boundary. Elsewhere, the Belloy and
Montney formations have previously been shown to contain isolated pockets of early
Triassic, non-siliceous biota including bivalves and trace fossils. These fossil
assemblages suggest that marine refugia existed along the coast despite the
shutdown of cold-water upwelling. However, there remains a paucity of direct
evidence for primary production in the aftermath of the PT mass extinction (Beatty et
al., 2008, Zonneveld et al., 2010; Godbold et al., 2017). Accordingly, we examine
carbon isotope and trace element trends over an 18-meter interval, coupling the
geochemical measurements to detailed sedimentological observations. Proxies for
increased primary productivity such as biogenic silica (e.g. Takiguchi et al., 2006)
and higher concentrations of barium (Ba; e.g. Dymond et al, 1992) and phosphorous
(P; e.g. Schoepfer et al., 2015) are coincident with the sedimentological expressions
of storms, including abrupt increases in grain size, low angle cross lamination and
hummocky cross-stratification in recurring intervals, suggesting a relationship
between times of increased primary productivity and storm activity. Barium, a
refractory element, is particularly useful as a productivity proxy considering that it's
preservation as barite (BaSO4) is the result of sulfate and/or barium enrichment
during the decay of organic matter (Sternberg et al, 2005). These transient increases
in primary productivity provided a basis to support the survival and recovery of

marine taxa in the wake of the Earth’s most severe mass extinction.



The Belloy and Montney Formations

Western Canada is a unique repository of near-shore Panthalassa deposits.
Previous work on biotic recovery has focused on shallow marine environments of the
restricted Paleotethys (Algeo, et al., 2007, Cao et al., 2009; Luo et al., 2011) or the
deep-water deposits of the Panthalassa (Kato et al., 2002; Takahashi et al., 2009).
The Triassic Montney Formation of Western Canada, and the underlying Belloy
Formation, however, provide an opportunity to study the Permian-Griesbachian-
Dienerian transition in a more proximal setting. Importantly, biotic recovery following
the PT boundary has been linked to refugia previously identified within these units
(Beatty et al., 2008; Zonneveld et al., 2010). The first appearance of Hindeodus
parvus marks the boundary between the Permian and Triassic, which occurs along
an unconformity in most of the basin; however, there are some areas in the basin
where the units are conformable. Chemostratigraphic correlations, sequence
stratigraphy, and conodont analysis indicate that these deposits are Griesbachian
(Lower Induan) in age (Playter et al 2018). The earliest Triassic deposits within the
Montney Formation, dated to the Griesbachian, include cross-stratified sandstones
with anomalous patchy calcite cements, referred to as the Calais Sandstone Member
(Zonneveld and Moslow, 2018). It forms an amalgamation of shore-parallel sand
bodies reminiscent of wave-dominated shoreline deposits, and commonly exhibits
storm-related bedforms such as hummocky cross stratification (Zonneveld and
Moslow, 2018). Here we construct a chemostratigraphic profile from a Panthalassan
near-shore environment (well 2-30-070-24W5), that spans the PT boundary, and

includes the Griesbachian-aged Calais sandstone.



Methods

Samples were analyzed for carbonate and organic carbone isotopes (5'3Ccarb and
8'3Corg, respectively) and are reported relative to VPDB. In addition samples were
analyzed for major and trace elements by ICP-MS and ICP-OES; detailed analytical
procedures are included in the Data Repository. Photomicrographs of samples
provided sedimentological context for the geochemical measurements. The drill core
examined here is correlative to one that has been dated by conodont biostratigraphy
(Golding et al.,2014; Playter et al., 2018), providing clear age constraints for samples

presented herein.

Excess silica and biotic recovery

Prior to the Cretaceous, radiolaria, followed by sponges, were the largest sink of
biogenic silica in the oceans (Racki, 1999; lkeda et al., 2017). Radiolarians and
sponges were prolific during the Permian and in the Anisian (Middle Triassic), but a
notable dearth of deposits has been noted in Panthalassic deposits from Japan and
Canada spanning the Permian/Triassic boundary and into the Early Triassic (the
Changxingian, Griesbachian, and Dienerian, extending into the Smithian; Isozaki,
1997; Beauchamp and Baud, 2002; Schoepfer et al, 2013). This ‘chert gap’ is
attributed to the intrusion of anoxic bottom waters inhibiting aerobic radiolarian and
sponge productivity, as well as the collapse of thermohaline circulation (Isozaki,
1997; Beauchamp and Baud, 2002; Schoepfer, et al., 2013). Indeed, the demise of
sponges at the end of the Permian has been linked to bottom water anoxia (Liu et

al., 2013). The Early Triassic ‘chert gap’ has been recognized worldwide and is

10



estimated to have lasted nearly 10 Ma (Kozur, 1998; Racki, 1999). During the late
Permian, just prior to the ‘chert gap,’ radiolarian fauna of China and Japan show an
adaptation and subsequent migration of radiolaria from the deep Panthalassa into
the shallower eastern Tethyes, coinciding with the development of anoxic conditions
in the deep Panthallassa (Feng and Algeo, 2014). Conditions within the Panthallassa
paleoocean are thought to have changed gradually with oxygen-minimum zones
rising and anoxic waters inundating the continental shelves during the Late Permian
(Feng and Algeo, 2014). Similarly, in the Sverdrup basin of northern Canada, the
rising chemocline led to the demise of deep-water siliceous sponges within the late
Permian (Algeo et al.,, 2012). The abundance of sponge spicules in the Belloy
Formation and their paucity to absence in the Montney Formation suggests a similar
situation on the northwestern margin of Pangaea. Anoxic conditions persisted in
deep waters into the Early Triassic (Schoepfer et al., 2013), suggesting that the
environment for benthic siliceous organisms, such as sponges, was not ideal. During
the Early Triassic, however, shallow water conditions along the western margin of
Pangea, in what is now western Canada, became generally oxic, intermittently
interrupted by upward incursions of the chemocline (Feng and Algeo, 2014;
Zonneveld et al., 2010, Beatty et al. 2008).

While Early Triassic occurrences of biogenic silica are rare, instances of increased
biogenic silica deposition have been indirectly identified and interpreted to be from
radiolarians in early Triassic (Griesbachian) samples from the Paleotethys by
calculating excess silica relative to a shale standard (Shen et al., 2012). Until now,
however, biogenic silica has not been identified in deposits from Panthalassa, the

largest early Triassic palaeoocean, and there has not been evidence to suggest that

11



radiolaria remained active in the oxic, shallow waters of Panthalassa during this time

period. Our results (Figs 1 and 2) show distinct intervals of biogenic silica.

Excess silica Ba/Al P/Al v/cr TiO,/K,0 TiO,/AlO, Sc/Zr Lu/Hf

o] 50 100 0.001 0.1

I 7 3 2 L !

w7

0.2 04 0.0 0.1 02 00 005 01 0.01 01 1.0

Depth (m)

Permian| Triassic —

Figure 1 Paleoproductivity Proxies: Depth plot of excess silica (left) as calculated from the formula: Excess
SiOz (%) = SiOzmeasured) — (Almeasured) X (SiO2/Al20s)ppns) after®®40. The Permian/Triassic boundary is indicated on
the far right. Red dots indicate hydrothermal influence and are correlated with the red dots in the ternary diagram
of Figure 2. Paleoproductivity indicators include Ba/Al and P/Al. Green boxes highlight areas of excess silica
which correspond to intervals of high Ba/Al and P/Al. These zones indicate intervals of high paleoproductivity.
Excess silica deposited in the Permian is associated with hydrothermal input. When compared with continental
input proxies of V/Cr (higher value=increased continental input), TiO2/K>0 (lower value=increased continental
input), TiO./Al:Os (lower value=increased continental input) Sc/Zr (higher value=increased continental input) and

Lu/Hf (higher value=increased continental input), an anti-phase relationship is evident.
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Figure 2 Excess Silica Types: A ternary diagram (left) of Al, Mn and Fe composition highlighting two regions: 1)
region of biogenic silica, Il) region of hydrothermal silica (after 4142). Cross plot of La/Sm vs Yb/Sm (right) after®,
Points in red correspond to both plots and illustrate that data with excess silica have high La/Sm and moderate to

high Yb/S; this indicates hydrothermal enrichment.

These intervals were identified by calculating the amount excess silica (silica not
associated with detrital components; after Shen et al., 2014; Arsairai et al., 2016),
comparing La/Sm and Yb/SM ratios (to determine the contribution of detrital
elements, hydrothermal sources, clay scavenging, and arc volcanics; after Plank and
Langmuir, 1988), and evaluating Fe, Mn, and Al content (to further distinguish
between hydrothermal vs. biogenic silica sourcing; after Adachi et al., 1986;
Yamamoto, 1987; Supplementary Information). Intervals of elevated biogenic silica
are also characterized by increased P/Al and Ba/Al ratios (Fig 1), photomicrographs
that indicate fragmented radiolarian morphologies (Fig 3), and the coupling of carbon
isotope trends ((8"3Ccay and 8'3Corg; Supplementary Fig. 1) that suggest minimal

diagenetic overprinting. These samples, which correlate to the Griesbachian-aged
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sediments from Playter et al. (2018), indicate that radiolarians were active in the
shallow western margin of Pangea during the Earliest Triassic. This is highly
informative as it has been shown that radiolaria may represent a significant pool of
organic matter and may even be the main factor controlling transport of carbon to the

deep ocean at that time (De Wever et al. 2014).

Figure 3 Radiolarian Evidence: Photomicrograph (cross polarized) illustrating fragments of radiolarian tests.

Modern rivers deliver >90% of total dissolved silica to the oceans with only
minor contributions from hydrothermal sources, seafloor weathering, and wind-born
dust (lkeda et al., 2017). Thus, weathering is considered the most important factor
driving biogenic silica production and burial in the oceans (lkeda et al., 2017). Given
that, chemical and physical weathering following the end-Permian mass extinction
would have increased, combined with the elevated atmospheric CO. from PT

volcanism, it follows that dissolved silica delivery to the oceans must also have
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increased, providing an abundant source for siliceous organisms, such as

radiolarians and sponges.

Monsoons in the early Triassic and their effect on productivity
Monsoon systems manifest in wind blowing landward from the sea in the summer as
the continent warms more quickly than the ocean, while in the winter, the winds shift
seaward (De Wever et al., 2014). During the Early Triassic, Pangea was likely
dominated by a monsoonal climate (Parrish, 1993), where the supercontinent is
thought to have magnified monsoon intensity due to the significant contrast in heat
capacity between the Panthallassan ocean and the supercontinent (Kutzback, 1994;
lkeda et al., 2017). Significantly, modelling has demonstrated that Pangea could
have increased the latitudinal shift of the Inter-Tropical Convergence Zone (ITCZ),
which would have resulted in the ITCZ reaching a latitude of nearly 60°, running in a
nearly shore-parallel arc along the northern shores of the Paleotethys with a
poleward directed summer monsoon (Kutzback, 1994; |keda et al., 2017). This shift
in the ITCZ would have also latitudinally shifted the location of precipitation, humidity,
and chemical weathering intensity (lkeda et al., 2017). Climate models suggest that
these shifts in the ITCZ could have reached up to 1000 km inland (lkeda et al.,
2017). Collectively, this suggests that northwestern Pangea could have experienced
enhanced seasonal continental weathering and runoff.

While coastal runoff increases marine nutrient concentrations such as silica,
upwelling may also concentrate nutrients in coastal environments (e.g., Gibbs et al.,

2006). Upwelling has been attributed to elevated wind stress from surface winds and
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resultant Ekman transport (Ekman, 1905; Shimmield, 1992; Karstensen et al., 2008)
and has been observed to correspond to monsoon cycles (Shimmield, 1992; Zhuang
et al., 2017; Supplementary Fig. 2). The balance between biogenic silica burial and
chemical weathering rates, as noted by lkeda et al., (2017), suggests that the extent
and rate of biogenic silica burial could have been controlled by changes in the
intensity of the summer monsoon (Dessert et al., 2001). This monsoon-dependent
balance would have ultimately determined the amount and location of biogenic silica
precipitation. It has been recognized that within modern diatomites the radiolarian-
rich layers reflect periods of increased productivity associated with upwelling, while
clay-rich layers are associated with continental run-off (De Wever et al., 2014). Large
radiolarian blooms are thought to be related to upwelling (De Wever et al., 1994)
and, during the early Triassic, radiolarians were the only planktonic marine organism
capable of fixing silica (De Wever et al., 2014). In this study, increases in weathering
proxies (Sc/Zr, TiO2/K2O and Lu/Hf; Figure 1) occur within the clay-rich, post-
monsoon deposits that are bioturbated (Supplementary Figure 3 and 4), indicating
the presence of some oxygen, and occur anti-phase to intervals with appreciable
biogenic silica, which correspond to storm-influenced, very-fined sandstone with

calcite nodules.

Crucially, it is clear that the trophic base in the Early Triassic benefitted from
the convergence of monsoon-induced fluvially transported sediments and silica with
upwelling-derived nutrients. Given that the Triassic monsoon cycle was reliant on the
presence of the supercontinent Pangea, it is possible that tectonic configuration of

the continents at this time played a critical role in establishing ecological niches for
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recalcitrant marine lineages. In other words, it was a perfect storm — both tectonically
and climatically — that led to the rapid recovery of primary productivity, the expansion
of shallow-water macrobiota, and ultimately the gradual end of the most severe mass

extinction in Earth’s history.
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Chapter 3: New evidence for volcanism and its global-scale impacts in the

wake of the end-Permian mass extinction

Volcanism associated with the Siberian Traps in Russia has long been suggested as
a possible cause, not only of the end-Permian mass extinction, but the end-Smithian
(mid-Olenekian) biotic perturbation as well (Galfetti et al., 2007; Stanley, 2009; Song
et al., 2011; Sun et al., 2012). This hypothesis is based primarily upon the
correspondence of the end-Smithian extinction with a large negative carbon isotopic
excursion that is similar to the negative excursion observed for the end-Permian
event (Stanley, 2009). Potential factors contributing to the large negative excursions
include; (i) ocean stratification and subsequent overturn (Knoll et al. 1996), (ii) the
demise of certain primary producers and the oxidation of high levels of terrestrial
organic matter transported into the oceans (Erwin, 1994), (iii) the release of methane
from clathrates on the ocean floor due to increasing temperatures (Krull and
Retallack, 2000), (iv) an ecological shift from cyanobacteria to photosynthetic sulfur-
oxidizing bacteria (van Breugel et al., 2005; Riccardi et al., 2007), and (v) the
oxidation of coal deposits intruded by igneous bodies (Retallack and Jahren, 2008;
Svensen et al., 2018). Regardless of the factors involved in producing the negative
carbon excursion, an increase in CO2 emitted via volcanism likely accompanied the

isotopic shift (Renne and Basu, 1991; Galfetti et al., 2007; Payne and Kump, 2007).

Evidence for volcanism at the end-Smithian comes from recent studies
demonstrating a fluctuation in carbon isotope values in carbonates coincident with
increased mercury (Hg) levels (from 40 up to 100 ppb), total organic carbon (TOC)

(from 2 to 3%) and non-acid-volatile sulfur (up to 0.4%) (Hammer et al., 2019; Shen
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et al., 2019a; Shen et al., 2019b). However, these studies have not been able to: (1)
definitively link this volcanic signal with the Siberian traps or other volcanic sources,
(2) quantify the size of the atmospheric gas flux, (3) calculate the change in seawater
pH following the volcanic activity and outgassing, and (4) decipher the tempo of the
eruption (i.e., when degassing occurred relative to volcanic sediment deposition). In
this regard, we provide detailed geochemical data from pristine core samples from
the Western Canada Sedimentary Basin correlating with the Smithian/Spathian
boundary. To address the above uncertainties, we obtained 240 well-preserved
shale and siltstone samples from a 272 meter drill core interval from the Dominion
Land Survey location 16-17-083-25W6M in British Columbia, Canada (56.21°N, -
121.91°E). This core provides a continuous succession from the latest Permian to
the Anisian (Fig. 1); an ideal sample set for examining the end-Smithian’s
relationship to the Siberian traps volcanism (Fig. 2). Moreover, the samples have
undergone minimal diagenesis (Playter et al., 2018) and have been previously dated

using conodont biostratigraphy (Golding et al., 2014).

Previous studies on the provenance of shale and pelites often used geochemical
cross-plots of incompatible elements (Th/Sc versus Cr/Th) as well as the cobalt (Co),
scandium (Sc), nickel (Ni), and chromium (Cr) contents relative to thorium (Th), to
distinguish felsic, mafic, and ultramafic sediment sources (e.g., Condie and
Wronkiewicz, 1989; Totten, et al., 2000; Bracciali et al., 2007; Varga et al., 2007 and
references therein). Typical granites have a Th/Sc value of 10 and a Cr/Th value of
0.2; mid-ocean ridge basalts (MORB) have a characteristic Th/Sc ratio of 0.2 and a

Cr/Th ratio >500; whereas ultramafic rocks have Th/Sc values between 0.8 to 0.6
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and Cr/Th values >200 (Totten et al., 2000, Bracciali et al., 2007). Our data plot
along a mafic and ultramafic trend in two stratigraphic intervals - the end-Permian
and the end-Smithian (Fig 2A). By contrast, data from the remaining stratigraphic

intervals indicate a felsic sediment source (low Cr/Th and increasing Th/Sc). The
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Figure 1: Early Triassic distribution of weathering and volcanic proxies in the context of carbon isotopic

signatures. Dates from volcanic ashes or dolerite sills (denoted by volcanoes and red arrows) are sourced from

U/Pb dates of Paton et al. (2010; 249.6 +/- 1.5 Ma), Burgess and Bowring (2015; 251.3 +/- 0.088Ma)) and

Ovtcharova et al. (2006; 252.0 +/- 0.4; 250.55 +/- 0.5 Ma, 248.12 +/- 0.4 Ma, 246.83 +/- 0.31 Ma). Dates for

Triassic Stage boundaries are from Mundil et al. (2010). Stage boundaries are placed in relation to stratigraphic

depth based on conodont horizons identified in this core by Golding et al. (2015). A litholog that records grainsize

is included with the stage boundaries (blue denotes intervals of bioclastic carbonate). Carbon isotopic data
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(reported relative to VPDB) includes data from this study (blue points) and data from Payne et al. (2004; black
points), as well as organic carbon isotopic data (this study; red data points) for comparison. Mafic/ultramafic
content can be distinguished from felsic input by examining metal cations such as Ni, V, and Cr (high relative
contents indicate mafic or ultramafic sources); high ratio values of V/Th and Ni/Th indicate mafic/ultramafic input;
cross plots of Cr/Th and Th/Sc distinguish mafic/ultramafic input with high Cr/Th indicating mafic/ultramafic
content (Totten et al., 2000; Bracciali et al., 2007; while cross-plot results are indicated by coloured hexagons.
The Th/U ratio, used as a redox proxy in clastic sediments, indicates expanded anoxia through an increased
value that results from a decrease of U in seawater due to the drawdown of U under anoxic conditions
(Brennecka et al., 2011). The ratio of Rb/K indicates weathered sources, while low Rb/K values indicate
volcaniclastic input (Plank and Langmuir, 1998). Modelled gigatons of CO, (dark blue) and gigatons of CH4 (red)
output are shown in relation to the aforementioned proxy indicators. These outputs were generated from a simple
box model built around the carbon isotope data from this study. Mercury concentrations (ppb) can be used as an
indicator of volcanic eruptions; prolonged volcanic eruptions emit large fluxes of mercury to the atmosphere and
direct deposition of atmospheric mercury to marine sediments can preserve volcanic signatures (Thibodeau et

al., 2016).

mafic/ultramafic sourcing is corroborated by large spikes of Ni, Cr, and vanadium (V)
concentrations, as well as Ni/Th and V/Th ratios in the same two stratigraphic
intervals. These relationships suggest discrete episodes of mafic/ultramafic volcanic
output, and crucially, correspond to the extinction events at the end-Permian and
end-Smithian. Moreover, a distinct spike in Hg (Fig. 1) at the end-Smithian of over
100 ppb suggests a large-scale volcanic eruption. This anomaly is similar in
magnitude to the Hg spikes observed by Thibodeau et al., (2016) at the end of the
Triassic that are associated with the emplacement of the Central Atlantic Magmatic

Province.

To investigate the origin of the mafic signatures, and ultimately the source of the

volcanic input observed, we normalized incompatible elements to normal MORB (N-
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MORB) values and compared those values to published signatures (Fig. 2A).
Sediment sources that can be identified in this manner include: oceanic island arcs,
within plate basalts, continental arcs, or intraplate settings (Fralick, 2003 and
references therein). Our data produce incompatible-element ratio plots with a hump
from strontium (Sr) to tantalum (Ta) and a diagonal declining trend from Ta to
titanium (Ti), with minor perturbations observed for cerium (Ce), zircon (Zr), hafnium
(Hf), and samarium (Sm) (Fig. 2A). Yttrium values are high, while ytterbium (Yb) falls
along the diagonal trend. These results indicate a within-plate setting where a N-
MORB type melt is mixed with subcontinental lithosphere (e.g., Fralick, 2003). The
observed pattern is consistent with the proposed models for the origin of the Siberian
traps: (1) continental lithosphere and the mantle undergo mixing driven by a mantle
plume (Saunders et al., 2005; Allen et al., 2006), or (2) the subduction of oceanic
slabs that transported water into the upper mantle, leading to a lowering of the
solidus and substantial melting (Ilvanov, 2007). The temporally correlated patterns
strongly suggest that the observed mafic signatures in our Canadian dataset, and
the source of COz: influx, are best attributed to volcanic activity in the Siberian Traps.
Importantly, U-Pb dating of Siberian Traps extrusive and intrusive rocks indicate two
eruption dates of ~251.4 +/- 0.3 Ma and ~250.2 +/- 0.4 Ma (Table 1) within the Early
Triassic (Kamo et al., 2003, Paton et al., 2010, Burgess and Bowring, 2015), which

correspond to the timing of the volcanic input identified in our samples.

Siberian Trap volcanism would also have impacted the composition of the end-
Permian to early Triassic atmosphere. Fluctuations in the carbon isotopic

compositions of organic carbon (8'*Core) and marine carbonate (5'*Ccars), when
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paired, can be used to measure changes in atmospheric pCO2 (Kump and Arthur,
1999). A simple box model based on Payne and Kump (2007) was developed to
investigate the carbon emissions that could account for the observed variations in
§'3C values. For modeling, the initial inorganic carbon content was set to either 500
or 2000 ppm in the atmosphere, and the &'3C values of the extra carbon source
(8"3Cextra) Was modeled as -12, -22, or -60%.. While this box model assumes a
constant ocean-atmosphere mass balance, it allows for an initial estimate of volcanic
emissions and comparison with geochemical volcanism proxies. Model outputs
include the CO:> flux (with a range of 0 to 0.4625 Gt) and methane flux (range of O to
0.07 Gt; Fig 1), indicating an increase in outgassing during the early-to-mid Smithian.
This increase in CO; corresponds to a negative excursion in §'*Corc values from -

27%o to as low as -33 %o and §'3Ccars from 1%o to -6 %.. Calculating

maximum emitted carbon dioxide)

lo ( — - —
82 minimum emitted carbon dioxide

using values of 0.1008 Gt (early Smithian) and 0.4625 Gt (mid Smithian) for the
minimum and maximum, respectively, indicates that the CO: flux quadrupled in
magnitude. This is followed by an abrupt drop to 0.1874 Gt in absolute CO:2
emissions in the late Smithian, which coincides with a drop of approximately 40 ppb
in measured Hg. A second gradual increase in the CO: flux is observed beginning at
the end-Smithian, reaching a maximum of 0.418 Gt within the Spathian. Our data
suggest that the degassing phase of CO2 occurred before the main eruptive event at
the end-Smithian. This is similar to what has been postulated to have occurred at the

end of the Permian, where initial degassing is thought to have triggered the onset of
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the end-Permian mass extinction and was estimated to have occurred over a period
of 0.4 Ma (Sobolev et al, 2011). Considering that global temperature increases by
1.5-4.5°C per doubling of atmospheric carbon, using the IPCC 5" assessment report
(Collins et al., 2013; Koehler et al., 2010; Holden et al., 2010; Hargreaves et al.,
2012; Paleosens, 2012; Aldrin et al., 2012; Bender et al.,, 2012) and assuming
effective radiative forcing, climate sensitivity and climate feedbacks therein, this
influx of carbon to the atmosphere would account for a total increase in temperature
of up to 10°C. This estimate is considered conservative, as methane converts to CO>
within 5-7 years (Frieling et al., 2016) and our data indicate an increase in the
methane flux to over 0.05 Gt, coincident with increased CO: flux (Fig 1). Our results
are consistent with Black et al. (2018) who, by modelling the climate at the end of the

Permian, found an increase in temperature of 8-10°C
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Figure 2: (A) Cross plot of Th/Sc and Cr/Th illustrating samples with high mafic to ultramafic content. Inset shows

incompatible element plots for the identified high mafic intervals after Pearce (1983) and Fralick (2003) showing

mixing of subcontinental lithosphere (curved line) and subduction zone components (above curved line and N-

MORB components — see horizontal line). Values were normalized to MORB values taken from Fralick (2003).

(B) Paleogeographic schematic modified from R. Blakey (http://jan.ucc.nau.edu/~rcb7/260moll.jpg) illustrating the

approximate location of the Siberian Traps (from lvanov, 2007) in relation to our sample site. Locations of islands

are approximate.

after a threefold increase in CO2related to the end-Permian Siberian Trap volcanism.
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Our findings also agree with temperature estimates by Sun et al. (2012) who used
oxygen isotopes to postulate a Late Smithian thermal maximum between 251 Ma to

250.7 Ma, followed by a global cooling event.

As a doubling of dissolved CO2 can decrease seawater pH by approximately 0.25
units (Rhein et al., 2013), this suggests that the oceans experienced an acidification
event with an initial drop of up to 0.55 pH units (assuming atmosphere-ocean
equilibrium). This initial acidification appears to have reversed by the late Smithian,
with a sudden decrease in carbon flux (Supplementary Table 2). At the end-
Smithian, however, the values of emitted carbon dioxide rise again, suggesting a
drop of 0.52 pH units. While ocean acidification has been demonstrated to have
been a contributing factor to the end-Permian mass extinction (Hinojosa et al., 2012;
Payne et al., 2010; Liang et al., 2002, Clapham and Payne, 2011, Sephton et al.,
2015), no evidence has been provided, before now, for acidification contributing to
the end-Smithian extinction; although, the possibility of ocean acidification at this

time has recently been raised (Shen et al., 2019).

When all geochemical data are considered together, it is possible to elucidate a
timeline of volcanic events. An initial, comparably small, eruptive pulse occurred at
251.4 Ma (Phase 1: initial eruption; the start of the Smithian), during which ultramafic
derived sediments were delivered to the basin and relatively minor degassing
occurred (0.4 Gt COg2; Fig 1). This initial pulse was short-lived, as indicated by the
sudden lack of ultramafic detritus within the mid- to end-Smithian (Phase 2:
degassing; Fig. 1). Although ultramafic input to the basin ceased during Phase 2,

atmospheric degassing waxed then waned, with the highest volumes of CO2 (0.418
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Gt COz2) being released during the start of this phase (Fig. 1). A weathering proxy
(Rb/K) shows unusually high values (> 0.0035) corresponding to the timing of CO2
input during Phase 2. The presence of bioclastic debris (Fig. 1) suggests that marine
conditions became increasingly favorable as atmospheric degassing declined
through the mid- to end-Smithian. The final phase, Phase 3 (the main eruption
phase) began at the end-Smithian boundary, 250.2 Ma. While CO. degassing
increased, ultramafic derived sediment input to the basin increased markedly, as
indicated by the highest recorded Ni, V, and Cr values (in excess of 1000 ppm).
Mercury also occurs in the highest observed concentrations (in excess of 100 ppb)
during this phase. Our Th/U data show a sharp, large positive increase of ~1 at the
end-Smithian (Fig. 1). Thorium is redox independent, while anoxic conditions lead to
increased U removal, resulting in lower seawater U concentrations and an increased
Th/U ratio during periods of anoxia (Elrick et al., 2011). Significantly, the loss of
bioclastic material at the end-Smithian is coincident with the start of Phase 3,
marking the end-Smithian extinction. Marine anoxia in this case does not appear to
correspond to increased weathering, but instead with increased volcanic output

(sediment and gas) and the loss of biota at the end-Smithian.

Here, for the first time, we provide sedimentological evidence documenting the
influence from an end-Smithian Siberian Trap volcanic eruption in western Canada
that coincides with U-Pb dates for two eruption dates of ~251.4 Ma and ~250.2 Ma
(Kamo et al., 2003, Paton et al., 2010, Burgess and Bowring, 2015). Following the
initial eruptive pulse of volcanic materials (~251.4 Ma), modelling results based on

carbon isotope data indicate that a sudden but significant period of CO2 outgassing
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occurred in the Early-Smithian, with calculated temperature fluctuations of up to
10°C and a decrease in pH of 0.55 units. This initial outgassing was accompanied by
little eruptive material and, as it declined in volume, gave way to biotic recovery. The
second outgassing, which occurred at the end-Smithian, while more gradual, was
accompanied by volcanically sourced sediment transported by fluvial, marine and
atmospheric process, as well as marine anoxia and the extinction of carbonate-
generating biota (~250.2 Ma). This suggests large igneous provinces, such as the
Siberian Traps, can produce significant outgassing without coincident ashes or
dykes, and that volcanic outgassing of CO2 alone was not enough to trigger a
subsequent extinction event. Instead, it was the combined effects of massive
outgassing and eruptive material that triggered the end-Smithian mass extinction.
This correlation may be due to the fact that magmas erupted close to the surface,
which experience a lower overburden pressure, end up producing more sulfur-
enriched gases than magmas sourced deeper in the crust (Gaillard et al., 2011). This
leads to increased sulfuric acid production in the atmosphere, and ultimately, acid

deposition on land, thereby generating a greater flux of volcanic sediments.

Methods

Samples were analyzed using both inductively coupled plasma mass spectrometry
(ICP-MS) and inductively coupled plasma optical emission spectrometry (ICP-OES)
at Chemostrat laboratories in Houston, Texas, a laboratory accredited to I1SO
17025:2005 (equivalent to ISO 9000). Following procedures outlined in Hildred et al.

(2010), samples were cleaned using water and solvent to remove surface
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contamination. Subsequently, samples were pulverized using an Agate mortar and,
in preparation for ICP-MS and ICP-OES, subjected to a Li-metaborate fusion

procedure (Jarvis and Jarvis, 1992).

Remnant pulverized sample material was additionally analyzed for 8'3C cars
and 8'®0 using a Kiel Il — MAT 252 IRMS at Chemostrat laboratories. Isotopic
composition is reported relative to Vienna Pee Dee Bellemnite (VPDB) standard, in
delta notation. Analytical precision, +/- 0.18 (20), and accuracy, +/- 0.03 (20), was
determined from replicate measurements of the international standard NBS19 and
internal standards. Additionally, pulverized sample material was analyzed for
86C"30ora at the Institut Universitaire Européen de la Mer and at Yale University for Hg

content following standard methods.

The box model was generated using equations found in Payne and Kump,
2007. Particular inputs are as follows: phosphate weathering was set as 130 x 10'®
mol/ky; organic carbon weathering was set as 8 x 10'® mol/ky; carbonate weathering
was set to 24 x 10"® mol/ky; silicate weathering was set to 8 x 10'® mol/ky after the

values used in Payne and Kump, 2007.
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Chapter 4: Clinoform identification and correlation in fine-grained sediments:

A case study using the Triassic Montney Formation

Introduction

Correlation of thick, fine-grained lithological successions often poses challenges that
are commonly not resolvable through traditional stratigraphic techniques. These
include: (i) minimal grain-size variation; (ii) lateral changes in unit thicknesses tied to
structural features; (iii) differential subsidence and the occurrence of broad internal
clinoforms; and (iv) the occurrence of local and regional unconformities. Elemental
chemostratigraphy provides a solution to these challenges by identifying lithological
changes that are not apparent under direct observation, and in recent years it has
been shown to be an invaluable tool for stratigraphic correlation in a number of
successions (e.g. North et al., 2005; Hildred et al., 2010; Wright et al., 2010; Ratcliffe
et al., 2015). Questions pertaining to regional anoxia (Retallack et al., 1997; Algeo et
al., 2004; Ratcliffe et al., 2012), productivity (e.g. Hays et al., 2007), sediment
provenance and source (Armstrong-Altrin et al., 2004; Pearce et al., 2005), as well
as palaeoclimate (Armstrong- Altrin et al., 2004; Ratcliffe et al., 2010), have also

been successfully investigated using chemostratigraphy.

Despite the wide applicability of chemostratigraphic analysis, it has largely
been underutilized in identifying and correlating chronostratigraphic surfaces (such
as clinoforms). This paper outlines the application of chemostratigraphic analysis for
determining chronostratigraphic surfaces in fine-grained sediments, using the Lower

Triassic Montney Formation of Western Canada as an example. The Montney
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Formation is a fine-grained, locally organic-rich formation deposited over a wide

range of sedimentary environments, from the proximal to distal clastic ramp.

Traditional methods of stratigraphic correlation often focus on lithology and
fossil content; however, this method can be challenging in units of apparent
lithological homogeneity (such as in thick shale or siltstone successions), especially
when fossil evidence is sparse. Analysing chemical trends allows for the
identification of subtle mineralogy-based variations that cannot typically be identified
by traditional correlation techniques. Geochemical proxies for clay input can be
analysed alongside proxies for sediment provenance, mineralogy and detrital influx.
This provides a stratigraphic context that allows for genetically related deposits to be

correlated.

