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SUMMARY

Iron formations exemplify a type of sedimentary rock found
in numerous Archean and Proterozoic supracrustal succes-
sions. They serve as a valuable chemical record of Precambri-
an seawater chemistry and post-depositional iron cycling
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These formations accumulated on the seafloor for over two
billion years during the eatly history of our planet, offering a
unique opportunity to study environmental changes that
occurred during Earth’s evolution. Among these changes, one
of the most significant events was the shift from an anoxic
planet to one where oxygen (O,) became consistently present
in both the marine water column and atmosphere. This pro-
gression towards global oxygenation was closely linked to the
emergence of aerobic microbial metabolisms, which pro-
foundly impacted continental weathering processes, nutrient
supply to the oceans, and ultimately, the diversification of the
biosphere and complex life forms. In this review, we synthesize
two decades of research into the temporal fluctuations of
trace element concentrations in iron formations. Our aim is to
shed light on the complex mechanisms that contributed to the
oxygenation of Earth’s surface environments.

RESUME
Les formations de fer sont un exemple de roche sédimentaire
que P'on trouve dans de nombreuses séquences supracrustales
de I'Archéen et du Protérozoique. Elles représentent un enreg-
istrement chimique précieux de la composition de 'eau de mer
du Précambrien et du cycle du fer post-dépot. Ces formations
se sont accumulées sur le fond marin pendant plus de deux
milliards d'années au début de T'histoire de notre planéte,
offrant une occasion unique d'étudier les changements envi-
ronnementaux survenus au cours de l'évolution de la Terre.
Parmi ces changements, 'un des événements les plus signifi-
catifs a ¢té la transition d’une planéte anoxique a une planéte
ou Poxygene (O,) est devenu constamment présent a la fois
dans la colonne d’eau marine et dans 'atmosphere. Cette pro-
gression vers 'oxygénation globale était étroitement liée a
I'émergence de métabolismes microbiens aérobiques, qui ont
profondément influencé les processus d'altération continen-
tale, 'apport de nutriments aux océans ct, finalement, la diver-
sification de la biosphere et des formes de vie complexes. Dans
cette revue, nous synthétisons deux décennies de recherche sur
les fluctuations temporelles des concentrations en éléments
traces dans les formations de fer. Notre objectif est de faire la
lumicre sur les mécanismes complexes qui ont contribué a
loxygénation des environnements de la surface de la Terre.
Traduit par la Traductrice

INTRODUCTION
The study of ancient sediments, such as iron formations (IF),
has generated important insights into the complex interplay

© 2023 GAC/AGC®
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between life and Earth’s surface environments throughout
geologic history (e.g. Konhauser et al. 2017). Uniquely, most IF
are chemical sediments, characterized by high iron (15-40
wt.% Fe) and silica (40—60 wt.% SiO,) content that were
deposited from seawater during the Precambrian. Notably, the
Nuvvuagittuq Supracrustal Belt in northern Quebec and the
Isua Supracrustal Belt in West Greenland, which date back
over 3.75 billion years, contain perhaps the earliest IF and
associated sedimentary rocks (Mloszewska et al. 2012; Czaja et
al. 2013). The period between 2.7 and 1.9 Ga witnessed the
highest abundance of IF. Indeed, Isley and Abbott (1999) esti-
mated that during those 800 million years, perhaps as much as
60% of the global volume of preserved IF was deposited. This
timeframe coincides with a significant transition in Farth’s
oceans and atmosphere towards a partially oxygenated state
(Lyons et al. 2014). Iron formations then essentially disappear
from the rock record for neatly 1.2 billion years. This gap has
been explained by a shift to fully oxic or sulphidic deep-ocean
conditions. The eatlier suggestion of oxic deep-ocean condi-
tions after ca. 1.88 Ga (Holland 1984) was challenged by the
proposal that deep-ocean conditions were predominantly eux-
inic (anoxic and sulphidic) until full ocean ventilation during
the late Neoproterozoic or earliest Phanerozoic (e.g. Canfield
1998). Iron formations reappear again briefly in the Neopro-
terozoic when oceans returned to a ferruginous state during
the ice-covered Sturtian glaciation (Hoffman et al. 1998), with
rare instances documented in the early Phanerozoic (e.g. Li et
al. 2018).

Classically, IF have been categorized into three main types:
Algoma-type, Superior-type and Rapitan-type, based primarily
on their depositional environment (Gross 1980). Algoma-type
IF are typically found interlayered with, or genetically linked to,
volcanic rocks. These volcanic rocks range from ultramafic—
mafic to felsic compositions and are commonly accompanied
by volcaniclastic greywacke and shale in greenstone belts. In
many cases, Algoma-type IF are spatially associated with vol-
canogenic massive sulphide (VMS) deposits (Bekker et al.
2010). The prevailing belief is that Algoma-type IF precipitat-
ed near volcanic arcs and spreading centres through exhalative
hydrothermal processes associated with submarine volcanism
(Gross 1980). In contrast, Superior-type IF developed in sedi-
ment-dominated settings, specifically on the passive margins of
continental shelves. Unlike the Algoma-type IF, they lack direct
stratigraphic connections with volcanic rocks. Superior-type IF
are believed to have been deposited on the outer shelf, but they
are often interbedded with, or transition into, carbonate rocks
and black shale suggesting their deposition moved landwards
with changing sea level (Trendall 2002). Superior-type IF can
be laterally extensive (Fig. 1A), with estimates suggesting orig-
inal aerial extents may have exceeded 100,000 km? (Bekker et
al. 2010). In terms of mass, the largest Superior-type IF con-
tain over 1014 tonnes (1017 kg) of iron (Isley 1995), and today
serve as a significant source of iron for global iron and steel
production (Hagemann et al. 2016). Rapitan-type IF are asso-
ciated with Neoproterozoic Snowball Earth conditions and are
thought to be deposited as a by-product of global-scale glacial
activity (Hoffman et al. 1998). Named after the ca. 715 Ma

http://www.geosciencecanada.ca
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Figure 1. Representative images of Paleoproterozoic iron formations (IF). (A) Aer-
ial overview of the 2.48 Ga Dales Gorge Member along the southern ridge at Tom
Price, Western Australia. Photo credit: Mark Barley. (B) Section of banding in the
2.45 Ga Joffre Member, Western Australia. (C) This core from the Joffre Member
displays pale grey micro- and mesobands of alternating chert and magnetite, dark
grey magnetite mesobands and reddish and bluish (1 mm thin) microbands of
chert—hematite—riebeckite. (D) Coarse- and fine-grained magnetite microbands with
chert and very fine hematite. The latter likely is a product of secondary magnetite
oxidation. Note the single grains of martite upper left. ch = chert, hem = hematite,
mag = magnetite, rbk = riebeckite.

Rapitan Iron Formation in northern Canada, a major feature
of these IF is their interbedding with glacial diamictite (e.g.
Smith 2018). In a model developed by Klein and Beukes
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(1993), the authors proposed that as a result of global ice
cover, dissolved Fe(Il) built up in concentration within the
water column, and then during glacial melting, seawater
became exposed to O, leading to Fe(Il) oxidation. Lechte and
Wallace (2016) also proposed that some of those IF were
deposited below the ice shelf through an ice pump mechanism
where cold oxygenated glacial fluids mixed with ferruginous
seawatet.

For the purposes of discussing IF in the context of Earth’s
oxygenation, we focus below only on Superior-type IFs.

One of their notable characteristics is alternating iron-rich
and silica-rich layers (Fig. 1B) which give the sediments the
name banded iron formation (BIF). The layers range from
macrobands (metre-thick) to the mesobands (centimetre-thick)
by which they are typically defined to microbands (millimetre
and sub-millimetre layers; Fig. 1C-D). The latter have been
linked to episodic hydrothermal input and hypothesized to
represent an annual depositional process (e.g. Trendall and
Blockley 1970; Mortis 1993) driven by the metabolic activity of
microbial plankton (Posth et al. 2008; Schad et al. 2019a).
There is, however, another Superior-type iron formation called
granular iron formation (GIF). What differentiates GIF from
BIF is that the former was deposited in a coastal marine envi-
ronment subject to riverine input of clastic sediment (i.e. mud,
silt and sand). Many of the granules appear to have been
derived by sedimentary re-working of iron-rich clay, mudstone,
arenite, and even stromatolites (e.g. Simonson and Goode
1989), while others are composed of concentric cortices of
hematite that were likely precipitated where Fe(Il)-rich waters
met more oxygenated shallow seawater (e.g. Dorland 1999). By
contrast, BIF typically lack evidence of wave action. For sim-
plicity, we will from herein simply use the abbreviation IE

The iron-rich layers of IF consist of minerals such as
hematite (Fe,O;), magnetite (Fe,O,), iron-bearing carbonate
minerals like siderite (FeCO;) and dolomite—ankerite
(Ca,Mg)CO; or Ca(Fe,Mg,Mn)(CO,),), as well as various
Fe(I)—/Fe(IT)-silicates. In contrast, the silica-rich layers are
mainly comprised of microcrystalline silica (Klein 2005). It is
widely recognized that none of the minerals observed in IF are
of primary origin, indicating that the minerals initially deposit-
ed on the seafloor did not endure. Instead, the mineral assem-
blages observed in IF today are the result of multiple post-
depositional alteration events that occurred during diagenesis
(low-temperature transformations during burial in sedimentary
basins) and metamorphism (high-temperature changes
induced by deep burial as well as tectonic and magmatic
events). Additionally, research has shown that the mineral
compositions preserved in IF differ along a gradient from
deeper water settings near hydrothermal sources of Fe(II) to
more distal, shallower environments. For instance, in the
Mesoarchean Witwatersrand IF in South Africa, this variation
manifests as a transition from hematite-dominated facies in the
most distal settings to magnetite and siderite proximal to the
paleoshore. This transition reflects an increasing input of
organic matter that facilitated the diagenetic and metamorphic
reduction of Fe(Ill) (Smith et al. 2013).
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The iron oxides found in IF are believed to have originated
from an initial ferric oxyhydroxide phase, such as ferrihydrite
(Fe(OH);). This phase was biologically precipitated from sea-
water in the well lit upper layers of the ocean. Precipitation
occurred through the oxidation of dissolved ferrous iron
(Fe2+), with concentrations estimated to range from 0.03 to 0.5
millimolar (mM) (Holland 1973; Morris 1993), although con-
centrations exceeding 1.0 mM have also been proposed (Derry
2015; Jiang and Tosca 2019). Recent research suggests that in
the presence of dissolved silica, which could have reached con-
centrations as high as 2 mM during the Archean con (Siever
1992; Maliva et al. 2005), the initial precipitate in the water col-
umn could have been a gel-like substance composed of ferric
oxyhydroxide and silica (Konhauser et al. 2007a; Fischer and
Knoll 2009; Percak-Dennett et al. 2011).