The determination of provenance or redox specific information requires the
use of specific elemental relationships or ‘proxies’, which can be selected based on
demonstrated correlation with specific factors, such as the effects of oxidation state
on the formation/alteration of some mineral components (e.g. Wedepohl, 1971;
Arthur et al., 1990; Calvert & Pedersen, 1993; Algeo et al., 2004; Algeo & Lyons,
2006; Kendall et al., 2011; Asael et al., 2013; Chappaz et al., 2014; Reinhard et al.,
2014; Planavsky et al., 2014), known effects of trace element sequestration due to
biological activity and organic matter (e.g. Berner & Westrich, 1985; Rabouille &
Gaillard, 1991; Fein et al., 1997; Tribovillard et al., 2006; Lalonde et al., 2008; Anbar
& Rouxel, 2007; Gadd, 2010; Liermann et al., 2011; Liang et al., 2013; Pokrovsky et
al., 2014), the influence of weathering, palaeogeography and palaeoclimate on

mineralogy (e.g. Plank & Langmuir, 1998; Preston et al., 1998; Pearce et al., 1999,
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2010; Hofmann et al., 2001; Hofer et al., 2013; Clift et al., 2014; Ratcliffe et al.,
2015), the unique compositional signature of mafic/felsic/ultramafic source rocks
(e.g. Reategui et al., 2005) and diagenetic reactions (e.g. Froelich et al., 1979;

Morton, 1985; Curtis et al., 1986; Canfield et al., 1993).

The overarching goal of this work is a consistent, regional correlative
framework of the Triassic Montney Formation. Geochemical elements and ratios
used in this study were chosen to reflect indicators that are not: (i) heavily influenced
by processes such as oxidation state (which can vary with water depth as well as
with diagenesis); and (ii) palaeoproductivity (which can vary geographically). As
such, this study used various elemental ratios, including: (i) clay indicators (Cr/Sc,
Zr/La, Zn/Sc, SiO2 / Al2 O3 , Ga/Rb, K2 O/AI2 O3 , K2 O/Rb, Na2 O/AI2 O3 and
Rb/Al; Plank & Langmuir, 1998; Preston et al., 1998; Pearce et al., 1999, 2010;
Hofmann et al., 2001; Hofer et al., 2013; Clift et al., 2014; Ratcliffe et al., 2015); (ii)
detrital input and sediment recycling indicators (TiO2 /AI2 O3 , TiO2 / K2 O, Lu/Hf and
Sc/Zr; Dean et al., 2002; Croudace et al., 2006; Cuven et al., 2010; Ratcliffe et al.,
2006); (iii) provenance indicators (Ni/Al, Cr/Al, Th/Sc, Ti/Zr, MgO/AI2 O3 and Ti/Nb;
Amorosi et al., 2007; Dinelli et al., 2007); and (iv) mineralogical indicators (P2 O5
/AI2 O3 and Cr/Nb, Lu/Zr and Cr/Zr; Bhatia & Crook, 1986; Morton & Hallsworth,
1994; Cingolani et al., 2003; Ratcliffe et al., 2004, 2006; Wright et al., 2010; Clift et
al., 2014). Some elements used, such as Fe, S, U and P, are redox-sensitive and
palaeoproductivity indicators. However, in this study, these elements were analysed

in the context of mineralogical and hydrothermal indicators only.
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By utilizing these geochemical proxies, this paper outlines correlative
chemostratigraphic packages, herein referred to as ‘chemofacies’, within the
Montney Formation and ties them to well logs. Additionally, conodont analyses
published by Golding et al. (2014) and Orchard & Tozer (1997), on outcrop and one
of the wells used in this study, anchor the geochemical data set of the current study
to the existing regional biostratigraphic framework. The identification and correlation
of these geochemically distinct packages reveals regional clinoform surfaces within
the Montney Formation and provides an initial template for developing regionally
consistent stratigraphic and palaeogeographic models for other fine-grained
successions. Elemental correlations, analysed through Pearson product moment
correlation analysis (PPMC) and eigenvector analysis (EA), support mineralogical
data obtained using X-ray diffraction (XRD). When combined with geochemical
proxies for provenance, mineralogy, clay and detrital input, these observations
highlight trends in sediment sourcing, relative sea-level, climatic effects and identify

intervals of inferred hydrothermal input to the basin.

Geological Setting

Within the Western Canada Sedimentary Basin (WCSB), the earliest Triassic
deposits in the subsurface are assigned to the Montney Formation. The Montney
Formation was deposited on the western margin of Pangaea (eastern Panthalassa
margin) and is thickest in the area of the Peace River Embayment (the Peace River

Basin) (Fig. 1; Davies et al.,, 1997). The Peace River Embayment is a broad
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structural basin formed during the Carboniferous as a result of the collapse of the
Peace River Arch, a structural Precambrian high that remained emergent until the
end of the Devonian (Richards et al., 1994; Davies et al., 1997; Moslow & Davies,
1997). During the Early Triassic, Western Canada was rotated approximately 30°
clockwise from its current orientation, with the regional shoreline trend approximately
parallel to the axis of the modern Rocky Mountains (Golonka et al., 1994; Davies,

1997; Golonka & Ford, 2000).
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Figure 1: Palaesogeographic map outlining the location of all sample sets. Map after Zonneveld et al. (2011) and
Blakey (2006). Sample locations are denoted by circles, an outcrop location is shown by an X', and the type well

is also marked. Locations of sample sets are as follows: (A) Ursula Creek outcrop; (B) 16-17-083-25W6; (C) c-

74-G/ 94-B-9; (D) d-48-A/94-B-9; (E) 11-20-082-02W6; and (F) 2-30-070-24WS5.
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The Montney Formation is ca. 300 m thick and extends over 150 000 km? of
north-eastern British Columbia and west-central Alberta (Edwards et al., 1994). It
consists of siltstone, sandstone and coquina deposited in environments that range
from shoreface to distal offshore, including turbidites (Davies et al., 1997; Moslow &
Davies, 1997; Dixon, 2000; Moslow, 2000; Utting et al., 2005; Hays et al., 2007,
Zonneveld et al., 2010a). Within the study area, the Montney Formation is
unconformably overlain by the Doig Formation and unconformably underlain by the

Belloy Formation.

Previous stratigraphic analyses of the Montney Formation have focused on
traditional core and well log correlations supported by limited biostratigraphic
(conodont) data (Zonneveld et al., 2007; Beatty et al., 2008; Zonneveld et al.,
2010a,b; MacNaughton & Zonneveld, 2010; Golding et al., 2014; Sanei et al., 2015;
Wood et al.,, 2015). Temporal constraints on Montney deposition are limited to
biostratigraphic analyses in outcrop and subsurface, and demonstrate that
deposition occurred from the start of the Triassic (250 Mya) to the Anisian (247 Mya;
e.g. Tozer, 1994; Paull et al., 1997; Utting et al., 2005; Orchard & Zonneveld, 2009;
Zonneveld et al., 2010a; Golding et al., 2014). Although palynomorphs, bivalves and
ammonoids have proven useful in some studies (e.g. Tozer, 1994; Utting et al.,
2005), conodont biostratigraphy is the most effective, provided that sufficient material
is available to produce diagnostic elements (Paull et al., 1997; Orchard & Zonneveld,
2009; Golding et al., 2014). To this end, the key well used for this study (UWI 16-17-
083-25W6; full core) has been lithologically described and dated using conodont

analysis (Golding et al., 2014).
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Methods

A total of 641 samples were analysed and include core samples (wells c-74-G/94-b-
09, d-48-A/94-b-09, 2-30-070-24W5, 16-17-083-25W6 and 11-20-082-02W6) and
outcrop samples (Ursula Creek, British Columbia; Fig. 1). The wells and outcrop
were chosen to create a transect perpendicular to the Triassic palaeoshoreline.
Samples from these locations were analysed using Thermo Scientific XSERIES 2
ICP-MS and iCAP 7000 Series ICP-OES (Thermo Fisher Scientific, Waltham, MA,
USA) at Chemostrat and a Perkin EImer ICP-MS and Spectro ICP-OES (Perkin
Elmer, Waltham, MA, USA) at Bureau Veritas Mineral Laboratories. Additionally, one
data set, 2-30-070-24W5, was analysed using a Bruker AXS D8 Advance
Diffractometer (Bruker, Billerica, MA, USA) at SGS Mineral Services in Lakefield,

Ontario.

A statistical evaluation of the correlation between mineralogical and elemental
data was conducted using PPMC and EA on DataDesk 6.3.1 (Data Description Inc.,
Ithaca, NY, USA). Additionally, chemostratigraphic packages were defined using
principal component analysis and cluster analysis on the most complete core data
set (16-17-083-25W6), which was used as the type section. In total, 84 variables
were considered (Table 1). The variables used fall into eight categories: (1) oxides;
(2) unaltered trace element data provided by the analytical laboratories; (3) oxide
elements, with the calculated elemental portion of the oxides converted to ppm; and

(4) to (8) indicators, comprised of ratios of elements or oxides.
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Chemofacies were then analysed and summarized using clay indicator ratios
(Cr/Sc, ZrlLa, Zn/Sc, SiO2/Al203 , Ga/Rb, K20/Al203, K20/Rb, Na20/Al.03 and
Rb/Al), provenance indicator ratios (Ni/Al, Cr/Al, Th/Sc, Ti/Zr, MgO/Al>O3 and Ti/Nb),
detrital input indicators (TiO2/Al>O3, TiO2/K20, Lu/Hf and Sc/Zr) and mineralogical
indicators (P20s/Al203, Cr/Nb, Lu/Zr and Cr/Zr). An average value of each ratio was
determined from the type section. These overall average values were compared to
the averaged values generated from within each chemofacies in order to make broad
interpretations. Due to the low elemental immobility, and the relation to detrital input,
subsequent data sets were correlated primarily using the signatures of Sc/Zr, Lu/Hf
and Zr/La (see the Elemental indicators section below for a more detailed
explanation of the ratios used in this study). For a detailed methodology, refer to the

Data S1 (located in Appendix 2).

Elemental indicators

Clay indicators

Some elemental ratios, for example Ga/Rb, are interpreted to reflect the proportion
of kaolinite to illite (Ratcliffe et al., 2010, 2015; Hofer et al., 2013) because kaolinite
is a major carrier of Ga (Wang et al., 2011; Dai et al., 2012a). Although K/Rb can
reflect weathered versus volcanoclastic input (Plank & Langmuir, 1998), when
compared to the ratio K2O/Al203; K/Rb can also indicate high illite content (i.e. low
values of K/Rb paired with high K2O/Al.O3 indicate high illite content; Ratcliffe et al.,

2006, 2015; Hofmann et al., 2001; Hofer et al., 2013). Additionally, high Rb/Al2O3

54



ratio values indicate high proportions of illite and mica with little kaolinite (Pearce et
al., 2005). The ratio of Na/Al can act as a proxy for smectite content (Hofmann et al.,
2001; Hofer et al., 2013). Chromium is associated with chlorite while Sc is
associated with kaolinite (Ratcliffe et al., 2015). In general, Sc and Ga are observed
to correlate with light rare earth elements (LREE) and Al in kaolinite, although Ga
has been observed to adsorb onto illite and montmorillonite under certain pH
conditions and can be associated with Cr-spinels (Esser et al., 1991; Paktunc &
Cabri, 1995; Takahashi et al., 1999; Hofmann et al., 2003; Tyler, 2004; Dai et al.,
2006, 2008, 2012a,b; Pearce et al., 2010; Wang et al., 2011; Benedicto et al., 2014).
The ratio of Zr/La can indicate clay and mica content because Zr is often associated
with heavy minerals such as garnet and zircon, while La is often bound in the clay
and mica fraction (Plank & Langmuir, 1998; Preston et al., 1998; Pearce et al., 1999,
2010). For example, ratios such as Zr/La can be used to assess for elemental
dilution (Preston et al., 1998). Pearce et al. (1999) discussed the need to account
for elemental dilutions due to elements of a more detrital nature (for example, Si and
Al) being ‘diluted’ in zones that have been highly cemented by carbonate. By
comparing the Zr/La ratio to geochemical proxies for carbonate input (such as Ca, Sr
and Mg), the dilution effect can be investigated. Because illite fixes Zn much more
readily into its structure than kaolinite (Reddy & Perkins, 1974) and Sc (along with
Ga) is often sequestered with other REE and Al into kaolinite (Esser et al., 1991;
Paktunc & Cabri, 1995; Takahashi et al., 1999; Hofmann et al., 2003; Tyler, 2004;
Dai et al., 2006, 2008; Pearce et al., 2010; Wang et al., 2011; Dai et al., 2012a,b;
Benedicto et al., 2014), the ratio of Zn/Sc, in the context of other clay proxies, can be

used to determine illite/kaolinite proportions (Pearce et al., 1999). Similarly, the
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TiO2/K20 ratio is representative of the amount of anatase relative to illite (Ratcliffe et

al., 2006).
Category Number of variables
Oxdides 10
Oxide Elements 10
Trace Elements 40
Clay Indicators 7
Provenance Indicators 5
Detrital Indicators 4
Mineral Indicators 6
(Grain-size Indicators 2
All data 84

Table 1: Summary of the variables used in principal component analysis cluster analysis.

Detrital indicators

Perhaps the most commonly used, the TiO2/Al203 ratio can indicate specific
sediment flux, in this case aeolian input and also detrital flux associated with relative
sea-level change (Chen et al., 2013). Additionally, sediment recycling concentrates
heavy minerals, especially zircon, in the sediment, allowing for ratios such as Sc/Zr
to be used to indicate the relative intensity of sediment recycling (McLennan et al.,
1993; Mongelli et al., 2006). Likewise, the ratio of Lu/Hf, because of the higher
concentration of Hf in zircons, can indicate continental shelf versus pelagic clay
deposits (Patchett et al., 1984; Plank & Langmuir, 1998). Because the mineralogical

products of weathering are often higher in K content, while Ti content largely remains
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unchanged during weathering, the ratio of TiO2/K20 can be used to determine the

relative input of weathered material into the basin over time (Wei et al., 2003).
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Figure 2: Detrital indicator profiles for well 16-17-083-25W6. Depths are in metres. Chemofacies are numbered
from 1 to 13 (right). Simplified interpretations of concentrations are labelled at the base with arrows. For

references, refer to the Elemental indicators section in the text.
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Figure 3: Provenance indicator profiles for well 16-17-083-25W6. Depths are in metres. Chemofacies are
numbered from 1 to 13 (right). Simplified interpretations of concentrations are labelled at the base with arrows.

For references, refer to the Elemental indicators section in the text.
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Provenance indicators

Ratios, such as Cr/Al and Ni/Al, are uninfluenced by grain-size changes (Dinelli et
al., 2007). Because Cr can be associated with both heavy minerals and clays
(Meinhold et al., 2007), the ratio Cr/Al can indicate Cr enrichment associated with
heavy minerals sourced from igneous rocks (Preston et al., 1998; Ratcliffe et al.,
2004; Wright et al., 2010). Likewise, an excess of Ni relative to Al can indicate
ultramafic provenance (Amorosi et al., 2007). Zirconium/Niobium has been
demonstrated to indicate ultramafic igneous input, with Nb being associated with Nb-
rich rutile (Ratcliffe et al., 2006). High values of Th/Sc are interpreted as resulting
from felsic sediment components, with Th/Sc having been used as a measure of the
degree of igneous differentiation (McLennan et al. 1990, 1993; Hofmann et al.,
2003; Lopez de Luchi et al., 2003; Bracciali et al., 2007). The ratio Mg/Al (normalized
to account for grain-size variation) can indicate ultramafic input or dolomite when
associated with Ca (Amorosi et al., 2007; Dinelli et al., 2007). This ratio has also
been demonstrated to indicate Mg-rich clay (for example, palygorskite) input in
deposits related to the Negev loess (Israel et al., 2015). Additionally, Ti/Nb has been
demonstrated to indicate igneous input and has been linked to intraplate settings
with basaltic volcanism (Bonjour & Dabard, 1991). The ratio of Ti/Zr has been
demonstrated to distinguish turbidites from various tectonic sources and can (when
plotted against La/Sc) reveal the tectonic setting of the sediment (Bhatia & Crook,

1986; Cingolani et al., 2003).
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Mineralogical indicators

In terms of trace element abundance, Ti, Nb and Ta are related to the presence of
heavy minerals (foremost rutile, but also anatase, iimenite and leucoxene; Pearce et
al., 2010). Niobium is associated with Ti in rutile (Preston et al., 1998), and therefore,
the TiO2/Nb ratio can be used to account for rutile-associated Nb. lron has been
linked to the presence of Fe-oxyhydroxides (for example, goethite), pyrite and/or
ferroan dolomite (Pearce et al., 2010). Calcium, Mg, Mn and Sr are generally
associated with carbonate minerals (for example, calcite, dolomite and siderite;
Pearce et al., 2010). In addition to feldspar, Na can be present in the clay fraction as
well as in halite (Pearce et al., 2005, 2010). The concentrations of K, Rb and Cs are
controlled primarily by the amount of illite and mica present (Pearce et al., 2010).
The deposition of P in sediments is related to multiple factors including
palaeoproductivity and hydrothermal flux (Feely et al., 1994; Wheat et al., 1996;
Tribovillard et al., 2006). Because of the co-occurrence with organic matter,
phosphorous is often present in association with clays and can indicate the presence
of biogenic phosphatic fish remains and calcareous microfossils (Pearce et al.,
2010). When present with Fe, Mn and REE, the presence of P has been linked to
siderite (Pearce et al., 2010). Substitutions within apatite include Y and REE for Ca,
with Sr balancing the remaining charge (Preston et al., 1998). Chromium (lll) occurs
within spinel, often substituting for Al (lll) or Fe (lll) (Preston et al., 1998). Chromium-
spinel is found in primitive basic igneous rocks and ultrabasic igneous rocks (Preston

et al., 1998). The similar ionic radii of Nb and Ti allow the former to substitute into the
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crystal lattice of Ti-bearing minerals such as ilmenite and rutile; however, Nb-rich
rutile is generally restricted to ultramafic, alkaline, igneous rocks (Preston et al.,
1998). Therefore, the ratio of Cr/Nb can be used to estimate the abundance of Ti-
oxide heavy minerals and is thought to reflect variation in the abundance of Ti-oxide
heavy minerals with respect to spinel (Ratcliffe et al., 2015). The ratio of Lu/Zr is
closely related to the garnet/zircon index (GZi index) and reflects the proportion of
garnet to zircon (Wright et al., 2010). The GZi index has been used to fingerprint
unique heavy mineral populations related to different sandstone types, which reflect
overall lithological differences (Morton & Yaxley, 2007). Likewise, Cr/Zr is a proxy for
the chrome-spinel/zircon index (CZI index), which is another provenance-sensitive
ratio (Morton & Hallsworth, 1994; Ratcliffe et al., 2006; Morton & Yaxley, 2007;

Wright et al., 2010).
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Figure 4: Clay indicator profiles for well 16-17-083-25W6. Depths are in metres. Chemofacies are numbered
from 1 to 13 (right). Simplified interpretations of concentrations are labelled at the base with arrows. For

references, refer to the Elemental indicators section in the text.

Results and Interpretation by Category

Chemofacies descriptions

Results

Thirteen chemofacies were recognized based on differences in the abundances of

major oxides, trace elements and elemental ratios. Twelve packages were first

identified and defined in the most complete sample set (16-17-083-25W6; Figs 2 to
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5) using cluster and principal component analyses; although only occurring in the
basal data point (and thus statistically insignificant), a thirteenth division was added
based on the published contact between the Permian Belloy Formation and the
Montney Formation in this data set (Golding et al., 2014). Chemofacies are herein
defined as distinct bodies of rock characterized by a particular combination of stable
isotopic signatures, oxide elemental patterns, trace element signatures or element
ratios dependent on underlying mineralogical controls and organic matter that
distinguish them from surrounding strata. The chemofacies identified in this study are
labelled in stratigraphic order, beginning at the base. Numerical values for each
chemical ratio were averaged for the entire 16- 17-083-25W6 data set; this average
was compared to the calculated average value for each chemofacies in Tables 2 to

5.
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Figure 5: Mineralogical indicator profiles for well 16-17-083-25W6. Depths are in metres. Chemofacies are
numbered from 1 to 13 (right). Simplified interpretations of concentrations are labelled at the base with arrows.

For references, refer to the Elemental indicators section in the text.
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Interpretation

Average values displayed in Tables 2 to 5 were used to guide the interpretation of
each chemofacies, the details of which are listed in Table 6. These interpretations
highlight perceived changes in clay content throughout the sample set; namely,
chemofacies 1 to 5 show high clay input, with low smectite and kaolinite content and
greater amounts of illite (Fig. 4). Within chemofacies 5, there is a shift to high
smectite content and, by chemofacies 7, a switch from generally high to low clay
content. Additionally, illite is replaced by kaolinite and smectite as the more abundant
clay phases. Chlorite appears in higher than average proportions in chemofacies 1

(Belloy Formation) and chemofacies 13 (Doig Formation).

Chemostratigraphic correlation

Results

Correlation between wells reveals the presence of various chemofacies within each
well or outcrop sample set. Data sets were correlated with the type well using proxy
ratios for detrital flux (Sc/Zr and Lu/Hf) and clay input (Zr/La), which should not be
affected by fluctuations in redox conditions or diagenesis. Detailed correlation of
each data set is visible in Figs S1 to S20; additional supplementary figures illustrate
points of correlation between the type data set and each additional well (Figs S21 to
S25; see Appendix 2), as well as lithologues for four data sets (Figs S26 to S29; see

Appendix 2).
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Interpretation

Data from Ursula Creek were found to correspond with all 13 defined chemofacies
(Fig. 6). Wells d-48-A/94-B-9 and c-74-G/94-B-9 were found to contain chemofacies
8, 9, 10 and a small portion of 11. This suggests that an unconformity is present, with
erosion having removed most of chemofacies 11, and all of chemofacies 12. Data
from well 11-20-82-2W6 were found to correspond to chemofacies 2 and 3. Well 2-
30- 70-24W5 was interpreted to correspond to chemofacies 1, 2, 3, 7 and 8. Both
wells 11-20- 82-2W6 and 2-30-70-24W5 are missing chemofacies 9 to 12, which
suggests erosion, and have thicker lower chemofacies. Thicker lower chemofacies in
the eastern data sets (wells 11- 20-82-2W6 and 2-30-70-24\W5) suggests clinoform
deposition from the east. Correlatable conodont intervals, as previously described by
Golding et al. (2014) and Orchard & Tozer (1997), occur in chemofacies 7 (well 16-
17-083-25W6 and Ursula Creek; Fig. 6). The precise horizons from which the
conodont samples were obtained are indicated on the sections identified herein.
These samples provide a means of calibrating the chemofacies with the global
integrated ammonoid-conodont biostratigraphic zonation, which is based in large
part on the British Columbia Triassic succession (Tozer, 1994; Orchard & Tozer,
1997; Orchard & Zonneveld, 2009; Golding et al., 2014). Additionally, P/Fe data from
wells 16-17-083-25W6, d-48-A/94-B-9, c-74-G/94-B-9, and the outcrop Ursula Creek
all indicate high P/Fe within chemofacies 7 and 8, which supports the interpreted

correlations.
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Elemental associations and mineralogy

Results

The PPMC for each oxide and element was calculated to determine mineralogical
associations for each core and the Ursula Creek outcrop (Table 7 and Tables S1 to
S6; Appendix 2). Values exceeding +/-0.8 were considered to represent strong
positive or negative correlations, where a value of +/-1 implies perfect positive or
negative correlation (Deutsch, 2002). Elements that have a high correlation with one
another include SiO2, Al2O3, TiO2 and K20 (referred to as the silicate oxides). CaO
correlates negatively with SiO2 and positively with MnO and MgO. Of note, Th, Ta,
Nb, Rb, Ga and Sc share a high PPMC with the SiO2 and negatively correlate with
CaO. Nickel and barium also correlate positively with K2O. Hafnium correlates well
with Na20O and Zr. As would be expected, the REE correlate strongly with one

another.
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Chemofacies Ti/Al Sc/Zr Lu/Hf Ti/K

13 Max 0-080849 0043779 0-173555 0-170706
Min 0-059138 0.005979 0-029456 0127007
Avg 0-064859 0-031454 0-092964 0145504
12 Max 0-074222 0030399 0-084082 0198194
Min 0-063336 0011721 0-039973 0165484
Avg 0-068147 0-02187 0-051852 0179885
11 Max 0-076006 0037303 0-062728 0-18926
Min 0-06199 0021035 0-047911 0161212
Avg 0-070189 0-027035 0054473 0176587
10 Max 0-068321 0042413 0-087519 0-186066
Min 0-063022 0026862 0-049446 0-159848
Avg 0-064733 0-033378 0-05982 017563
9 Max 0-072897 0039814 0-070306 0208827
Min 0-060782 0024184 0-047167 0-178039
Avg 0-0666 0-03026 0-054408 0197164
8 Max 0-071875 0040722 0-078009 0201467
Min 0-063023 0021032 0-047175 0-163489
Avg 0-067303 0-031435 0057197 0178699
7 Max 0-073922 0053382 0-120945 0243106
Min 0-053016 0.016499 0-041868 0-169261
Avg 0-063546 0-033181 0-064096 0203927
6 Max 0-07461 0049462 0-067065 0-2409
Min 0-062391 0024333 0-049591 0-175265
Avg 0-069363 0-033184 0-055683 0221709
5 Max 0-068878 0057641 0-094791 024838
Min 0-053437 0.030539 0-055284 0-172797
Avg 0.062174 0-043994 0-06734 0:205108
4 Max 0-065819 0067887 0-074359 0238807
Min 0-057334 0.037093 0-056949 0-201989
Avg 0-061495 0-04671 0-064463 021512
3 Max 0-069375 0056266 0-080454 0239093
Min 0-059928 0.026031 0-051332 0-206833
Avg 0-066101 0-041434 0-063167 0224788
2 Max 0-06739 007577 0-107734 02096
Min 0-055197 0039477 0-061322 0-177362
Avg 0-062575 0-052278 0-073085 0194342
1 Max 0-040829 0064328 0-118158 0119407
Min 0-040829 0.064328 0-118158 0-119407
Avg 0-040829 0-064328 0-118158 0119407

Table 2: Calculated values for detrital proxy data within each chemofacies, from the type data set (16-17-083-
25W8), including maximum, minimum and average values. These values were compared with the overall
average values for this data set (TiO2/Al:Os = 0.0657, Sc/Zr = 0.0353, Lu/Hf = 0.0632 and TiO2/K:0 = 0.192).

Values above the overall average appear in green; values below the overall calculated average appear in red.

Bulk results of the XRD analysis (detection limit: 0.5 to 2.0%) reveal the presence of
quartz (42 to 71%), dolomite (3 to 20%), microcline (4 to 15%), muscovite (2 to
16%), albite (2 to 9%), diopside (1 to 4%) and accessory minerals (Table 8).

Accessory minerals include pyrite, clinochlore, calcite, ankerite, kaolinite,
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chlorapatite, fluorapatite, brookite, siderite and magnesian calcite. Within the XRD

sample set, quartz is consistently the most abundant mineral, followed by dolomite.

Chemofacies Ga/Rb K/Rb Rb/Al Cr/Sc Zr/La Zn/Sc K/Al Na/Al
13 Max 0143721  447.1661 0-002095 270123 34-03326 256-8932 0-501256 0-208801
Min 0-11274 336-8972  0-001549 9-426651 3-325384 5-362664 0-391936 0-081105
Avg 0124387 383.7705 0-001835 16-78576 8-952996 86-80913 0-447062 0-128345
12 Max 0158361 4319538 0-001658 9.953695 17-63911 55-77653 0-395282 0-200057
Min 0-137179 357-9692 0-001402 5623236 3-811868 2-442895 0-358246 0-117733
Avg 0147251 394.7814 0-00151 6-68064 11-8819 6694111 0-379022 0-145489
11 Max 0161331 4293171 0-00169 7-216126  12-43012 47.05129 0-427444  0-165247
Min 0-141334  337-661 0-001456 5-381372 7-386836 3-145944 0-363704 0-114875
Avg 0150456  401-2225 0-001556 6:291306 10-76913 14-56291 0-397867 0-144111
10 Max 0161511 406-3616 0-001606 6886009 11-44016 88-21825 0-394261 0-138733
Min 0-147946  348-6106 0-001379 4.760351 5-077812 3-897445 0-345093 0-081716
Avg 0154281 3870522 0-001498 5-86343 9-482 19.-74178 0-369222 0-126461
9 max 0156148 365-6342 0-001775 8013681 12-58312 72-27645 0-357709 0-164609
Min 0-14279 310-5874 0-001454 4.635608 7-80944 3-236714  0-321905 0-119659
Avg 0148344 336-7473 0-001578 6:207366  10-40401 21-79454 0-337878 0-13732
8 Max 0169069 410-8626 0-001877 10-79284 13-556448 121-1066 0-40682 0-17951
Min 0-136376  310-1469 0-001458 5-274246 4-B78766 2-680357 0-35415 0-104558
Avg 0-148075 356:5648 0-001667 7-379145 9-950678 34-14526 0-377362 0-135034
7 Max 0-155409 3800742  0-001757 6-860339  13-8056 49-99996 0-374848 0-242245
Min 0-1358 257-8504 0-001459 4.866671 3-586812 2-722726  0-247776 01242
Avg 0-146077 305-9059 0-001622 5-982422 8-915995 9136538 0-315692 0-158982
6 Max 0-147924 3491123  0-00185 7-454226  11-99854 102-0715 0-391681 0-183252
Min 0-128235 261-1168 0-001508 5-726949 6-983901 2-207871 0-295087 0-102822
Avg 0138522 294-5231 0-001675 6-469519 10-26135 7-895225 0-31384 0-147736
5 Max 0-158948 322.8516  0-001827 7-189465 10-25548 33-83281 0-321791 0-208736
Min 0-125228 257-0505 0-001516 4.887892 5-392277 3-200026 0-27117 0-087282
Avg 0137639 287-0996 0-001665 6-030078 7-830425 7-40361 0-303945 0-129007
4 Max 0-148307 2771773  0-001821 6:681185 9-828208 12-21662 0-296667 0-141206
Min 0127914 247.7709 0-001632 515183 6-630656 2-376812 0-272759 0-089285
Avg 0-133818 260-103 0-001725 5-999295 8-288536 6-640891 0-285709 0-11043
3 Max 0143752  313-7154  0-00189 8-334991 11-43834 23-26896 0-30733 0-173565
Min 0118853 236-9108 0-001496 5616258 6-609984 2-241635 0-281845 0-074249
Avg 0127163 258:9895 0-001789 6-690059 8-627507 9-621217 0-29415 0-097089
2 Max 0131944 298-7012 0-001862 10-64945 9-230741 15-66155 0-33304 0-085097
Min 0113769 262.1804 0-001695 6-436096 4-89438 1.910621 0-303859 0-046013
Avg 0-121041  284-3407 0-001777 7-147973 7-126561 5-578249 0-322007 0-066654
1 Max 0-152673  262-0636 0-002047 83-4203 1-287697 3-344827 0-341931 0122736
Min 0152673 2620636 0-002047 83-4203 1-287697 3-344827 0-341931 0-122736
Avg 0-152673 262-0636 0-002047 83-4203 1-287697 3-344827 0-341931 0-122736

Table 3: Calculated values for clay proxy data within each chemofacies from the type data set (16-17-083-

25W8), including maximum, minimum and average values. These values were compared with the overall

average values for this data set (Ga/Rb = 0.14, K/Rb = 330.75, Rb/Al = 0.0017, Cr/Sc = 7.629, Zr/La = 9.40,

Zn/Sc = 19.1453, K:0/Al,03 = 0.347 and Na:O/Al.0s= 0.129). Values above the overall average appear in green;

values below the overall calculated average appear in red.
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Principal component analyses were conducted on all data sets, and plots of
eigenvector one versus two were produced (Fig. 7). Four major, consistent elemental
clusters are observed within the plot series. A cluster of elements, termed the heavy
element cluster, occurs in the centre and includes Mo, Zn, V, W, Ni and Cr. The REE
and Y occur together in all plots and are referred to as the REE+Y cluster. K20, Rb,
Al203, Nb, TiO2, Ga, Ta, Cs, Be and Sc also occur in close association and comprise
the Al203 cluster. MnO, MgO and CaO generally plot very closely together and are
defined as the MgO group. Interestingly, in well c-74-G/94-B-9, CaO occurs in a
cluster with Sr, P.Os and U, separate from MgO and MnO (Fig. 7F). Na2O occurs
apart from major clusters and is associated with various other elements (Cr, Cu, Sn,
Be, Zn, Co, Ni and Pb). TiO2 clusters with Nb in all plots. Chromium is observed to
occur in association with varying elements (Ni, Sr, Ce and Co) but is often isolated
from the major clusters (Fig. 7D). Zirconium occurs in close proximity to Hf in all
plots. SiO2 occurs in isolation in the plots for wells 11-20-082-02W6 and 2-30-070-
24WS5. In the remaining wells and outcrop, SiO2 occurs in association with the Al203
cluster. Fe2Os3 plots with S in the plots for Ursula Creek and wells 16-17-083-25W6,
d-48-A/ 94-B-9 and c-74-G/94-B-9. These two elements are closely associated in
well 11-20-082-2W6 and plot near the Al,Os cluster. Strontium is often closely

associated with CaO (Fig. 7A, C, D and F).
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Chemofacies P,04/Al,0, Cr/Nb Lu/Zr Cr/Zr

13 Max 2-36943706 30-15989 0-004026 1-000416
Min 0-03037241 7-493004 0-000711 0-07288
Avg 0-52630791 17-57344 0-002212 0-538475
12 Max 1-36807648 7-943239 0-002026 0-214815
Min 0-02091007 4-533239 0-000977 0-085984
Avg 0-10384847 5-1276 0-001343 0-143382
11 Max 0-07377165 5-623304 0-001688 0-211382
Min 0-01811236 4-107049 0-001226 0-134706
Avg 0-03213233 4-562836 0-001425 0-169215
10 Max 0-04308528 5-175084 0-002334 0-217686
Min 0-01845087 4-220701 0-001251 0-165229
Avg 0-02669023 4-602506 0-001551 0-19396
9 Max 0-0303379 5-624254 0-001886 0-258933
Min 0-01595749 4-372693 0-001228 0-145316
Avg 0-01931425 4-820874 0-001442 0-18593
8 Max 0-16003218 9-515539 0-002052 0-394119
Min 0-01197805 4-48655 0-001272 0-128549
Avg 0-03224329 5-997805 0-001532 0-232964
7 Max 0-1059192 6-692056 0-00328 0-302098
Min 0-01863884 4-499245 0-001084 0-103786
Avg 0-03880327 5-303066 0-001662 0-194837
6 Max 0-04269826 5-897517 0-001705 0-31278
Min 0-01734135 4-57523 0-00123 0-162611
Avg 0-02498563 5-07693 0-001408 0-214048
5 Max 0-04443363 6-289217 0-002503 0-339965
Min 0-01384167 4-527507 0-001419 0-186581
Avg 0-02240069 5-387552 0-001737 0-264026
4 Max 0-01719659 6-095687 0-00202 0-361694
Min 0-01202611 4-76272 0-001496 0-204941
Avg 0-01452501 5-393587 0-001709 0-279008
3 Max 0-02954884 6-688537 0-002132 0-329148
Min 0-01272907 4-693517 0-001284 0-166474
Avg 0-01623657 5-717874 0-001641 0-273501
2 Max 0-02746657 9-970311 0-002806 0-569048
Min 0-01136381 6-134519 0-001482 0-271479
Avg 0.01511607 6-895471 0-001821 0-372473
1 Max 0-14226455 125-4367 0-002883 5-36628
Min 0-14226455 125-4367 0-002883 5-36628
Avg 0-14226455 125-4367 0-002883 5-36628

Table 4: Calculated values for mineralogical proxy data within each chemofacies, from the type data set (16-17-
083-25W6), including maximum, minimum and average values. These values were compared with the overall
average values for this data set (P20s/Al.Os = 0.074, Cr/Nb = 6.86, Lu/Zr = 0.0016 and Cr/Zr = 0.275). Values

above the overall average appear in green; values below the overall calculated average appear in red.