Conversely, the mineral greenalite (Fe,Si,05(OH),) has
been identified in several IFF and interpreted as a relict primary
mineral phase formed in the ancient water column (Rasmussen
et al. 2017, 2021a; Johnston et al. 2018). Initially, greenalite was
proposed by Konhauser et al. (2007b) as a primary precipitate
in the ancient oceans, but crucially having formed below the
photic zone in deep (> 100 m) waters and thus in the absence
of an oxidant such as light or O,. Such an interpretation would
be consistent with greenalite nanoparticles forming during
hydrothermal venting in environments that were distal to the
deposition of Superior-type IF (e.g. Tosca and Tutolo 2023).
By contrast, in the photic zone, ferrihydrite would have
formed. The controversy over whether ferrihydrite versus
greenalite was the primary precipitate then comes down to
whether one thinks that there was a photosynthetic compo-
nent to the marine biosphere at that time. From our perspec-
tive, in the run up to the Great Oxidation Event (GOE), the
shallow marine environments were already colonized, with a
diverse marine biota including cyanobacteria and underlying
anoxygenic phototrophs (Schad et al. 2019b). Archean IF also
exhibit a wide range of iron isotope ratios that cannot be
explained by small isotopic effects resulting from direct seawa-
ter precipitation of iron silicates like greenalite (e.g. Planavsky
et al. 2012a; Smith et al. 2017; Albut et al. 2019). Moreovert, the
transformation of greenalite into hematite requires either a
carbonation reaction to siderite that then thermally decompos-
es to hematite (Rasmussen and Muhling 2018) or extensive
sediment oxidation by secondary O,-rich fluids (Rasmussen et
al. 2014; Rasmussen and Muhling 2020). Recent hydrological
modelling, however, suggests that such ‘supergene’ processes
were not widespread throughout the IF record (Robbins et al.
2019b). In summary, there is compelling evidence indicating
that Fe(II) silicate minerals were not the predominant water-
column precipitates in the mass balance of IF, although they
likely did precipitate in deeper, Fe(Il)-rich seawater, e.g. sea-
ward of the continental shelf.

The precipitation of Fe(lll) occurred at the boundary
between reduced upwelling waters rich in Fe(II) and the waters
of the sunlit upper layer of the ocean (see Fig. 2). Three bio-
logical oxidation mechanisms have been proposed to explain
this process: anoxygenic Fe(Il)-based photoautotrophy, also

https://doi.org/10.12789/geocan;.2023.50.201
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Figure 2. Three mechanisms of biological Fe(Il) oxidation in the Precambrian
oceans. (Top) reaction of cyanobacterially generated O, with dissolved Fe(1I); (mid-
dle) oxidation via chemolithoautotrophic Fe(Il) oxidizing bacteria that grow under
low O, concentrations; and (bottom) direct oxidation via Fe(II)-based anoxygenic
photosynthesis (photoferrotrophy) below the redoxcline where there is no free O,.
Fh = ferrihydrite.

known as photoferrotrophy (reaction 1); aerobic
chemolithoautotrophy with O, produced by oxygenic photo-
synthesis (reactions 2a-b); and abiotic oxidation via O, from
oxygenic photoautotrophy (reaction 3).

[1]  24Fe2* + 6CO, + 66H,0 = 24Fe(OH); + C;H,,0, + 48H*

[2a] 6H,O + 6CO, = CH,,04 + 60,

[2b] 36Fe2t + 30, + 6CO, + 96H,0 = C,H,,0; + 36Fe(OH), + 72H*
[3] 4Fezt + O, + 10H,0 = 4Fe(OH), + 8H*

Among the three biological mechanisms, photoferrotrophy
is considered to be the most ancient (Hartman 1984; Widdel et
al. 1993). Positive iron isotope fractionations, thought to rep-
resent a primary oxidative process operating under low O,
availability, are observed in the approximately 3.78 Ga IF of
the Isua Supracrustal Belt in Greenland and suggest the pres-
ence of photoferrotrophs in the Eoarchean seawater (Czaja et
al. 2013). While it is generally agreed that cyanobacteria
evolved before the onset of the GOE around 2.5 billion years
ago, the exact timing of their emergence remains uncertain
(e.g. Planavsky et al. 2021). Sustainable concentrations of O, in
the ancient oceans are also not well established, with estimates
ranging from very low levels in the Archean, on the order of a

7 http://www.geosciencecanada.ca

few nanomolar (nM) (Olson et al. 2013), to higher concentra-
tions of up to 100 micromolar (mM) in the water column at a
few hundred metres depth (Kendall et al. 2010). Under low O,
conditions, aerobic chemolithoautotrophic species could have
exploited the slow abiotic oxidation of Fe(ll) (c.g. Segaard et
al. 2000) which were encountered just above the redoxcline in
the ancient water column (Chan et al. 2016). As the oceans
became more oxygenated, abiotic oxidation of Fe(ll) (as
described in reaction 3) likely became the primary mechanism
for ferrihydrite precipitation, following the classic model pro-
posed by Cloud (1965).

Several arguments favour a dominant role for photofer-
rotrophs before the GOE. First, they would have had a com-
petitive advantage over early cyanobacteria, as they were better
adapted to benefit from upwelling phosphorus-rich deep
waters, thanks to their ability to grow under low-light condi-
tions (Kappler et al. 2005). Cyanobacteria, on the other hand,
have higher phosphorus requirements (Jones et al. 2015; Schad
et al. 2019a). Second, the photoferrotrophs had first access to
dissolved Fe(ll) which is their electron donor, and even in
modern ferruginous environments, such as Lake Matano in
Indonesia, photoferrotroph activity controls dissolved Fe(lI)
concentrations in the water column (Crowe et al. 2008). Third,
the ferruginous conditions associated with IF deposition may
have been toxic to cyanobacteria (Swanner et al. 2015). In all
likelihood, the relative roles of each metabolism vatried in
space and time, depending on nutrient availability and the
influence of hydrothermal water inputs (Beukes and Gutzmer
2008). Determining the relative contributions of photofer-
rotrophs and cyanobacteria to IF deposition is an ongoing area
of research (Konhauser et al. 2018).

The oxidation of dissolved Fe(Il) would produce biomass
that settled to the seafloor together with the Fe(I1I) minerals
(e.g. Konhauser et al. 2002, 2005; Li et al. 2011; Posth et al.
2013a, b). If, as today, the organic carbon (C,,,) was oxidized
during burial by either diagenesis or metamorphism, the rele-
vant question is which terminal electron acceptor was present
at the seafloor during times of IF deposition, and at what con-
centrations? Despite the possibility of some oxic surface
waters being generated by cyanobacterial activity as eatly as 3.0
Ga (e.g Planavsky et al. 2014), deep waters, and by extension
the seafloor, remained anoxic unlike today where sediment
pore waters can have dissolved O, at depths of several mil-
limetres, and locally even greater depths (Konhauser 2007). In
the absence of O,, the fermentation products in the bottom
waters and/or shallow sediment would have been oxidized via
some other anaerobic respiratory process. The paucity of O,
would also have meant minimal nitrate (NO;), manganese
oxide (MnO,) and sulphate (SO,>) availability (Fig. 3A). By
contrast, the ferric minerals in the primary IF sediment would
have been favourable electron acceptors for the oxidation of
organic matter (Walker 1984; Nealson and Myers 1990)
through the process of dissimilatory iron reduction (DIR) by
various bacteria (reaction 4). Significantly, coupling the reduc-
tion of some Fe(Ill) minerals to the oxidation of organic mat-
ter not only explains the low content of C,,, in IF (< 0.5 wt.%0;
Gole and Klein 1981), but it also explains highly negative §:3C
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Figure 3. (A) Plausible Archean pore water profile during early diagenesis wherein minerals on right-hand side are dominant controls on pore water Fe speciation. (B) Schemat-
ic showing changes to the initial ferrihydrite and biomass associated with burial (diagenesis and metamorphism). After sedimentation, metabolically driven redox processes by
fermenters and dissimilatory iron reducing microorganisms (DIRM) take place, possibly also involving methanogens. Pressure and temperature alter the source sediment and
cause mineral overprinting. If biomass is present, DIR can lead to magnetite, siderite and greenalite precipitation, while in organic-lean sediments, ferrihydrite dehydrates to

hematite. ferm = fermentation; meth = methanogenesis.

values of the eatly diagenetic Fe(II)—rich carbonate deposits
(Baur et al. 1985; Craddock and Dauphas 2011), the highly
negative d5Fe values in magnetite-rich IF (Johnson et al. 2008;
Heimann et al. 2010), and the small-scale heterogeneity in
&56Fe values between alternating IF bands (e.g Steinhoefel et
al. 2010). In sum, the negative 83C values indicate that organic
matter was an important source of the C incorporated into the
carbonate minerals, the negative 8%Fe in magnetite indicates
DIR, while the heterogeneity likely suggests variable degrees of
partial Fe(Il) oxidation in surface waters, precipitation of dif-
ferent mineral phases and/or post-depositional Fe redistribu-
tion but not wholescale overprinting by secondary fluids.
Moreover, it explains the presence of Fe(ll)-bearing minerals
in IF (Fig. 3B): (1) magnetite or iron carbonate when the rem-
ineralization of buried organic matter was coupled to Fe(III)
reduction (reactions 5 and 6), either during diagenesis or meta-
morphism (Kéhler et al. 2013; Li et al. 2013; Halama et al.
2016); (2) hematite (reaction 7), through dewatering and silica
release, when C,,, was insufficient for complete Fe(III) reduc-
tion (Sun et al. 2015); and (3) iron silicate phases, such as
greenalite (reaction 8), when silica sorbed onto ferric oxyhy-
droxides reacted with other cationic species during Fe(I1I)
reduction within sediment pore waters (e.g. Morris 1993; Fis-
cher and Knoll 2009).