Interpretation

Principal component analysis has been an integral tool for assessing the mineralogy

in a number of chemostratigraphic studies (e.g. Pearce et al., 2005, 2010). Mineral
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affinities identified by this method (Pearce et al., 2010) are presented in Table 9. The
close proximity of Hf and Zr in the eigenvector plot suggests the presence of zircon,
despite the apparent lack of zircon in XRD analyses. Hafnium, Zr and Cr are also
associated with Cr-spinel; however, this phase was also not identified in the XRD
data. It is possible that both zircon and Cr-spinel phases are present but at levels
below the detection limit for XRD. The co-occurrence of TiO2, Nb, Ta and Th is
explained by the presence of rutile, detected during XRD analysis. The proximity of
U and REE to P>Os suggests scavenging of these elements by phosphatic debris.
This is consistent with the identification of both fluorapatite and calcium phosphate in

XRD analysis.

Al203 and Ga are associated with kaolinite, while the close proximity of K20,
Rb and Cs is accounted for by the presence of illite/smectite. Given that K>O plots
much closer to SiO2 than to Rb and Cs, it is likely that K-feldspar is present in a
higher concentration than these clays. This interpretation is supported by the XRD

data, which shows high concentrations of microcline (Table 8).
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Chemofacies Cr/Al Ni/Al Th/Sc Mg/Al Ti/Nb Ti/Zr
13 Max 0-0062634 0-003836 1-83846 2:9647 381-107 1424579
Min 0-00183892 0-000379 0-736019 0-327647 344-0334 3-628724
Avg 0-00352918 0-002332 0-930637 1-052833 361-2772 10-80156
12 Max 0-00156774 0-001385 1-565226 1668002 385-6654 12-55644
Min 0:0009492 0-000179 1-05759 0187812 334-4731 6-367101
Avg 0-00110512 0-000719 117332 0-547279 356-9861 10-01036
11 Max 0-00124826 0-001443 114847 2:044979 352-8925 15-16116
Min 0-00098372 0-000424 0-869347 0-27982 304-4002 10-17989
Avg 0-00110716 0-000867 1-04351 0-479136 326-6818 12-12023
10 Max 000112522 0:00102 1:056328 2114342 336-2982 15-57039
Min 0-00097965 0-000417 0-720012 0-235856 306-8697 11-75176
Avg 000104771 0-000669 0-93533 0-570821 321-9305 13-57095
9 Max 0-00130002 0-001418 1-108614 1:018683 344.772 15-12734
Min 0-00103571 0-000615 0-777588 0-254361 295-1303 10-88209
Avg 0-00113099 0-00091 0-978671 0-464452 32107 12-33868
8 Max 0-00197769 0:001555 1-274315 2-546412 368-6934 15-66317
Min 0-00106367 0-000396 0-790063 0-184036 315-0913 9-330922
Avg 0-00134462 0-000885 1-039495 0-453648 337-5308 13-07144
7 Max 0-00126011 0-000698 1-230906 1-650217 379-5571 14-75287
Min 0-00101253 0-000466 0-690601 0-275305 286-5369 7-520041
Avg 0-00112946 0-000577 0-96342 0-616601 336-803 12-20157
6 Max 0-00137507 0001177 1-149434 1-:012248 342.0687 18-46911
Min 0-00116471 0-000457 0-823138 0-22756 297-907 10-782
Avg 0-00124966 0-000602 0-920702 0-379105 318-5856 13-37896
5 Max 0-00128589 0-000721 0-954107 3-140037 335-6338 19-16005
Min 0-00107518 0-000306 0-679658 0-192336 284-6911 11-97982
Avg 000118573 0-000513 0-831798 0-668878 318-8622 15-57781
4 Max 0-00127369 0-000623 0-930612 0-605206 344-8781 20-46371
Min 0.00111979 0.000437 0-671276 0244649 307-79 13-24425
Avg 000116571 0-000498 0-834602 0-354241 322-2233 16-63752
3 Max 0-00146115 0-000681 111241 0-652266 347-6538 19-04447
Min 0-00117232 0-000435 0753515 0-199414 313157 11-10733
Avg 0:00129579 0-000553 0-912867 0-269725 3299038 15-76012
2 Max 0-001939 0-000816 0-919536 2277989 368-5659 247
Min 0-00129262 0-000109 0-75019 0-169892 302-3913 14-80423
Avg 0-00140523 0-000568 0-82467 0-353145 346-8148 18-64866
1 Max 0:02554976 0-000939 0-919344 0-315262 227-0059 9-711491
Min 0-02554976 0-000939 0-919344 0-315262 227-0029 9-711491
Avg 0-02554976 0-000939 0-919344 0-315262 227-0059 9-711491

Table 5: Calculated values for provenance proxy data within each chemofacies, from the type data set (16-17-

083-25W86), including maximum, minimum and average values. These values were compared with the

overallaverage values for this data set (Cr/Al = 0.0015, Ni/Al = 0.000812, Th/Sc = 0.952, MgO/AI203 = 0.523,

Ti/Nb = 332.45 and Ti/Zr = 13.58). Values above the overall average appear in green; values below the overall

calculated average appear in red.

The association of MnO and MgO is explained by the presence of dolomite,

which is consistent with the XRD results. CaO plots slightly away from both MnO and
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MgO, suggesting the presence of minor calcite cement. Indeed, calcite, as a distinct

phase, occurred only in minor amounts in samples analysed by XRD.
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Interpretation of each chemofacies using the average values generated in Table 2. Interpretation is

Table 6

based on the literature cited in the text.
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Table 6: (continued)
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Figure 6: Line of cross-section illustrating the correlation between all sample sets used in this study: (A) Ursula
Creek Outcrop; (B) 16-17-083-25W6; (C) c-74-G/94-B-9; (D) d-48-A/94-B-9; (E) 11-20-082-02W6; and (F) 2-30-

070-24W5. The Spathian/Anisian (Lower/Middle Triassic) boundary was chosen as the datum as it is a
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chronostratigraphic boundary definitively present in all data sets. Gamma ray logs and Zr/La profiles are shown.
Zones of correlated conodont horizons are indicated by stars. Of note is the loss of upper chemofacies in wells C
and D and in the two Alberta wells (E and F; chemofacies 9 to 13 are not observed). This can be explained by a
combination of erosion and clinoform deposition. Also of interest is the thickening of the lower chemofacies in

wells E and F, further supporting a clinoform model of deposition.

Element SiO2 Al203 Tio2 K20 CaO Na20 Ta Zr
Th

Ta I
Nb

Rb

Ga

Sc

Co

Cs

Be

Hf

Zr .
Ni

Ba

Ce

sio2 [

A203 ]

Tio2 |

K20 ]

MgO

Table 7: Summary table illustrating high (>0.8) and low (<0.8) Pearson product-moment correlation values for

certain elements. High correlation values are indicated in green; negative correlation is identified by red.

Provenance
Results

Plotting La/Sm versus Yb/Sm (after Plank & Langmuir, 1998; Fig. 8) reveals a similar
trend between the sample sets of 16-17-083-25W6 and Ursula Creek. A strong linear
trend is visible, overprinted by a data cluster near the origin. Data points with the

highest values of La/Sm and Yb/Sm occur in chemostratigraphic interval 8. Data
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from well 2-30-070-24W5 exhibit a clustering trend similar to that seen in 16-17-083-
25w6, with a slight vertical spread. Data points from well 11-20-082-02W6 are
consistently moderate in La/Sm and Yb/Sm values, and no linear trend is apparent.
As observed in the data from 16-17-083-25W6 and Ursula Creek, data for wells d-

48-A/94-B9 and c-74-G/94-B-9 display a central cluster and a positive, linear trend.

Plots of Th/Sc (felsic) versus Cr/Th (mafic) after Bracciali et al. (2007) are
shown in Figs 9 and 10 and reveal a near vertical trend in all data sets with low
values of Cr/Th. Data points from the Belloy Formation (chemofacies 1) exhibit high
Cr/Th and low Th/Sc values. Samples from the Doig Formation (chemofacies 13)
occur as a spread of points between the main linear trend and the Belloy outliers.
Samples from chemostratigraphic interval 8 plot in an arc between the main linear
trend and Doig Formation data points. Generally, stratigraphically older Montney
data points plot closer to the origin, with increasing Th/Sc content associated with

stratigraphically younger points.

Interpretation

Plotting La/Sm versus Yb/Sm can help to differentiate continental, hydrothermal and
volcanic arc sediment sources (Plank & Langmuir, 1998). Most data (from all sample
sets) plot within the zone of continental detritus and clay scavenging. The exceptions

to this are high La/Sm and
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Table 8: X-ray diffraction (XRD) analysis for select intervals of well 2-30-070-24W5. The limit of detection varies

from 0.5 to 2.0% depending on crystallinity.



Yb/Sm data points associated with the sample sets from 16-17-083-25W6 and
Ursula Creek, which suggest hydrothermal input. These hydrothermally influenced
samples occur within chemofacies 8 and, when compared to the work of Golding et
al. (2014), are Spathian in age. Upper crustal (felsic) and mantle (mafic and
ultramafic) sources of sediments contain unique geochemical signatures expressed
in the Th, Sc and Cr content. Felsic sources are indicated by high Th/Sc and low
Cr/Th signatures, while mafic and ultramafic sources have characteristic high Cr/Th
and low Th/Sc values (Bracciali et al., 2007). The increase in felsic content in
stratigraphically younger samples suggests a gradual change in sediment source
over time. This could be attributed to a gradual change in riverine output/sourcing
(possibly related to climate and weathering) or could represent the introduction of a
completely new sediment source (such as an approaching terrane). The approach of
a new terrane is entirely feasible because terrane accretion is thought to have begun

by the Early—Middle Triassic (Beranek & Mortensen, 2011).

Biogenic versus abiotic carbonate

Results

The data plots of Sr versus Mg (Fig. 11) reveal a low angle, positive linear trend with
Sr levels generally remaining below 400 ppm. A high-Sr, low-Mg outlier (16-17-083-
25W6), indicating Sr levels of over 700 ppm, corresponds to a depth of 2440. 2 m.

Scatter in the Sr values appears to be related to the low-Mg samples (< 30,000 ppm

Mg). Scatter in Mg values occurs in the samples of high-Mg content (30,000 to
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60,000 ppm Mg). These values follow the abiotic trend of values published by

Carpenter & Lohmann (1992).

Interpretation

Non-skeletal, calcite cements have been shown to contain significantly less Sr than
biotic marine calcite (Carpenter & Lohmann, 1992). When Sr—Mg trends are
compared, biotic calcite values can be up to five orders of magnitude higher than
abiotic calcite, offset by ca 1250 ppm (Carpenter & Lohmann, 1992). Biotic calcite
trends between low values (Sr = 1400 and Mg = 2000) and high values (Sr = 2600
and Mg = 56 000), while abiotic calcite trends between Sr/Mg of 300/10000 and
1300/50000; abiotic calcite exhibits significantly lower Sr values (Carpenter &

Lohmann, 1992).

With the understanding that abiotic calcite is the predominant phase, zones of
calcite cement were interpreted to be present where positive excursions in CaO and
Sr occurred in association with low concentrations of MgO, MnO, SiO2, Al20O3 and
TiO2 (Fig. 12). Strontium can be associated with minerals such as gypsum,
anhydrite, strontianite and celestite, in addition to calcite and aragonite (Banner,
1995). Data from wells examined here demonstrate a close correlation between CaO
and Sr in the principal component analysis. Furthermore, XRD analysis did not
identify the presence of gypsum, anhydrite, strontianite or celestite, thus supporting
the interpretation that calcite is the principal Sr-bearing mineral. Within well 16-17-

083-25W6, zones of calcite cement occur within chemofacies 5, 7 and 11; the
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highest frequency of calcite occurrence is within chemofacies 7. Calcite is probably a
cement phase, as evidenced by the Sr—Mg plot (Fig. 11). The data in this study

clearly trend along the abiotic vector, with Sr
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Figure 7: Eigenvector plots of e1 versus e2 for all data sets. (A) Eigenvector plot of well 16-17-083-25W6.

Elemental clusters are indicated by black polygons: the MgO cluster (top), the heavy element cluster (central),

REE+Y cluster (right) and Al203 cluster (left). (B) Eigenvector plot of well 11-20-082-02W6. (C) Eigenvector plot

of well Ursula Creek. (D) Eigenvector plot of well d-48-A/94-B-9. (E) Eigenvector plot of well 2-30-070-24WS5. (F)

Eigenvector plot of well c-74-G/94-B-9.
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values well below 1000 ppm (cf. Carpenter & Lohmann, 1992). The outlier with the
highest Sr content (over 700 ppm) is from an interval identified as having been
sourced from high sediment recycling (Fig. 2). Therefore, the high Sr values in this

sample may reflect increased weathering input (Pett-Ridge et al., 2009).

Dolomite-rich horizons were identified as having high CaO content and being
enriched in MgO and MnO. The presence of MnO within dolomite has been
confirmed in cathodoluminescence studies of dolomite (e.g. Pierson, 1981).
Dolomite- rich horizons were observed within the majority of chemofacies for well 16-
17-083-25W6, with the notable exceptions being chemofacies 4 and a large portion

of chemofacies 10 and 11.
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Element Mineral affinity

Si Quartz

Al Clay minerals, mica, kaolinite, gibbsite, bauxite

Ti, Nb, Ta Heavy minerals such as rutile, anatase and Ti-bearing minerals (leucoxene and ilmenite)
Fe Fe-oxyhydroxides (goethite and haematite), ferroan dolomite, pyrite, siderite

Ca, Mn, Mg, Sr
Na

K, Rb, Cs

P

Zr and Hf

Co, Ni, Zn, V, Cu
Th

U

REE

Sc and Ga
Be, W, and Sn
Ba

Siderite, dolomite, calcite, clays (Mg associated with chlorite)
Clay minerals, halite
Mlite, mica, K-feldspar

Clays (illite), mica, siderite (in association with Fe, Mn and REEs), biogenic phosphate
(associated with U, Mo, Ca and Ce)

Zircon

Clay minerals and mica; Ni can be associated with Fe-oxyhydroxides

Weathered kaolinite (in association with Al, Ga and Sc), zircon, clay minerals, mica, apatite
Organics, zircon (associated with Th and Zr)

Clay and mica, kaolinite or gibbsite (associated with high Al), Fe-oxyhydroxides, diderite,
zircon and garnet

Kaolinite (in association with Al)
Heavy minerals (beryl and cassiterite), tonstein
Clay and drilling fluid

Table 9: Mineral occurrence of elements discussed in Pearce et al. (2010), who also referred to the work of

Morton et al. (2005) and Pearce et al. (2005).

Hydrothermal indicators and iron mineral phase changes

Results

Using the data set from well 16-17-083-25W6, a depth plot of P/Fe (Fig. 13) reveals
low values overall, below 0.1. Positive excursions in this ratio occur mid-section and
also near the top of the section. The two intervals with the highest P/Fe values occur
at a depth of 2375 m (values approaching 1) corresponding to chemofacies 8, and
within the Doig Formation above 2260 m depth, where values reach as high as 8.

The Ursula Creek data set also exhibits values within the range of those observed in
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the key data set, 16-17-083-25W6; specifically, high values are observed in
chemofacies 7 and 8 (Fig. 14). Samples from wells d-48-A/94-b-9, c-74 g-94-B-9 and
2-30-070-24W5 also exhibit similar P/Fe value ranges for chemofacies 7, 8 and 13
(the Doig Formation). Well 11-20-82-2W6 shows consistently high P/Fe values

evident in chemofacies 4, 5 and 6.

To further investigate possible hydrothermal effects, chondrite-normalized
plots of REE were constructed for all depths within the most complete sample set
(UWI 16-17-083-25W6). This reveals severe middle rare earth element (MREE)
depletion at depths of 2367.6 m and 2368 m (Figs 13 and 15). At these intervals,
values of Nd, Sm, Eu, Gd, Tb, Dy, Ho and Er plot well below the values observed in

surrounding intervals (Fig. 15). A depth plot of Fe/S (Fig. 13) from
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Figure 8: Geochemical plots showing the distribution of light rare earth elements (LREE; y-axis) versus heavy

rare earth elements (HREE; x-axis), after Plank & Langmuir (1998). (A) The influence of hydrothermal input,

continental detritus, arc volcanics and clay sequestration are illustrated in the plot for well 16-17- 083-25W6
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sorted by chemofacies. (B) Plot for well 11-20-082-02W6. (C) Plot for Ursula Creek. (D) Plot for well d-48-A/94-B-
9. (E) Plot for well 2-30-070-24W5. (F) Plot for well c-74-G/94-B-9.

the type well 16-17-083-25w6 reveals relatively low ratio values (averaging 20) in
samples below 2400 m depth. Negative excursions to values below 5 occur at 2401
m and 2440 m depth. Above 2400 m, the ratio value increases to over 60, remaining
high until 2260 m depth. Iron/ sulphur values return to low levels (averaging 20) at

2260 m depth.
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Figure 9: Geochemical plot of the data from well 16-17-083-25W6 illustrating the influence of felsic (Th/Sc)
versus mafic (Cr/Th) input (after Bracciali et al., 2007). Felsic, mafic and ultramafic trends are illustrated. Data
points are coloured based on chemofacies (legend on the right). Doig samples (chemofacies 13), Belloy samples
(chemofacies 1) and chemofacies 8 samples all show mafic, and ultramafic input. Additionally, felsic content

increases stratigraphically upward (note change in facies colour along the y-axis).
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Interpretation

The ratio of P/Fe has been evaluated in hydrothermal deposits, with hydrothermal
plume deposits yielding a P/Fe value of 0.12 to 0.23 (Feely et al., 1994; Wheat et al.,
1996). Data sets located proximally to one another, from 16-17-083-25W6, Ursula
Creek, c-74-G/94-B-9 and d-48-A/94-B-9, show P/Fe values within chemofacies 7
and 8 that fall within the range identified for hydrothermal plumes (between 0.12 and
0.23) by Feely et al. (1994). High P/Fe values also occur in the Doig phosphate zone
(chemofacies 13; Fig. 13), but REE plots within the Doig samples show no evidence
for high temperature hydrothermal input. Therefore, this signature is interpreted here
to represent the input of hydrothermal plume particles enriched in Fe. This would
also explain the P/Fe values observed within data sets 11-20-82-2w6 and 2-30-70-

24\W5.

Additionally, the molar ratio of Fe/S has been used to determine relative
abundance of pyrite; ratio values near 2 signify the dominance of pyrite as the Fe-
incorporating phase (Zhao & Zheng, 2015). A change in this ratio can signify a
change in the Fe-bearing phase (such as Fe-hydroxide, which can be related to
hydrothermal plumes). A depth profile for Fe/S within the key data set (16-17-083-
25W6) shows that, at approximately 2400 m, there is a switch in the relative
abundance of pyrite as a major iron phase to Fe (lll) oxyhydroxides and clays (Fig.

13).
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Figure 10: Geochemical plots illustrating the influence of felsic (Th/Sc) versus mafic (Cr/Th) input (after Bracciali
et al., 2007) for datasets: (A) 11-20-082-02W6; (B) Ursula Creek; (C) d-48-A/94-B-9; (D) 2-30-070-24WS5; and (E)

c-74-G/94-B-9.
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Increased Fe/S values of this phase occur near the phosphate excursion indicating
the possibility of Fe (lll) oxyhydroxide plume particles being deposited. Furthermore,
the sample sets from 16-17-083-25W6, Ursula Creek and d-48-A/94-B-9 show a
strong signature of hydrothermal input, as indicated by high La/Sm and Yb/Sm
outliers (Plank & Langmuir, 1998; Fig. 8). These hydrothermal signatures are

associated with dolomitization in chemofacies 8.
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Figure 11: Cross-plot of Sr versus Mg values for well 16-17-083-25W6. Biotic and abiotic trends are shown from

Carpenter & Lohmann (1992).

Discussion

Hydrothermal input and implications
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The evidence of hydrothermal input co-occurring with dolomitization suggests that
hydrothermal input to deeper water regions, possibly associated with basin margin
faults, may have been a source of dolomitizing fluids in the Montney Formation. This
would necessitate that hydrothermal input occurred post-depositionally. Chondrite-
normalized plots for these samples indicate severe depletion of MREE (Fig. 15). A
similar depletion was documented by Lev et al. (1999) and attributed to MREE
sequestration by phosphate, then subsequent dissolution and a concomitant loss of
P and MREE. Dissolution of phosphatic phases (such as apatite) may be promoted
when sediments are exposed to hydrothermal fluids. However, evidence for high
levels of hydrothermal plume activity complicates the timing of hydrothermal input.
An alternative removal pathway for phosphate involves the adsorption onto Fe—Mn
oxyhydroxides within hydrothermal plumes, resulting in transport to more distal
environments (Wheat et al., 1996). This adsorption severely depletes the seawater
phosphate concentrations surrounding the hydrothermal plume and high P/Fe
values, observed in this study’s data set, can be considered to indicate hydrothermal
Fe particle scavenging of P (Feely et al., 1994; Wheat et al., 1996). Hydrothermal
plume inputs have also been suggested to explain high levels of trace elements,
such as Cu, in Cretaceous black shales (Brumsack, 2006). Such a mechanism
would be consistent with the high levels of Cu observed in the present data in

association with high P/Fe and depleted MREE.

The timing of this hydrothermal flux is uncertain, although it does appear to
coincide with the dolomitization identified in chemofacies 8 (Fig. 12). The

involvement of hydrothermal
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Figure 12: Oxide, Sr and Ba profiles for well 16-17-083-25W6 with calcite cementation zones indicated by red
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is given on the left.
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Figure 13: Depth plot illustrating the variation in the ratio of Fe/S, P/Fe (samples showing MREE depletion are

3

12

11

10

shown) and Cu for well 16-17-083-25W6. Zones of high P/Fe are indicated by red bars. Depth is in metres (y-
axis). Within the plot of Fe/S, at depth 2400 m, the character of the ratio value changes from low to high,

suggesting a switch in the dominant iron-bearing phase from pyrite to iron oxyhydroxide.
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fluids has two implications. Firstly, there is the potential for trace element signatures

to have been diagenetically altered proximal to this stratigraphic interval. However,
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Figure 14: Phosphorus/iron values for wells 2-30-070-24W5, 11-20-082-02W6, c-74-G/94-B-9, d-48-A/94-B-9

and Ursula Creek. Intervals with values greater than 0.12 (the lower limit of hydrothermal influence) are

highlighted.

alteration of underlying sediment appears to have been negligible owing to the

presence of phosphatic lenses and nodules. The REE signature characteristic of the

hydrothermally influenced interval indicates possible phosphate dissolution or

scavenging by hydrothermal activity but it seems unlikely that the phosphate would
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be preserved at this lower stratigraphic interval if hydrothermal alteration had taken
place. Secondly, hydrothermal fluids could also provide a mechanism for the
observed dolomitization within the Montney Formation. This is significant because it
has implications regarding the propagation of fractures, as dolomite and calcite
contribute to the brittleness and hence the ability to generate fractures within a

horizon compared to dominantly clay-rich layers (Jin et al., 2015).

Climate change in the Early Triassic

This study demonstrates a marked shift in the nature of the clay component, as
indicated by the geochemical proxies, as well as the average amount of clay over
time (Fig. 4). There are marked changes in clay proportions, such as the change in
abundance of illite to kaolinite and smectite, and the occurrence of chlorite. These
transitions are of interest because they correspond to chronostratigraphic
boundaries, namely the Permian/Triassic boundary, the Smithian/Spathian boundary

and the Early/Middle Triassic boundary (Fig. 16), all of which are
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Figure 15: Rare earth element (REE) plots showing the typical pattern observed in the sample set compared to
anomalous patterns observed at 2367.6 m and 2368 m: REE data are normalized to chondrite values and MREE

deletion is clearly illustrated for depths of 2367.6 m and 2368 m.
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important sequence stratigraphic boundaries in the Montney Formation (Davies et

al., 1997; Golding et al., 2014).

Li et al. (2000) and Chaudhri & Singh (2012) highlight the lithological and
climatic drivers behind changes in clay content, although climate analysis using clay
alone should be interpreted with caution (Thiry, 2000). With regard to lithology, illite
may be detrital, having been weathered from feldspars and micas, while chlorite is
produced from the weathering of crystalline intermediate and basic, or low-grade
metamorphic rocks (Chaudhri & Singh, 2012). Detrital illite is attributed to physical
erosion being the predominant process within the hinterlands (Ruffell & Batten, 1990;
Ruffell et al., 2002a). In contrast, kaolinite forms from the weathering of basic and
granitic sources (Chaudhri & Singh, 2012). Additionally, as kaolinite is more prone to
flocculation than other clays (e.g. Playter et al., 2017), the relative abundance of
detrital kaolinite can indicate the relative source proximity (Ruffell et al., 2002a, b).
The abundance of detrital kaolinite also increases with humid weathering (Chamley,
1989; Ruffell et al., 2002a,b). Smectite forms in seasonally dry and wet climates,
although smectite and kaolinite can also be a product of volcanic ash deposition

(Chamley, 1989; Li et al., 2000; Ruffell et al., 2002a,b).

The high average values of illite, and higher overall clay component in the
pre-Smithian/ Spathian boundary samples here, suggest high rates of physical
erosion. This is consistent with observations from Early Triassic (Griesbachian)
deposits in China, where anomalously high sediment fluxes with clay-rich
compositions were observed (Algeo & Twitchett, 2010). These high sedimentation

rates have been hypothesized to be related to higher surface temperatures,
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increased acid rain and the loss of terrestrial ecosystems owing to the end-Permian
Siberian Trap eruptions (Algeo & Twitchett, 2010). The arid Pangean western
coastline, where the Montney Formation was deposited, was probably characterized
by rare perennial deltas and more numerous ephemeral fluvial sediment sources
(Davies et al., 1997). Seasonal or intense periodic rainfall in an arid, sparsely
vegetated interior would have resulted in high rates of erosion and sediment delivery

during periodic flash floods.

The shift to smectite and kaolinite content at the Smithian/Spathian boundary
may correspond to an observed change in the Early Triassic climate regime. At this
time within eastern Pangea, a shift in climate from humid, with higher rainfall, to
more arid is observed through ammonoid and plant fossil assemblages (Galfetti et
al., 2007a,b; Romano et al., 2013). On the west coast of Pangaea, arid conditions
already existed, although a shift to an even more arid climate would correlate with an
increase in smectite content observed in samples from this study (Ruffell et al.,
2002a,b). Additionally, a decrease in rainfall across this boundary, and a
concomitant decrease in the proportion of sediment delivered by perennial river
systems versus that delivered by ephemeral fluvial systems, is consistent with the
observed drop in clay content. Interestingly, the points of highest detrital input, and
the lowest relative sea-level, correspond to the climatic shift at the Smithian/Spathian
boundary and the Early Triassic/Middle Triassic transition. Generally speaking,
climatic changes may then correspond to longer-term shoreline shifts. Although it
could be argued that the changes in detrital and clay indicators may reflect

fluctuations in the fluvial system due to climate or hinterland changes, the
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correspondence of the shoreline (current study) shifts with those of Davies et al.

(1997) suggests that these proxies accurately model relative sea-level changes.

Additionally, if these changes indeed reflect shifts in fluvial input associated with

climate, the observed modelled
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Figure 16: Interpreted sea-level change based off of changes in detrital input proxies and clay indicators. This

data set has been biostratigraphically dated (Golding et al., 2014). Additionally, relative sea-level curves from

Davies et al. (1997) have been incorporated along the left. These inferred shoreline shifts (central) agree with

that of Davies et al. (1997), with the exception of two additional shoreline shifts within the present data during the

Griesbachian and Dienerian. Ratio values of Sc/Zr, Lu/Hf and Zr/La are indicated by log-scale along the top of

the figure.
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climate changes would be expected to correspond to each inferred shoreline shift.
Based on these observations, the changes in clay and detrital input are interpreted to

be reflective of relative sea-level change.

Identification of clinoforms and implication for sequence stratigraphy in fine-

grained successions

The chemostratigraphic correlation presented here implies that the sample sets from
western Alberta (11-20-082-2W6 and 2-30-070-27WS5) are lacking the uppermost
chemostratigraphic intervals observable in British Columbia (Fig. 6). This signifies a
significant loss of strata that could be the result of considerable erosion following
clinoform deposition, as first suggested by Davies et al. (1997). The Montney/Doig
contact has been recognized as being unconformable and chronostratigraphic,

corresponding to the Lower/Middle Triassic boundary (Davies et al.,
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Figure 17: Idealized cross-section highlighting Montney stratigraphy from British Columbia to Alberta (west to
east). The clinoform model of Montney deposition is not new, but was first proposed by Davies et al. (1997).
However, this new model highlights surfaces of significant erosion, missing from earlier models. These surfaces
(such as surface 1) are often associated with sequence boundaries, first described by Davies et al. (1997).
Additionally, what is often referred to in Alberta as the ‘basal Doig siltstone’ is here shown to be equivalent to the
upper Montney in British Columbia and is equivalent to chemofacies 8 to 12. The mid-Montney boundary varies
across provincial boundaries. Within British Columbia, the mid-Montney boundary corresponds to the
Smithian/Spathian boundary, while in Alberta, the mid-Montney boundary occurs at the Dienerian/Smithian
transition. Thinning of the upper Montney (denoted by the Smithian/Spathian boundary) eastward results in the
loss of Spathian deposits in Alberta. Within this cross-section, the following boundaries of interest are depicted:
(1) Alberta mid-Montney sequence boundary — associated with Montney turbidites and Coquinal Dolomite Middle
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boundary. This boundary is the Hood Creek Road Cut sequence boundary with the large Thalassinoides. (3)
Unconformity below the ‘Anisian wedge’. (4) Boundary between the Montney and Doig phosphate zone. The
rough extent of the basal Doig siltstone (which marks the presence of Spathian deposits, chemofacies 8 to 12) in

Alberta is indicated bottom right.
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1997). The model of Montney Formation deposition presented herein shows that the
‘Upper Montney’ of Alberta is, in fact, temporally equivalent to the lower horizons in

British Columbia (Fig. 17).

The identification of clinoform surfaces within the current study’s data set
suggests that geochemical data, such as detrital and clay proxies, can be used to
identify stratigraphic sequences. Because the detrital signatures used for correlation
show consistent and correlatable patterns in all of the data sets (which span the
palaeobasin), these signatures tie into relative sea-level and climatic changes
observed elsewhere, with the chemostratigraphic units appearing to be
chronostratigraphic in nature and not merely lithostratigraphic. The identification of
stratigraphic sequences using chemostratigraphic analysis in the past has been
done largely using isotopic analysis, such as §'3C or §°N (e.g. Pelechaty, 1998;
Nance & Rowe, 2015), while correlations have relied heavily on biostratigraphic
frameworks (e.g. Bergstrom et al., 2010). In contrast, results in this study suggest
that inorganic chemical analysis, which can be generated both non-destructively and
in situ using a portable X-ray fluorescence spectrometer (Rowe et al., 2012), allows
for the identification of depth-bound chemofacies corresponding to subsurface
clinoforms in fine-grained successions on a basinwide scale. Indeed, cyclic
variations in sediment provenance have already been identified as allowing for the
identification of transgressive surfaces in alluvial, littoral and shallow-marine deposits
from ltaly (Amorosi et al., 2007). In this case, transgressive surfaces were found to
correspond to peaks in Ni/Al content, and maximum flooding surfaces were

characterized by high Mg/Al values that correspond to a change in sediment
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sourcing during shoreline migration. While Amorosi et al. (2007) focused on two
wells, the correlation of these peaks in Ni/Al and Mg/Al within a regional cross-

section would, in theory, produce clinoform surfaces.

Perhaps some of the most well-documented and well-studied instances using
geochemical data to demonstrate relative sea-level changes in the literature involve
Cretaceous deposits. For example, a state of low relative sea-level has been
identified in Late Cretaceous deposits that correlates with increased terrigenous
input, low kaolinite/chlorite + mica ratios, high Sr/Ca ratios and high TOC;
conversely, high relative sea-level may generally be associated with the inverse of
these indicators (Li et al., 2000). This correlation of detrital input with relative sea-
level has also been demonstrated in Cretaceous deposits (Adatte et al., 2002;
Chenot et al., 2016; Keller et al., 2016; Petrash et al., 2016). In fact, changes in clay
content and detrital input have been recognized as providing reliable relative sea-
level proxies, as well as climate, even in deep marine environments (Li et al., 2000).
During periods of transgression and rising sea-level, clay input predominates, while

during regression and relative sea-level fall, detrital input increases (Fig. 16).

When compared with second-order and third-order relative sea-level curves
for the Early Triassic (Haq et al., 1987; Embry & Gibson, 1995; Davies et al., 1997),
these data correlate well by showing instances of relative sea-level fall at the end of
the Dienerian, the end of the Smithian, within the Spathian and at the end of the
Spathian (Fig. 16). While global correlations of sea-level can be problematic, the
proxies used for detrital input (Sc/Zr and Lu/Hf) and clay input (Zr/La) provide reliable

information about basin-scale relative sea-level change. Consistency in these
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signatures across the basin indicates that causative events were regional in nature,
allowing for clinoforms to be delineated. In addition to surfaces inferred to be global
in nature (Barclay et al., 1990; Davies et al., 1997), three additional periods of
relative sea-level rise and marine transgressions are suggested by the data.
Additional relative sea-level rises occur within the Griesbachian, Dienerian and
Spathian. Whether these reflect localized tectonic influences or larger-scale sea-
level changes remains unclear. It has been suggested that the basin margin was
tectonically active during deposition of the Montney Formation, and therefore
tectonic activity may be the driving factor. Fault reactivation and subsidence within
the graben complexes of the collapsed Peace River Arch is thought to have
influenced Montney deposition (Barclay et al., 1990; Davies et al., 1997). The
collapsed Peace River Arch forms the basis for the Peace River Embayment,
wherein the Montney Formation was deposited. In addition, recent evidence has
indicated that accretion of pericratonic terranes to the north-western autochthon was
initiated during the Lower Triassic (Beranek et al., 2010). These terrane accretions
would have had broad regional influences and may have been a primary driving
force in relative sea-level throughout the studied interval (Ferri & Zonneveld, 2008),
specifically with regard to the additional sea-level changes noted within the current

data set.

An active tectonic margin agrees well with observations in this study of felsic
signatures and the pattern of change the data exhibits stratigraphically. Felsic
signatures, as recorded by elevated Th/Sc and Cr/Th cross-plots (Condie &

Wronkiewicz, 1989; Totten et al., 2000; Bracciali et al., 2007), have been identified in
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well 16-17-83-25W6 (Fig. 9). The increase in felsic input up-section (Fig. 9) may be
associated with the approach of the Yukon-Tanana terrane from the west (Beranek &
Mortensen, 2011) and partial contribution from a western sediment source to
Montney sediments. Detrital zircon and monazite analyses (Beranek & Mortensen,
2011) indicate that the Yukon-Tanana terrane was situated just off the west coast of
Pangaea by the Early—Middle Triassic and that by the late Triassic the terrane had
been fully accreted onto the continental margin. The cross-plots of La/Sm and
Yb/Sm in this study suggest volcanic arc signatures within the Doig samples (Fig. 8),
indicating that terrain accretion was well underway by the Anisian. This approaching
terrane may be linked to fault reactivation and hydrothermal activity, specifically
related to the horst and graben complexes associated with the collapsed Peace
River Arch within the basin during the Early Triassic (Ferri & Zonneveld, 2008). This,
in addition to the migration of the back-bulge associated with the approaching
terrane, could explain why the additional relative sea-level changes, identified in this

study’s data, have not been recognized globally.

Conclusions

The goal of this study was to demonstrate the applicability of chemostratigraphic
analysis for determining chronostratigraphic surfaces in finegrained successions,
using the Triassic Montney Formation as a field example. Utilizing geochemical
trends to highlight changes in provenance, mineralogy, clay and detrital input proved

useful for pinpointing changes in relative sea-level, climate change and hydrothermal
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input. Analysis of geochemical profiles revealed 13 distinct chemofacies that can be
identified across the basin. Correlation of these facies reveals broad clinoform
surfaces that indicate that the upper Montney Formation in Alberta is temporally
equivalent to lower—mid-Montney deposits in British Columbia. Additionally, analysis
of clay proxies indicates high sedimentation rates within the Griesbachian and
Dienerian Montney deposits and a correspondent shift in climate and sediment
sourcing that is observable at the Smithian/Spathian boundary. This climatic shift is
indicated by the point of highest detrital input and lowest relative sea-level within the

preserved Montney deposits.

Cross-plots of La/Sm and Yb/Sm probably reveal hydrothermal input during
the time immediately following the Smithian/Spathian boundary, as well as the
scavenging of middle rare earth elements (MREE) by phosphate. Depleted MREE
patterns within these hydrothermally influenced samples are suggestive of either the
dissolution of phosphatic debris by hydrothermal fluids and loss of MREE, or the
primary scavenging of phosphate by hydrothermal plume particulates and
subsequent loss of MREE. These observations coincide with dolomite-rich horizons,
suggesting that hydrothermal fluid interaction accounts for at least part of the
dolomitization within the Montney Formation. The presence of phosphatic debris
immediately below this interval suggests that the diagenetic influence from the

hydrothermal fluids was localized.

Additionally, early accretion of the Yukon-Tanana terrane is surmised to have
occurred by the Early Anisian. This is supported by crossplots of Th/Sc versus Cr/Th,

which indicate increasing felsic input up-section. Moreover, plots of La/Sm versus
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Yb/Sm show volcanic arc input within the Doig Formation. Collectively, these lines of
evidence imply an additional, western source of sediment input by the Anisian. This
is significant because it supports the early terrane accretion model (e.g. Beranek et
al., 2010) which argues that accretion began during the Triassic along the western

coast of Canada.

Overall, this study demonstrates that geochemical trends can be used to
correlate fine-grained successions and highlight detailed, chronostratigraphic
changes such as relative sealevel, hydrothermal input and climate when lithological

homogeneity and poor palaeontological control exist.
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Chapter 5: Microbe-clay interactions as a mechanism for preservation of
organic matter and trace metal biosignatures in black shales

Introduction

The lithology of organic-rich, black shales consist of quartz, feldspars, carbonates,
sulfides, clay minerals, and at least 1 wt% organic material (Arthur and Sageman,
1994; Aplin and Macquaker, 2011). The organic-rich nature of these rocks requires
one of, or a combination of, the following conditions: (i) high primary production rates
in the water column (Macquaker et al., 2010), (ii) sedimentation rates high enough to
induce rapid burial of organic matter (Betts and Holland, 1991; Canfield, 1994; Tyson,
2001), and/or (iii) low organic matter respiration rates (Smith and Hollibaugh, 1993;
Kristensen, 2000; Piper and Calvert, 2009). The latter can occur in several ways,
including: (i) limited aerobic respiration due to low Oz penetration into the sediment
(Kristensen, 2000); (ii) reduced anaerobic respiration due to a lack of pore-water
sulfate (Canfield et al., 1993a, 1993b); or (iii) the sorption of organic material onto
clay particles in the water column preventing its degradation by heterotrophic
bacteria (Pedersen and Calvert, 1990; Hedges and Keil, 1995; Ransom et al., 1997,
1998; Bennett et al., 1999; Lunsdorf et al., 2000; Tyson, 2001; Kennedy et al.,
2002; Macquaker et al., 2010; Aplin and Macquaker, 2011).

In recent years, black shale deposits have been studied extensively to interpret
the seawater trace metal concentrations and redox state of the ancient oceans and
atmosphere (e.g., Tribovillard et al., 2006; Anbar and Rouxel, 2007; Scott et al.,
2008, 2013; Partin et al., 2013; Reinhard et al., 2013; Swanner et al., 2014). This is

because the size of a given trace metal seawater reservoir is determined by the
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weathering flux from land and the relative influence of the sulfidic and oxic sinks (e.g.,
Algeo and Maynard, 2004; Scott et al., 2008). Moreover, the clay and organic
fractions in these fine-grained sediments are highly reactive, and as such, they
capture and preserve the trace element availability in the seawater from which the

aggregates settled.

Planktonic cyanobacteria, such as Synechococcus and Prochlorococcus, are
widely distributed throughout the ocean and can occur in cell densities ranging from
103 to 108 cells per milliliter, with the highest concentrations occurring during the
summer months (e.g., Waterbury et al., 1979; Miyazono et al., 1992; Jacquet et al.,
1998; Ohkouchi et al., 2006). They have been observed to contribute significantly to
the carbon biomass of the water column, and in some cases, they constitute the
majority of the biomass (Campbell et al., 1997). Indeed, biomarker analysis
(indicating the presence of 2- methylhopanoids or their diagenetic derivatives, Cas
homohopanoids) and stable carbon isotopic signatures suggest that cyanobacteria
have been major contributors to shale deposition from the Neoproterozoic through to
the Phanerozoic (Bechtel and Pattmann, 1997; Koster et al., 1998; Kuypers et al.,
2004; Dumitrescu and Brassell, 2005; Olcott et al., 2005; Ohkouchi et al., 2006;
Duque-Botero and Maurrasse, 2008; Kashiyama et al., 2008). Recent studies have
also demonstrated that planktonic cyanobacterial cell surfaces are highly reactive
(Lalonde et al., 2008a, 2008b; Liu et al., 2015) and thus capable of accumulating
trace metals from solution (e.g., Dittrich and Sibler, 2005; Hadjoudja et al., 2010).
That same reactivity has also been shown to facilitate the adsorption of detrital clay

particles and the nucleation of authigenic clay phases (e.g., Konhauser et al., 1993,
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1998). In this regard, we propose that live, planktonic cyanobacteria (and indeed any
reactive microbial cell), such as Synechococcus, could increase clay flocculation,
thereby facilitating more rapid deposition of cell-clay aggregates to the seafloor. If
rapid burial promotes greater preservation of organic carbon, then this mechanism
may very well underpin the formation and preservation of black shale deposits in the
rock record, and explain their enrichment in trace metals (e.g. Calvert and Pedersen,
1993; Algeo and Maynard, 2004) as being sourced from the remnants of cell
biomass. Furthermore, the increased preservation potential of these cell-clay
aggregates suggests that the trace metal signatures of reactive bacterial biomass
may become incorporated into the sediments over geologic time-scales.

We test this hypothesis by: (1) observing the depositional rates of
Synechococcus in the presence of clay (kaolinite and montmorillonite); (2) assessing
if clay deposition is influenced by cell metabolism; (3) determining the morphology of
the clay-cell aggregates and their preservation potential; and ultimately (4) measuring
the trace element composition of Synechococcus for the purpose of defining their
contribution to the trace metal composition of black shales. These clays were chosen
because they are common in near-shore, marine (kaolinite; Thiry, 2000) and
fluvial/deltaic (montmorillonite; e.g., Taggart and Kaiser, 1960) environments and
encompass both a 1:1 (kaolinite) and 2:1 (montmorillonite) tetrahedral structure.
Importantly, these clays encompass a range of structural composition and

environments of natural occurrence.
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Methods

Culturing

Flocculation experiments (n = 18) were performed using Synechococcus sp.
PCC 7002 (hereafter simply referred to as Synechococcus), a sheathless,
planktonic, coccoid marine species. Axenic populations were grown in liquid A+
media (Stevens and Porter, 1980), while stock populations were maintained on
A+ agar plates at 30 °C. Experimental cultures were grown in liquid media,
shaken at 150 rpm and bubbled with filtered and humidified air (Chamot and
Owttrim, 2000). Growth was monitored by measuring optical density at 750 nm
and chlorophyll a (Chl a) concentration, as described by Sakamoto and Bryant
(1998). Chl a concentration was calculated using the formula (Porra et al.,
1989): Chl a = 16.290Dess — 8.540Des2. Cell concentration, in grams, were
calculated using an additional conversion factor of 7.4 x 10" cells/L = 10 g/L
(Liu et al., 2015). Initial concentrations before clay addition (time —1 on the
x-axis of Fig. 1) for all experiments involving kaolinite and montmorillonite were
determined using a conversion factor (Liu et al., 2015), to calculate initial cell
concentration from ODzs0 nm measurements. This was done to ensure repeatability,
as the measurement of OD7so nm can be accurately measured during culturing.

Cultures were killed by autoclaving for 60 min at 121 °C at 18 psi.
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Flocculation experiments

Eighteen experiments were performed with both live and heat-killed biomass in
order to ascertain whether metabolic activity was the main driver of clay
flocculation and to determine whether surface charge continued to facilitate
flocculation after cell lysis. Kaolinite [Al2Si2Os(OH)4] (K Ga-2 from the Source Clay
Repository of the Clay Minerals Society; sourced from Warren County, Georgia,
USA) was used in this study because it is a common 1:1 clay mineral in which the
stacked tetrahedral sheet (Si-O tetrahedrons) are hydrogen bonded directly to the
octahedral sheet (mainly Al-O octahedrons) through the sharing of oxygen atoms
between silicon and aluminum atoms in adjacent sheets. There is almost no
substitution of AI** for Si**, or Mg?* for AI%*, therefore, their net surface charge is
low (e.g., lkhsan et al., 1999). Kaolinite is a stable product of either prolonged
continental weathering or intense chemical weathering in humid tropical
environments, and thus it accumulates in a number of near- shore, marine
depositional environments (Thiry, 2000).

Montmorillonite  [(Na,Ca)o.33(Al,M@)2(Si4s010)(OH)2nH20]  (SWy-2; Na-rich
montmorillonite from Cook County, Wyoming, USA) was also used because it is a
common 2:1 clay mineral that consists of two tetrahedral sheets bound to either
side of an octahedral sheet (dioctahedral aluminum hydroxide). The structural
composition of the sheets allows isomorphic substitutions by lower charge cations,
which generates a net negative layer charge and leads to strong colloidal
characteristics (e.g., Thomas et al., 1999). Montmorillonite is a common

constituent of fluvial and deltaic clay, particularly in catchments with volcanic
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rocks, such as the Mississippi River (e.g., Taggart and Kaiser, 1960).

During each experiment, a 400 mL cyanobacterial culture was first diluted
with A+ media to create a 1 L volume. A+ media was generated using a standard
formulation (A+ Medium Recipe, 2017) based on the work of Stevens and Porter
(1980) and McClure et al. (2016). Compared to seawater (at 500 mM NaCl
salinity), this media has slightly lower concentrations of cations (e.g. 300 mM
NaCl and 8 mM KCI; Ludwig and Bryant, 2012). The diluted bacterial culture was
incubated in an acrylic 5.1 cm x 20 cm tank in front of a bank of fluorescent
lights in a curtained enclosure (see Sutherland et al., 2014 for experimental setup)
at room temperature. Clay (kaolinite or montmorillonite) was added to a final
concentration of 0.1 g/L, 5 g/L and 50 g/L, chosen to represent the spectrum of
suspended load observed in modern estuaries (Kistner and Pettigrew, 2001;
Uncles et al., 2006). The mixture was vigorously stirred to produce a semi-
homogeneous mixture, and a HD video camera was used to record each experiment.
Sampling for Chl a concentrations commenced immediately following clay addition
and subsequently at 5, 10, 15, 30, 90, 120, 180 and 240 min.

Controls were performed to independently measure the settling rates of the
Synechococcus in the absence of clay. Additionally, similar controls were used to
measure the rate of clay sedimentation in growth media. To rule out the role of
suspended load (resulting in lack of light penetration) on cyanobacterial
sedimentation by affecting cell metabolism, an additional tank experiment was
conducted whereby Synechococcus sedimentation rate (via Chl a measurements)
was measured over time in complete darkness. During this treatment, all the lights

were turned off, the blinds were drawn, and the tank was covered with a black
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shroud. The chemical behavior of heat-killed Synechococcus biomass compared to
live cultures also addresses the effect of turbidity (and inferred cell-death) on
sedimentation. If both live and heat-killed biomass behave in a similar chemical

manner, cell death due to turbidity would not be a factor.
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Figure 1: Quantification of Synechococcus sedimentation. Graphical representation of the measured decline
of Chl a over time after kaolinite or montmorillonite was added in varying volumes (0.1 g, 5 g or 50 g) to live
or dead Synechococcus cells. Time -1 represents initial cell concentration before clay addition. Time 0
represents cell concentrations immediately following clay addition. Controls included were: Synechococcus
under normal growth conditions (light), Synechococcus under stressed conditions (darkness) and dead

Synechococcus over time (dead).
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Trace metal analysis

The trace metal composition of Synechococcus was measured using a 1 mL volume
with a cell concentration of 3.8 x 107 cells/mL. Analyte values were measured in
triplicate for cyanobacteria in growth media (A+) and compared with the average
values of A+ media alone (see Table 1 for original data and detection limits; refer
to Table 2 for averaged data). The difference between these two values was taken
to be the analyte contribution. Trace metal concentrations within a 1 L volume
were calculated using two cyanobacterial concentrations that represent both ideal
experimental conditions and the modern oceans: (1) the measured bacterial
concentration of 3.8 x 107 cells/mL (5.14 g/L wet weight) and (2) the
concentration of Synechococcus reported by Campbell et al. (1997; Table 2),
with values of 103 cells/ mL (1.35 < 10— 4 g/L wet weight).

Trace metal concentrations were obtained by analyzing samples in triplicate
using a Perkin Elmer Elan 6000 quadrupole inductively coupled plasma mass
spectrometer (ICPMS) following acid digestion (Nuester et al., 2012). The instrument
was calibrated using 5 certified multi-element solutions (CPI International), and
instrument drift was corrected using In, Bi, and Sc as internal standards. Running
conditions were: a flow rate of approximately 1 mL/min, 35 sweeps/reading, 1
reading/replicate and 3 replicates. Dwell times of 10 ms were used for Na, Al, K, Cu,
Zn and Sr and 150 ms for Se. The dwell times of other elements were 20 ms. The
integration time (dwell time multiplied by the number of sweeps) was 350 ms for Al,

K, Cu, Zn, and Sr; 5250 ms for Se; and 700 ms for the remaining elements. The final
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results are the average of 3 replicates. The instrument was set in dual detector mode
with the ICP RF power set to 1300 W. Measurements were taken in counts per
second (cps) and the blank values were subtracted after the internal standard
correction. The auto lens function was turned on and 4 point calibration curves were
used (0, 0.25, 0.50, 1.00 ppm for Na, Ca, Mg, Fe, K and P; 0, 0.005, 0.010 and 0.020

ppm for the remaining elements).

Analyte Detection Units  A-1 A-2 A-3 S11-6  S11-7  S11-8
limits (DL)

Li 0.005 ppm <DL 0.0060 <DL 0.0070 <DL <DL
B 0.2 ppm 3.4 3.7 3.8 41 5.4 49
Na 0.05 ppm 7232 7324 7362 7352 9261 8662
Mg 0.2 ppm 461 471 484 509 630 587
Al 0.02 ppm  0.22 0.22 0.19 0.20 0.20 0.23
P 0.5 ppm 7.9 7.8 7.9 11.3 139 127
K 0.6 ppm 307 310 318 333 423 394
Ca 3.1 ppm 531 524 538 596 754 703
Ti 0.009 ppm  0.037 0.039 0.040 0.041 0.053 0.054
Cr 0.005 ppm 0440 0239 0238 0.239 0.243 0.244
Fe 0.37 ppm  1.65 0.936 0.732 0461 0317 <DL
Mn 0.003 ppm  1.24 1.23 1.25 1.22 1.50 1.39
Co 0.003 ppm  0.023 0.023 0.022 0.015 0.017 0.016
Ni 0.006 ppm 0406 0362 0359 0357 0.348 0.354
Cu 0.003 ppm 0281 0264 0263 0260 0.294 0.285
Zn 0.008 ppm 0515 0.517 0.531 0.500 0.557 0.579
Rb 0.004 ppm 0.012 0.012 0.012 0.025 0.032 0.030
Sr 0.003 ppm  0.027 0.028 0.028 0.034 0.040 0.037
Ba 0.003 ppm  0.005 0.013 0.006 0.009 0.008 0.009

Table 1: Raw ICP-MS data of cyanobacterial cells and A+ media composition. All data is reported in ppm.
A- denotes A+ media values only; S11- denotes cyanobacterial cells in A+ media mixture. The value < DL
represents a value below detection limits. Elements that occurred below detection limits in both
cyanobacterial cells and A+ media include: Be, Ga, Ge, As, Se, Y, Zr, Nb, Mo, Ru, V, Pd, Ag, Cd, Sn, Sb,
Te, Cs, La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, Hf, Ta, W, Re, Os, Ir, Pt, Au, Tl, Pb, Th,

and U.
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TEM and SEM imaging

Synechococcus was imaged using transmission
electron microscopy (TEM) and scanning electron
microscopy (SEM). For both SEM and TEM imaging,
Synechococcus cells were fixed over the course of 2 h
at room temperature in a mixture of 2.5%
glutaraldehyde, 2% paraformalde- hyde, and 0.1 M
phosphate buffer. If necessary, the fixed cells were
stored in a refrigerator overnight at 4 °C. After fixation,
cells were centrifuged at 10,000 rpm, and rinsed 3 % in
0.1 M phosphate buffer saline (PBS) to remove excess
fixative.

For SEM imaging, fixed cells were rinsed 3 X in
0.1 M PBS and dehydrated through a graded ethanol
series as for TEM sample preparation. Additional
dehydration steps were performed in which cells were
placed into mixtures of ethanol and
hexamethyldisilazane (HMDS) (75:25, 50:50, 25:75),
and finally left in 100% HMDS over- night. Dehydrated
cells were dried in a desiccation chamber overnight,
placed on aluminum SEM stubs and sputter-coated with
gold. A Philips FEI XL30 SEM operating at 20 kV was

used to image the cells.



Preparation of samples for SEM imaging of Synechococcus associated with clay
was carried out by mixing a 1 mL aliquot of the A+ medium cell suspension with 1 mg,
10 mg, and 25 mg of kaolinite and mon- tmorillonite, before following the generic SEM
procedure described above. The procedure for TEM imaging of the clay-cyanobacterial
mixtures was simplified by eliminating all dehydration processing, and simply placing a
drop of the fixative containing the bacteria clay mixture onto a TEM grid, and staining
with 1% osmium tetroxide. This was done to limit the amount of sample processing that
could potentially affect the interaction of the clay and bacteria to provide the most
accurate representation of the natural association between the clay and bacteria. In
subsequent control experiments, sampling through the entire dehydration process,
including multiple centrifugations and re-suspensions, was not observed to significantly
affect the resulting clay-bacteria interaction. Again, separate samples were prepared
that contained 1 mg, 10 mg, and 25 mg of kaolinite and montmorillonite, in an effort to

capture any variation in clay-bacterial interactions dependent on clay concentration.

Results

Chl a measurements

Fig. 1 shows concentrations of the photosynthetic pigment Chl a over 18 successive

240-minute growth experiments with Synechococcus supplemented with either kaolinite

or montmorillonite clay. Chl a concentration was used as a measure of cyanobacterial

abundance remaining 5 cm below the water surface. In control samples (non-clay
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supplemented cultures), Chl a increased over time, as would be expected from the cells
in exponential growth phase (Fig. 1), or, in the case of darkness, remained constant. In
contrast, Chl a concentra- tions of kaolinite/montmorillonite-supplemented
Synechococcus cul- tures showed either unchanging or declining levels at all clay
concentrations tested (Fig. 1). For both clays, the rate of decrease in Chl a
concentration accelerated as the clay concentration increased (Fig. 1). Photographs of
representative sedimentation time intervals are shown in Fig. 2. These provide visual
representation that the clay-cyanobac- terial mixtures rapidly deposit from the water
column, and at a rate that increased with increasing clay concentration.

Heat-killed Synechococcus biomass reacted similarly to live cultures, showing a
decrease in Chl a concentration over time when 5 g or 50 g of kaolinite or
montmorillonite was added (Fig. 1). This is in contrast to the live Synechococcus control
culture kept in complete darkness. The addition of 0.01 g of kaolinite or montmorillonite
induced a gradual drop in Chl a levels, however, Chl a levels fluctuated more in the
presence of montmorillonite. The addition of 50 g of kaolinite or montmorillonite induced

a sharp drop in Chl a levels in dead population of Synechococcus.
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Figure 2: Time course of representative experimental sedimentation tanks illustrating Synechococcus-clay
deposition. Kaolinite and montmorillonite (50 g) were added to 1 L volume of cyanobacteria. Images include
kaolinite-Synechococcus and montmorillonite-Synechococcus mixtures for comparison. Note that within 15 min, the
kaolinite-Synechococcus mixture is largely settled, creating a pale green/grey mass at the bottom of the tank. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this

article).

Overall, the trends that we observe pertaining to the live cultures, include: (i) O
mg/mL of Chl a after 10 min when 50 g of kaolinite or montmorillonite is added, (ii) the

addition of small amounts of kaolinite, or montmorillonite (0.01 g) produced minimal
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deviation from the controls. Data from the heat-killed Synechococcus biomass are
similar to that obtained from the live cultures. Calculated initial cell concentrations for
experiments (using ODzso conversion factor from Liu et al. (2015)) involving kaolinite
and montmorillonite (time —1 on the x-axis of Fig. 1) may be overestimated when

compared to the graphical average trend.

SEM/TEM results

Using SEM imaging, we observed that Synechococcus cells, grown under normal
conditions in A+ media, are typically spherical to ovoid, unicellular and average 1 ym
in diameter, but clump together to form larger cell aggregates (Fig. 3A). The
intracellular structures, including the thylakoid membrane and nucleotide, are visible
using TEM (Fig. 3B).

SEM analysis of Synechococcus-kaolinite (Fig. 4A-D), and Synechococcus-
montmorillonite (Fig. 4E—H) mixtures clearly indicates that the cells are encrusted with
clay. In addition, the kaolinite and montmorillonite-encrusted cells frequently adhere to
larger kaolinite or mon- tmorillonite structures to become amorphous masses of cell-
clay aggregates whose sizes exceed tens of micrometers (Fig. 4D). When exposed to
kaolinite, Synechococcus cells become encrusted in micron- sized, plate-like features
that generally conform to the morphology of the cyanobacterial cells (Fig. 4A-C).
Where hexagonal grains encrusting cyanobacterial cells are discernible, the clay
mineral face (the region of largest surface area) appears to be the point of contact

with the bacterial cell, while the clay mineral edge (region of small surface area) is the
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point of contact with other clay mineral grains (Fig. 4A-C). TEM analysis of
Synechococcus-kaolinite mixtures reveals the formation of thick kaolinite sheaths,
which can be over 1 pym thick, encasing individual cyanobacterial cells (Fig. 5A-B).
Imaging of Synechococcus in the absence of clay clearly shows extracellular structure
such as fimbriae (Fig. 5C). Additionally, when kaolinite is present, the encapsulation

of multiple cells is visible (Fig. 5D-E).

Sheet-like structures are common and can be laterally extensive (Fig. 4A). In
detail, the kaolinite is seen as hexagonal platelets, with an edge-to-edge (E-E) contact
between grains (Fig. 4A). This E-E contact facilitates the formation of large sheet
structures (e.g. Du et al., 2009). The kaolinite also forms larger, nodular branching
structures (Fig.4D). Stacked kaolinite grains can be seen forming aggregates, which
compared to the smooth surface of the larger nodular structure and encrusted
cyanobacteria, appear rough and granular (Fig. 5B and D). In the case of these
granular aggregates, contacts between kaolinite grains are not confined to grain edges
only, but involve the faces of grains as well. Cyanobacterial cells are clearly visible
within these aggregates (Fig. 5D, E and F). These nodular structures are also visible
when examining montmorillonite-cyanobacterial aggregates (Fig. 4G and H). Upon
close inspection, bacterial cells encased in montmorillonite often exhibit a rosette-
structure (Fig. 4F), where some clay minerals appear to make contact with the bacterial
cell and other clay mineral grains along the clay-mineral edge (edge-to-face contact).
Montmorillonite grains also appear to contact the cell along the face (face-to-cell
contact). Clay composition measured from Synechococcus-kaolinite (Fig. 6), and

Synechococcus-montmorillonite (Fig. 7) masses are also shown.
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Figure 3: Electron microscopic images showing the ultrastructure of Synechococcus sp. PCC 7002 grown in A+
medium. (A) Scanning electron microscope (SEM) micrograph showing the size and morphology of the
cyanobacteria. (B) Transmission electron microscope (TEM) micrograph showing the intracellular structure,
where CW, cell wall; R, ribosome; C, carboxysome; N, nucleoide region; TM, thylakoid membrane; CG,

cyanophycin granule.

Trace metal analysis

Raw trace metal data for all samples are listed in Table 1. The trace metal content,
measured in triplicate, was averaged to determine the overall trace metal composition of
Synechococcus cells (Table 2). Values for certain analytes are relatively high (using a
cellular concentration of 103 cells/mL): Na (111 ppm), Mg (10 ppm), K (7 ppm), Ca (1.5
ppm), P (0.5 ppm), B (0.1 ppm) and Mn (0.01 ppm; Table 2). Elements with low cellular
concentrations (< 0.01 ppm) include: Li, Al, Ti, Cr, Fe, Co, Ni, Cu, Zn, Rb, Sr and Ba

(Table 2).
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Discussion

Microbe-clay aggregation

Bacterial cells are negatively-charged over a wide range of pH due to the deprotonation
of amphoteric organic ligands contained within the polymers of the cell walls (Flemming
et al., 1990; Beveridge and Graham, 1991; Fein et al., 1997; Cox et al., 1999; Phoenix
et al., 2002; Lalonde et al., 2008a, 2008b; Pokrovsky et al., 2008; Liu et al., 2015).
These ligands bind metal cations and serve as nucleation sites for mineral authigenesis
(Beveridge, 1989; Beveridge and Graham, 1991; Konhauser et al., 1994; Clarke et al.,
1997). Bacteria also have the ability to partially moderate their surface charge (Doyle,
1989; Urrutia et al., 1992; Schultze-Lam et al., 1996). For instance, to generate the
proton motive force, protons are continuously pumped into the fabric of the cell wall
where they compete with metal cations for binding to the negatively-charged sites (e.g.,
Urrutia et al.,, 1992). This mechanism allows live bacteria to reduce detrital mineral
adhesion and authigenic mineral formation on their cellular surface by filling up anionic
sites with protons (Urrutia et al., 1992; Schultze-Lam et al., 1996; Konhauser and
Urrutia, 1999).

The unique surface properties of the bacterial cell facilitate the formation of clay
biominerals. For example, in environments where concentrations of dissolved iron
proximal to the cell are greater than the solubility product of ferric hydroxide, small
mineral aggregates (~100 nm) form, as iron (e.g., Fe®") initially adsorbs onto the cell

surface (Konhauser et al., 1993, 1998; Konhauser and Urrutia, 1999). Additionally, pre-
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formed ferric hydroxide particles in suspension can be entrained by the cell (Glasauer et
al., 2001). At circumneutral pH, the net positive charge of iron attracts negatively-
charged counter-ions, resulting in the formation of (Fe-Al)-silicate phases via hydrogen
bonding between the cell-bound iron and the dissolved aluminum, silica or
aluminosilicate complexes (e.g., Davis et al., 2002). With further exposure to sufficiently
concentrated solutions, poorly ordered clay phases may form as iron attached to the cell
surface continues to react with negatively charged solutes (Konhauser, 2007).

In the same way, clay particles in suspension are attracted to cations because
incomplete substitution, for example AI** for Si** in the tetrahedral sheet or Mg?* for
APR* in the octahedral sheet, results in excess negative charge on either the clay
surface (exchangeable cations) or between tetrahedral sheets in 2:1 clays (interlayer
cations). This negative surface charge results in a high cation-adsorption capacity for
some clays (Guenther and Bozelli, 2004). The adsorption of cations to the clay (e.g.,
montmorillonite, kaolinite) surface results in a net- positive surface charge, which
has an affinity for negatively-charged surfaces, such as bacterial cellular surfaces
(Walker et al., 1989;Guenther and Bozelli, 2004). This explains the observation that,
in sediments, organic matter and clay particles rarely exist in isolation, occurring
instead as microaggregates (Walker et al., 1989).

Similar to the results reported here that demonstrate cyanobacterial enhancement
of clay sedimentation, the adhesion of an anionic flocculent to clays in suspension has
previously been observed to produce a unique structure. For instance, Du et al. (2009)
observed the formation of a honeycomb network structure after the addition of the

flocculent (anionic polyacrylamide copolymer FLOPAM AN-910) to a kaolinite
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suspension; this was not observed in the absence of the flocculent. The network
observed is similar to the honeycomb structures that we observed by SEM analyses
(Figs. 3 and 4) after the addition of kaolinite and montmorillonite. This suggests that, in

our experiment, the bacteria themselves played the role of an anionic flocculent.