[4] 8Fe(OH); + CH;COO- — 8Fe2t + 2HCO;- + 150H- + 5H,0
[5] 2Fe(OH); + Fe2* = Fe,O, (magnetite) + 2H,0 + 2H*

[6] Fe2* + HCO5~ = FeCOj (siderite) + H*

[7]  2Fe(OH); = Fe,0; (hematite) + 3H,0

[8] 3Fe2t + 2Si(OH), + H,0O = Fe;Si,05(OH), (greenalite) + 6H*

Recent experimental work also supports the possibility that the
formation of ferrous silicate mineral phases may be the result
of DIR (Nims and Johnson 2022). Finally, ferrous iron sorp-
tion to these particles may also have given rise to ‘green rust’-
type deposits that eventually transformed into magnetite or
iron silicate minerals (Halevy et al. 2017; Li et al. 2017).
Although much of the discussion on DIR in IF has
focused on processes within the sediment, it is also likely that
Fe(Ill) reduction occurred in the water column. To test this
possibility, Konhauser et al. (2005) modelled the ancient Fe
cycle based simply on conservative experimental rates of pho-
tosynthetic Fe(Il) oxidation in the photic zone. They showed
that under ideal growth conditions, as much as 70% of the bio-
logically produced Fe(IIl) could have been recycled back into
the water column via fermentation and C,,, oxidation coupled
to DIR. By comparing the potential size of biomass generated
phototrophically with the reducing equivalents required for
Fe(IlI) reduction and magnetite formation, they also hypothe-
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sized that another anaerobic metabolic pathway might have
been utilized in the surface sediment or water column to oxi-
dize C,,, specifically a consortium of fermenters and
methanogens (Konhauser et al. 2005). Interestingly, at Lake
Matano, Crowe et al. (2011) demonstrated that more than 50%
of organic matter formed in the water column is degraded
through methanogenesis, despite high abundances of ferric
oxyhydroxides in the lake sediment.

Even though biomass degradation underpins the conver-
sion of primary IF sediment into the rocks we observe today,
our understanding of the complex feedback loops between
these microbial processes remains pootly resolved. A recent
study by Schad et al. (2022) provided a first attempt to ascer-
tain the interdependent effects of these microbial processes.
Those authors co-cultivated photoferrotrophs and dissimilato-
ry Fe(lll)-reducing bacteria (DIRB) and observed that both
metabolic processes can be coupled, where DIR reduced the
cell-Fe(III) mineral aggregates formed by photoferrotrophs
and the latter re-oxidized the Fe(Il) formed by the DIRB. Cru-
cially, however, their experiments required lactate to be added
as C,,, source and electron donor for the DIRB. This is not
surprising given that many anaerobic heterotrophs cannot
directly utilize complex organic compounds as their C,,, source
and electron donors but instead rely on fermentative bacteria
to produce simple organic compounds such as hydrogen gas
(H,), lactate, or acetate (reaction 9; Rico et al. 2023; Mahmoudi
et al. 2023). Consequently, what remains unknown is if the bio-
mass formed by the photoferrotrophs during the initial pri-
mary production would in due course become available for
DIRB or other downstream microbial processes such as
methanogenesis (Konhauser et al. 2005).

[9] CgH,O, + 2H,0 = 2CH,COO- (acetate) + 2CO, + 4H, + 2H*

WHY IRON FORMATIONS ARE USEFUL AS ANCIENT
SEAWATER PALEOPROXIES

It has often been argued that IFF are deep water sediments due
to the lack of current- and wave-generated structures. This is
true, but one needs to consider that storm wave base is typical-
ly < 50 m (Immenhauser 2009), although waves reaching
greater depths do occur (e.g. Peters and Loss 2012). Thus,
most IF precipitation would have occurred on the continental
shelf (Fig. 4), which today averages 130 m (Tyson and Pearson
1991). For comparison, sea level is believed to have shown an
approximately 400 m range of variation over geological time
(Trendall 2002). Moreover, the preservation of IF in the rock
record argues against their deposition on a subducting deep
seafloor. On the landward side, IF are often juxtaposed against
either siliciclastic or carbonate sediments, and with minor
amounts of volcanic rocks (Gross 1980). They typically
formed in open-marine environments during high sea level
(e.g. Simonson and Hassler 1996). The presence of siliciclastic
sediment depended upon riverine input, and it is not uncom-
mon to find IF interbedded with shale. Often that shale is also
organic rich (i.e. black shale) which indicates the addition of
planktonic biomass to the clastic sediment (Bekker et al. 2010).
Interestingly, experimental studies using photoferrotrophs and
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cyanobacteria to precipitate ferrihydrite have shown that some
cells aggregate with the ferrihydrite (e.g. Posth et al. 2010; Li et
al. 2021), whereas other cells have the propensity to remain
unmineralized, especially in the presence of dissolved silica
(e.g. Gauger et al. 2016; Schad et al. 2019b). The latter could
have led to the large-scale deposition of IF lean in organic
matter, which in turn, facilitated the deposition in coastal sed-
iments of organic-rich shale that fueled microbial methano-
genesis (Thompson et al. 2019).

As authigenic chemical sediments, IF effectively captured
the evolving elemental and isotopic sighatures of marginal
marine seawater, and in this regard, my research group and col-
laborators have pioneered their exploitation for better under-
standing Farth’s transition to an oxygenated planet. The utility
of IF is based on several assumptions and conditions. First,
evidence supporting the idea that IF record authigenic marine
signatures includes marine-like rare carth element and yttrium
(REE+Y) patterns and small-scale chemical variations that
argue for the preservation of environmental signals (e.g. Bau
and Moller 1993; Bau and Dulski 1996; Bolhar et al. 2004;
Alexander et al. 2008; Pecoits et al. 2009; Haugaard et al. 2013;
Robbins et al. 2019a). A concern potentially compromising the
IF record is the possibility of post-depositional mobilization
of trace elements, which can overprint or even eradicate authi-
genic marine signatures. However, limited post-depositional
mobilization or addition of trace elements in IF is indicated by
systematic REE and Fe isotope variations, both within and
between Fe-rich mesobands despite experiencing diagenetic
and metamorphic conditions up to amphibolite facies (e.g.
Frost et al. 2007; Whitehouse and Fedo 2007; Steinhoefel et al.
2010). In fact, trace element compilation efforts for IF have
often limited their scope to samples falling at greenschist facies
or less to provide the most robust estimates possible of trace
element abundances. Second, ferrihydrite, the likely precursor
phase for hematite and magnetite in IF, can faithfully preserve
the elemental and isotopic compositions of seawater, as has
been demonstrated through ferrihydrite adsorption and diage-
nesis experiments (e.g. Dossing et al. 2011; Robbins et al. 2015;
but see also Halevy et al. 2017 for a different view). Third, this
seawater signal is commonly uncontaminated by continentally
derived detrital materials, given that BIF (versus GIF) generally
contain very low levels of detrital tracer elements such as alu-
minum (Al) and titanium (T1i) (Holland 1978). Collectively, this
means that IF geochemical data often provide a purely ‘authi-
genic’ record of marine chemistry.

The chemical signals archived in ‘BIF’ can be harnessed by
leveraging the predictable behaviour of adsorption reactions
that take place on the surface of authigenic ferrihydrite. These
ferrihydrite minerals were initially formed from, and reached
equilibrium with, the surrounding seawater during their precip-
itation. In natural environments, where trace elements are cap-
tured and stored by ferrihydrite through a combination of
adsorption and co-precipitation reactions, simplified distribu-
tion coefficient models can be employed to establish an empir-
ical relationship between the concentration of an element in
the precipitate and the dissolved concentration at the time of
precipitation. This predictive characteristic of ferrihydrite
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Figure 4. Cross-section of deep submarine source of dissolved Fe(Il) that upwells onto the continental shelf where biological Fe(II) oxidation takes place. This leads to the
precipitation of ferrihydrite as the precursor sediment for iron formations (IF). Some of ferrihydrite was later reduced through direct bacterial Fe(I1I) reduction by dissimila-
tory iron reduction utilizing organic carbon (biomass) as the electron donor. In the absence of a Fe(Il) oxidant, the direct precipitation of greenalite or siderite may have taken
place in the pelagic water column and continental slope. Along the coast either siliciclastic or carbonate sediments were deposited depending on the presence or absence of
riverine input, respectively.

sorption reactions has been used to gain a deeper understand-
ing of the IF record. Specifically, it provides insights into the
limitations that Precambrian primary productivity may have
faced, whether by the sequestration of bio-essential nutrients
by the ferrihydrite itself, or its record of nutrient limitations
driven by other factors such as different styles of volcanism,
continental weathering, or even internal oceanic cycling (Rob-
bins et al. 2016).