Despite previous studies showing algal cells becoming entrained in settling clay
aggregates and flocculating rapidly in the presence of clay particles (e.g., Sengco et al.,
2001), there is a paucity of information on the mechanisms underpinning the role of
microbes, such as cyanobacteria, in clay deposition. Indeed, clay is used to control
harmful algal blooms in environmental rehabilitation projects in many modern
environments (e.g., Archambault et al., 2003; Beaulieu et al., 2005). The formation of
clay/algal aggregates is influenced by the species of algae, clay/algae concentrations
and clay type (Beaulieu et al., 2005). In the case of cyanobacteria, interaction between
buoyant species, such as Microcystis sp., and clay particles have been observed to
form aggregates that rapidly settle out of suspension (Verspagen et al., 2006). The
aggregation rates of Microcystis sp. and clay particles are directly related to the amount
of clay particles in suspension (Verspagen et al., 2006). Similarly, it has been observed
that the sinking rates of cyanobacteria, Anabaena and Phormidium, were in- creased by
their adhesion to clay particles (Avnimelech et al., 1982; Guenther and Bozelli, 2004). In
fact, addition of clays during our experiments resulted in an increased Synechococcus
sedimentation rate (Fig. 1). This is in agreement with the work of Verspagen et al.
(2006) who observed that the aggregation rate of Microcystis and bentonite was linearly
proportional to the concentration of clay. Additionally, Chen et al. (2010) reported that,

when polysaccharide concentrations were kept constant, the flocculation efficiencies of
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cyanobacterial cells increased with increasing doses of kaolinite.
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Figure 4: Scanning electron microscope (SEM) images. (A) Kaolinite (1 mg) in the presence of Synechococcus

sp. PCC 7002. Note the tangential attachment of the kaolinite hexagons and face-on-cell contact with the
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bacterial cell. Mineral edge-edge contact of kaolinite grains is also visible. Black box denotes area of inset in
(B). B) Inset from (A) showing the tangential attachment of the kaolinite grain to the cell surface (contact is
along mineral face). The external structure of the cell is also visible. (C) A Synechococcus cell encased in
kaolinite. Black arrows highlight the tangential nature of mineral attachment. The cell is completely encased,
however, cell morphology is preserved. (D) Large kaolinite-cell network illustrating the complete encasement of
cyanobacterial cells (black arrow). Cell encasement produces a nodular morphology. (E) Cell of Synechococcus
encased in montmorillonite. Although cell morphology is retained (black arrow), the size of the clay-cell
aggregate is many times larger than an unattached cell. (F) Although tangential mineral face-to-cell contact is
most common, montmorillonite can exhibit edge-to-cell contact, producing a floret-like morphology. (G) Large
structure of montmorillonite and cyanobacterial cells illustrating the preservation of cell morphology and nodular
textures (black arrows). (H) Complete encasement of cyanobacterial cells in montmorillonite, producing a

nodular structure similar to that observed in (D).
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Figure 5: Transmission electron microscope (TEM) images of kaolinite-Synechococcus mixtures and
Synechococcus only. (A) Control Synechococcus cells dividing with no clay present. Fimbriae are clearly visible. (B)

Kaolinite shells encasing Synechococcus cells can be thick (up to 1 um; black arrow). (C) Kaolinite in the

presence of Synechococcus sp. PCC 7002. Kaolinite grains can form thick stacks attached tangentially to cell,
visible here with a partially covered cell (black arrows). Although the concentration of clay did not appear to
influence how the bacteria sorbed to the clay in both the SEM and TEM imaging, the samples containing 1 mg
of clay presented rare occurrences in which the bacteria were not completely enshrouded in clay and both the
clay and bacteria were visible. This helped to provide convincing evidence that the numerous clay aggregates

had a core composed of one or multiple bacteria. (D) Kaolinite grains vary in size, but form an aggregate mass
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partially surrounding two cells. (E) Cells of Synechococcus encased in kaolinite showing clay stacking. (F)

Nodular, aggregate mass of bacterial cells and clay showing complete encasement of the cells.
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Figure 6: Kaolinite identification on encrusted Synechococcus. Insert: SEM image showing a kaolinite-encrusted
cyanobacterial cell. The star indicates the point of compositional measurement. The composition of the

kaolinite is shown graphically below.
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Organic matter sources in black shales

The organic matter found in fine-grained Triassic and Cretaceous sediments (both
carbonate and siliciclastic), especially those associated with oceanic anoxic events
(OAEs), have largely been attributed to cyanobacteria based on the abundance of 2-
methylhopanoids, geoporphyrin distribution and nitrogen isotopic composition (Kuypers
et al., 2004; Dumitrescu and Brassell, 2005; Xie et al., 2005; Ohkouchi et al., 2006;
Duque-Botero and Maurrasse, 2008; Cao et al., 2009; Jia et al., 2012). For example,

during the Triassic, fluctuations in the biomarker 2-methylhopane (in association with

negative values of 615N) have been interpreted as the products of increased
cyanobacterial activity following the Permian-Triassic mass extinction, ocean anoxia,
denitri- fication and development of oligotrophic conditions (Xie et al., 2005; Cao et al.,
2009; Jia et al., 2012). Similarly, the high abundance of cholestanes suggests high rates
of planktonic production in association with deposition of early Triassic, organic-rich,
fine-grained successions (Suzuki et al., 1998). In Cretaceous sediments, the presence
of cyanobacterial biomarkers (2B-methylhopanes and 2B-methylhopanones), in
association with sterenes (indicative of algal phytoplankton), also points to a
depositional environment characterized by high rates of primary, cyanobacterial

production (Dumitrescu and Brassell, 2005).

In the modern oceans, cyanobacteria populations occur in densities large enough
to act as major contributors to the organic fraction of marine sediments. Some species
occur in concentrations as high as 10%® cells per mL (Miyazono et al., 1992).

Cyanobacteria have been observed to constitute up to 70% of the total phytoplankton
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biomass of the northeast Atlantic Ocean (Jardillier et al., 2010). In that study, two
genera of cyanobacteria, Prochlorococcus and Synechococcus, were found to contribute
45 = 17% and 21 = 17%, respectively, to the total carbon fixation budget for
phytoplankton (Jardillier et al., 2010). In addition to high population potential,
cyanobacteria occur in diverse coastal settings; by way of example, Synechococcus is a
marine coastal genus that occurs in high cell densities within modern estuaries (Pan et
al., 2007; Mitbavkar et al., 2012; Rajaneesh and Mitbavkar, 2013), making them major
contributors to the estuary's organic carbon pool (Mitbavkar et al., 2012). Indeed,
continental margins, where planktonic organisms flourish, have been recognized to be

major sites of organic carbon deposition (Burdige, 2007).
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Figure 7: Montmorillonite identification on encrusted Synechococcus. Insert. SEM image of a montmorillonite-
encased cyanobacterial cell. The composition of the clay is indicated below as measured from the point on the

clay-cell aggregate indicated by the star. The composition of the montmorillonite is shown graphically below.
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Mechanism of biomass deposition

While the contribution of microorganisms (such as cyanobacteria) to the organic matter
fraction of black shale deposits is well established, the mechanisms by which large-
scale biomass deposition occurred remains extensively debated. Delivery of this
reactive carbon pool to the sediment could occur rapidly (Figs. 1 and 2) via flocculation
in the presence of considerable clay input. Under normal conditions, the concentration
of suspended particulate matter observed in estuaries can vary considerably from 0.1
g/L in the Kennebec Estuary, USA (Kistner and Pettigrew, 2001) to over 200 g/L in the
Severn Estuary, UK (Kirby and Parker, 1983; Uncles et al., 2006). Wind-delivered clay
was estimated at only 6-11% of the total deposited clay (Wan et al., 2007). In some
modern coastal environments, e.g., in the South China Sea, clay (smectite, illite,
chlorite, and kaolinite) deposition is attributed to monsoon-induced surface currents
originating from the continent (Wan et al., 2007). Considering the abundance of
planktonic surface-reactive biomass, such as cyanobacteria, in such coastal settings, it
seems plausible that microbes can accentuate mass clay settling in these environments.
In fact, in an estuary exposed to seasonal monsoons, Synechococcus populations, for
example, are shown to flourish during non-monsoonal times and diminish during
monsoons due to high turbidity from the increased clay and sediment influx (Rajaneesh
and Mitbavkar, 2013). Although the authors conclude that the diminished population is
an effect of turbidity, in light of our observations, this population reduction may be

reflective of surface-reactive, microbial populations, in this case cyanobacteria, being
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stripped from the water column by clay.

Considering the effect of the monsoon cycle on observed populations of
Synechococcus (Rajaneesh and Mitbavkar, 2013), and the role of monsoons in
delivering clay to the basin (Wan et al., 2007), it follows that earlier observations about
the link between anomalous fluctuations in the efficiency of organic carbon burial
observed in the geological record and environmental conditions (e.g., Kennedy et al.,
2014) would hold true. Importantly, monsoonal control on mid-Cretaceous black shale
deposition has been postulated (Herrle et al., 2003; Petrash et al., 2016). However, the
authors suggested that sediment input (nutrient flux) from the monsoon promoted
increased primary productivity and resulted in increased organic matter deposition and
water stratification (leading to low oxygen levels and therefore an increase in organic
matter preservation potential). The observation that cyanobacterial populations flourish
during times of minimal surface runoff and decrease drastically because of turbidity
during high monsoonal activity (Rajaneesh and Mitbavkar, 2013), contradicts this idea.
In our opinion, monsoon-induced runoff would not promote an increase in primary
productivity, but instead would cause the flocculation and deposition of any
microorganism in suspension during that time. Combined with our results, these
observations regarding clay mobilization and cyanobacterial occurrence, suggest that
coastal environments (such as estuaries, prodelta settings and in proximal offshore
locations), where large populations of planktonic microorganisms are present and clay
input (possibly driven by monsoons) is significant, are optimal for the deposition of fine-
grained, organic-rich sediment.

Although it is likely that increased monsoon-driven sedimentation into productive
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waters can produce high-TOC bearing stratigraphic intervals, other climatic factors may
also influence microbe-mud sedimentation. High pCO: in the atmosphere, for example,
couples increased primary productivity with enhanced clay weathering which would
undoubtedly lead to widespread flocculation and settling of organic-rich mudrocks. This
model explains the temporal correspondence shared by large igneous provinces and

black shales (i.e. Condie, 2004).

Organic matter preservation potential

While mass organic matter deposition can occur in coastal environments, the
guestion becomes one of preservation potential. In the oceans as a whole, < 1% of the
original organic biomass buried into sediment may ultimately contribute to the
sedimentary organic geochemical record (e.g., Emerson and Hedges, 1988; Raven and
Falkowski, 1999). Of that fraction, most is distributed on the continental shelves
because (i) there is greater nutrient supply from both land and upwelling to support
primary productivity, and (ii) residence time for the dead biomass in the water column is
shorter there and hence lower potential to be aerobically oxidized in the water column

(Suess, 1980).

Previous studies that have focused on the preservation of microbial biomass in
marine sediments showed that organic-mineral interactions result in the protection of
organic matter from heterotrophic micro-organisms (Hedges and Keil, 1995; Ransom et
al., 1997, 1998; Bennett et al., 1999; Kennedy et al., 2002; Mayer et al., 2004; Arnarson

and Keil, 2005; Aplin and Macquaker, 2011). By contrast, when separated from the
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host mineral grains, organic matter decays rapidly (Keil et al., 1994). This degradation
occurs regardless of oxygen levels, as decomposition rates by sulfate reduction range
from 65 to 85% (Mackin and Swider, 1989). Protection from degradation occurs by: (1)
enclosure within pore spaces and between sheets in clay minerals (Kennedy et al.,
2002; Mayer et al., 2004); (2) chemical alteration decreasing its susceptibility to
chemoheterotrophy (Hedges and Keil, 1995), and (3) a lack of access to energetically
favourable terminal electron acceptors (e.g., O2, NO~) for microbial respiration coupled
to organic matter oxidation (see Konhauser, 2007).

The association of organic carbon with minerals, such as clay, can also protect it
from bacterial enzymes and other faunal activity (Ransom et al., 1998; Baldock and
Skjemstad, 2000; Bennett et al., 1999, 2012). Indeed, two mechanisms have been
observed to govern organic-mineral interactions: (1) organic matter may form
aggregates with mineral grains (Arnarson and Keil, 2001; Krull et al., 2003), and (2)
dissolved solutes may be sorbed onto mineral surfaces (Keil et al., 1994; Baldock and
Skjemstad, 2000; Ding and Henrichs, 2002). However, work thus far (e.g. Tietjen et al.,
2005) has involved the use of dissolved or decaying organic matter (such as plant
material). Therefore, our study shows that complete initial encapsulation of living
bacterial cells during deposition is another mechanism facilitating the preservation of
organic matter.

Our hypothesis builds on the work of Kennedy et al. (2002, 2014), but differs in
two ways. First, those authors argued that it is dissolved organic matter in sedimentary
pore fluids that results in TOC adsorption within the interlayer of smectite surfaces. By

contrast, our work suggests that live particulate organic matter (such as cyanobacterial
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cells) can also interact with clay particles in the water column before deposition. Thus,
clay flocculation is likely a combination of both these processes. Second, they
suggested that the determining factor regarding organic matter preservation is mineral
surface area, where dissolved organic carbon is adsorbed. While mineral surface area
is certainly a critical factor (e.g., Ransom et al., 1998), we argue here that the initial
encasement of particulate organic matter (such as cyanobacterial cells) by mineral
grains is a driving preservational mechanism. In this regard, the surface area of the
microbial cells would be of importance.

Clay minerals have been found in association with bacterial cells in modern
continental margin sediments (Ransom et al., 1997). However, these microbes were
observed to bind sediment using extracellular polysaccharides (EPS) and occurred in
patchy distributions within the sediment or marine snow. Encasement that preserved
cell morphology was not observed and organic matter was noted to occur in patchy blebs
and smears (Ransom et al., 1997). While the association of these microbes with clay
minerals was hypothesized to increase organic carbon preservation and sediment
cohesion (even in soils; see Baldock and Skjemstad, 2000), a direct relationship
between the occurrences of bacterial/cyanobacterial blooms, clay input and mass
carbon deposition and preservation was not considered. Indeed, sediment trap and
bottom sediment samples were not taken during a cyanobacterial bloom (Ransom et al.,
1997), but during steady-state ocean conditions. In this case, the surface area of the
clay minerals and the network of EPS were considered preservational factors (Ransom
et al., 1997).

Baldock and Skjemstad (2000) suggested that encapsulation of organic matter in
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soils by clay protected the organic matter from microbial decay. Similarly, Phoenix and
Konhauser (2008) suggested that the encrustation of bacteria by clay — though via
biomineralization— protected the cells from toxins, dehydration and ultraviolet irradia-
tion. Building on the work of Kilbertus (1980) and Amelung and Zech (1996), Baldock
and Skjemstad (2000) hypothesized that since most bacteria cannot enter pores smaller
than 3 pm (Kilbertus, 1980) and that pore size would decrease with increasing clay
content in soils, aggregation and encapsulation of organic matter in soils with clay
would enhance preservation. Our results show that the pore spaces associated with the
clay encapsulating cyanobacterial cells are much smaller than 3 ym and, therefore,
would restrict the entrance of heterotrophic microbes that would remineralize the
organic matter (Figs. 3 and 4).

Uniform clay-microbial structures (‘clay hutches’) have been observed to form in
acidic freshwater puddles when a floating colonization surface (glass slide) is placed on
the water surface and incubated (Lunsdorf et al., 2000). The work of Lunsdorf et al.
(2000) showed that soil-dwelling bacteria (Burkholderia, Variovorax, Sphingomonas,
Rhodo- phila, and Acidobacterium), when allowed to colonize a floating substrate
(escaping high levels of toxins within the sediment) within low-pH, fresh water puddles
(10-15 mm depth), will form biofilms that incorporate clay grains within the exopolymeric
substances, forming clay hutches. Initial nucleation appeared to be bacterial adsorption
to the substratum surface (glass slide or thin layer of extracellular polysaccharide) and
subsequent coverage by clay particles adsorbed from the puddle water column.
Empty/hollow clay aggregates suggested that bacteria were able to migrate within the

clay aggregates. The clay hutches retained their structure upon the absence of the
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bacterial cell and were observed to be held together by extracellular polysaccharides.
Clay particles mechanically transported from the soil to the slide (through the water
column) were shown to be mechanisms of transport for adsorbed dissolved organic
matter and were captured by the extracellular polysaccharides of the bacteria and
incorporated into the hutch/biofilm structure. This dissolved organic matter acted as
nutrients for the bacteria. These microbial-soil microhabitats were hypothesized to act
as ‘minimal nutritional spheres’ also offering the bacterial cells protection from amoeba
or flagellate grazing. These hutches were hypothesized to represent biogeological units
in soils, illustrating the role of bacteria in forming clay sediments in soils.

Our work differs on two critical points as it shows: 1) complete encapsulation via
direct contact between bacterial cell and clay particles (with no extracellular
polysaccharide network) under marine conditions, and 2) that complete encapsulation of
planktonic photosynthetic marine bacteria by clay particles brings the bacterial cells out
of suspension and induces rapid deposition. In the case of the Lunsdorf et al. (2000)
study, the bacteria colonized a substrate and the subsequent incorporation of clay into
the bacterial biofilm added important nutrients and protection that facilitated bacterial
metabolism. Additionally, the ‘clay hutches’ did not enclose the bacterial cells, which

remained attached to the substrate.

Morphology of encased biomass

With regards to the entrapment of microorganisms, such as cyanobacteria by clay

minerals, there has been limited work conducted on the morphology of these aggregates
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and their possible role in cellular preservation. In the case of Anabaena, Avnimelech et
al. (1982) showed that the clay was adsorbed, forming a network-like structure around
the cell perimeter, including the cell wall and EPS. Their SEM micrographs revealed that
the clay occurred in clusters on the bacteria, while textures that reflected cell
morphology were not produced. Studies on the flocculation of kaolinite and the diatom
species Thalassiosira punctigera showed that the clay particles did not directly attach to
the diatom cells but instead they were bound in clusters by the EPS (Hamm, 2002).
Interestingly, comparison of this work with the micrographs of Synechococcus and
kaolinite and montmorillonite aggregates from our study suggests that excessive
amounts of EPS actually appeared to impede cell encapsulation. This is similar to the
work of Chen et al. (2010) who showed that EPS inhibited microbe and clay

flocculation.

Kim et al. (2010) also investigated the adsorption of clay minerals by the
cyanobacterium, Phormidium parchydematicum. The clay used in that study was
unspecified and was sourced from soil. Their findings showed the formation of
aggregates from the attachment of clay particles to the bacterial cells. They also
observed that the morphology of the cells was preserved. However, in contrast with our
results, the bacterial cells were not uniformly coated, but were instead agglomerated
with various clay particles of different sizes and orientation. The SEM micrographs of
Kim et al. (2010) show the clay infilling spaces between the cyanobacterial filaments,
but the cells themselves are not encased and instead remained partly exposed.
Although we cannot demonstrate what causes the differences in aggregate textures and

the ability to flocculate clay particles as observed between the various cyanobacteria
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and diatoms, we suggest that these varieties are a product of the composition of the
EPS, and hence cell surface reactivity (Synechococcus vs. Anabaena vs. Phormidium

or diatoms), as well as the type of clay used (kaolinite vs. montmorillonite).

Implications for traditional depositional models of black shales

The preservation of microbial organic matter via initial clay encapsulation has
important implications for our understanding of the depositional mechanisms of organic-
rich, fine-grained sedimentary rocks, such as black shales. High TOC content in these
lithologies is not only a function of anoxia (see Arthur and Sageman, 1994), but also a
function of the increased preservation potential of the microorganism, such as
cyanobacteria, in the presence of a primary mineral coating such as clay. Initial
encapsulation would protect the organic carbon from oxidation, regardless of pore water
redox conditions, ultimately leading to the development of an organic-rich deposit. This
would explain the preservation of organic matter in the presence of limited bioturbation
(bioturbation suggests an oxygenated environment; see MacEachern et al., 2010; Aplin
and Macquaker, 2011) in fine-grained, organic-rich sediments.

Additionally, our work suggests that sediment input of clay is crucial for the
potential preservation of microbes, and so high sedimentation rates could in fact be a
key mechanism for enhanced preservation of organic matter in fine-grained sediment.
This complicates the view that increased sediment input dilutes the amount of organic
carbon within the sediment and leads to organic-poor sediments (e.g., Aplin and

Macquaker, 2011), but supports the view (Ransom et al., 1997, 1998) that sediment
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composition (amount of clay) is a crucial factor. Considering that, at some point, an
increased sedimentation rate will dilute Corg content, there is likely a threshold, after
which increased sedimentation rates would no longer increase Cog content. This
threshold could be a product of both microbial cell concentration and amount of clay in

suspension.

Geochemical implications for organic-rich marine shale

The increased potential for preservation when kaolinite or montmorillonite and
microorganisms, such as cyanobacteria, interact has two major implications
regarding elemental analysis: (1) metal cation adsorption and fractionation by clays
may record, through cation bridging between the mineral and cell surfaces, a stable
isotopic and/or trace metal signature not directly related to the general paleoenvir-
onmental conditions, and (2) the trace metal content of the bacterial cells
themselves has an increased likelihood of being preserved and contributing to the
trace element content of the sediment. As an example of the former, Ca has been
shown to fractionate by as much as —2.76%. when adsorbing to kaolinite (Ockert et
al., 2013). Compared to other clays (such as illite) kaolinite showed one of the
largest Ca-isotopic fractionations. Similarly, adsorption of Mg onto kaolinite during
weathering has been observed to occur with the preferential adsorption of the
heavier isotope onto the clay surface (Huang et al., 2012). What is interesting is that
kaolinite (and clay in general) has been observed to bind trace metals in a similar

manner to metal oxyhydroxides (Spark et al.,, 1995), and the preferential
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incorporation of light Mo into secondary clay minerals has been suggested as a
mechanism for the isotopic fractionation of Mo observed in riverine flux (Archer and
Vance, 2008). As such, the question which remains to be addressed is whether the
large fractionations of trace metals, such as molybdenum (e.g., Ellis et al., 2002;
Barling and Anbar, 2004) might also be observed in association with adsorption

onto kaolinite?

In a similar manner, Cr isotopes have been used as a proxy for atmospheric
oxygen levels (Frei et al., 2009; Crowe et al., 2013; Reinhard et al., 2014; Planavsky et
al., 2014; Cole et al., 2016). Fractionation of Cr is thought to be controlled by redox
conditions and is not currently thought to be significantly influenced by other factors,
such as sorption (Ellis et al., 2002, 2004; Schauble et al., 2004; Reinhard et al., 2014).
However, these studies focuséd on the effects of Cr absorption onto goethite (Ellis et
al., 2004). Work by Buerge and Hug (1999) showed that the presence of kaolinite
accelerates the reduction of Cr(VI) by Fe(ll). Additionally, Cr(lll) has been observed to
adsorb onto kaolinite (Ajouyed et al., 2011; Rao et al., 2012). This monolayer adsorption
reverses the surface charge of the kaolinite (Rao et al., 2012), which facilitates
attachment to negatively-charged cyanobacterial cells. Kaolinite has been shown to
absorb hexavalent Cr (Ajouyed et al., 2011) even though chromate (CrO 27) is
largely considered to be the mobile form, adsorbing to Fe(lll) oxides only at acidic and
near neutral pH (Izbicki et al.,, 2008). The adsorption of Cr (lll) and Cr(VI) by
montmorillonite (summarized by Bhattacharyya and Gupta, 2008), has been observed to
be pH dependent. Cr(lll) adsorption has been observed to increase with increasing pH,

hypothesized to be a function of metal hydroxide precipitation (Bhattacharyya and
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Gupta, 2008). Similarly, the adsorption of Cr(VI) on kaolinite is dependent on pH, with
adsorption for kaolinite peaking around pH 7.0 (Bhattacharyya and Gupta, 2008).

Further work is needed to determine the effect of kaolinite (and other clay
minerals) and the adsorption of Cr (and other cations) on the isotopic signatures of
black shales. The implication resulting from our work is that any isotopic signature
associated with preferential adsorption onto clays would have an increased preservation
potential if the element in question acted as the bridging cation between the clay
mineral and microbial surfaces. This could affect any paleoenvironmental interpretations
based on isotopic signatures (such as that of Cr). Trace elements can be enriched in
organic-rich shales in three ways: (1) by association with organic matter, (2) adsorption
to the detrital clay fraction and (3) through incorporation into sulfide mineral phases.
With respect to our data, observations support the idea that the burial of redox-sensitive
metals would scale with carbon flux (Algeo and Maynard, 2004; Piper and Perkins,
2004; Dean, 2007; Reinhard et al., 2013). For instance, trace elements, such as Ni, Cd,
Zn and Cu, are typically delivered to the sediments via organic matter or organometallic
complexes (Calvert and Pedersen, 1993; Murphy et al., 2000; Algeo and Maynard,
2004; Piper and Perkins, 2004; Tribovillard et al., 2006). After organic matter
degradation, these elements are liberated into the sediment pore-waters, and then
incorporated into pyrite under reducing conditions (Brumsack, 2006; Tribovillard et al.,
2006; Xu et al., 2012). This has led to the interpretation that high levels of Ni and Cu
signify a high organic matter flux to the sediment and reducing conditions, allowing for
the fixation of Ni and Cu into pyrite (Brumsack, 2006; Tribovillard et al., 2006).

Our findings suggest that trace metal content of microbes (specifically Mn, Cu, Zn

173



and Ba) could contribute directly to the trace metal content of organic-rich, marine shale
deposits, assuming preferential preservation of the microbial cells. A number of studies
have indeed documented that marine phytoplankton are enriched in various trace
elements, close to the approximate extended Redfield formula given by the following

average stoichiometry (Ho et al., 2003):

(C124N16P 1S4 3K1 7Mn3 sMgp 56Cag 5)1000SrsF€7.5Z2N0 8CUg 38C00 196Cdg 21M0g 03)

Although this elemental stoichiometry varies between species, growth rate, and
potentially in response to ambient nutrient concentra- tions in seawater (Bruland et al.,
1991; Twining et al., 2004), it nevertheless provides a basis for examining the

magnitude by which phytoplankton may assimilate trace elements from seawater.

Second, the siliciclastic constituents can also import trace elements. For example,
V has been observed to adsorb to kaolinite (Breit and Wanty, 1991). Siliciclastic input
can be examined by cross-plotting the element of interest versus Al or Ti, and then
comparing the ratios with average published shale values (Dean et al., 1997; Piper and
Perkins, 2004; Tribovillard et al., 2006). Our findings suggest that microbial cells,
specifically cyanobacteria, contribute Ti directly to the sediment, which potentially
makes the normalization to Ti problematic. Additionally, while the adsorption capacity
and ability of metal oxyhydroxides to bring trace metals to the sediment has been
recognized, the ability of detrital clays, such as kaolinite or montmorillonite, to adsorb
trace metals from the water column has been largely ignored. Our results suggest that a
primary source of deposited metals originates from the bacterial cells encapsulated by
clay minerals. This adds complexity to the notion that the trace element content of

organic-rich deposits necessitates chemical deposition in rare environments. For
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example, it has been proposed that the development of euxinic conditions in the water
column or at the sediment/water interface during deposition acts as a reductant for the
fixation of elements such as V (Wanty and Goldhaber, 1992; Brumsack, 2006). In the
case of Lower Cambrian black shale deposits from South China, high V/(V + Ni) values
(above 0.85) were interpreted as indicating marine euxinia (Xu et al., 2012). However,
kaolinite has been observed to adsorb V in the form of VO = (Abd-Allah et al., 2005),
and thus has the potential (along with other clays) to contribute to the V content of black
shales (as postulated by Kelly et al., 2013). This has implications regarding global mass
balance and burial models related to trace element fluxes (e.g. Reinhard et al., 2013),
as the reactivity of the depositing sediment (i.e. clays) is not taken into consideration.
Although anoxia can be associated with increased primary productivity, we argue
that it is the initial encapsulation of the microbial cells en masse, which, along with
preserving the organic matter, contributes directly to sedimentary trace element
concentrations. Perhaps this is an explanation for the strong association between trace
elements (e.g., Cu) and TOC. Cross-plots are generally used to interpret paleoredox
conditions (Tribovillard et al., 2006), but may instead reflect the enhanced preservation

of marine plankton (e.g., cyanobacteria) and their trace metal components.
Conclusions
This study had a number of aims, one of which was to investigate the role that clay

minerals have in flocculating microbial cells from suspension. The addition of

montmorillonite or kaolinite (in 5 g/L or 50 g/L concentrations) to a suspension of
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Synechococcus cells was found to dramatically increase settling rates of both cells and
clay; cells were brought out of suspension within 15 min. In contrast, live
Synechococcus cells were found to increase in concentration when no clay was added.
Cell metabolism was not found to be a factor as both live and dead cell populations
behaved in a similar manner in the presence of clay. These findings agree with
previous work which reported the ability of clay to sediment microbial cells from
suspension (e.g. Beaulieu et al., 2005). As cyanobacteria have been recognized as
major contributors to the organic matter content of some organic-rich marine shale
deposits (Ohkouchi et al., 2006), this depositional mechanism could account for the
deposition of these organic-rich shale deposits. This would suggest an environment of
deposition where large microbial populations, such as cyanobacterial blooms, could
occur in addition to regular clay input, such as an estuary or other coastal regions,
where events such as monsoons could transport large amounts of clay to the basin. In
addition, kaolinite is known to be preferentially deposited close to shore and is
associated with increased continental weathering (Thiry, 2000). The increased nutrient
delivery is conducive to microorganisms (e.g. cyanobacterial blooms), and, in
association with the kaolinite from continental weathering, would promote the formation
of organic-rich deposits. This supports deltaic, estuarine, or related depositional setting
for the formation of these organic-rich deposits. Kaolinite is also stable over long
periods of time (compared to other clays, such as smectite; Thiry, 2000), suggesting

that long-term cyanobacterial encasement is feasible.

Clay-cell aggregates examined using SEM reveals that, in the presence of

surface-reactive microbial cells (e.g. cyanobacteria), kaolinite and montmorillonite form
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nodular network structures that incorporate the bacterial cells. Cyanobacterial cells
were completely enclosed within a clay envelope, with plates of clay visibly adhering to
the negatively-charged cell surface. As the chemical reactivity of cyanobacterial cells
has previously been demonstrated (Lalonde et al., 2008a, 2008b; Liu et al., 2015), this
suggests that cation bridging likely occurs between the microbial and clay mineral
surfaces. This mechanism potentially explains the preservation of large deposits of
marine organic matter, with encapsulation of the microbes protecting the biomass from
degradation.

Unsurprisingly, the trace metal content of a sample of Synechococcus was found
to be elevated in bioactive metals (P, Cu, Zn and Ba). However, these trace metals
have been thought to be largely liberated during organic matter degradation and only
preserved under unique circumstances (anoxia, euxinia or increased sedimentation
rates) in sediments (e.g., Algeo and Maynard, 2004; Tribovillard et al., 2006). The rapid
deposition and encapsulation of cyanobacterial cells observed during our experiments
does not require the development of anoxia or euxinia, suggesting that, while redox
controls have been recognized to play a role in numerous organic-rich deposits, rapid
deposition with encapsulation of reactive microbial biomass is another important
control. This would explain the high levels of bioactive trace elements within some
organic-rich deposits (e.g. Tribovillard et al., 2006). Significantly, this depositional
model suggests that steady-state, organic-carbon depositional and preservation
models may not be entirely accurate. Instead organic-rich, fine-grained deposits may,
in some cases, reflect a series of discrete depositional events, which punctuate steady-

state conditions.
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Chapter 6: Conclusions

This Thesis had four essential aims: 1) to investigate the mechanisms underpinning
biotic recovery, namely the source of organic matter, following the end-Permian mass
extinction; 2) to evaluate the occurrence and effect of subsequent Siberian Trap
volcanism on climate during the Early Triassic; 3) the plausibility of using geochemical
signals from Early Triassic climate and biotic recovery to correlate fine-grained deposits
across the basin and 4) determine the accuracy of trace metal indicators used in
interpreting environmental conditions.

In Chapter 2, the co-occurrence of biogenically derived silica and geochemical
proxies for productivity (such as Ba and P) with sedimentological indicators of storm
activity is shown to indicate the role of the Early Triassic monsoon climate in biotic
recovery following the end-Permian mass extinction. Critically, the monsoon induced an
increase in fluvially transported sediments, high in silica, to the shallow marine realm,
while wind driven upwelling brought critical nutrients. These combined effects allowed
for radiolarian blooms to take place, serving as a source of organic matter to the sea
floor and establishing a trophic base for biotic recovery. The continental configuration of
the Early Triassic, the supercontinent Pangea, was critical in magnifying these effects,
suggesting that biotic recovery was the result of both climatic and tectonic conditions.

In Chapter 3, sedimentological evidence is provided which suggests Siberian
Trap volcanism occurred at the end of the Smithian, coinciding with previous U-Pb
dates of ~251.4 Ma and ~250.2 Ma (Kamo et al., 2003, Paton et al., 2010, Burgess and
Bowring, 2015). After the initial eruptive pulse (~251.4 Ma), modelling of carbon isotope

data indictes that CO:2 outgassing occurred during the Early-Smithian and caused
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atmospheric temperature to increase by up to 10°C and the pH of the oceans to
decrease by 0.55 units. At the end of the Smithian, a second period of outgassing
occurred, which was more gradual, but was accompanied by volcanically sourced
sediment. This combination of atmospheric outgassing and volcanically derived
sediment resulted in marine anoxia and the extinction of carbonate-generating biota.
This suggests that outgassing alone did not trigger the end-Smithian extinction, but it
was the combined effects of outgassing and eruptive material. This correlation may be
owing to the fact that magmas erupted close to surface produce more sulfur-enriched
gases (Gaillard et al., 2011), leading to a higher potential for acid rain.

In the 4% chapter, chemostratigraphic analysis is shown to be useful in
correlating chronostratigraphic surfaces within the Montney Formation, a fine-grained
succession. Geochemical trends can be used to distinguish changes in mineralogy,
provenance, clay and detrital input. These trends highlight changes in relative sea-level,
hydrothermal input and climate change. Specifically, within the Early Triassic of western
Canada, 13 distinct chemofacies were identified and correlated. These correlations
reveal broad clinoform surfaces which indicate that the lower-mid Montney deposits of
British Columbia are temporally equivalent to upper Montney sediments in Alberta. Clay
proxies indicate that a climatic shift occured at the Smithian/Spathian boundary,
corresponding to an increase in hydrothermal iput. An increase in felsic input, indicated
by cross plots of Th/Sc versus Cr/Th, suggests that early accretion of the Yukon-
Tanana terrane occurred by the Early Anisian. Additionally, early terrane accretion is

supported by evidence of volcanic arc input in the Early Anisian.
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In chapter 5, clay and cyanobacteria are shown to flocculate, providing a
mechanism for the deposition of organic-rich, fine-grained deposits. The cyanobacterial
cells become encased in a clay shroud, likely due to cation-bridging, providing a
mechanism whereby both the cellular organic matter as well as the bioactive metals
(such as P, Cu, Zn, and Ba) are preserved. These trace metals have been previously
thought to be liberated during organic matter degradation and only retained under
conditions of limited oxidation (such as marine anoxia; Algeo and Maynard, 2004;
Tribovillard et al., 2006). The rapid deposition of cyanobacterial cells in the presence of
clay in a marine environment in addition to cellular encasement suggests that such
extreme conditions are not always necessary. While redox controls have been
recognized as contributing to the preservation of marine organic matter, encapsulation
of reactive microbial biomass is another important mechanism. This suggests that some
organic-rich, fine-grained deposits may be the product of discrete depositional events,
such as algal blooms exposed to unusually high river discharge, and not the result of
steady-state conditions.

Together, these chapters serve as a framework for understanding the
complexities of environmental and biotic recovery following the largest mass extinction
of all time. These findings point to a setting of extreme monsoonal climate cycles
perturbed by volcanic eruption in the Early Triassic in which biota survived in shallow-
marine enclaves supplied with organic matter by seasonal planktonic blooms.
Sedimentation via flocculation of these blooms allowed for the rapid deposition of
planktonic mass to the sea floor. While it has been debated in the past whether biotic

recovery occurred gradually as conditions improved, these findings suggest that
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environmental conditions continued to be dynamic throughout the Early Triassic. Biota

survived in spite of these subsequent environmental challenges.
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Appendix 1

Monsoon cycles, primary productivity, and silica deposition following the end-

Permian mass extinction

Supplimentary Figures
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Supplementary Figure 1: Carbon isotopes measured from the carbonate (left) and organic (right) fractions. Values
are reported with reference to V-PDB. The similarity in trend between the two data sets illustrates that they are not
decoupled, suggesting that diagenetic overprinting has not affected the isotope data.
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Supplementary Figure 2: Block diagrams illustrating the effect of seasonal monsoon rains on continental weathering
and Si input into the basin operating in partnership with seasonal monsoon storms and winds, which cause Ekman
transport and upwelling. This brings P and N to the surface and increases water mixing and oxygenation. The
combined result is increased Si, P, and N in the basin which are conducive to siliceous planktonic blooms. These
blooms result in the deposition of organic matter and siliceous tests.
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Supplementary Figure 3: Litholog of drill core from well 2-30-070-24W5. Depth is given in meters and facies
occurrences are indicated. The Permian/Triassic boundary occurs at 1730 m. Two facies were identified: The first is
composed of wavy to lenticular bedded siltstone and mudstone with bidirectional ripples and occasional trace fossils
(Planolites) (Facies 1). The second facies consists of hummocky cross stratified very fine sandstone with randomly
distributed calcite cemented spheroids, approximately 5mm in diameter on average (Facies 2). The distribution of the
hummocky cross stratified sandstone coincides with the zones of biogenically sourced excess silica and

paleoproductivity indicators.
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Supplementary Figure 4: Close up images of Facies 1 (left) and Facies 2 (right). Facies 1 consists of wavy to
lenticular bedded siltstone and mudstone with bidirectional ripples and occasional Planolites. This is interpreted as
being formed in a distal, tidally-influenced, delta front. Facies 2 comprises hummocky cross stratified fine sandstone
with randomly distributed calcite spheres. This facies is interpreted as storm deposits with diagenetic calcite
cementation after burial from the consumption of organic matter by sulphate reduction.
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Appendix 2

Clinoform identification and correlation in fine-grained sediments: A case study

using the Triassic Montney Formation (Supplimentary Material)

Supplimentary Figures
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Figure S1: Clay indicator profiles for well d-48-A/ 94-B-9. Depths are in metres. Chemofacies are numbered on the

right. Simplified interpretations of concentrations are labelled at the base with arrows. For references, refer to the

Elemental indicators section in the text.
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Figure S2: Detrital indicator profiles for well d-48- A/94-B-9. Depths are in metres. Chemofacies are numbered on the
right. Simplified interpretations of concentrations are labelled at the base with arrows. For references, refer to the
Elemental indicators section in the text.
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Figure S3: Mineralogical indicator profiles for well d-48-A/94-B-9. Depths are in metres. Chemofacies are numbered
on the right. Simplified interpretations of concentrations are labelled at the base with arrows. For references, refer to
the Elemental indicators section in the text.
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Figure S4: Provenance indicator profiles for well d- 48-A/94-B-9. Depths are in metres. Chemofacies are numbered
on the right. Simplified interpretations of concentrations are labelled at the base with arrows. For references, refer to

the Elemental indicators section in the text.
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Figure S5: Clay indicator profiles for well c-74-G/ 94-B-9. Depths are in metres. Chemofacies are numbered on the
right. Simplified interpretations of concentrations are labelled at the base with arrows. For references, refer to the
Elemental indicators section in the text.
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Figure S6: Detrital indicator profiles for well c-74- G/94-B-9. Depths are in metres. Chemofacies are numbered on

the right. Simplified interpretations of concentrations are labelled at the base with arrows. For references, refer to the
Elemental indicators section in the text.
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Figure S7: Mineralogical indicator profiles for well c-74-G/94-B-9. Depths are in metres. Chemofacies are numbered

on the right. Simplified interpretations of concentrations are labelled at the base with arrows. For references, refer to
the Elemental indicators section in the text.
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Figure S8: Provenance indicator profiles for well c- 74-G/94-B-9. Depths are in metres. Chemofacies are numbered
on the right. Simplified interpretations of concentrations are labelled at the base with arrows. For references, refer to
the Elemental indicators section in the text.
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Figure S9: Clay indicator profiles for well 11-20-082- 02W86. Depths are in feet. Chemofacies are numbered on the
right. Simplified interpretations of concentrations are labelled at the base with arrows. For references, refer to the
Elemental indicators section in the text.
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Figure S10: Detrital indicator profiles for well 11- 20-082-02W6. Depths are in feet. Chemofacies are numbered on
the right. Simplified interpretations of concentrations are labelled at the base with arrows. For references, refer to the
Elemental indicators section in the text.
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Figure S11: Mineralogical indicator profiles for well 11-20-082-02W6. Depths are in feet. Chemofacies are numbered
on the right. Simplified interpretations of concentrations are labelled at the base with arrows. For references, refer to
the Elemental indicators section in the text.
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Figure S12: Provenance indicator profiles for well 11-20-082-02W86. Depths are in feet. Chemofacies are numbered
on the right. Simplified interpretations of concentrations are labelled at the base with arrows. For references, refer to

the Elemental indicators section in the text.
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Figure S13: Clay indicator profiles for well 2-30- 070-24W5. Depths are in metres. Chemofacies are numbered on
the right. Simplified interpretations of concentrations are labelled at the base with arrows. For references, refer to the

Elemental indicators section in the text.
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Figure S14: Detrital indicator profiles for well 2-30- 070-24W5. Depths are in metres. Chemofacies are numbered on
the right. Simplified interpretations of concentrations are labelled at the base with arrows. For references, refer to the

Elemental indicators section in the text.
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Figure S15: Mineralogical indicator profiles for well 2-30-070-24W5. Depths are in metres. Chemofacies are
numbered on the right. Simplified interpretations of concentrations are labelled at the base with arrows. For

references, refer to the Elemental indicators section in the text.
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Figure S16: Provenance indicator profiles for well 2-30-070-24\W5. Depths are in metres. Chemofacies are
numbered on the right. Simplified interpretations of concentrations are labelled at the base with arrows. For
references, refer to the Elemental indicators section in the text.
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Figure S17: Clay indicator profiles for the outcrop Ursula Creek. Depths are in metres. Chemofacies are numbered
on the right. Simplified interpretations of concentrations are labelled at the base with arrows. For references, refer to
the Elemental indicators section in the text.
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Figure S$18: Detrital indicator profiles for the outcrop Ursula Creek. Depths are in metres. Chemofacies are
numbered on the right. Simplified interpretations of concentrations are labelled at the base with arrows. For
references, refer to the Elemental indicators section in the text.
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Figure $19: Mineralogical indicator profiles for the outcrop Ursula Creek. Depths are in metres. Chemofacies are
numbered on the right. Simplified interpretations of concentrations are labelled at the base with arrows. For
references, refer to the Elemental indicators section in the text.
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Figure S20: Provenance indicator profiles for the outcrop Ursula Creek. Depths are in metres. Chemofacies are
numbered on the right. Simplified interpretations of concentrations are labelled at the base with arrows. For

references, refer to the Elemental indicators section in the text.
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Figure S21: Comparison of select detrital and clay indicators between wells 2-30-070-24WS5 (right) and 16-17-083-
25W6 (left) illustrating the identification and correlation of chemofacies in well 2-30-070- 24W5.
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Figure S22: Comparison of select detrital and clay indicators between wells 11-20-082-02W6 (right) and 16-17-083-
25W6 (left) illustrating the identification and correlation of chemofacies in well 11-20-082- 02W6.
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Figure S23: Comparison of select detrital and clay indicators between wells c-74-G/94-B-9 (right) and 16- 17-083-
25W6 (left) illustrating the identification and correlation of chemofacies in well c-74-G/94-B-9.
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Figure S24: Comparison of select detrital and clay indicators between wells d-48-A/94-B-9 (right) and 16-17-083-

25W6 (left) illustrating the identification and correlation of chemofacies in well d-48-A/94-B-9.
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Figure S25: Comparison of select detrital and clay indicators between the outcrop Ursula Creek (right) and 16-17-
083-25W6 (left) illustrating the identification and correlation of chemofacies in outcrop Ursula Creek.
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SYMBOLS: CORE/OQUTCROP LOGGING FORMS

Ichnofossil Symbols

Root Traces @ =~ Undifferentiated Bioturbation

= Scalarituba el
f—

S Gyrochorte
© tubulartidalite g[]

Phycosiphon/Anconichnus

Helminthopsis/Helminthoida

=g

Skolithos/Monocraterion

— Planolites ] Conichnus/Bergaueria @

SANA Treptichnus i Rhizocorallium

2 Gyroiithes §  Teichichnus

3 Trichichnus ¥ Diplocraterion

g Fugichnia U Arenicolites D pulichnites
Asteriacites . Spongeliomorpha W Diplichnites

fr Chondrites s Thalassinoides/Camborygma

~Fwr feeding pit &2 /A Ophiomorpha 2 Monomorphichnts

¥ ) Lingulichnus ¥y Cruziana m Phycodes
Cyiindrichnus Lunulichnos =  Sscoiicia

&z @ Asterosoma o Palaeophycus

@eﬁa / "Terebellina” Suete Fustiglyphus
oophycos

J Schaubcylindrichnus % Macanopsis
%g@&phomchnus & Macaronichnus
P

o Halapoa

} Merdelineaus

Lockeia <Gz~ bivalve resting trace Y Psilonichnus

Wi
i

= @ vertical discoidal & plug-shaped burrows

Beaconichnus

1o Glossifungites surface  wywuywlrypanites surface

Fossil Symbols

&, Conodont a Foraminifera
-t 4 Gastropod @ Ammonoid
=P

WA Bivalved pelecypod Nautaloid
606 ivalved pelecypods @ autaloi

_ﬂfgm\ Echinoid/ echinoid debris
/k Ophiuroid % Asteroid
ﬁ@ Crinoid/ crincid debris
% Spirifirid Brachiopod € Lingulide Brachiopod
a Terebratulid Brachiopod @ Acrotretid brachiopod

Atrypid Brachiopod
~=5®s Decapod crustacean

Phyllocarid arthropod
Tabulate Coral

Rugose Coral

ey Spongiomorph ?

% Spohge
& / ﬂv Scleractinian Coral (branching / encrusting)

=== Cryptalgal laminae

o ey e b

~ o
(o]
e P22

&8, e
@( Vertebra
ﬁg Wood &g Leaves

Carbonaceous matter

e skeletal elements
loclastic debris

~
L

« Carbonaceous debris on ripple foresets

== Carbonaceous laminae

conformable contact

marine flooding surface

aAAAAA erosional surface

Physical Sedimentary Structures

' Flaser Bedding

) o A Stylolite
<<= Lenticular Bedding ~vvr Shrinkage/Dessication cracks i Load casts
== Tidal Couplets == Planar bedding f;f Synaeresis cracks
&=  Wavy bedding (heterolithic) s = Scourand Fill == Soft sediment faulting
= \Wavy bedding (homogeneous) Bird's eye structure &% Soft sediment deformation
A A, [ - Ripple Laminae (wave/current) = Tool marks - PP Dewatering structure
ez f 2 Ripple Laminae (bidirectional/starved) 1 Pedogenic slickensides % Convolute lamination
Iy Climbing Ripples
I Extras
~apewem.  LOW @Ngle cross-stratification
= Hummocky cross-stratification A o s e Mudclasts R outcrop locality ’ fracture (vertical)
o 20522%58 Pebble lag B subsurface locality ~ ~~~ fracture (horizontal)
————— Shale laminae dari
L. Swaley cross-stratification ® Sidcrite § TRt (eheh)
Lty Trough cross-stratification "W Imbricated clasts @ Glauconite fracture (open,
. : crystal lined
W\ Over steepened beds e PhotoAvailable €  Pyrite ! )
K Sample collected ®  Phosphate

Figure S26: Lithologue for well 16-17-083-25W6. See legend for explanation of symbols used.
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Figure S27: Lithologue for well d-48-A/94-B-9. See legend for explanation of symbols used.
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Figure S28: Lithologue for well c-74-G/94-B-9. See legend for explanation of symbols used.
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Figure S29: Lithologue for the outcrop Ursula Creek.
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Figure S30: Graph of the number of clusters versus similarity between clusters. An inflection point occurs at 12,

which is why 12 statistical divisions were chosen. The Belloy Formation, defined by Golding et al. (2014) within this

study’s data set, was divided out as an additional subdivision (although the division is not statistically significant).
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Table S1: Pearson product-moment values for well 16-17-083-25W6. Table values greater than 0.8 are highlighted in
green while values below <0.8 are highlighted in red.

SiD2__ Al203 _ TiD2 __ Fe203 MmO M0 CaD __ Na20 K20 P205 _ Ba or s sc st on
[wedd)  (widd)  (wid) (i)  (widd)  (wtd) (wids)  (wi) (wih) (wi¥) ippm) _I(ppm) _[ppm) _ippm} _(ppm} _ [ppm)

Si02 (wt %) 1

Aalzo3

{wt¥) 0.88 1

Tioz

we %) 091 oe7 1

Fe203

{wt%) 027 0.35 028 1

MnO (wt

%) 05 039 05 o1 1

mMgo

(wt %) 0.5 -0.47 -0.5 0.093 05 1

Ca0 (wt %) -0.9 0.9 -0.9 -0.44 045 0.32 1

nazo

{wt %) 0.69 0.62 071 0.016 03 03 0.6 1

k2O(wr%) 081 089 091 0156 06 05 08 062 1

P205

(wt %) 03 02w 03 02 01 03 021 02 1

Ba [ppm) 0.01 0.07 0.02 004 0.1 0.1 -0.14 [] -0 1

cr {ppm} 032 017 __omn 03 03 03 01 019 015 o003 1

s (ppm) 00s o1 ooz 032 0 01 o1 02 01 037 02 1

5¢ (ppm) 081 085 os 03 -0.4 0.8 043 079 -0.3 01 024 027 1

sr (ppm) 05 05 02 012 o058 __©5 05 o048 05 003 022 043 1

zn (ppm) 01 D05 01 03 02z 007 009 012 025 01 03 017 006 _ o008 1

2r [ppm) 069 053 oer 05 02 06 079 061 01 01 _-00s 036 038 05 -0

Be (ppm] 071 0.82 073 o5 0.4 -0.8 051 0.86 01 o 037 0.01 077 0.4 023

v ippm) 02 012 01 03 01 o013 016 008 012 01 025 D2 013 007 074

co ppm} 076 __08s _ osa 03 04 08 05z 0 03 01 005 ooa 08 05 01

Ni (ppm) 0.08 0.16 017 05 03 0.1 0.03 038 023 02 034 031 0.13 0 0.69

cu ppm} 054 07 o1 05 04 07 036 078 0 01 o027 012 067 03 on;

Ga (ppm) 0.85 0.98 0.96 04 05 09 0.63 0.89 0.3 0.04 0.2 0.08 0.94 05 -0

Rb (ppm) 08 0.96 091 03 -0.5 0.8 044 0.82 -0.3 0.09 025 022 0.96 04 -0

¥ (ppm) 002 001 oo1 03 02 o oo0s 01 os 01 017 D17 003 _ o024 0z

Nb (ppm) 089 0985 098 04 -04 09 074 0.86 -0.3 0.02 0.1 0.07 0.89 06 -0.1

Mo (ppm) 0 -0.02 0.03 03 -0.1 -0 0.1 025 o 01 -0.02 -0.43 -01 0.1 0.33

sn (ppm) 061 _ 061 oes 02 03 06 06 _ 056 02 o oo oo 06 04 01

Cs (ppm) 0.64 083 074 02 -04 0.7 0.11 0.65 -0.2 0.17 031 0.33 0.88 03 o

La (ppm) 0.46 0.35 0.34 03 -0.3 0.4 0.23 035 a5 -0 045 0.01 0.35 01 -0

ce [ppm) 062 055 o0sa 02 03 05 081 049 01 o 031 o008 oss 03 02

Pr (ppm) 0.46 033 033 03 -0.3 -0.4 0.28 033 036 -0 038 0.01 033 01 -0.1

nd (ppm) 02 028 029 03 03 03 02 03 037 o 032 o001 02 o1 01

sm {ppm) 035 02 o027 02 02 3 026 028 _ 03a © 023 o3 o0z ) 01

Eu [ppm) 026 0.2 02 02 -0.2 0.2 0.18 023 038 047 018 0.03 0.19 0.18 -0.1

&d (ppm) 032 024 o2 02 02 3 022 026 o0aa o o022 o o023 om 01

T [ppm) 035 oze 03 03 02 03 o2 03 0as © o1 o2 027 ) o

oy (ppm) 035 02 oa; 03 02 03 03 033 oas 0 o015 007 02 o om

Ho (ppm) 033 027 03 ©3 02 ©3 029 033 os7 ©1 o018 oD1a  o02a o oos

Er (ppm) 038 032 o036 04 03 03 033 038 058 01 016 _-Di1a _ 028 o oo

Tm {ppm) 051 0as __os 05 03 05 043 051 os 01 018 D1s o4z 01 01

¥b (ppm) 0.6 0.54 08 05 03 0.6 053 0.61 0.41 01 0.18 0.2 0.48 02 0.13

L (ppm) 062 057 osa 06 04 06 056 066 037 01 017 D2a 05 02 015

HF (ppm) 07 __0sa _ oes 05 02 07 081 _ 066 __-01 01 008 038 038 05 -0

Ta (ppm) 0.87 093 0.94 03 04 09 0.63 0.76 0.3 0.06 013 024 0.92 05 0.1

w (ppm) 005 o008 om 02 01 0 o016 023 o012 02 _-ooa 02 w002 01 _ o015

Tl (ppm) 025 0.18 028 04 0.1 0.2 031 0.36 0.1 01 -0.08 032 0.08 02 0.15

Pb (ppm) 0.6 059 059 01 -0.2 -0.6 037 037 -0.3 0.12 0.18 0.36 0.62 03 -0.3

T [ppm) 092 0es _ oo7 o5 05 _ 0a 07 0s 03 o o018 o002 08 08 o

U {ppm) 0.01 -0.02 0.0z 04 -0.2 a 0.01 023 0.41 02 0.07 -0.42 -0.08 0.01 027
ar Be v co ni cu ca b v b Mo sn s a ce Pr wd
lppm) {ppm) (ppm) (ppm) {ppm) (ppm) (ppm) (ppm) (ppm) Ippml (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm)

2r [ppm) 1

Be {ppm) 045 1

V [ppm}) -0 022 1

a (ppm} 048 073 02 1

i {ppm} 017 045 078 01s 1

cu jppm} D42 076 0315 075 055 1

Ga (ppm) 051 087 01 088 022 o7 1

Rb (ppm) 037 0.82 0.1 0.82 02 07 0.96 1

¥ (ppm) 0z 013 015 006 031 _ o0as ) o 1

Nb (ppm) 0.63 0.76 02 083 0.11 0.67 035 0.89 -0.03 1

Mo (ppm) D19 023 047 016 053 028 005 -01 01 oo 1
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Zr Be v Co Ni Cu Ga Rb ¥ Nb Mo sn Cs La Ca Pr Nd

[ppm]  (ppm) (ppm) (ppm] (ppm] (ppm) (ppml] (ppm) (ppm} (ppm] (ppm) (ppm} (ppm] (ppm) (ppm) ({ppm) (ppm)
sn jppm) 0.47 0.48 0.1 0.54 0.05 0.45 0.64 058 0.05 0.7 0.01 1
Cs [ppm] 0.12 0.67 -0 0.69 0.17 0.6 08 093 -0.06 0.7 -0.1 0.4 1
La (ppm) 0.3 0.39 -0.1 0.27 0.14 0.35 035 034 0.79 032 -0 0.27 0.3 1
Ce (ppm) 04 0.48 -02 05 -0.01 0.39 056 051 052 054 0 041 042 0.89 1
Pr (ppm) 0.32 035 -0.1 028 0.07 0.29 034 031 073 032 0 027 024 0.95 094 1
Nd (ppm) 03 03 0.1 0.24 0.07 0.25 029 025 0.75 027 0 0.23 019 0.91 0.92 0.99 1
sm {ppm}) 03 0.28 0.1 0.22 0.07 022 027 022 0.74 026 0.02 0.22 015 0.85 0.88 096 0.99
Eu [ppm) 0.23 0.21 0.1 0.16 0.05 017 0.2 017 0.75 018 0 0.17 013 0.8 0.8 091 0.94
&d [ppm} 0.28 0.26 -0.1 019 0.08 0.22 024 021 0.B1 023 -0 0.2 016 0.89 0.86 0.96 0.98
Th [ppm] 0.33 0.29 -0.1 0.23 01 0.25 028 0.25 0.82 028 -0 0.24 018 0.88 0.86 095 0.97
Dy (ppm] 0.37 031 -0 0.23 0.16 0.29 029 025 087 029 0.03 0.26 016 0.88 0.83 093 0.95
Ho [ppm} 0.39 0.32 0.03 021 0.23 0.31 027 023 092 027 0.07 024 014 0.89 0.78 09 0.91
Er [ppm] 0.44 0.37 0.04 0.25 0.27 0.37 032 028 0.92 033 0.07 0.29 0.18 0.89 0.75 0.87 0.87
Tm {ppm) 0.54 0.48 0.03 0.36 03 0.47 0.46 0.41 0.84 047 0.06 0.39 029 0.86 0.75 0.82 0.81
¥b (ppm) 0.65 0.57 0.05 0.46 0.36 0.56 055 0.48 077 057 013 0.44 032 0.81 0.73 0.76 0.74
Lu [ppm] 0.69 0.61 0.08 0.43 0.4 06 058 05 0.72 0.6 017 0.47 033 0.75 0.66 0.69 0.66
Hf|ppm] 0.99 0.49 -0 0.52 0.18 0.45 055 039 0.16 0.66 022 0.5 013 0.29 041 031 0.29
Ta [ppl‘l’l} 0.53 07 -02 08 0.04 0.62 092 092 -0.04 0985 -0.1 0.63 078 032 0.53 031 0.26
W (ppm) 0.27 0.15 02 0.06 0.25 0.12 0.1 0.03 0.23 0.08 03 016 -0.04 015 0.09 0.12 0.13
Tl (ppm) 0.48 0.28 02 0.34 0.44 04 0.2 012 0.06 025 0.46 048 001 0.04 0.09 0.06 0.06
Pb (ppm] 0.24 032 0.3 0.5 -0.19 03 054 059 0.1 0.63 03 0.69 054 0.27 0.44 027 0.22
Th [ppm) 0.7 0.81 0.1 0.84 02 0.71 095 0.89 0.09 095 0.07 0.66 072 0.43 0.63 0.44 0.39
u (ppm) 0.25 02 0.37 0.14 0.52 0.36 0.02 -0 058  -0.04 0.65 0.05 007 039 0.2 032 0.33

Sm Eu Gd Th Dy Ho Er Tm ¥h Lu Hf Ta W Tl Fb Th u

(ppm] _ {ppm m m, m| m m m) _(ppm} _(ppm) _(ppm) _(ppm) _ [ppm ppm) _(ppm] _ (ppm) _ (ppm)

sm (ppm) 1

Eu (ppm) 0.96 1

d (ppm) 0.09 0.96 1

Tb (ppm] 0.98 0.95 0.39 1

Dy (ppm) 0.95 0.93 0.98 0.9 1

Ho (ppm} 0.91 0.88 0.95 0.96 0.89 1

Er (ppm) 0.85 0.83 0.8 0.93 0.96 0.99 1

Tm {ppm) 0.79 0.75 0.83 0.87 0.01 0.95 0.98 1

Yl (ppm) 0.72 0.67 0.76 0.8 0.BE5 0.89 0.53 0.98 1

Lu (ppm) 0.64 0.59 0.67 0.72 0.78 0.83 0.B9 0.9% 0.58 1

Hf EEm] 0.23 022 0.27 031 0.35 0.37 043 052 0.64 069 1

Ta [ppm}) 0.23 017 0.22 027 0.27 0.25 031 0.45 052 054 055 1

W (ppm]) 0.13 01 0.12 013 0.17 0.22 022 023 0.26 026 028 -0 1

Tl {ppm) 0.08 0.04 0.05 0.08 0.1 0.12 0.16 0.1% 0.27 031 05 0.15 014 1

Pb (ppm) 0.19 0.15 0.17 0.18 0.16 0.11 0.13 022 0.24 023 025 0.65 -0.15 0.03 1

Th [ppm] 0.36 0.28 0.34 038 0.39 0.38 0.44 057 0.67 0.69 0.73 0.52 0.15 0.29 0.56 1
U (ppm) 0.33 0.31 0.36 0.37 0.43 0.4% 0.51 0.46 0.49 0.5 0.25 -0.1 0.36 0.37 -0.3 0.1 1
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Table S2: Pearson product-moment values for Ursula Creek. Table values greater than 0.8 are highlighted in green
while values below <0.8 are highlighted in red.

alzo3 5i02 Tioz Fe203 Mno MED a0 Nazo K20 P205 al Ba cr

(w1 %) [wt %) (wt%)  (wt3) (wt %)  (wt %) fwt %) (wh %) (wt%) (wt%) (ppm) (ppm) (ppm}
al203
[wt %) 1
Si02 (wt %) 061 1
Ti02 [wt %) 0.98 0581 1
Fe203

__(wtsé) -0.09 -0.43 -0.08 1

Mn0 (wt %) -0.66 089 064 0.505 1
Mg0 [wt %) -0.55 -0.79 -0.54 0.583 0.87 1
Ca0 [wt %) -0.71 -0.93 -0.69 0.219 0.84 0.623 1
Na20 (wt %) 0.62 0268 0.63 011 038 036 -031 1
K20 (wt %) 0.99 0624 0.98 01 068 055 073 0.563 1
P205 (wt %) 0.01 01 [ -0.12 0.03 .08 012 0.099 0.01 1
alppm 0.01 0.1 [ -0.12 0.03 0.08 012 0.099 0.01 1 1
Ba [ppm) 0.29 0.147 0.27 0028 015 004 024 0.273 03 -003 003 1
cr {ppm) 05 0.441 0.47 025 052 043 0.5 021 0.54 006  0.063 01 1
5 [ppm) -0.13 -0.41 -0.11 0.41 021 0.324 0.26 0.254 -0.14 0.03 0.028 0.12 -0.14
5 (ppm) 0.79 0.53 0.76 0.039 052 -0.45 -0.61 0.473 0.78 -0.02 -0.02 0.26 0.415
st (ppm| -0.56 085 052 0313 0.8 0.602 088 019 -058 02 0203 009 _ -0.44
n (ppm) 0.05 0.105 0.05 012 011 008 -009 0.156 005  -002 002 029 0027
2r (ppm) 092 0.488 0.9 006 057 047 061 0.729 09 003 _ 0025 027 0447
Be (ppm) 077 032 073 0.065 043 0.28 -05 0.488 077 01 0.103 028 0661
v tpplﬂ' 0.34 0.194 032 -0.21 -0.28 -0.19 -0.22 0.346 0.35 0.05 0.048 021 0.252
Co (ppm} 0.5 0.14 0.48 0.267 0.2 -0.19 -0.26 0.517 0.47 -0.02 -0.02 022 0248
Ni (ppm) 039 0.119 035 0.031 0.2 013 021 0313 038 006 0059 022 _ 0.407
cu [ppm) 054 0367 05 002 048 036 -045 0336 055 008 0.077 02 _ 059
Ga [ppm) 097 0566 095 01 066 053 -0.7 0.569 0.97 006 0056 029 063
RD (ppm) 0.97 0595 0.96 000 067 058 072 0.503 0.99 002 0.015 029 0575
¥ (ppm]) 0.08 -0.12 0.1 0.066 0.09 0 0.13 0.13 0.07 087 087 001 -0.11
Nb (ppm) 0.96 0.586 0.98 -0.08 -0.66 -0.56 -0.71 0.592 0.96 0.01 0.005 0.26 0.505
Mo (ppm) 0.23 0.07 021 0.008 017 -0.11 -0.11 0.229 0.22 -0.04 -0.04 0.07 -0.14
sn (ppm 0.68 0527 07 01 047 046 -055 0.243 068 -005 _ -005 015 0251
cs [ppm) 0.87 0557 0.86 01 062 052 -066 022 09 -002 002 02 _ 0511
La (ppm) 072 0243 073 0069 032 038 033 0.459 0.69 042 o042 015 0243
ce [ppm) 0.69 0296 07 0035 034 038 037 0.394 067 049 0.492 013 0162
Pr (ppm) 054 0214 054 0012 025 028 026 033 052 067 0.668 01 0.098
nd (ppm) 0.4 0.133 0.4 0.017 0.16 021 -0.16 0.258 0.38 0.75 0.75 007 0015
5m (ppm}) 0.21 0.017 0.2 0.037 -0.03 -0.08 -0.04 0.192 0.18 0.79 0.792 0.05 -0.09
Eu [ppm) 011 -0.08 0.1 0.067 0.07 0.01 0.07 0.107 0.08 083 0.827 007 012
Gd (ppm) 02 -0.01 0.19 0048 001 007 001 0.181 0.17 082 _ 0.823 004 -0.08
b {ppm) 0.16 -0.03 0.16 0.044 0.01 0.05 0.02 0.163 0.14 083 0825 0.08 0.1
Dy (ppm) 018 -0.02 0.8 0.055 0.01 0.05 0.01 0.472 0.15 082  0.822 0.08 0.1
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Al203 5i02 Tioz2 Fe203 MnO MEgO a0 Naz0 K20 P205 Al Ba cr

(w %) [w 9%} (wi %)  (wt%) (wtd)  (wt %) (wt36)  (wt%) (wt%) (wt%) (ppm] (ppm) (ppm)
Ho (ppm) 0.21 -0.01 0.21 0.065 -0 -0.07 -0.01 0.193 0.18 0.83 0.829 0.05 -0.06
Er (ppm) 0.28 0011 0.29 0.077 -0.04 -0.09 -0.04 0.26 0.25 0.8 0.797 0.11 -0.01
Tm (ppm) 0.4 0.045 0.41 0.118 -0.09 -0.14 -0.11 0.386 0.37 0.68 0.681 0.15 0.113
¥b (ppm) 0.5 0.106 0.5 0.119 -0.16 -0.19 -0.2 0.474 0.47 0.56 0.562 0.2 0.232
Lu [ppm) 0.51 0.109 0.51 0.103 -0.19 -0.21 -0.21 0.52 0.49 0.48 0.478 0.22 0.312
HF [ppm 0.93 0.501 0.95 -0.08 -0.59 -0.49 -0.62 0.729 0.91 0.02 0.023 0.27 0.455
Ta m 0.97 0.572 0.98 -0.09 -0.65 -0.54 -0.7 0.656 0.96 0.04 0.035 0.27 0.438
W (ppm| 0.16 0212 0.18 -0.1 -0.24 0.15 -0.23 -0.14 02 -0.05 -0.05 -0.03 0.03%
Tl (ppm) 0.58 0326 0.59 -0 -0.4 -0.31 -0.38 0.367 0.58 -0.08 -0.08 0.19 0.039
Pb [ppm} 0.42 0.428 0.44 0.039 -0.32 -0.39 -0.4 0.015 0.43 -0.11 -0.11 0.02 0.247
Th (ppm) 0.9 0.522 0.9 -0.03 -0.59 0.5 -0.63 0.631 0.89 0.19 0.191 0.32 0.368
U {ppm] 0.38 0.172 0.35 -0.03 -0.27 -0.23 -0.21 0191 0.38 0.32 0.32 0.12 -0.08

5 5C 5r Zn Zr Be v Co Ni Cu Ga Rrb ¥

5r {ppm) 035 -0.44 1

zn (ppm) 0.06 -0.02 -0.08 1

zr (ppm]) -0 068 045 0057 1

Ba (ppm} 0.05 0.61 042 -0.01 071 1

v (ppm]) 0.07 024 02 0354 034 039 1

co (ppm) 0.15 044 023 0.1 0.5 0.66 0.09 1

Ni (ppm} 0.06 033 021 0042 033 0.66 048 0.66 1

Cu [ppm) -0 053 035 0189 0.5 0.69 048 0.43 0.57 1

Ga [ppm) -0.1 076 -055 0.073 089 0.86 0.36 0.51 0.46 0.51 il

Rb m) 0.1 076 057 0026 089 0.81 0.35 0.48 0.41 0.59 0.98 1

¥ (ppm} 003 011 024 -0.04 009 0.09 -0 0.08 0.09 -0.01 0.1 0.06 1
Nb [ppm) 0.1 075 -0.54 0036 093 0.76 0.29 0.5 0.38 0.53 0.95 0.96 0.1
Mo [ppm) 0.21 019 015 0016 0.2 019 0.28 0.29 0.4 014 0.19 0.22 o
5n (ppm) 0.5 054 -0.46 0057 064 038 -0 0.26 0.15 0.27 0.64 0.67 0.11
Cs (ppm) 0.2 066 053 -0.03 073 0.69 026 033 0.33 043 0.B8 0.93 0.04
La (ppm) -0 064 -01 -0.04 069 0.54 0.09 039 0.22 0.32 0.7 0.7 0.61
Ce [ppm] -0.1 059 017 -0.04 0.65 0.48 0.04 0.33 0.18 0.23 0.66 0.66 0.7
Pr (ppm} 0.1 047 -0.08 -0.04 0.5 038 0.04 0.25 0.16 0.18 0.52 0.51 0.85
Nd [ppm) 0.1 035 -0.02 -0.04 036 029 0.01 0.19 0.13 011 039 0.37 0.91
5m [ppm} -0 019 0.06 -0.03 019 019 0.0z 0.15 0.14 0.05 0.2 0.17 0.93
Eu m -0 011 016 -0.03 009 013 -0 011 013 0.01 011 0.08 0.95
&d m -0 018 0.1 -0.04 018 018 o 0.14 0.14 004 0.19 0.16 0.96
Tb ([ppm -0 016 012 -0.02 015 014 -0 012 0.12 0.0z 0.16 0.13 0.96
Dy (ppm) -0 018 013 -0.04 016 014 -0 0.12 0.11 0.01 017 0.14 0.97
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sr

Zr

Ga

Rb

Ho (ppm) -0 022 0.14 -0.03 0.2 017 -0 0.13 0.13 0.06 0.2 0.17 0.98
Er [ppm] 0.03 0.3 013 -0.04 028 024 0.02 0.18 0.15 0.12 0.28 0.25 0.97
Tm (ppm) 0.08 044 o1 -0.01 043 037 01 0.28 0.23 0.26 0.41 0.37 0.87
b [ppm] 011 057 0.04 -0.02 054 0.47 0.17 0.35 0.29 0.37 0.51 0.47 0.74
Lu (ppm] 0.16 059 0.04 -0.04 057 0.52 0.2 0.39 0.33 0.44 0.54 0.5 0.63
Hf [ppm -0 0.68 -0.48 0,066 1 072 0.34 0.51 0.33 a5 0.9 09 0.03
Ta m 0.1 074 -0.54 01062 056 037 0.33 0.52 0.38 0.53 095 0.95 0.12
W (ppm| 0.2 0.1 013 -0.03 0.08 o 0.1 -0.1 0.2 -0.02 0.15 0.23 -0
Tl [ppm) 0.03 044 033 01045 052 0.43 0.43 0.46 0.59 0.28 0.54 0.56 0.08
Pb (ppm} -0.6 044 -031 -0.08 038 022 -0.2 0.24 0.1 0.25 0.39 0.44 0.02
Th [ppm] -0.1 0.74 -0.48 0.025 088 0.71 0.32 0.53 0.38 0.51 0.B8 0.88 0.28
U (ppm] 013 029 -0.16 0019 028 028 0.27 0.21 0.33 0.15 0.36 0.38 0.44
Nb Mo sn [=3 La ce Pr Nd sm Eu &d Th Dy

Nb ([ppm) 1

Mo [ppm| 018 1

5n (ppm) 0.73 0.04 1

Cs (ppm) 0.87 0.2 0.67 1

La (ppm) 073 011 059 0.65 1

ce (ppm] 0.7 0.13 051 0.63 0.95 1

Pr (ppm) 0.55 0.09 0.48 0.48 088 0.96 1

nd (ppm) 0.4 0.08 036 034 0.78 0.9 0.98 L

5m (ppm) 0.2 0.06 047 013 059 074 0.88 0.95 1

Eu ([ppm]) 0.1 0.03 011 0.06 053 0.68 0.83 0.92 0.98 1

=d [ppm) 0.19 005 0.16 012 061 0.75 0.89 0.96 0.99 0.98 il

Tb ([ppm 0.16 0.04 045 0.09 059 073 0.87 0.95 099 0.99 1 1

Dy (ppm) 018 003 018 01 062 0.75 0.89 0.95 0.98 0.98 099 0.99 a
Ho (ppm) 022 0.03 021 0.14 0.67 077 09 0.95 0.96 0.96 0.98 0.98 0.99
Er [ppm) 029 0.03 0.26 0.19 074 0.81 0.92 0.95 0.92 0.92 0.9 0.94 0.96
Tm (ppm) 0.43 o002 032 0.27 082 0.82 0.88 0.87 0.8 0.78 0.83 0.82 0.86
¥b [ppm]) 0.52 0.05 036 034 084 0.8 0.82 0.77 0.68 0.65 0.7 0.69 0.73
Lu (ppm] 0.54 0.03 033 034 081 072 0.72 0.66 056 0.53 0.59 057 0.61
Hf (ppm) 0.94 021 0.65 0.74 0.69 0.65 05 0.36 0.19 0.09 0.18 0.15 0.16
Ta (ppm) 0.99 019 0.7 0.83 074 0.7 0.55 0.41 0.22 0.12 021 0.18 0.2
W (ppm) 0.19 -0.1 0.19 031 014 011 0.09 0.03 -0.06 -0.08 -0.06 -0.07 -0.06
Tl [ppm) 0.56 062 0.4 0.55 0.4 0.42 0.33 0.26 017 01 015 0.14 0.15
Pb m 0.3 -0.1 0.81 0.43 041 0.4 0.3 0.2 0.03 -0 0.03 0.02 0.06
Th [ppm 0.91 021 0.66 075 075 076 0.67 0.56 0.41 032 039 037 0.38
U [ppm; 033 061 047 042 044 051 0.53 0.54 051 0.47 0.49 0.49 0.48
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Hao Er m ¥b Lu Hf Ta W T Ph Th u
(ppm}  (ppm] {ppm) (ppm} (ppm] (ppm] (ppm] (ppm) (ppm} (ppm] (ppm) (ppm]

to (ppm} e !