One alternative method for assessing ancient marine trace
element concentrations in IF data, without relying on experi-
mentally derived partition coefficients, involves analyzing the
relationship between specific trace elements and iron within
the IF record itself. Taking nickel (Ni) as an example, there is
a clear correlation between the deposition of Fe and Ni. As Fe
increases, Ni also increases, consistent with the expected
behaviour of Ni sorption to ferrihydrite governed by partition
coefficients. By plotting these variables on a graph, we can also
overlay the scaling anticipated between a trace metal and Fe
based on proposed partitioning scenarios (cf. Robbins et al.
2013; Konhauser et al. 2015). The advantage of this approach
is that the hypothesized partitioning scenarios can be com-

pared with the actual data from the IF record. If the proposed
scenarios accurately represent the deposition of IF minerals,
the lines representing these scenarios should encompass most
of the IF data. In fact, when the K, (distribution coefficient)
values predicted by Konhauser et al. (2009) are superimposed
on the graph (Fig. 5), nearly all the Ni/Fe values obsetrved in
the IF record fall within the predicted ranges. It is important
to note that this agreement does not confirm the accuracy or
validity of experimentally determined K, values. The slope in
the solid-phase Ni versus Fe space is calculated as Kp*[Ni],,
and is equally influenced by [Ni],, (dissolved concentration of
Ni in seawater). In the case of the partitioning scenarios pro-
posed by Konhauser et al. (2009), [Ni],, values were originally
extrapolated from data in the rock record using experimentally
determined K, values. Therefore, the presented Ky*[Ni],, sce-
natios (slopes in Ni versus Fe space) are tuned to this specific
dataset, and the appatent correspondence may be considered
circular. However, Figure 5 demonstrates two key points: (1)
partitioning scenarios can be readily evaluated against rock
record data to establish their plausibility, and (2) in future
investigations, supposed free parameters (K, [Ni],) could
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Figure 5. The scaling of Ni with Fe as recorded in the iron formations (IF) record.
Superimposed on the IF data are the proposed partitioning scenatios of Konhauser
et al. (2009). Note that almost all IF data are constrained by the lines representing
the high silica, high Ni and low Si, low Ni pattitioning scenarios. Cross plots such
as these allow for proposed partitioning scenarios to be tested against IF data.
Adapted from Konhauser et al. (2015).

potentially be adjusted based on rock record data to explore
feasible scenarios in the K,—[Ni],, space. This approach was
employed by Robbins et al. (2013) for zinc (Zn)/Fe when
experimentally determined partition coefficients were not
available.

It is important to note that while the K, approach, when
combined with rock record data, yields what may be consid-
ered quantitative constraints on ancient seawater composition,
this approach is not without its limitations. Strictly speaking,
K}, values are empirical relationships that describe the experi-
mental system being considered. Their subsequent extrapola-
tion to different conditions (pH, ionic strength, etc.) is there-
fore somewhat tenuous. However, they provide a relatively
simple and effective method for generating first-order con-
straints on the composition of ancient seawater billions of
years ago, and therein lies their true utility.

TRACE ELEMENT TEMPORAL TRENDS IN
FORMATIONS

In much of the modern Earth’s oceans, microbial life has an
abundance of C, nitrogen (N), and O,. However, the scarcity
of essential trace nutrients such as phosphorus (P), cobalt
(Co), manganese (Mn), molybdenum (Mo), Ni, vanadium (V),
and Zn limits primary production (e.g. Morel and Price 2003;
Sunda 2012). This limitation has likely existed since the emer-
gence of life over 3.8 Ga, when microbes began developing
intricate strategies to scavenge metals and incorporate them
from their aqueous surroundings. The availability of trace
nutrients in seawater is influenced by long-term geological
processes, including the gradual cooling of the upper mantle,
changes in volcanic activity and continental composition, and
the intermittent accumulation of atmospheric O,, which facil-

IRON
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itated oxidative weathering reactions. The notion that these
events may have played a role in directing microbial evolution
at the enzymatic level over billions of years is a relatively recent
but profound concept (see Anbar and Knoll 2002). This is
because microbial evolutionary innovations ultimately influ-
enced the habitability of Earth for the more complex organ-
isms that emerged later. In this context, we will explore how IF
have been used to understand the composition of seawater for
three trace elements in deep geological time. The primary
objective is to gain a better understanding of the co-evolution
of the Precambrian environment and biosphere and especially
as it relates to atmospheric oxygenation.

Phosphorus

Throughout Earth’s history, P has been the primary element
limiting global marine primary production on geologic
timescales (Tyrrell 1999; Kipp and Stiicken 2017; Reinhard et
al. 2017; Laakso and Schrag 2018; Hao et al. 2020). Marine
phytoplankton likely emerged during the Archean eon, making
it crucial to understand the availability of dissolved phospho-
rus (P,) to gain insights into the early evolution of the marine
biosphere. In present day surface waters of the oceans, P, is
typically found as protonated inorganic phosphate species (e.g:
HPO,>), with an average global ocean concentration of
approximately 2.3 uM (Levitus et al. 1993; Bruland et al. 2014).
However, the range of P, concentrations in the Neoarchean
and early Paleoproterozoic (2.8-2.0 Ga) oceans, spanning the
GOE, remains unresolved.

Several studies have been conducted to reconstruct paleo-
marine phosphorus concentrations by examining the ratios of
phosphorus to iron (P/Fe) in IF (Bjerrum and Canfield 2002;
Konhauser et al. 2007a; Planavsky et al. 2010; Jones et al.
2015). These studies were based on the understanding that the
phosphorus content in modern marine hydrothermal plume
ferric oxyhydroxide precipitates (such as ferrihydrite) can be
used to establish an empirical relationship between seawater P,
and the ratio of solid-phase phosphotus to iron (P,/Fe,) in the
ferric oxyhydroxide precipitates (Feely et al. 1998). This rela-
tionship exists because the precipitated ferric oxyhydroxides
have a strong affinity for phosphorus. The relationship is
quantified by a linear distribution coefficient where

_ P./Fe,

K, = —p—

Building upon this relationship, Bjerrum and Canfield (2002)
investigated the IF record to estimate ancient seawater Py and
found that during the Archean P, averaged 0.15 uM (ranging
from 0.03 to 0.29 uM), which corresponds to approximately
10-25% of present-day levels. The authors argued that IF
served as a significant sink for P, resulting in a P crisis. This
finding was noteworthy because it resolved a paradox that
existed then. While a number of studies on the genomes of
modern cyanobacteria (e.g. Sanchez-Baracaldo et al. 2022),
geochemical indicators for free O, (e.g. Planavsky et al. 2014),
and fossilized microbialites (Homann et al. 2015) all suggested
the potential evolution of cyanobacteria before 3.0 Ga, based
on the rock record it is widely accepted that permanent atmos-
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pheric oxygenation (i.e. the GOE) did not occur until after 2.5
Ga (e.g. Ostrander et al. 2021). Consequently, the question
arose: why did it take so long for O, to accumulate in the
atmosphere? The Bjerrum and Canfield study pointed towards
nutrient limitation as a potential factor.

However, when using P,/Fe, ratios as a paleo-proxy, it is
crucial to consider the evolution of the silicon (Si) cycle and
dissolved silica concentrations (Sig; H,SiO,) due to the inverse
relationship between the K, value for phosphate—ferrihydrite
sorption and Si;, caused by the competitive adsorption of
aqueous silica species (Konhauser et al. 2007a). Modern seawa-
ter typically has Si; concentrations below 0.1 mM (Tréguer et
al. 1995), while Si, concentrations during much of the Precam-
brian may have been saturated with respect to amorphous sili-
ca (2.2 mM) (Siever 1992). Such significant differences in Si,
can result in substantial changes to the K, value for P adsorp-
tion onto ferric oxyhydroxide. Indeed, Konhauser et al
(20072) demonstrated that ferrihydrite precipitation in the
presence of high Si concentrations, which leads to Si-rich fer-
rihydrite (Reddy et al. 2016; Zheng et al. 2016), adsorbs less P
compared to ferrihydrite formed under low Si concentrations.
As a result, estimated P, values for the Archean were calculated
to be as high as 5.25 £ 2.63 uM. Subsequently, Planavsky et al.
(2010) combined the partitioning coefficients derived by Kon-
hauser et al. (20072) with P/Fe ratios in the IF record and sug-
gested that P levels in the Precambrian oceans were at least as
high as modern seawater, and possibly even higher. Jones et al.
(2015) subsequently conducted similar partitioning coefficient
experiments but included Mg2+ and Ca?* in the experimental
solutions to better approximate seawater composition. This
subtle difference in experimental conditions resulted in esti-
mated Archean P, concentrations ranging from 0.04-0.13 pM.
These examples highlight the susceptibility of P, estimates to
variability in the proposed Ky, values. This may be an area of
future research that could benefit from the application of
more robust, thermodynamically grounded surface complexa-
tion models that can be iteratively tested to identify the ways in
which accessory cations or anions affect partitioning of bio-
logically critical elements such as P.

Using a different approach, Rasmussen et al. (2021b)
reported the ubiquitous presence of nanometre-sized apatite
crystals in IF dating between 3.46 to 2.46 Ga. The apatite is
uniformly distributed within greenalite-rich layers. The authors
subsequently argued that abundant greenalite precipitation in
the open ocean led to high phosphate concentrations in seawa-
ter, perhaps approaching 100 uM. They argued that dissolved
Fe2+ would have been limited by greenalite precipitation, thus
inhibiting the formation of vivianite (Fe;[PO,|,*H,0), a poten-
tial deep sea phosphorus trap (Derry 2015). This work has
support from experiments and models that show that Fe2+ sig-
nificantly increases the solubility of phosphate minerals in
anoxic systems, with possible P, ranging from 200—400 pM
(Brady et al. 2022).

Nickel
Nickel plays a crucial role in numerous prokaryotic metalloen-
zymes. It is essential for carbon reduction in both acetogenic
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and methanogenic bacteria and is a component of important
cofactors such as methyl-coenzyme M reductase and acetyl-
CoA synthase that are necessary for methane (CH,) produc-
tion (e.g. Hausinger 1987). Additionally, Ni is used in hydroge-
nases and carbon monoxide dehydrogenase, contributing to
the reduction of CO, to CO and the production of acetyl-
CoA (e.g. Ragsdale and Kumar 1996). In non-methanogenic
organisms, Ni may be involved in urease activity and is also
found in a superoxide dismutase present in various marine
organisms, including planktonic cyanobacteria that may have
evolved during the Neoproterozoic (Boden et al. 2021).

Initial estimates of dissolved Ni concentrations (Ni,) in the
early ocean were obtained through geochemical modelling
(Saito et al. 2003) and microbial genomics (Zerkle et al. 2005).
These studies suggested that seawater Ni, was relatively consis-
tent from the Archean to the present day. This presumed uni-
formity was mainly attributed to Ni behaving conservatively
under various redox conditions in water. However, a compila-
tion of Ni contents in IF over time (Konhauser et al. 2009)
revealed a consistent and rapid decline in Ni,; around 2.7 Ga
(Fig. 6A). This trend remained evident even after a near dou-
bling of available IF data (Konhauser et al. 2015), indicating
the observed decline in Ni within IF was a robust, first-order
trend. By utilizing experimentally derived Ni partitioning coef-
ficients for Si-rich ferrihydrite (considering elevated Si; during
the Precambrian), it was estimated that paleomarine Ni,
decreased by over 50% between 2.7 and 2.5 Ga, dropping from
approximately 400 nM to 200 nM (Konhauser et al. 2009).
This decline was attributed to mantle cooling, which led to a
decrease in the frequency of Ni-rich ultramafic eruptions and
subsequently limited the availability of Ni-source rocks sus-
ceptible to weathering. This trend was subsequently shown to
have been captured in the sedimentary to eatly diagenetic
pyrite record (Large et al. 2014) and recently been verified in
an analysis of more than 96,000 continental volcanic rocks
(Liu et al. 2021).

The decline in Ni; would have had significant implications
for microorganisms that relied on Ni, particularly CH,-produc-
ing bacteria known as methanogens. These bacteria have a
unique requirement for Ni in their CH,-producing enzymes
and have been implicated in regulating O, levels on ancient
Earth. The CH, they produced reacted with O,, keeping
atmospheric levels of the latter low (Zahnle et al. 20006),
although it can also at the same time contribute positively to
atmospheric oxidation by promoting H, escape (Kasting et al.
2013). It is possible that a scarcity of Ni eventually triggered a
cascade of events, starting with reduced CH, production, fol-
lowed by the expansion of cyanobacteria into shallow-water
habitats. In the end, this would have led to increased oxygenic
photosynthesis and C,,, burial, tipping the atmospheric balance
in favour of O, and culminating in the GOE.

A study by Eickhoff et al. (2014) conducted a re-evaluation
of the partitioning behaviour of Ni between biogenic and
abiogenic ferrihydrite in the presence of silica. While the esti-
mates presented by Eickhoff et al. (2014) cannot be directly
compared to those of Konhauser et al. (2009) due to differ-
ences in their experimental approaches, their findings indicate
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Figure 6. (A) Molar Ni/Fe ratios in iron formations (IF) adapted from Konhauser
et al. (2015). Note red circles represent bulk analyses, with black + symbols repre-
senting laser ablation analyses; (B) molar Cr/Ti ratios in IF, normalized to evolving
continental crust (Condie 1993). Symbols in (B) are black = Algoma-type IF; red =

Superior-type IF; blue = granular iron formations and oolitic ironstones; green =
Phanerozoic hydrothermal iron deposits. Adapted from Konhauser et al. (2011) and
Hao et al. (2022). GOE = Great Oxidation Event.

that the presence of biomass leads to a decrease in Ni sorption
onto ferrihydrite. Consequently, the estimates of paleomarine
Ni, based on IF may have been underestimated. This suggests
that the decline in the paleomarine Ni reservoir, and the sub-
sequent famine experienced by methanogenic bacteria, as
described by Konhauser et al. (2009), might have occurred
closer to the onset of the GOE.

Chromium
While chromium (Cr) has a limited biological role in most
higher-level organisms, it is generally recognized as a toxin
(Frausto da Silva and Williams 2001). Therefore, temporal pat-
terns in seawater are unlikely to directly reflect evolutionary
controls. Instead, studies in the sedimentary record have
focused on analyzing Cr abundances and isotope compositions
to track oxygenation in surface environments. The value of
these investigations lies in the behaviour of reduced Cr, specif-
ically Cr(III), which is immobile under neutral to alkaline pH
conditions, but becomes mobile when ecither subjected to
acidic conditions (Rai et al. 1989) or oxidized to Ct(VI) (Oze
et al. 2007). Additionally, Cr stable isotopes are significantly
fractionated during redox reactions (e.g. Ellis et al. 2002). Con-
sequently, changes in Cr abundances and isotopic composi-
tions are likely indicators of variations in the redox state of the
oceans or atmosphere, as well as related shifts in Cr mobility
mechanisms and sediment sources.

Based on the above understanding, Cr isotopes have been
used to track the oxygenation of the atmosphere and oceans.
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In the case of 2.8-2.6 Ga IF, small variations in Cr isotope
composition were initially proposed to represent short bursts
of atmospheric O, that triggered the mobilization of Cr
through oxidative weathering and its subsequent sequestration
in IF prior to the GOE (Frei et al. 2009). The authors argued
that the observed increases in 853Cr values ranging from +0.04
to +0.29%o in IF at 2.7 Ga, and again at 1.8 Ga, resulted from
the oxidation of Cr(Ill) to Cr(VI), with oxidation likely cat-
alyzed by Mn(IV) oxides. Subsequently, Konhauser et al.
(2011) examined the temporal trends in the degree of Cr
enrichment in IF and found that the former was mostly immo-
bile on land until approximately 2.48 Ga. However, within the
subsequent 160 million years, during a period coinciding with
independent evidence of oxygenation associated with the
GOE, there were significant excursions in Cr abundances and
Ct/Ti ratios, indicating an unprecedented scale of Cr solubi-
lization (Fig. 6B) at a time when Cr isotope fractionation
remained minimal, indicating that Cr was mobilized in Cr(I1I)
rather than Cr(I1V) form. The authors proposed that only the
oxidation of a previously stable and abundant crustal pyrite
reservoir by aerobic, chemolithoautotrophic Fe(I)-and S-oxi-
dizing bacteria could have generated the necessary level of
acidity to dissolve Cr(IIl) from ultramafic source rocks and
residual soils. In other wotds, the emergence of novel micro-
bial metabolisms coincided with atmospheric O, becoming
available. During this period, muted 85Cr variations from —0.3
to +0.3%o0 were interpreted as indicative of Cr cycling in its
reduced form (Konhauser et al. 2011), in contrast to the highly
variable values associated with ocean oxygenation during the
Neoproterozoic (up to +4.9%o; Frei et al. 2009). This signifi-
cant shift in weathering patterns, starting at 2.48 Ga, repre-
sents the earliest known example of acid rock drainage and
persisted until the exposed crustal reservoir of pyrite was
depleted, marking the end of an era characterized by intense
chemical weathering on Earth.

To investigate earlier indications of photosynthetic O, pro-
duction, researchers examined Cr isotope data from rocks in
the Pongola Supergroup, South Africa. Crowe et al. (2013) dis-
covered that the 853Cr isotope compositions of 2.96 Gyr old
paleosols were fractionated compared to crustal values, sug-
gesting the oxidative mobilization of Cr and the presence of
low levels of atmospheric O, (~10-+ of present atmospheric
levels, PAL). This O, level was necessary to oxidize Fe(Il) to
Fe(I1I) and thus prevent the ferrous iron from reducing Cr(VI)
to Cr(lll) during transport to the ocean. Interestingly, the
analysis of roughly contemporaneous IF from the same region
revealed 85Cr values up to 0.28%o. The authors proposed that
the IF captured a mobile, 853Cr-enriched pool of Cr(VI) origi-
nating from oxidative weathering on the continents. This find-
ing suggests the existence and activity of oxygenic photosyn-
thesis approximately 500 million years prior to the GOE. The
concept of early O, production is supported by the Mo iso-
tope composition of the IF within the Pongola Supergroup, as
the correlation between Mo isotope composition and Mn/Fe
ratio indicates the presence of MnO, and its adsorption of iso-
topically light Mo during that period (Planavsky et al. 2014).
However, it is also possible that the observed Cr isotope frac-
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tionation in the 2.96 Ga paleosols, as reported by Crowe et al.
(2013), is a result of localized O, production by cyanobacteria
within a microbial mat (Lalonde and Konhauser 2015) or an
artifact of modern weathering (Albut et al. 2018). In cither sce-
nario, the IF record of Cr, particularly in terms of its abun-
dance and isotopic composition, offers valuable insights into
O, production through photosynthesis, cither in the eatly
oceans or on land, and the associated oxidative weathering on
the eatly continents. The eatly production of O, is consistent
with recent genomic evidence for the emergence of oxygen
producing or using enzymes (Jabloniska and Tawfik 2021) and
sedimentological evidence including the observed relationship
between Mo isotopes and Mn (Planavsky et al. 2014; Albut et
al. 2018), Mn(IV) oxide deposition (Ossa Ossa et al. 2016;
Robbins et al. 2023), and spatially resolved Mn enrichments
that suggest a gradient from more reducing to oxidizing con-
ditions that parallels the transition from deeper to shallower
waters (Smith and Beukes 2023).

Evidence for environmental oxygenation prior to the
GOE, such as the Cr isotopes discussed above, have been
interpreted as transient “oxygen oases”, effectively temporary
refugia where O, was being produced and aerobic metabolisms
could have been established. In this sense, oxygen oases are
often viewed as being relatively small or short-lived, akin to a
‘whiff” of O, (e.g. Anbar et al. 2007). Earth systems models
predict that while much of the open ocean in the Archean
would have been devoid of O,, in oxygen oases local O, con-
centrations could have been as high as 1-10 mM (Olson et al.
2013). Nevertheless, how long-lived and extensive such oases
were remains to be answered. A recent study on the Pongola
and Witwatersrand supergroups by Smith et al. (2023) found
carbonate concretions with depleted 813C and Mn enrich-
ments, suggesting that free O, in the environment was present
over a much wider area and for longer than previously thought.
The authors suggested that the free O, led to the deposition of
MnO, and subsequent respiration by bacteria yielded the iso-
topically depleted Mn(II)-rich carbonate concretions. Con-
straining the extent and longevity of eatly oxygenation events
highlights the need for continuing to study Archean to Paleo-
proterozoic IF.