Er (ppm] 0.99 1

Tm |ppm) 0.9 095 1

¥b ([ppm) 0.79 086 0.96 1

Lu [ppm] 0.68 0.77 0.9 0.97 1

HF [ppm] 0.2 027 0.42 0.52 055 1

Ta [ppm) 0.23 031 0.45 0.54 057 0.96 1

W (ppm) -0.03 -0.03 -0 -0.03 -0 0.08 018 1

Tl (ppm) 015 017 0.21 0.25 023 0.52 0.55 0.04 1

Pb (ppm) 0.1 D.13 019 0.24 023 0.39 0.45 0.2 0.24 1

Th (ppm) 04 046 055 061 061 088 092 013 054 044 1

U (ppm) 0.47 DAG 0.4 0.35 028 0.28 0.32 0.0 0.59 -0.08 0.41 1
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Table S3: Pearson product-moment values for well 2-30-070-24\WS5. Table values greater than 0.8 are highlighted in
green while values below <0.8 are highlighted in red.

alzo3 siD2 Tioz Fe203  MnO MED cab Na2o K20 P205 Ba or SC
[t 9%) [wt %) [wt %) (wi%)  (weS)  (wr)  [wtd)  (wt%) (wEs)  [wt%) (ppm m m|
Alz03 (%) 1
5i02 (%) -0.18 1
Tioz (%) 0.92 -0.07 1
FeZOS;%} 0.591 025 0.508 1
MnD (%) 041 035 -0.44 -0.32 1
MgO (%) .27 077 -0.31 -0.29 0.48 1
Cao (%) -0.53 -0.64 -0.6 -0.24 0.41 0.83 1
Naz2o (%) 0.531 -0.06 0.601 0.208 -0.7 -0.13 -0.32 1
K20 %) 0.973 011 0.908 0.531 -0.4 -0.34 -0.6 0.45 1
P2O5 (%) -0.28 -02 -0.32 0.428 -0.2 0.1 0.39 -0.06 -0.4 1
Ba [ppm) 0.866 012 0.835 0418 0.4 -0.45 -0.69 0.49 087 041 1
r {ppm) 0.451 02 0423 0.856 0.3 -0.22 012 0.12 036 0.6 0.28 1
5c ppm) 0.976 022 0.893 0.633 -0.4 -0.26 -0.48 0.48 095 -023 083 0.5 1
5r m| 0.753 021 0674 0.516 -0.1 -0.13 03 0.18 071 -0.18 067 046 075
Zr [ppm) -0 051 0.289 -0.13 -0.3 -0.37 -0.46 0.22 0.03 -0.2 0.14 001 -0
Be (ppm) 0.922 022 0.803 0.623 -0.3 -0.23 -0.42 0.38 0.86 -0.16 0.76 056 091
V (ppm) 0.619 026 0.516 _ 0.031 0.3 -0.29 -0.24 0.13 057 0.4 0.43 0.91 0.66
co (ppm) 0.464 022 0.412 0.92 -0.3 -0.32 -0.23 0.17 042 0.48 0.29 0.3 051
Ni {ppm) 0.838 033 0.758 0.8 -0.2 -0.21 -0.36 0.26 082 -0 063 066 085
Cu [ppm) 0.52 -0.26 0.544 0.622 -0.2 -0.16 -0.26 0.15 053 0.05 038 044 052
n ;EEIII 0.266 016 0.216 0.211 -0.2 -0.03 -0.04 011 025 -0.07 017 015 027
Ga (ppm) 0.971 023 0.87 0.619 -0.4 -0.25 -0.48 0.46 093 -0.23 082 051 095
Rb [ppm) 0.068 017 0.865  0.586 03 03 -0.53 0.38 0.96 -0.3 0.84 0.47 095
¥ (ppm) 0.221 016 0328 0.567 0.5 -0.07 0 0.4 012 0.63 0.05 0.67 028
Nb (ppm) 0.501 008 0985 0491 0.5 -0.31 0.6 0.64 0.89 -0.32 0.82 0.41 0.87
0.097 011 0.057 0.733 -0.3 -0.22 -0.04 0.24 0.04 0.61 0.02 056 012
5n (ppm) 0.355 -037 0.321 0.288 -0.2 0.18 0.12 0.2 0.3 0.1 026 033 035
Cs m 0.906 024 0.764 0.619 -0.3 -0.22 -0.41 023 088 -0.18 074 056 09
La {ppm) 0.801 -0.25 0.787 0.757 -0.5 -0.23 -0.35 0.5 071 0.19 061 0.75 0.81
ce [ppm] 0.841 0.4 0.E76  0.617 05 -0.39 -0.58 0.59 081 0.13 073 0.5 084
Fr (ppm) 0.734 -0.05 0771 0.696 0.6 -0.37 -0.47 0.56 0.68 0.11 0.6 0.63 0.76
Nd {ppm) 0.656 0 0.704 0.68 -0.6 -0.39 -0.46 0.55 0.6 017 053 061 0.69
sm (ppm) 0.54 011 0.613 0.592 -0.6 -0.42 -0.46 0.54 0.5 0.16 044 051 059
Eu (ppm) 0.51 012 0.547 0.624 -0.6 -0.45 -0.44 0.49 0.47 022 041 053 057
&d m 0.456 011 0.544 0.566 0.6 -0.38 -0.4 0.54 041 024 036 0.5 052
Tb [ppm] 0.447 012 0561 0531 0.6 -0.38 -0.41 0.55 041 02 036 0.47 05
Dy (ppm) 0.475 0.08 061 0529 0.6 -0.35 -0.41 0.58 0.44 0.18 0.39 0.48 052
Ho [ppm} 0.486 0.03 0.632 0.527 -0.6 0.3 -0.38 0.6 044 0.2 038 051 053
Er [ppm] 0.516 -0 0.68 0.512 -0.6 -0.28 -0.38 0.62 0.47 017 041 052 055
Tm {ppm) 0.562 0.01 0.743 0.47 -0.6 -0.29 -0.43 0.64 052 0.07 048 049 058
¥b (ppm) 0.57 0.03 0.765 0.428 -0.6 -0.29 -0.46 0.64 054 0.01 0.5 046 058
Lu (ppm] 0.546 0.05 0756 0303 0.6 -0.46 0.63 052 -0.02 0.49 0.44 055
Hf (ppm) 0 ] 0.289 -0.14 0.3 -0.46 0.22 0.03 -0.21 0.13 0.01 -0
Ta ([ppm} 0.886 -0.08 0973 0.464 -0.5 -0.6 0.7 087 -032 082 037 085
w ;EEIII 0.663 0.06 0.66 0.437 -0.5 -0.47 0.21 0.7 -0.16 062 047 066
Tl [ppm) 0.715 021 0.658 0.789 -0.3 -0.34 0.29 0.68 0.07 055 059 074
Pb (ppm} 0.385 -0.09 0.408 0.509 -0.4 -0.28 0.41 037 0.15 025 039 038
Th [ppm] 0.821 o 0031 0483 0.5 -0.61 0.63 081 -0.26 075 0.42 0.8
U (ppm] 0.185 -0.14 0232 0785 -0.4 -0.05 0.23 0.08 077 0.05 0.E4 024
5r r Be v co Ni cu Zn Ga Rb ¥ Nb Mo
[ppm} _ {ppm) _ (ppm} _ (ppm] _ (ppm] _(ppm) ({ppm] _(ppm] (ppm} _(ppm) _ippm) _(ppm} _ (ppm]
Sr {ppm) 1
2Zr [ppm) -0.1 1
Be EEm} 0.76 -0.06 1
v [ppm} 0.54 -0.19 0.67 1
co (ppm) 0.4 -0.12 0.48 0.92 1
Ni {ppm) 071 -0.14 0.84 0.83 076 1
Cu (ppm 044 _ -0.05 0.47 0.57 07 0.79 1
Zn (ppm) 0.24  -0.06 0.3 .22 0.19 0.3 0.26 1
Ga [ppm]) 0.76 -0.05 0.98 0.57 05 0.87 0.53 032 1
Rb ;EEm] 074 -0.02 0.95 0.65 0.47 0.86 0.53 0.27 0.98 1
¥ (ppm}) 0.18 0.29 0.2 0.51 058 0.34 034 0.09 0.2 0.13 1
Nb (ppm) 0.63 0.31 0.77 0.5 0.4z 0.74 0.54 023 0.B6 0.85 0.36 1
Mo{ppm) 0 003 0.00 0.54 071 0.34 0.43 0.09 0.1 0.08 0.57 0.12 1
sn (ppm) 023 012 0.36 0.31 022 0.36 0.22 0.19 0.37 0.35 0.21 0.31 012
Cs (ppm) 0.75 -0.11 0.96 0.71 05 0.87 0.5 0.27 0.95 097 0.14 0.73 0.05
La {ppm]) 0.69 0.14 0.83 0.75 0.67 0.82 0.59 0.28 0.83 0.78 0.68 0.8 0.39
Ce Enm] 0.66 0.36 0.78 0.57 054 0.75 0.56 0.27 0.82 08 0.55 0.89 0.28
Pr [ppm} 0.6 0.35 0.7 0.64 0.64 0.71 0.55 0.26 0.72 0.68 0.73 0.79 0.42
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Sr r Be v Co Mi Cu n Ga Rb ¥ Nb Mo
lppm]  ippm] (ppm] (ppm] (ppm) (ppm} (ppm] (ppm) (ppm) (ppm] (ppm) _(ppm)  (ppm]
Nd (ppmj 0.53 038 0.61 061 0.63 0.65 051 023 0.63 0.59 0.78 072 0.46
5m (ppm) 0.4 0.44 0.45 05 0.57 .52 0.43 018 0.43 0.45 037 0.63 0.46
Eu (ppm) 0.36 0.36 0.43 0.53 061 0.52 0.43 0.16 0.48 0.43 0.75 0.586 0.49
Gd [ppm) 032 0.45 0.37 046 0.55 0.45 o4 0.15 0.4 0.36 0.82 0.57 0.49
Th (ppm] 0.3 0.5 0.34 0.43 0.53 0.43 039 0.13 0.38 0.34 0.82 0.53 0.46
Dy ﬂppl'rl:l 032 052 0.35 D44 052 0.45 041 013 041 037 0.84 0.64 045
Ho [ppm) 0.33 0.52 0.37 0.45 0.52 0.45 041 0.13 0.42 0.38 086 0.67 0.44
Er ||:|p|'n] 034 055 04 0.45 05 0.47 041 014 0456 0.42 0.85 072 04
Tm ﬂppm] 036 0.6 0.44 0.43 0.45 0.48 0.4 0.13 0.5 0.48 0.78 0.79 033
¥b (ppm] 0.36 0.63 0.45 o4 0.41 0.46 0.38 0.13 0.51 0.40 0.73 0.E1 0.28
Lu [ppm] 034 0.67 0.43 036 037 0.43 034 013 0.5 047 o7 08 0.26
Hf |ppm] -0l 1 -0.06 -0.2 -0.11 -0.13 -0 -0.1 -0 -0.02 0.28 0.32 -0
Ta [ppm}) 0.59 0.33 .76 048 0.39 0.7 0.49 0.21 0.24 0.E3 0.36 0.93 0.13
w ﬂppm:l 046 019 0.63 054 039 0.62 043 021 067 073 022 0.66 0.06
Tl [ppm) 0.61 -0.02 0.69 0.69 0.68 0.83 0.77 0.39 0.72 0.60 0.47 0.64 0.51
Fb (ppm) 0.19 0.14 0.29 0.44 0.57 0.4% 0.6 0.36 0.37 0.34 0.55 0.48 0.5
Th [ppm] 0.57 048 0.73 047 041 0.66 0.47 019 073 0.78 046 095 017
U (ppm) 0.16 0.08 0.22 0.75 0.84 0.44 0.45 0.08 0.21 0.15 0.83 0.25 0.78
sn Cs La Cce Pr Nd Sm Eu cd Th Dy Ho Er m
lppm)  (ppm] (ppm) (ppm] ippm) (ppm} (ppm] (ppm) (ppm] (ppm] (ppm) (ppm] (ppm]  (ppm)
sa (ppm] 1
Cs [ppm) 0.37 1
La (ppm) 0.39 0.77 1
ce (ppm) 0.25 0.72 0.91 1
Pr (ppm) 0.25 0.63 0.93 0.96 1
Nd {ppm) 0.21 0.54 0.88 0.93 0.99 1
Sm (ppm) 0.12 038 0.75 0.85 0.93 0.97 1
Eu (ppm] 0.1 037 0.7 0.79 089 0.94 0.98 1
&d (ppm) 0.09 0.29 0.7 0.79 09 0.95 0.99 0.98 1
Th (ppm] 0.09 0.27 0.68 079 [ ] 0.94 098 097 093 1
Dy {ppm) 0.12 0.29 0.72 0.81 09 0.94 0.97 0.94 0.98 0.99 1
Ho [ppml 015 03 0.75 081 L] 0.83 085 (i) 0.96 097 (iR 1
Er (ppm) 0.19 0.33 a.77 0.83 0.89 0.91 0.91 0.85 0.91 0.04 0.97 0.93 1
Tm ﬂppm] 0.2 038 077 0.84 D87 0.88 0.B6 079 0.B6 0.EBB 0.93 096 098 1
¥h [ppm] 0.2 0.39 0.76 0.84 D85 0.85 0.82 0.74 0.81 0.B5 09 0.93 0.97 0.99
Lu [ppm) 0.19 0.37 0.73 0.82 0.83 0.82 0.8 0.71 0.73 0.E2 0.8 0.91 0.95 0.99
Hf |ppm] -0l -0.1 0.15 036 035 0.37 043 034 043 0.48 05 0.51 054 o6
Ta [pprl'll 0.3 0.7 0.78 0.89 0.78 0.72 0.64 0.56 0.58 0.6 0.65 0.68 0.73 0.8
W (ppm) 0.25 0.7 0.6 0.6 0.54 0.48 0.39 0.37 0.32 0.33 0.37 0.38 0.42 0.48
Tl [ppm:l 031 067 079 075 077 0.73 066 065 061 058 0.58 0.57 055 .52
Fb (ppm) 0.28 0.25 0.57 0.58 0.63 0.6 0.62 0.6 0.61 0.61 0.62 0.62 0.61 0.57
Th (ppm] 0.26 0.68 0.82 0.94 0.B6 0.81 0.74 0.65 0.68 0.7 0.75 0.77 0.B2 0.8
u [ppm] 018 018 0.6 041 0.59 0.63 06 063 0.64 0.62 0.62 0.64 0.62 0.56
¥h Lu Hf Ta W Tl Pb Th U
[ppm]  (ppm) (ppm}) (ppm] _(ppm) (ppm) _ (ppm] _ (ppm) _ (ppm]
b (ppm) 1
Lu [ppm] 1 1
Hf [ppm) 0.54 068 1
Ta [ppm} 0.82 0.81 0.34 1
W (ppm) 0.5 0.49 0.19 0.563 1
Tl [ppm) 0.49 0.46 -0 0.52 051 1
Pb (ppm} 0.54 0.51 0.15 0.47 0.36 0.68 1
Th (ppm]) 0.9 0.9 0.48 0.96 062 0.61 0.47 1
U (ppm) 0.5 0.48 0.08 024 02 0.49 05 031 1
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Table S4: Pearson product-moment values for well 11-20-082-02W6. Table values greater than 0.8 are highlighted in
green while values below <0.8 are highlighted in red.

5i02 alzo3 Fe203 MEgD Cao Nazo K20 Ti02 P205 MnO SC Ba Co Cs

(wt%)  (wt%) (weS)  (we%)  (we%)  (wt%) (wt%)  [wt%) {wt %) {wrt %) (ppm) _ (ppm} _ {ppm]  (ppm}
Si02 [wt %) 1
Alzo3 [wet %) -0.53 1
Fe203  (wt%) 053 0.863 1

_ Mgo [wit %) -0.66 -0.27 02 1

Cao [wt %) -0.44 -0.52 -0.41 0.96 1
Na20  [wt%) 027 056 _ 0335 -0.21 0.36 1
K20 (wt %) -0.52 0.987 0.816 -0.25 051 0.63 1
TiO2 [wt %) -0.37 0.809 0.702 -0.36 057 0.72 0.92 1
P05 [wt%) 0.58 -0.15 0.05 -0.55 04 -0.55 02 0.2 1
MnO (wt %) -0.55 -0.34 -0.28 0.93 0.34 -0.38 -0.4 0.4 -03 1
sc (ppm] 0.5 0965 0.835 -0.29 052 0.52 0.4 0.88 01 0.3 1
Ba [ppm] -0.4 0.854 0602 -0.29 052 0.82 0.89 0.87 04 0.4 077 1
Co (ppm) -0.43 0.927 0.893 -0.33 -0.54 0.36 0.88 0.8 0.09 -0.3 093 0.72 1
cs (ppm] -0.48 0962 0.891 03 054 0.39 092 0.81 -0 0.4 093 075 0.94 1
Ga (ppm) -0.48 0.979 0.874 -0.31 -0.55 0.44 0.94 0.85 -0 -0.3 034 0.79 085 0.9%
d M 056 -0.28 -0.35 -0.38 £27 -0.05 -0.3 0.05 02 -0.3 03 -02 -0.3 03
Nb m -0.35 0.858 0673 -0.35 0.55 0.75 0.88 0.99 02 0.4 083 0.85 0.76 0.76
Rb m -0.5 0.93 0.877 03 -0.54 0.48 0.97 0.86 01 -0.4 035 0.82 054 0.9%
5r {ppm} -0.32 0914 0731 -0.43 -0.64 053 0.89 088 -0 -0.4 0.86 083 087 0.89
Ta (ppm] 027 0.712 051 -0.32 05 0.64 073 0.82 03 0.4 059 073 062 0.64
Th {ppm) -0.07 0.764 0.677 -0.61 0.76 0.52 0.74 0.87 0.12 -0.6 0.78 0.68 075 0.75
u (ppm] 0.14 0.549 0.56 -0.67 0.75 0.38 052 0.69 0.32 0.7 051 0.45 061 055
r (ppm) 0.57 -0.31 -0.37 -0.37 0.25 -0.07 -0.3 0.03 0.22 -0.3 -03 -02 -0.3 0.3
¥ {ppm) 0.24 0.487 0.439 -0.72 -0.76 0.26 0.45 0.66 0.39 -0.7 055 0.38 055 0.51
Lla (ppm] -0.01 0786 0741 0.7 0.83 0.35 0.74 0.8 0.33 0.7 0.8 0.63 0.82 0.82
ce (ppm) 0.06 0.725 0.713 -0.72 -0.54 0.34 0.68 0.77 0.37 -0.7 0.76 0.56 077 0.76
Pr M 001 0.742 0.7 -0.68 -0.81 0.32 0.69 0.78 0.32 -0.7 077 0.58 078 0.78
Nd m 0.06 0715 _ 0705 -0.71 0.83 0.29 0.67 0.74 0.37 0.7 0.76 0.54 077 0.76
5m m 0.11 0.635 0.655 -0.71 -0.8 0.28 0.59 07 0.38 -0.7 0.69 0.46 071 0.67
Eu {ppm} 008 0.676 0728 -0.71 -08 023 063 0.68 0.45 -0.7 074 047 076 0.72
&d [ppm] 02 0.565 0577 -0.75 0.81 0.21 052 0.65 0.47 0.7 0863 04 065 0.6
Th (ppm) 023 0.533 0.548 -0.76 -0.82 0.32 0.5 0.67 0.4 -0.8 0.6 0.42 0.6 0.55
Dy (ppm] 0.21 0496 0502 0.7 0.76 0.29 047 0.66 0.37 0.7 057 038 056 051
Ho (ppm) 0.21 0.513 0.478 -0.71 037 0.43 0.5 0.72 0.28 -0.7 057 0.45 053 0.5
Er {ppm) 0.17 0.536 0.473 -0.68 0.75 0.41 0.52 0.74 0.24 -0.7 058 0.47 055 0.53
™ (ppm] 0.18 0493 0338 -0.65 0.72 0.49 05 075 0.14 0.7 053 0.43 0.48 0.45
¥b {ppm) 0.17 0.482 0.354 -0.63 -0.69 0.48 0.48 0.76 0.12 -0.6 052 0.5 047 0.43
Lu {ppm} 018 0.452 0355 -0.61 -0 68 05 0.46 0.73 011 -0.7 0.4% 0.46 043 04
Mo m 0.25 0101 _ 0325 -0.45 0.44 02 0.08 0.18 0.26 0.5 021 0.08 0.24 0.14
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5i02 Alz03 Fe203 MgOD Cao Nazo K20 Tio2 P205 MnO 5C Ba Co Cs
(witd6)  {wt 5) (wes)  (wt9)  (wt) (wi%) (wtd)  [wt3%) {wt 36) {wt 36) {ppm)  (ppm}  (ppm)  (ppm}

Cu (ppm) -0.19 0.744 0.831 -0.4% -0.64 0.42 0.72 0.7 0.1 -0.6 0.79 0.56 078 0.75
Pb (ppm) 0.04 0.292 0.258 -0.41 -0.46 0.52 0.26 0.37 -0 -0.4 032 0.5 028 0.28
Zn (ppm) -0.28 0.392 0.482 -0.09 017 0.39 039 0.43 0.1 -0.2 0.49 0.35 0.4 0.31
Ni (ppm) -0.5 0942 0923 -0.27 -05 0.43 091 0.81 -0 -03 093 075 097 093
v (ppm) -0.45 0.963 0.91 -0.35 -058 0.41 0.92 0.83 0.03 -0.4 0.96 0.75 0.96 0.99
cr Lp_m -0.36 0.939 0.882 -0.43 -0.64 043 09 0.86 0.07 -0.5 093 0.75 053 0.95
W Lp_m -0.02 0.16 0.11 -0.22 025 045 0.1a 0.27 02 -03 019 037 013 0.11
sn (ppm}) -0.35 0.89 0.838 -0.37 057 04 0.85 0.77 01a -04 0.87 069 092 0.88
5 (ppm) -0.24 0.786 0.911 -0.47 -0.63 0.39 0.75 0.72 023 -0.5 0.82 0.56 084 0.81
Tl (ppm) 0.34 0.128 0.556 -0.48 -0.46 0.06 0.09 0.16 042 -0.5 0.25 -0 036 0.28

Ga Hf Nb Rb 5r Ta Th u Zr ¥ La ce Pr Nd

(ppm) (ppm] {ppm) ippm] [ppm) (ppm} (ppm) ippm) (ppm} [ppm] (ppm) (ppm) (ppm]  {ppm)
Ga (ppm) 1
Hf (ppm) 03 1
Nb m; 081 0.07 1
Rb m| 099 -03 081 1
51 {ppm) 0.92 -0.1 0.85 0.91 1
Ta {ppm) 0.67 0.1 0.8 0.69 0.69 1
Th {ppm) 077 029 087 0.77 0.81 0.74 1
u {ppm) 0.56 037 071 0.55 0.6 0.58 0.86 1
2r {ppm) -0.3 0.99 0.05 -0.3 -0.09 0.08 0.26 035 1
¥ {ppm) 0.52 0.5 0.66 0.5 0.58 0.51 0.86 0.89 0.48 1
La (ppm) 0.83 017 0.78 0.81 0.84 0.64 0.94 0.85 0.15 0.86 1
Ce {ppm) 0.76 023 075 0.75 0.78 0.61 0.93 09 0.21 0.9 0.98 1
Pr {ppm) 0.79 023 0.76 0.77 0.82 0.61 0.92 0.B6 0.21 0.89 0.98 0.97 1
Nd m; 0.76 022 072 0.75 0.76 0.6 0.9z 087 0.2 0.89 0.97 098 0.98 1
sm m| 0.68 03 0.69 0.66 0.69 0.55 0.89 09 0.28 0.9 0.04 0.97 0.96 0.98
Eu {ppm) 0.72 0.16 0.66 0.71 0.71 0.52 0.86 0.B5 0.14 0.88 0.94 0.97 0.95 0.97
&d {ppm) 0.61 035 0.64 0.59 0.64 0.5 0.87 0.B8 0.34 0.93 0.92 0.95 0.95 0.96
Th {ppm) 0.56 0.42 0.68 0.55 0.61 0.54 0.89 0.92 0.4 0.96 09 0.94 0.92 0.94
Dy (ppm) 052 0.46 067 0.5 0.56 0.55 0.87 091 0.44 0.95 0.86 0.91 0.88 09
Ho {ppm) 0.52 0.48 073 0.51 0.6 0.57 0.89 09 0.46 0.93 0.85 0.89 0.87 0.88
Er {ppm) 0.55 052 075 0.54 0.63 0.64 0.92 0.91 0.5 0.93 0.86 0.89 0.88 0.88
m {ppm) 0.49 058 077 0.49 0.6 0.65 0.89 0.88 0.55 0.9 08 0.83 0.82 0.81
b {ppm) 047 0.56 0.78 0.46 0.59 0.65 0.87 0.84 0.54 0.89 0.77 0.79 0.79 0.78
Lu {ppm) 0.44 0.61 0.76 0.44 0.55 0.62 0.85 0.87 0.58 0.87 0.74 0.78 0.76 0.75
Mo m; 0.09 0.14 019 0.11 0.09 0.14 0.37 0.56 013 05 037 0.45 036 0.42
Cu m| 074 0.67 0.75 0.65 0.6 072 0.68 0.2 0.63 0.76 0.76 0.73 0.76
Pb M 027 013 039 0.28 0.39 0.31 0.45 04as 0.12 04 04 0.42 043 0.41
Zn {ppm) 0.33 -0.1 0.44 034 0.28 0.31 0.39 034 -0.1 0.37 0.32 0.36 0.35 0.36
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Ga Hf Hb Rb 51 Ta Th u r ¥ La Ce Pr HNd
(ppm)  (ppm) (ppm) (ppm)  (ppm) (ppm} (ppm) (ppm) (ppm) (ppm) (ppm) (ppm} (ppm]  (ppm)
Ni {ppm) 0.94 -03 0.76 0.94 0.85 0.61 0.72 058 -0.3 0.5 0.78 0.74 0.74 072
v (ppm) 0.98 -03 078 0.98 0.89 0.66 0.78 0.6 -0.3 0.56 0.84 0.79 0.8 0.79
cr {ppm) 0.96 -0.1 082 0.95 0.91 0.68 0.84 0.68 0.1 0.65 0.89 0.85 0.86 0.84
w {ppm) 0.11 012 029 0.13 0.26 0.22 0.26 027 0.12 0.25 0.19 0.22 0.25 0.19
5n ﬂppm] 0.9 -0.3 0.74 0.89 0.83 0.55 0.71 0.58 -0.3 0.52 0.79 0.75 0.73 0.74
5 (ppm) 0.79 -0.1 071 0.79 0.71 0.51 0.78 0.77 -0.2 0.67 0.84 0.85 0.79 0.81
Tl m] 0.18 019 0.2 0.19 0.15 0.1 0.43 0.65 0.18 0.55 0.54 06 0.51 0.56
Sm Eu cd Th Dy Ho Er ™ ¥b Lu Mo cu Ph Zn
(ppm) _ {ppm] _{ppm) _(ppm] _(ppm) _(ppm} _(ppm) _(ppm) _(ppm) _(ppm) _(ppm) _(ppm) _ (ppm] _ (ppm)
sm (ppm) 1
Eu {ppm) 0.96 1
=d {ppm) 0.97 0.96 1
Th {ppm) 0.97 093 087 1
Dy MJ 0.93 08 095 0.97 1
Ho ;mgm] 0.91 084 091 0.95 0.94 1
Er ':P_M‘J 0.89 084 09 0.94 0.94 0.95 1
m {ppm) 083 075 083 0.9 0.8 0.94 0.96 1
b {ppm) 0.79 072 0.8 0.88 0.88 0.91 0.94 0.96 1
Lu {ppm) 0.78 069 0.78 0.86 0.86 0.93 093 097 0.96 1
Mo {ppm) 0.46 045 0.45 0.52 0.49 0.46 0.42 0.4 0.39 0.42 1
Cu {ppm) 0.73 0.76 0.67 0.68 0.65 0.63 0.61 057 0.53 0.55 053 1
Pb {ppm) 0.4 036 04 0.44 0.39 0.44 0.4z 0.44 0.42 0.a3 0.48 0.37 1
n (ppm) 038 037 036 0.38 0.36 04 0.37 037 0.34 0.37 033 0.52 0.21 1
Ni {ppm) 0.66 071 059 0.54 0.51 0.49 0.5 0.45 0.42 041 0.28 0.81 0.32 0.45
v {ppm) 0.71 0.76 0.65 0.61 0.56 0.54 0.56 0.49 0.48 0.45 0.24 0.81 033 0.38
cr ':P_M‘J 0.78 0.81 072 0.69 0.64 0.64 0.65 0.6 0.58 0.56 027 0.83 039 038
w (ppm) 0.2 0.16 021 0.25 0.24 0.29 0.28 033 0.34 034 034 0.23 0.87 0.42
sn {ppm) 0.66 073 0.62 0.57 0.53 053 0.51 0.45 0.44 042 0.22 0.74 0.25 0.35
5 {ppm) 0.8 085 0.74 0.73 0.69 0.68 0.65 0.58 0.53 0.55 0.52 0.88 035 0.47
Tl {ppm) 0.58 064 055 0.59 0.56 0.5 0.46 0.42 0.38 0.41 0.87 0.57 0.26 0.17
Mi v cr W sn 5 Tl
(ppm) _ {ppm) _ {ppm) _(ppm] _ (ppm) _(ppm} _ (ppm)
Ni {ppm) 1
v {ppm) 0.96 1
cr {ppm) 0.94 097 1
W {ppm) 0.18 017 021 1
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Ni v (=3 W Sn 5 Tl
(ppm) _ {ppm) _ {ppm) _(ppm] _ (ppm) _ (ppm]} _ (ppm]
£ {ppm) 0.91 051 0.88 0.13 1
5 {ppm) 0.86 0.85 0.86 0.17 0.83 1
T {ppm) 0.35 038 0.39 0.09 033 0.72 1
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Table S5: Pearson product-moment values for well d-48-A/94-B-9. Table values greater than 0.8 are highlighted in
green while values below <0.8 are highlighted in red.