IRON FORMATIONS AS PROXIES FOR EARTH’S
OXYGENATION

According to the hypothesis presented by Zahnle et al. (2000),
the accumulation of O, in the atmosphere was hindered by its
high chemical reactivity with biogenic CH,, so as long as CH,
production remained high, O, could not accumulate into the
atmosphere. Their model proposed that oxidative weathering
of sulphide minerals on land increased the supply of dissolved
sulphate to the oceans, leading to the ecological dominance of
sulphate-reducing bacteria (SRB) over methanogens around
2.4 Ga as the former can exhaust the supply of labile C,,, and
H, that both types of bacteria use as clectron donors in their
metabolisms. Additionally, the anaerobic (microbial) oxidation
of CH, by SO would have suppressed the release of CH,
from sediments due to increasing SO,2- concentrations during
that period (Catling et al. 2007). However, evidence in the rock
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record for widespread oxidative weathering of terrestrial sul-
phide phases, a significant oceanic sulphate reservoir, and the
onset of widespread ocean euxinia only appears after the
GOE (Poulton et al. 2004; Reinhard et al. 2009). An alternative
hypothesis proposed by Konhauser et al. (2009) suggested that
the decline in large-scale methanogenesis occurred prior to,
and not necessarily because of, increasing environmental oxy-
genation. Their model indicates a specific progression in
Earth’s system evolution, where a cooler mantle after 2.7 Ga
initiated chemical changes in volcanism and trace element
abundances in the oceans, leading to a decline in global
methanogenesis. Ultimately, this facilitated the transition from
anoxic to oxic atmospheric conditions at approximately 2.45
Ga.

The connection between the decline of methanogens and
the rise of cyanobacteria may not be coincidental. In a com-
petitive environment where microorganisms vie for resources,
the success of one species can suppress others through com-
petitive exclusion (Hibbing et al. 2010; Weber et al. 2014). A
given bacterium can enhance its competitive advantage by pro-
ducing antimicrobial compounds or evolving resistance to
external chemicals. While no pathogenic species have been
identified among methanogens, they possess toxin/antitoxin
systems (Cavicchioli et al. 2003). Furthermore, a study on
acidic peat bogs demonstrated that the addition of the antibi-
otic rifampicin inhibited the growth of acetogens without
affecting the growth of methanogens (Briuer et al. 2004). It is
plausible that pre-2.7 Ga, methanogens were simply more
competitive than cyanobacteria and thus widely distributed
throughout the oceans, ranging from shallow waters to the
sediment. In addition, based on predictions of evolving Fe:P
ratios in Precambrian upwelling waters, Jones et al. (2015) sug-
gested that photoferrotrophs would likely have fared better
than the cyanobacteria while the oceans were highly ferrugi-
nous (with Fe:P > 424, as based on the Redfield ratio). But,
as soon as the dissolved Fe:P ratio fell below 424, iron would
be exhausted, leaving P to fuel other modes of photoau-
totrophy, such as oxygenic photosynthesis. Similarly, Swanner
et al. (2015) demonstrated experimentally that highly ferrugi-
nous waters may have been toxic to cyanobacteria due to the
accumulation of reactive oxygen species (ROS) within the
cells, resulting in decreased photosynthetic efficiency and
slower growth rates. Rampant methanogenesis, whether sup-
ported by higher H, fluxes or organic matter produced by
anoxygenic phototrophy, would have contributed to the main-
tenance of the largely anoxic conditions. Consequently, this
allowed for the dispersal of Fe(II), which would have hindered
cyanobacterial proliferation if the Fe(Il)-related limitations
identified by Jones et al. (2015) and Swanner et al. (2015) were
indeed crucial factors. Further, Mloszewska et al. (2018) exper-
imentally demonstrated that unattenuated ultraviolet radiation
(uv-C) induces high rates of mortality for planktonic
cyanobacteria in the upper reaches of the water column, thus
implying that cyanobacterial expansion of the ancient oceans
would have been suppressed.

Around 2.7 Ga, a combination of factors coincided that
would have promoted a decline in methanogens and the simul-
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taneous rise of cyanobacteria, in addition to the decrease in
seawater Ni concentrations. The emergence of new continents
led to an increased supply of solutes and sediment through
weathering processes (L.alonde and Konhauser 2015; Wu et al.
2023), which resulted in the development of stable continental
platforms with nutrient-rich, shallow waters favourable for col-
onization by both benthic and planktonic cyanobacteria
(although see Sanchez Baracaldo 2015 for an alternate opinion
that planktonic cyanobacteria did not evolve until around 800
Ma). The timing correlates well with the diversification of
marine stromatolites (McNamara and Awramik 1992). Indeed,
genomic data for extant cyanobacteria have led to the sugges-
tion that multicellularity in cyanobacteria evolved perhaps
200-300 Myr before the GOE (Schirrmeister et al. 2013). The
transition to multicellularity represents an important change in
organism complexity because filamentous growth can improve
cell motility which would allow for movement over sediment,
while cooperation of cells can increase metabolic fitness and
diversification compared to single cells (e.g. Knoll 1984; Bon-
ner 1998; Koschwanez et al. 2011). Collectively this could have
led to new adaptive strategies such as the formation of micro-
bial mats (Sanchez Baracaldo et al. 2022). Moreover, the
increased consumption of CO, by cyanobacteria led to wide-
spread deposition of calcium carbonate on the seafloor, form-
ing thick beds that extended across vast areas spanning thou-
sands of square kilometres (Grotzinger and Knoll 1999) to
facilitate benthic cyanobacterial growth and their calcification
throughout the shallow littoral zones. Overall, the combination
of stable continental platforms, the evolution of motile and
large filamentous cyanobacteria, and increased nutrient supply
created an environment where cyanobacteria thrived and pro-
duced increasing amounts of O,, further driving the decline of
methanogens.

A decrease in methanogen populations may also have been
caused by declining fluxes of H, due to diminishing serpen-
tinization of the seafloor. This may have coincided with the
reduction in olivine-rich oceanic crust production at the end of
the 2.7 Ga mantle plume event and the stabilization of conti-
nental cratons (Barley et al. 2005). According to Kump and
Barley (2007), the transition from predominantly submarine
volcanism to more subaerial volcanism further contributed to
the decrease in abiotic H, fluxes, as subaerial volcanism releas-
es more oxidized gases such as H,O, CO, and SO,. Alternative-
ly, Gaillard et al. (2011) proposed that a decrease in volcanic
degassing pressure associated with the growth of continental
crust led to higher emissions of H, which then escaped to
space, thus resulting in a net gain of atmospheric O,. In either
case, the diminishing supply of H, would have played a role in
the decline of biogenic CH, production (Kharecha et al. 2005),
even if methanogens continued to grow directly on the
seafloor crust, where both Ni and H, soutces remained locally
abundant (e.g. Brazelton et al. 2006; Amend et al. 2011).

A third factor which may have contributed to a decline of
methanogens and simultaneous proliferation of cyanobacteria
was changing seawater Fe2* concentrations. Dissolved iron
episodically declined in the shallow regions of continental
shelves due to the cessation of plume-driven submarine vol-
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canism and a lowering of sea level. This change created the
conditions required for the development of oxygen oases on
semi-restricted carbonate platforms, exemplified by extensive
stromatolites in the 2.65-2.46 Ga Campbellrand Subgroup in
South Africa (Sumner 1997). The existence of dissolved O, in
seawater along the slope is inferred from various indicators.
Shifts towards heavier N isotopes in shale organic carbon indi-
cate the onset of an oxygenated N cycle (Godfrey and
Falkowski 2009). Variations in abundances of rhenium (Re)
and Mo in shale reflect cycling of these elements in deep oxy-
genated seawater (Kendall et al. 2010), while the rimmed mar-
gins of the platform, as described by Sumner and Beukes
(2006), could have provided sheltered lagoons where
cyanobacteria thrived, protected from the delivery of Fe(1l)-
rich water sourced from the deeper regions. This is supported
by the deposition of Fe-rich shale along the slope and IF deep-
er in the basin (Klein and Beukes 1989). The geochemical indi-
cators of O, then disappeared during transgressions when
deep seawater flooded the platform with Fe(II)-rich waters
thought to have been sourced from plume-driven submarine
volcanism (Batley et al. 2005).

Evidence for a shift from a CH,-dominated ocean to an
ocean dominated by cyanobacteria is cleatly observed in the
150-million-year section (2.72-2.57 Ga) of late Archean shal-
low- and deep-water sediments found in the Hamersley Basin
in Western Australia. In a study by Eigenbrode and Freeman
(20006), 813C,,, values were reported for 175 kerogen samples,
ranging from —57 to —28%o. The oldest samples contained the
most depleted isotopic values, which can be best explained by
biological CH, assimilation and oxidation by methanotrophic
microorganisms. Methane oxidation requires electron accep-
tors such as O,, NOj, or SO2. The latter two indirectly
depend on O, to form oxidized species, although there have
been models (e.g. Konhauser et al. 2005) and experimental evi-
dence (Beal et al. 2009) suggesting that Fe(IIl) can also func-
tion as electron acceptor for microorganisms to oxidize CH,.
Therefore, methanotrophy may not necessarily be linked to O,.

Interestingly, a 613Corg shift of 29%o in the kerogens
occurred in shallow water carbonate sediment (changing from
—57 to —28%uv) over that time, while only a 5%o shift (—45 to
—40%o) was observed in the deep water sediment. These pat-
terns indicate a gradual transition in shallow waters from a
microbial habitat strongly influenced by CH, cycling at 2.72 Ga
to one that was more influenced by oxygenic photosynthesis
by 2.57 Ga (Eigenbrode and Freeman 2000): cyanobacteria
tend to fractionate carbon between —20%o to —30%o (e.g. Gar-
cia et al. 2021). In deeper settings, the kerogens remained high-
ly C-depleted, indicating that these environments continued
to be dominated by communities involved in CH, production
and consumption and were not yet affected by the significant
changes in carbon cycling occurring in shallow waters. By
comparing the data from the Hamersley Basin to other loca-
tions, Eigenbrode and Freeman (20006) further suggested that
a global-scale expansion of oxygenated habitats coincided with
the transition from anoxic ecosystems to microbial communi-
ties fueled by oxygenic photosynthesis, occurring before the
oxygenation of the atmosphere 2.45 Ga.
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Around 245 Ga, as the GOE began, aerobic
chemolithoautotrophic weathering of pyrite on land caused a
significant increase in acidity which led to an elevated flux of
solutes, which were previously low due to their insolubility
under an anoxic atmosphere at the Earth’s crustal surface
(Konhauser et al. 2011). One specific example relevant to the
catlier discussion is SO,2, which started to appear in signifi-
cant concentrations in the marine environment around 2.5 Ga
(Reinhard et al. 2009). The accumulation of SO,z in the
oceans continued until around 2.0 Ga (Planavsky et al. 2012b;
Blittler et al. 2018), when it is believed that atmospheric O,
levels started to decline (Partin et al. 2013; Scott et al. 2014),
marking the beginning of what is commonly referred to as
Earth’s “boring billion” period. With the increased supply of
SO, to the oceans, marine SRB would have begun to domi-
nate the anoxic regions of the water column. This further mar-
ginalized the methanogens, relegating them to sulphate-poor
sediment, like their current distribution. As a consequence of
the progressive decline in methane production, which is a
potent greenhouse gas, the climate started to cool, eventually
leading to significant Paleoproterozoic glaciations (Zahnle et
al. 2000).

Concomitant with increased acidity was also the supply of
other insoluble elements to seawater. Konhauser et al. (2011)
argued that the increased concentrations of Cr in IF between
2.45 to 2.32 Ga was due to the mobilization of Cr(IIl) from
both ultramafic rocks and soils. Specifically, those authors sug-
gested that dissolved Cr3+ or Cr(OH)?2+ was then transported to
the oceans via acidic streams or groundwater, and upon mixing
with seawater, would have rapidly precipitated out of solution
as a (Fe,Cr)(OH); phase that became incorporated in IF. How-
ever, streams and groundwater with low pH would be naturally
buffered by more alkaline waters flowing through non-acid-
generating rock types (i.e. silicate-weathering reactions that
control the inorganic carbon system). Therefore, much of the
Cr(I1I) mobilized by this pulse of low-pH oxidative weathering
presumably never made it to the oceans, instead being lost
from solution along catchment pathways. To address this
apparent contradiction, Hao et al. (2022) sought an alternative
mode of Cr transport, namely the erosion and subsequent
transport of suspended sediment with anomalous Cr enrich-
ments. In an experimental study designed to test the complex-
ation of Cr(IIl) to common soil clay minerals, the authors
demonstrated that Cr(III) was strongly bound to kaolinite in
particular under acidic conditions and weakly desorbed under
marine conditions. Extending those results to the interpreta-
tion of the Cr record in IF, Hao et al. (2022) suggested that
under intense chemical weathering conditions, not only did
acidity promote the solubilization of Cr(Ill) from primary
Cr(I1I)-bearing minerals, but that parent rocks were more sys-
tematically weathered to an advanced state dominated by kaoli-
nite — creating ideal conditions for Cr adsorption. Erosion of
regolith that scavenged mobilized Cr(IIl) could then facilitate
transport of Cr(III)-bearing kaolinite — the “kaolinite shuttle”
— to coastal environments where it contributed to the high Cr
abundances preserved in the Paleoproterozoic IF.
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Konhauser et al. (2011) also concluded that acidity would
have solubilized minerals that contained nutrients, e.g. apatite,
releasing dissolved P, and thus leading to increased nutrient
supply to the oceans and enhanced primary productivity.
Bekker and Holland (2012) further argued that the largest pos-
itive carbon isotope excursion, the so-called the Lomagundi
Event (LE), ca. 2.22 to 2.06 Ga, was caused by such an acidic
P flux from land. It has been widely argued — though not uni-
versally agreed upon — that the LE marks a period of enhanced
organic C,, burial (e.g. cyanobacteria), such that the isotopical-
ly light carbon was incorporated into the sediment pile while
the isotopically heavy carbon was incorporated into marine
carbonate minerals (see Schidlowski et al. 1976 but see also
Mayika et al. 2020 and Prave et al. 2022 for alternative views).
By this model, the extensive burial of cyanobacterial biomass
led to the accumulation of O, in the atmosphere. In fact, it has
been hypothesized that during the LE, Earth’s surface environ-
ments experienced a release of O, to the extent of 12 to 22
times the present atmospheric O, inventory (Karhu and Hol-
land 1996).

Nonetheless, the question remains: how did the dissolved
phosphorus released duting acid weathering find its way from
land to the oceans? In the present day, most of the P delivered
to the oceans is in the form of suspended sediment, with less
than 10% of total P being transported as dissolved anions
through rivers (Berner and Rao 1994). Similar to the Cr story,
P is predominantly transported as a particulate phase, includ-
ing P adsorbed onto iron(I1I)-aluminum(I1I)-oxyhydroxides or
clay minerals, or complexed with organic matter (Gérard
2016). A significant portion of adsorbed P settles in estuaties
and marginal marine environments through the flocculation of
particulate phases, where it remains inaccessible to plankton
until remobilization within the sediment pile (Conley et al.
1995). In the absence of plants, the only organic compounds
transported to the oceans would have originated from degrad-
ed continental microbial mats (e.g. Lalonde and Konhauser
2015), which are unlikely to have had a significant impact on
the P cycle. Moreover, during the LE, iron oxyhydroxides
would have been solubilized in sulphide-rich soils, like obser-
vations in certain black shale weathering environments today
(e.g. Joeckel et al. 2005). Expanding on this framework, Hao et
al. (2021) demonstrated that the main mechanism by which P
was delivered to the oceans during that time was likely through
an active kaolinite shuttle. However, unlike Cr, P quickly des-
orbs from kaolinite when exposed to marine conditions.
Importantly, the authors also conducted experiments showing
that the released P was bioavailable to marine cyanobacteria. In
one culture lacking P input, the cyanobacteria entered a death
phase by day 14, while the culture ‘seeded’ with P-bearing
kaolinite resulted in a population of cells that exponentially
increased in density. In summary, the high adsorption capacity
of kaolinite for P under acidic, freshwater conditions, coupled
with its low capacity under alkaline, marine conditions,
enhanced P bioavailability and promoted cyanobacterial pro-
ductivity in nearshore environments after the GOE.
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On a final note, it is worth noting that during the GOE,
certain oxidized compounds were mobilized for the first time,
posing a toxic threat to microbes that had evolved in O,-
deprived marine environments. One example is arsenate, the
pentavalent oxidized form of arsenic (As), which exhibits tox-
icity to all three domains of life even at very low concentra-
tions and shows a strong inverse correlation with marine pri-
mary production (e.g. Smedley and Kinniburgh 2002). It has
been proposed that the widespread deposition of IF during
the transition from the Archean to the Paleoproterozoic facil-
itated the preferential incorporation of P over As(V) into fer-
ric oxyhydroxides like ferrihydrite. This resulted in a simultane-
ous increase in As(V) concentration and depletion of P in sea-
water, negatively impacting marine primary productivity (Chi
Fru et al. 2016; Hemmingsson et al. 2018). A study conducted
by Chi Fru et al. (2019), which analyzed sedimentary rocks
spanning from 2.9 to 1.9 Ga, further demonstrated that the
GOE coincided with a significant rise in arsenate levels in IF
and the presence of arsenic sulphides in marine shale. This
notable increase in O,-sensitive tracers aligns with the prolifer-
ation of key arsenic oxidants, including O,, NO;-, and MnO,,.
The substantial surge in arsenic sulphides by at least tenfold
after 2.45 billion years ago supports the hypothesis of a tran-
sition to sulphide-rich waters at mid-depth continental margins
following the GOE. Additionally, the substantial elevation in
arsenate content, accounting for approximately 60% of the
total arsenic concentration in shale, suggests the establishment
of an oxidative component in the arsenic cycle for the first
time in Farth’s history. These findings underscore the world-
wide emergence of a new selective pressure on the survival of
marine microbial communities during the GOE, characterized
by the global presence of toxic, oxidized species such as arse-
nate in seawater.

CONCLUSION
In this contribution we aimed to integrate available geochemi-
cal data from IF into a coherent narrative explaining the mech-
anisms underpinning the rise of atmospheric O, and its subse-
quent regulation of Earth’s surface systems. The sequence
begins with a cooling Earth around 2.7 Ga, leading to the
eruption of lavas with lower Ni content both on land and
underwater. As these volcanic rocks contained less Ni, their
chemical weathering resulted in a reduced flux of Ni to seawa-
ter. This had biological implications as marine microorganisms
dependent on Ni, such as methanogens, started expetiencing
nutrient deprivation. Around 2.6 Ga, methanogens became
marginalized in shallow shelf environments, making way for
cyanobacterial expansion, which gave rise to new stromatolites.
Before the GOE and the permanent oxygenation of Earth’s
atmosphere, the O, produced by these cyanobacteria created
oxygen oases that facilitated the development of aerobic
metabolisms. Constraining the extent of such oases with
respect to both space and time presents an opportunity to con-
tinue to integrate detailed geochemical and sedimentological
observations from IFs and correlative units.