A203  S02 T2  Fe203  MnQ Mg  Ca0 Na20 K20 P205  Ba cr H 5 S In Zr Be v
[wt™)  [wi3)  (we%)  [wi¥) [wit¥)  fwid)  (wel)  fwi¥) (wi¥) (wi¥) {ppm] [ppm} (ppm) [ppm) (ppm] {ppm) _[ppm] _ippm) _ {ppm]
AI1203
[wt %] 1
5i02 [wt %) 0.84 1
TiOZ [wt %) 085 053 1
Fe203
[wt %] 018 008 016 1
MnOwt%)  -0.43 04 04 0326 1
MO {wt%) 055 06 06 039 07 il
Ca0 wt %) -0.87 B 03 025 034 051 1
Na20
[wt %] 067 083 081 0.06 03 06 09 1
K20 [wt %] 084 078 08 0331 04 05 08 057 1
P205
_wt%) -0.28 04 03 032 01 01 04 04 02 1
Ba [ppm] 0.2 03 02 0142 039 047 0.2 02 02 04 1
Cr (ppm) 067 043 061 _ 0.003 04 04 05 019 071 01 021 1
5 [ppm) 0.08 ©01 00 071 0212 03 01 01 013 02 008 01 1
Sc (ppm) 083 077 059 02 04 06 08 06 092 01 018 067 015 1
5r (ppm] -0.54 0.8 07 036 007 023 08 07 06 08l 0.3 02 0.2 05 1
Zn [ppm] -0.06 02 01 02 €2 01 02 04 01 062 004 053 02 0 045 1
2r (ppm] 033 071 059 01 22 05 06 075 027 02 029 015 01 033 05 013 1
Be (ppm} D85 054 075 0187 04 04 07 032 034 01 D017 0Bl 016 079 04 022 0.2 1
_ ¥ [ppm) 036 009 024 -00E 03 02 0.2 01 025 025 D14 073 02 032 005 075 4 05 1
Co(ppm] 0.41 04 023 043 01 01 04 056 o 03 003 02 02 002 04 034 049 01 02
Ni {ppm) 0.15 01 003 029 04 02 0.1 03 013 068 008 066 02 02 043  0sE9 01 038 0.8
Cu(ppm) 045 026 038 016 04 04 03 oM 047 04 007 076 02 048 003 06L 018 06 066
Ga [ppm] 086 075 092 021 23 05 08 058 095 02 D014 075 013 093 06 003 032 081 037
Rb [ppm) 085 073 08 0196 23 05 08 053 095 02 017 04 01 oo 06 007 029 083 04
¥ {ppm] -0.07 02 0.1 03 03 02 02 02 0 085 006 0.3 03 01 064 D064 01 005 033
Nb {ppm) 052 094 098 0148 04 06 1 0B5S 0SS 04 024 054 007 D.ES 07 017 065 073 047
Ma (ppm] 035 008 024 0042 23 02 02 €1 029 019 011 054 014 028 005 053 001 056 061
Sn [ppm] 062 067 065 023 04 05 06 071 04 03 D12 o2 03 051 04 023 04 02 01
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A203 502 T2 Fe203 Mo Mg Gs0 Na20 K20 P05 Ba e 5 5 5 In r Be v
(wt¥)  fwtS)  week)  (wtl)  fwed)  (wek)  fwel)  (wtk)  jwt¥)  (wr) fppm) (ppen) (ppm) fppm) (ppm) fppm) ippem} (ppm) _[ppm)
Cs [ppm) 078 043 068 0.237 0.2 03 05 018 051 01 0a 084 018 0.78 03 02 005 053 058
Ls [ppm) 02 01 0.15 02 03 03 01 4 021 08 005 038 02 035 042 04 01 022 0
Ce [ppm) 056 055 056 0uoo4 0.2 04 05 044 055 023 On 0.46 2 062 02 0B 041 04 o1s
Pr {ppm) 03 023 0.26 017 0.3 04 02 041 031 064 006 0.48 01 042 021 039 0.19 03 029
Nd {ppm) 025 019 02 -018 RE] 03 01 008 026 066 -0.07 0.46 01 037 025 041 017 026 028
Sm {ppm) 0.25 02 021 018 0.3 03 02 008 035 06 01 047 01 0.36 0.18 04 019 026 029
Eu (ppm) 015 009 0.09 02 0.3 03 01 4 016 073 0407 0.41 01 0.28 033 048 009 0.18 03
Gd [ppm] 047 o 012  -033 RE] 03 01 0 013 072 008 0.45 04 03 032 048 014 022 ou
Th [ppm) 021 015 017 023 03 03 01 003 02 072 07 0.48 02 034 031 05 015 025 035
Dy (ppm) 02 013 015 022 0.3 03 01 002 021 074 047 0.47 02 034 033 OS2 015 024 035
Ha [ppem) 047 o 013 -023 RE] 03 01 4 0418 07 004 0.44 02 032 038 054 014 022 03
Er {ppm) 018 013 015 023 04 04 01 002 018 0E 005 045 02 034 038 057 047 024 0w
Tm (ppm) 027 o 02¢ 022 0.4 04 02 01 025 076 00§ 05 02 04 03 057 025 03 04
¥b [ppm) 038 033 038 -047 45 05 03 021 035 066 042 056 04 a5 047 055 035 03 043
Lu {ppm] 041 036 04 047 45 05 03 024 037 061 013 058 01 052 043 054 04 08 D4
HF (ppm) 04 072 0.59 01 2.2 05 06 076 027 02 028 0.1z 01 033 05 s 059 021 k]
Ta [ppm 034 065 048 008 0.3 04 06 076 019 43 022 01 01 0.25 05 02 0.73 0.08 02
W [ppm) 021 052 03 014 0.2 03 05 066 005 43 018 02 01 o011 04 02 065 R 02
Tl (ppmi 0.8 0.1 0.07 02 0.4 01 0 03 014 044 008 06 01 017 0.28 0.8 0.1 041 0L
Ph (ppm} 032 053 04 018 0.3 03 0.4 063 013 43 -0is 01 02 0.21 04 4.2 053 01 0u8
Th [ppm) 082 087 095 D86 RE] 05 08 071 08 43 02 07 005 0.59 47 07 057 078 03
U {ppm} 017 0.3 03 023 0.2 01 03 04 01 055 008 0.19 01 0 0.74 D69 0.2 003 037
Co Ni Cu Ga Rb ¥ b Ma Sn Cs La C Pr ] Sm Eu Gd T Dy
(pprm)  (ppml  lppm)  (pem)  ippml  lppm)  (ppml  fppmd (el  (ppm)  ppm)  ipem)  (ppmi  lepm)  (ppm) ippm) (epm)  {ppm)  (pem)
Ca [ppm) 1
Ni {ppm) 03 1
Cu (ppm) 02 074 1
Ga [ppm) 0oL 021 052 1
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Co Ni cu Ga Rb s Nb Mo Sn cs L2 e Pr hd Sm Eu Gd T Dy
(pom)  (ppm} (ppm) _(ppm} _ (ppm) (ppm) (ppm} (ppm)  [(ppm}  ippm) {ppm) _ (ppm} _{ppm} _(ppm) _(ppm) _(ppm] _(ppm} , (ppm} . (ppm)
Rt {ppm) 0 026 054 089 1
¥ (pam) 02 074 0s4 € 2 1
Nb (ppm) 0.37 © 034 08 08 01 1
Mo (ppm] 01 061 047 038 _ 041 _ 028 _ 023 1
Sn {ppm) 045 01 006 049 04 02 065 008 1
Cz (ppm} 03 043 061 087 08 01 06 053 0.8 1
La [ppm) 02 081 06 025 023 083 013 027 o 026 1
Ce [ppem) o007 02 048 D55 053 048 056 018 028 042 073 1
Pr (ppm) 01 054 059 032 032 083 024 026 005 032 084 08 1
Nd (ppm) 01 055 056 027 027 085 049 026 001 028 083 085 1 1
5m (ppm} 01 053 054 026 _ 027 08 02 027 002 027 07 085 098 099 1
Eu [ppm) 02  0EL 0S5 017 047 05 008 027 01 02 052 075 0896 088 087 1
Gd (pom) 01 061 058 02 021 083 012 029 0 024 083 076 098 099 095 0% 1
Th [ppm) 01 083 06 024 020 089 015 029 0 07 0% 079 0% 099 085 0% 1 1
Dy {ppm) 01 085 06 023 023 081 034 03 O 026 084 076 097 088 097 0868 080 1 1
Ha (ppm) 01 067 06 02 02 084 012 03 0 024 086 073 09 097 084 0% 088 099 0%
Er {ppm) 01 07 061 023 022 084 045 031 o4 035 086 07 084 084 081 086 05 097 058
Tm (ppm) 01 07 065 03 020 091 024 033 005 029 0o 07 092 082 083 092 084 095 096
b [ppm) 0 065 068 04 039 0F3 037 039 011 037 0B 072 085 0B 0S6 0B 08 091 053
Lu {ppm} 0 066 067 043 042 070 041 041 044 030  0B4 06Y 085 085 082 0B 086 088 060
HF (ppmi 052 01 015 032 02 01 066 4 044 004 007 04 017 045 046 008 012 043 043
Tz [ppm) 0.ES 03 0 023 01 02 062 01 056 01 01 027 002 001 00d 04 o -0 o
W [ppm) 058 03 01 01 om 02 048 01 05 02 01 02 003 004 2 01 01 01 01
i {ppm) 03 083 063 035 03 046 003 072 01 047 033 0 035 026 035 03 033 035 037
Ph {ppen) 058 o1 0 044 on 02 043 4 07 02 01 014 004 006 ) 01 01 01 01
Th [spm) 008 011 048 082 0@ 0 082 02 05 076 024 06 036 031 031 019 033 027 035
U {ppm) 03 076 047 01 008 051 03 o4 03 008 078 022 061 063 0S8 07 0.8 07 . o7
Ho Er Tm b [ H Ta W m Pb Th u
fppn) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm] (ppm) (ppm) (ppen)

Ho (ppem) 1

Er [ppm} 059 1

Tm {ppm) 058 099 1

¥b [parm) 093 095 098 1

Lu (ppm) os 083 036 088 1

HE (ppm) 041 045 023 033 039 1

T {ppm) 0 O 007 043 016 076 |

W (ppm) 01 0.1 o0z 0.06 0.08 o9 088 1

Tl (ppmi 039 042 044 047 049 o1 2 -n24 1

P {ppen] 01 O 002 008 005 056 065 063 -007 1

Th [porm) 022 0.24 031 0.42 096 055 035 0.2 0.1 026 1

U {ppm) o7y 078 075 0.69 0.65 £.2 o3 03 os57 -03 017 1
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Table S6: Pearson product-moment values for well c-74-G/94-B-9. Table values greater than 0.8 are highlighted in

green while values below <0.8 are highlighted in red.

Alzo3 sioz Tioz Fe203 _ Mno Mg0 cao Nazo K20 P205 Ba cr 5 s¢ sr

[wt %) (we%)  (wtB) (wt) (wtH) (weH) (wed%) [wt%) [we %)  [wt %) (ppm)  {ppm)  (ppm) ppm) _ {ppm)
Al203 (wt %) 1
Si02 [wt %) 0.89 1
Tio2 [wt %) 0.96 035 1
Fe203
(wt %) 0.58 036 0.43 1
MO {wt %) -0.05 -0.16 016 0.379 1
Mg0 (wt % -0.43 -0.46 047 0132 0.41 1
ca0 [wt %) -0.88 -0.88 -0.91 -0.48 0.07 0.23 1
Na20 [wt %) 0.77 053 089 0152 -0.2 -0.51 0.8 1
K20 [wt %) 0.97 0.3 09 0639 -0.03 -0.39 -0.85 0.67 1
P2OS [wt %) -0.61 -0.63 -0.63 -0.45 -0.11 -0.29 0.85 0.53 -0.58 1
Ba [ppm) 0.68 07 0.67 0.54 01 -0.24 -0.55 0.5 0.66 -0.4 1
cr {ppm) 072 061 066 0329 -021 -0.63 -0.43 0.43 0.74 -0.1 0.55 1
s (ppm) 0.35 029 027 0729 0.34 0.z -0.25 0.12 0.4 -0.3 039 0.21 1
sc [ppm) 0.91 074 083 0.586 -0.07 0.4 -0.75 0.5 0.9 -0.5 0.58 0.75 0.332 1
5r (ppm) -0.65 -0.66 -0.67 -0.44 -0.05 -0.13 0.89 0.56 -0.63 0.98 -0.36 -0.12 -0.26 -0.54 1
Zn (ppm) 0.18 021 0.18 -0.07 -0.13 -0.25 -0.13 012 0.2 -0 0.17 0.46 -0.09 0.41 -0
2r (ppm) 0.52 078 071 0.066 -0.24 -0.31 -0.64 0.82 0.42 -0.5 0.46 0.28 0.191 0.35 0.5
Be (ppm) 0.87 0.65 076 _ 0.654 -0.05 -0.22 -0.73 0.47 0.89 -0.5 0.52 0.67 0.465 0.83 0.6
V [ppm) 03 031 031 -0.02 -0.27 -0.35 -0.15 0.18 0325 -0 023 0.64 0.076 032 0
co [ppm) 039 058 047 0411 -0.1 -0.25 -0.37 057 032 -0.3 0.4 0.26 0.217 03 0.2
Ni (ppm) 0.06 0.08 0.05 -0.05 -0.24 0.02 [] 0.11 0.07 -0.1 -0.05 0.44 0.054 013 -0
cu [ppm} 0.57 055 055 0273 -0.42 -0.34 -0.48 0.37 0.58 -0.3 0.51 0.72 0.037 0.56 0.3
Ga [ppm) 0.98 0.51 081  0.603 -0.01 04 -0.86 0.69 0.96 -0.6 0.63 0.7 0.334 0.92 0.6
Rb (ppm) 0.57 077 0.88 0.64 0.04 -0.35 -0.83 0.62 0.85 -0.6 0.61 0.71 0.362 03 0.6
¥ (ppm}) -0.17 -024 -0.22 -0.23 -0.18 -0.34 038 0.25 -0.11 0.59 -0.01 0.39 -0.051 -0.09 0.54
nb (ppm) 0.93 035 088 0376 -0.17 -0.47 -0.92 0.91 0.85 -0.7 0.63 0.59 0.224 038 0.7
Ma [ppm) 0.07 0.06 007 0214 -0.16 0.16 0.1 0.04 0.09 -0.2 -0.11 0.01 0.285 0.1 0.2
Sn {ppm] 0.75 0.81 076 0332 0.17 0.4 -0.64 077 0.68 -0.4 0.7 0.57 0.264 0.67 0.4
s [ppm) 0.81 053 067 _ 0.734 0.08 -0.19 0.6 0.29 0.83 -0.4 0.55 0.71 0.442 0.8 0.5
La (ppm) 0.05 -0.05 -0.01 -0.08 -0.16 -0.35 015 0.1 0.11 0.39 0.14 0.52 0.016 01 0.32
ce (ppm] 0.24 014 0147 0.051 -0.11 -0.25 -0.11 0.05 0.29 0.08 027 0.56 0.121 0.24 0.02
Pr (ppm) 0.16 0.05 008 0.048 -0.13 -0.25 0.01 0.05 023 0.17 0.2 0.57 0.138 0.22 013
nd (ppm) 013 0.02 005 0.007 -0.14 -0.26 0.04 -0.07 0.19 0.21 0.19 0.56 0.114 0.18 0.16
sm (ppm]) 0.08 0.01 0.03 -0.04 -0.12 -0.23 0.05 -0.07 0.15 0.21 0.17 0.5 0.083 0.12 0.16
Eu [ppm) 0.06 -0.03 -0.01 -0.07 -0.13 -0.24 0.09 0.1 0.11 0.27 0.15 0.48 0.067 0.09 0.21
&d (ppm) 0.04 -0.06 -0.02 -0.08 -0.14 -0.24 01 012 0.1 0.27 0.12 0.47 0.041 0.08 021
Th (ppm] 0.08 -0.01 0.01 -0.05 -0.15 -0.26 0.08 -0.08 0.14 0.26 0.16 0.52 0.076 0.12 02
Dy (ppm) 0.07 -0.02 0.01 -0.06 -0.15 -0.29 0.1 -0.09 0.13 0.29 0.16 0.52 0.066 0.12 0.23
Ho (ppm 0.02 -0.06 -0.03 -0.11 -0.16 -0.32 0.15 0.11 0.08 0.36 0.13 0.49 0.026 0.07 03
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alzo3 5io2 Tio2 Fe203 Mno MEgOD Cao Na2o K20 P205 Ba cr 5 S Sr

[wt %) (wt %)  (wt36) (wit3) (wtd) (wt®) (wed) (wt%) (wi%)  [wt) (ppm)  ippm)  (ppm) lppm)  {ppm)
Er (ppm] 0.03 -0.05 -0.02 -0.12 -0.18 -0.36 0.16 -0.09 0.08 04 013 0.51 0.011 0.07 0.33
Tm [ppm) 0.08 0.02 0.04 -0.1 -0.22 -0.43 0.13 -0.02 0.12 04 018 0.56 0.033 0.12 0.33
b [ppm] 0.14 0.1 0.12 -0.09 -0.26 0.5 0.07 0.07 0.17 0.38 024 0.6 0.048 0.17 0.31
Lu (ppm] 0.21 019 0.22 -0.08 -0.3 -0.57 -0.01 0.18 0.23 033 027 0.63 0.043 0.23 0.25
Hf [ppm 0.52 0.78 072 0.044 -0.22 -0.32 -0.66 0.84 0.42 -0.5 047 0.26 0.158 0.35 0.5
Ta m 0.58 0.81 0.7 0.113 -0.2 -0.3% -0.59 0.82 0.46 -0.4 056 0.37 0.152 0.45 0.4
W (ppm| 0.47 0.73 0.59 0.076 -0.21 -0.34 -0.48 0.72 0.36 -0.4 0.5 032 0.146 0.37 03
Tl (ppm) 0.21 0.32 0.27 -0.11 -0.29 -0.22 0.2 0.21 0.14 -0.2 0.08 0.38 -0.041 0.18 0.2
Pb [ppm) 0.3 0.47 0.41 -0.14 0.04 -0.18 -0.32 0.59 0.17 -0.3 022 0.1 -0.013 0.18 0.2
Th [ppm] 0.92 0.91 0.97 0.398 -0.18 -0.51 -0.89 0.85 0.B6 -0.6 0.62 0.67 0.226 0.79 0.6
U (ppm] -0.37 -0.46 -0.43 -0.07 -0.21 0.01 0.55 -0.52 -0.31 0.56 -035 0.09 0.109 -0.23 0.55

Zn r Be v co Ni Cu Ga Rb ¥ Nb Mo sn cs La

Be [ppm} 012 0.31 1

v (ppm}) 032 0.17 0.3 1

co (ppm) 0.19 0.57 0.19 0.18 1

Ni {ppm) 0.29 0.03 0.28 0.68 -0.02 1

cu (ppm]) 0.49 0.39 057 0.49 027 047 il

Ga (ppm) 0.2 0.41 0.9 0.29 031 0.06 0.55 1

Rb (ppm) 017 0.36 0.92 0.33 027 0.13 057 099 1

¥ (ppm} 0.1 027 -0.02 0.37 -0.2 031 017 -0.1 -0.13 1

Nb m) 017 073 0.73 0.28 051 002 0.5 0.89 0.85 -026 1

Mo m; -0.11 0.05 0.29 0.18 -0.09 049 -0.01 0.07 0.1 -0.17 0.05 i

Sm m| 0.32 0.52 0.45 033 053 002 0.5 0.68 0.64 -0.18 0.74 0.1 1

Cs (ppm) 013 012 0.9 0.38 015 0.28 057 0.86 091 -0 0.61 0.2 0.43 1

La (ppm) 013 -0.17 0.19 0.41 015 032 03 0.09 0.0% 096 -0.06 -0.17 -0 0.18 1
Ce [ppm] 013 -0.04 0.37 044 -0.09 037 041 027 0.28 084 0.13 -0.12 01 0.33 0.95
Pr [ppm) 0.13 -0.11 0.28 0.5 -0.05 0.4 031 019 021 0.76 0.04 -0.14 0.12 0.3 0.82
Nd [ppm) 014 -0.13 0.27 043 -0.1 0.42 033 016 0.18 0.86 o -0.14 0.06 0.27 092
5m [ppm} 013 -0.12 0.25 044 015 0.4 034 043 0.14 091 -0.02 -0.11 -0 0.22 097
Eu (ppm] 0.1 -0.15 0.21 044 015 039 03 0.09 0.11 093 -0.05 -0.13 -0 0.1% 0.98
Gd [ppm) 011 -0.16 0.21 0.43 -0.18 039 03 0.08 0.0% 093 -0.06 -0.13 0.1 0.18 097
Th (ppm] 0.13 013 0.23 0.46 013 041 03z 011 013 092 -0.03 -0.13 -0 0.21 0.97
Dy (ppm) 013 -0.12 0.22 0.47 013 0.4 032 011 012 054 -0.04 -0.13 -0 0.21 098
Ho m 012 -0.15 047 044 015 037 03 0.06 007 096 -0.07 -0.14 -0 0.15 093
Er m 013 -0.12 0.16 044 014 0.36 03 0.06 0.06 097 -0.07 -0.15 -0 0.15 093
Tm [ppm) 014 -0.07 0.19 0.46 -0.08 0.34 033 0.1 0.1 096 -0 -0.15 0.02 017 0.98
b (ppm] 0.16 0.03 0.22 0.48 -0.02 032 035 015 0.14 093 0.09 -0.14 0.08 019 0.96
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Zn zr Be v co Ni Cu Ga Rb Nb Mo sn cs La
[ppm] {ppm) (ppm} {ppm] m| m m m| m m m m m| m m
Lu (ppm] 0.17 0.14 0.25 0.5 0.05 0.3 0.39 021 019 0.E8 018 015 0.15 02 0.52
Hf (ppm) 0.1 0.59 0.31 0.17 057 [ 036 043 038 027 0.75 0.02 054 011 0z
Ta [ppm) 0.16 0.78 032 0.29 077 .08 039 048 044 -023 076 -0 0.68 0.24 0.2
W (ppm) 0.19 073 023 0.28 0.82 0.1 038 0386 033 -028 065 0.3 061 017 02
Tl [ppm) 0.31 0327 0.1E 0.8 021 0.62 0.43 018 0.21 o 0.27 0.37 029 02 0.04
Pb [ppm} 011 0.46 0.02 0.23 036 003 0.2 023 0.18 -0.25 0.4 -0.03 0.66 01 0.2
Th [ppm] 0.2 0.74 0.76 033 0.44 007 0.6 0.89 0.86 -0.13 0.97 002 0.68 0.66 0.07
U [ppm]) -0.07 -0.36 -0.01 0.19 _ -0.26 055 -0.04 -0.3 0.3 0.57 _ -0.47 0.5 0.5 -0 0.44
[ Pr Nd sm Eu ad Th Dy Ho Er ™ b Lu Hf Ta
lppm) {ppm) (ppm} {ppm] (ppm) (ppm) {ppm] {ppm) (ppm} (ppm) {ppm} (ppm) (ppm) ({ppm}  (ppm]
Ce (ppm) 1
Pr{ppm) 0.83 1
Nd {ppm) 093 097 1
sm {ppm 0.98 0.84 0.94 1
Eu (ppm 0.97 0.84 0.94 1 1
Gd (ppm) 0.97 0.85 0.95 1 1 1
Tb (ppm]) 0.97 0.80 0.97 0.09 0.99 1 £l
Dy (ppm) 0.97 0.80 0.97 0.03 0.99 0.99 il 1
Ho (ppm) 0.95 0.83 0.93 0.99 0.99 099 0.99 0.99 1
Er (ppm) 094 0.83 0.92 0.97 098 098 098 099 1 1
Tm {ppm) 093 0.81 0.91 0.96 097 096 096 097 099 099 1
Yb (ppm]) 0.3 0.78 0.86 0.92 0.93 0.93 0.93 0.94 0.96 0.57 0.98 1
Lu (ppm) 0.57 0.76 0.84 0.88 0.89 0.8 0.53 08 092 0.58 0.97 0.93 1
Hf (ppm) -0 -0.1 01 -1z -p14 02 013 -0.1 -015  -013  -0.06 0.04 0.15 1
Ta [ppm) -0.1 0.1 01 017 -p1g 02 017 0.2 019 018 01 -0t 0.09 0.8 1
w ‘EEIII -0.1 -0.1 -0.2 -0.2 -0.21 -0.2 -0.19 -0.2 -0.21 -0.19 -0.12 -0.04 0.05 0.74 0.98
Tl {[ppm) 0.09 012 0.1 0.07 0.06 0.06 008 0.08 0.06 0.06 0.08 009 013 0.26 034
Pb (ppm} -0.1 -0.1 -0.1 -0.18 -0.19 -0.2 -0.17 0.2 -0.2 -0.19 -0.16 -0.13 -0.1 0.47 0.51
Th (ppm]) 0.25 0.15 0.13 0.11 0.07 .06 0.1 0.08 .06 0.07 0.13 0.22 031 0.75 0.68
U [ppm] 0.29 032 0.37 0.4 042 043 0.42 043 0.46 0.47 0.46 0.42 036 04 0.4
w il Pb Th u
lppm] _tppm) _(ppm} _{ppm] _ ippm)
W (ppm) 1
Tl [ppm) 0.35 1
Fb (ppm) 0.45 0.36 1
Th (ppm]) 0.57 028 0.33 1
U (ppm] -0.31 0.06 038 -0.39 1
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Total Variance Explained

Component Variance % of Total Variance Cumulative %
1 27.600 32.86 32.86
2 14.320 17.05 49.90
3 11.040 13.14 63.05
4 7.509 8.94 71.99
5 4.257 5.07 77.06
6 2.656 3.16 80.22
7 2.447 291 83.13
8 1.935 2.30 85.43
9 1.681 2.00 87.44
10 1.483 1.77 89.20

Table S7: Summary of the first ten principal components used for statistically defining the chemofacies.
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Appendix 2

Clinoform identification and correlation in fine-grained sediments: A case study
using the Triassic Montney Formation

Supplimentary Methods

A total of 641 samples were analyzed and include core samples (wells c-74-G/94-b-09,
d-48-A/94-b-09, 02-30-070-24W5, 16-17-083-25W6, and 11-20-082-02W6) and outcrop
samples (Ursula Creek, British Columbia; Fig. 1). The wells and outcrop were chosen to
create a transect perpendicular to the Triassic paleoshorline. The sampling interval was
0.5 or 1 m, depending on the length of the well or outcrop. Sampling at this resolution
will inherently miss laminar-scale as well as thin-bed variation; however, because our
study is at the basin-scale, we feel that the general, basin-wide trends will be captured
sufficiently at this interval of sampling. Sample size varied between 2 and 5 cmz, but
only 0.25 g is required for analysis by lithium metaborate fusion.

As sample collection and analysis took place over a significant length of time,
samples were analyzed in batches at two different laboratories (Chemostrat
Laboratories and Bureau Veritas Mineral Laboratories). Samples from wells c-74-G/94-
b-09, d-48-A/94-b-09, 02-30-070-24W5, 16-17-083-25W6 and the Ursula Creek outcrop
were analyzed using both inductively coupled plasma mass spectrometry (ICP-MS) and
inductively coupled plasma optical emission spectrometry (ICP-OES) at Chemostrat
laboratories in Houston, Texas, a laboratory accredited to ISO 17025:2005 (equivalent
to 1ISO 9000). ICPMS analysis was conducted using a Thermo Scientific XSERIES 2

mass spectrometer while ICP-OES analysis was completed using a Scientific iCAP
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7000 Series ICP-OES mass spectrometer. Outcrop samples were selected to exclude
surface weathering and only fresh, unexposed rock was sampled.

Following procedures outlined in Hildred et al. (2010), all samples were cleaned
using water and solvent to remove surface contamination. Subsequently, samples
analyzed at Chemostrat laboratory were pulverized using an agate mortar and
subjected to a Limetaborate digestion (Jarvis and Jarvis, 1992). Major elements
analyzed for include: SiOz2, TiO2, Al203, Fe203, MgO, MnO, CaO, Naz20, K20, and P20s.
Data was also collected for 25 trace elements (Ba, Cr, S, Sc, Sr, Zn, Zr, Be, V, Co, Ni,
Cu, Ga, Rb, Y, Nb, Mo, Sn, Cs, Ta, W, Tl, Pb, Th, and U) and 14 rare earth elements
(REE: La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Ho, Dy, Er, Tm, Yb, and Hf). Major-element data
and high-abundance trace elements (e.g., Cr, Sc, Sr, and Zr) were determined using
ICP-OES. Precision, measured by running select samples in triplicate, is estimated to
be +2% for major elements run on ICP-OES for the major-element data, and
approximately £3% for high abundance trace elements. Low-abundance trace
element data collected via ICP-MS, is estimated to have a precision of +5%. The
accuracy, measured by using an internal standard, of major element analysis is £1%.
Additionally, in order to assess external reproducibility, 11 batches of five certified
reference materials were analyzed in duplicate. The associated two-sigma uncertainty is
5-7% for major elements and 7-12% for trace elements. Trace element accuracy ranges
from + 3- 7 ppm, decreasing with higher abundance.

Samples from well 11-20-082-02W6 were analyzed by Bureau Veritas Mineral

Laboratories (formerly Acme labs) using LiBOz2 digestion followed by ICP-MS conducted
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with a Perkin Elmer Elan 6000 ICP mass spectrometer (SiO2, Al203, Fe203, MgO, CaO,
Naz20, K20, TiO2, P20s, MnO, Cr203, Sc, Ba, Be, Co, Cs, Ga, Hf, Nb, Rb, Sn, Sr, Ta, Th,
U, W, Zr, Y, La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu). Detection limits
vary from 0.01 to 1 ppm. Error values and reproducibility for geochemical data (by
element) from this lab are available within Rukhlov and Pawlowicz (2011).

Select samples (18 in total) from 02-30-070-24W5 were analyzed by a Bruker
AXS D8Advance X-ray Diffractometer at SGS Mineral Services Lakefield, Ontario, a lab
accredited to ISO/IEC 17025. A Co radiation source operating at 40 kV and 35 mA was
used. Scans were taken stepwise at 0.02° intervals, with a step time of 0.2s, and a 20
range from 3-70°. Spectral interpretations were made using PDF2/PDF4 powder
diffraction databases issued by the International Center for Diffraction Data (ICDD), and
DiffracPlus Eva® software. The detection limit is 0.5-2% (dependent on crystallinity).

A statistical evaluation of the correlation between mineralogical and elemental
data was conducted using Pearson product-moment correlation (PPMC) and
eigenvector analyses (EA) on DataDesk®6.3.1. Principal component analysis was used
as an indicator for mineralogy during chemostratigraphic analysis (Pearce et al., 2005;
Svendsen, et al., 2007; Ellwood et al., 2008; Ratcliffe et al., 2010, 2015). Additionally, to
investigate sediment provenance, abiotic carbonate input and hydrothermal influence,
plots of La/Sm versus Yb/Sm, log (Fe203/K20) and log (SiO2/Al203), Th/Sc versus
Cr/Th, and Sr versus Mg cross-plots were created using DataDesk®6.3.1 and Microsoft
Excel ®2010. Plots of Fe/S and P/Fe were also produced using this software, as well as

rare earth element plots (REE plots) normalized to chondrite abundance.
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Chemostratigraphic packages were defined using principle component analysis
and cluster analysis on the most complete core data set (16-17-083-25W6), which was
used as the type section. In total, 84 variables were considered, as summarized in
Table I. The variables used fall into eight categories: the first and second categories,
referred to as oxides and trace elements comprise the unaltered data provided by the
lab; the third category, oxide elements, contains the calculated elemental portion of the
oxides converted to ppm; the final categories, indicators, comprise ratios of elements or
oxides. Select samples (18 in total) from 02-30-070-24W5 were analyzed by a Bruker
AXS D8

The 84 variables have a variety of relationships and correlations to one another.
To condense the data set and reduce the redundancy between variables, principal
component analysis was applied (Johnson and Wichern, 1988; Schlens, 2014). This
method is a multivariate transformation that reduces the dimension of the data set while
retaining most of the variance of the original data. Supplimentary Table VII shows a
summary of the first ten principal components, the variance in the data set explained by
each component, and the cumulative percentage of the variance explained. The first six
components account for over 80% of the variance; these six were retained and used for
cluster analysis.

The six principal components were used with depth as a seventh variable to
divide the 238 data points into clusters (Tan et al., 2006). Hierarchical clustering was
used to merge the data points into clusters, with the multidimensional distance between
clusters calculated by Ward’s method (Ward, 1963). Supplementary Figure 30 defines

the relationship between the number of clusters and the corresponding similarity
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between the clusters. As more clusters are merged with one another, more dissimilar
data points must be combined and there is therefore less similarity between the
remaining clusters. Supplementary Figure 30 highlights an inflection point at 12 clusters,
where reducing the number of clusters rapidly decreases similarity. For this reason, 12
clusters were retained in the results. Although only occurring in the basal data point
(and thus statistically insignificant), a thirteenth division was added based on the
published contact between the Permian Belloy Formation and the Montney Formation in
this data set (Golding et al., 2014).

Chemofacies were then analyzed and summarized using clay indicator ratios
(Cr/Sc, Zr/La, Zn/Sc, SiO2/Al203, Ga/Rb, K20/Al203, K20/Rb, Na20/Al203, Rb/Al);
provenance ratios (Ni/Al, Cr/Al, Th/Sc, Ti/Zr, MgO/Al203, and Ti/Nb); detrital input
indicators (TiO2/Al203,TiO2/K20, Lu/Hf, Sc/Zr) and mineralogical indicators (P20s5/Al20s,
Cr/Nb, Lu/Zr, and Cr/Zr). Further details of each are provided in the following section.
An average value of each ratio was determined from the type section. These overall
average values were compared to the averaged values generated from within each
chemofacies in order to make interpretations. Due to the low elemental immobility, and
the relation to detrital input, subsequent data sets were correlated primarily using the
signatures of Sc/Zr, Lu/Hf, and Zr/La (see the section entitled ‘Elemental Indicators’ for

a more detailed explanation of the ratios used in this study).
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