By approximately 2.45 Ga, O, had becoming increasingly
pervasive in FEarth surface environments, oxygenating the
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Figure 7. Schematic showing the spatial distribution of iron formations (IF), silici-
clastic and carbonate sediments on the Archean continental shelf. The panel also
emphasizes how plankton could be advected from the shelf where IF were precip-
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nutrient supplies are indicated in bold text.
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atmosphere and marking the GOE. This event resulted in
massive oxidative weathering of the Earth’s crust and the
release of elements previously locked in reduced mineral phas-
es, such as pyrite. Concurrently, aecrobic metabolisms evolved
on land, including chemolithoautotrophic bacteria that oxi-
dized reduced Fe and S in minerals such as pyrite. Increased
fluxes of dissolved SO, reached the oceans, leading to greater
bacterial sulphate reduction in the water column. This resulted
in higher levels of dissolved sulphide, the production of eux-
inic waters (low oxygen, sulphidic conditions), and the termi-
nal displacement of methanogens from the water column to
bottom sediments in most environments. Pyrite oxidation also
led to elevated acidity in rivers and groundwater, promoting
the chemical alteration of primary minerals into highly weath-
ered phases like kaolinite (Fig. 7). Importantly, kaolinite served
as an clemental shuttle, facilitating the increased availability of
key nutrients such as P, which, in turn, stimulated higher pri-
mary productivity. Intriguingly, the ability of cyanobacteria to
indirectly enhance their own nutrient supply through O,-dri-
ven chemical weathering may represent an unrecognized posi-
tive biological feedback mechanism on primary productivity.
This scenario is reminiscent of the Gaia hypothesis where the
Earth functions as a self-regulating system with the geosphere,
atmosphere, hydrosphere, and biosphere all interconnected
and evolving as a whole (Lovelock 1972). The Lomagundi car-
bon isotope excursion around 2.22 Ga may be an expression
of these feedbacks, ultimately resulting in increased marine
phytoplankton productivity and organic matter burial. Simulta-
neously, toxic elements like As would have affected the existing
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marine biosphere, prompting some species to adapt while
potentially leading to the extinction of others. In this regard, it
is intriguing to speculate that the end of the Lomagundi event,
which appears to have coincided with a significant drop in
atmospheric O, levels, may be somehow linked to a microbial
mass extinction, or at the very least, marginalization of those
existing cyanobacteria due to some unresolved factor.
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SUMMARY

For 100 years, placer gold has been important to the settle-
ment, economic development, and, recently, recreational geol-
ogy of the Kelowna, British Columbia, area. It is best-known
to occur in modern-day, Mission Creck and Lambly Creek
sedimentary rocks, as well as a paleoplacer occurrence in
Miocene sediments of the historical Winfield mine. The Mis-
sion Creek and Winfield localities are east of the west-dipping,
low-angle, normal Okanagan Fault, which has been active
since the Eocene. Lambly Creek is west of the fault. Late Pale-
ozoic to Eocene igneous and metasedimentary rocks occur in
the Lambly Creek catchment but Focene gneiss units,
unroofed by the fault, occur on the Okanagan Valley’s east
side. This study tests the hypothesis that native placer gold
compositions vary across the Okanagan Fault reflecting differ-
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ent sources and histories for the gold. A modest number of Au
and Ag analyses (23 analyses) in usefully representative placer
gold samples were determined on a scanning electron micro-
scope with an energy dispersive spectrometer (SEM-EDS).
Spots analyzed for Au and Ag were also analyzed for 19 trace
elements using laser ablation inductively coupled plasma mass
spectrometry (LA-ICP-MS). Mercury was semi-quantitatively
determined in ‘unknown’ gold grains by first estimating its
concentration (~3.69 ppm) in the AuRM2 external standard.
Proportions of Au:Ag:Cu in grain cores indicate all the gold
came from mesothermal/hypogene or possibly Au porphyry
bedrock deposits though primary signatures may have been
obscured by metamorphism or weathering. Winfield and Mis-
sion Creck grains tend to have higher siderophile Fe, Ni, Pd
and Pt and chalcophile elements As, Se, Te, Hg, Pb and Bi but
lower Cu and Sb concentrations than Lambly Creek gold. Mer-
cury is distinctly higher in Winfield and Mission Creek gold
than in Lambly Creek gold from the west side of the valley; the
element appears particularly useful for ‘fingerprinting’ gold.
Lambly Creek gold compositions indicate derivation from two
orogenic/hypogene sources from greenstone and plutonic/
hydrothermal rocks present in the catchment area. Modern day
Mission Creek and Miocene paleoplacer Winfield grains have a
similar hypogene trace element signature but there are no
known local bedrock gold sources. The Mission Creek and
Winfield gold grain cores are surrounded by < 10 pm, Au-rich,
Ag- and trace element-poort, rims. Lambly Creek grains lack
such rims. The Au-rich rims on modern day Mission Creek and
Miocene Winfield gold may reflect prolonged neat-surface
exposure with surficial electrochemical dissolution of hypo-
gene trace elements or the biological precipitation of gold.
Low Ag and red colouration on the surface of grains support
the biological precipitation hypothesis. The shared trace ele-
ment signature, together with the Au-rich rims indicate that
modern day placer gold in Mission Creek was multiply
reworked from Miocene paleoplacers similar to the Winfield
occurrence as a result of uplift and erosion of rocks on the
cast side of Okanagan Fault.

RESUME

Pendant 100 ans, l'or placérien a joué un role important dans
le peuplement, le développement économique et, plus récem-
ment, la géologie récréative de la région de Kelowna, en
Colombie-Britannique. 1l est surtout connu pout se trouver
dans les roches sédimentaires modernes de Mission Creek et
Lambly Creek, ainsi qu’en tant que gisement paléoplacérien
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dans les sédiments miocenes de I'ancienne mine de Winfield.
Les localités Mission Creek et Winfield sont a l'est de la faille
d'Okanagan, une faille normale a faible pendage vers 'ouest et
active depuis 'Eocéne. Lambly Creek se trouve a l'ouest de la
faille. Des roches ignées et métasédimentaires du Paléozoique
supérieur a I’'Eocéne sont présentes dans le bassin versant de
Lambly Creek, mais des unités de gneiss de I'Eocéne, exposées
pat la faille, se trouvent du c6té est de la vallée d'Okanagan.
Cette étude teste 'hypothese selon laquelle les compositions de
l'or natif placérien varient le long de la faille d'Okanagan, reflé-
tant différentes soutrces et histoires pour l'or. Un nombre
restreint d'analyses d'Au et d’Ag (23 analyses) dans des échan-
tillons représentatifs d'or placérien ont été effectuées au micro-
scope ¢Electronique a balayage avec un spectrometre a disper-
sion d'énergie (MEB-EDS). Les zones analysées pour ’Au et
IAg ont également été analysées pour 19 éléments traces a
l'aide d'un spectrométre de masse a plasma induit par couplage
inductif par ablation au laser (LA-ICP-MS). Le mercure a été
déterminé de maniére semi-quantitative dans des grains d'or
«inconnus » en estimant d'abord sa concentration (~3,69 ppm)
dans I'étalon externe AuRM2. Les proportions d’Au, d’Ag et
de Cu dans les noyaux des grains indiquent que tout l'or
provient de gites mésothermaux/hypogenes ou éventuelle-
ment de gisements rocheux porphyriques auriféres, bien que
les signatures primaires aient pu étre masquées par du méta-
morphisme ou de l'altération. Les grains de Winfield et Mis-
sion Creek ont tendance a avoir des concentrations plus
¢levées en éléments sidérophiles Fe, Ni, Pd et Pt et en éléments
chalcophiles As, Se, Te, Hg, Pb et Bi, mais des concentrations
plus faibles en Cu et Sb que l'or de Lambly Creek. Le mercure
est nettement plus élevé dans l'or de Winfield et Mission Creek
que dans l'or de Lambly Creek du coté ouest de la vallée; 1'é1é-
ment semble particulicrement utile pour le tragage de l'or. Les
compositions auriferes de Lambly Creck indiquent une origine
de deux sources orogéniques/hypogénes provenant des roches
vertes et des roches plutoniques/hydrothermales présentes
dans le bassin versant. Les grains modernes de Mission Creek
et des grains paléoplacériens du Miocéne de Winfield ont une
signature d'éléments traces hypogenes similaire, mais il n'existe
aucune source d'or connue dans la roche-meére locale. Les noy-
aux des grains d'or de Mission Creek et de Winfield sont
entourés de bordures de moins de 10 um de large, riches en Au
et pauvres en Ag et en éléments traces. Les grains de Lambly
Creck ne présentent pas de telles bordures. Les bordures riches
en Au sur l'or moderne de Mission Creek et 'or miocene de
Winfield peuvent refléter une exposition prolongée pres de la
surface avec une dissolution électrochimique supetficielle des
éléments traces hypogénes ou la précipitation biologique de
l'or. La faible teneur en Ag et la coloration rouge a la surface
des grains soutiennent I’hypothese d’une précipitation
biologique. La signature commune en éléments traces, ainsi
que les bordures riches en Au, indiquent que l'or placérien
moderne de Mission Creek a été remanié a plusieurs reprises a
partir de paléoplacers du Miocéne similaires a ceux de Win-
field, résultant du soulévement et de I'érosion des roches du
coté est de la faille d'Okanagan.

Traduit par la Traductrice
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INTRODUCTION

The golden glitter of panned placer gold has captured imagi-
nations for millennia but, curiously, the origins, means of nat-
ural concentration and composition of this gold remain poorly
understood despite gold’s economic importance. At only ~ 4
parts per billion in Earth’s crust, gold is rarely visible as the
native element in rocks, but it is retrievable in small quantities
by panning in many stream and beach sediments (Boyle 1979).
Numerous major lode and placer gold deposits have been dis-
covered by following minor placer gold occurrences upstream
to their source (McClenaghan and Cabri 2011) and the compo-
sition of placer gold can help identify bedrock sources (Gar-
nett and Bassett 2005; Mclnnes et al. 2008; Banks et al. 2018).
However, some placer gold occurrences and economic
deposits have elusive sources (Mclnnes et al. 2008) or are asso-
ciated with low grade to uneconomic bedrock gold mineraliza-
tion (Boyle 1979). Gold particles in placers range from dust-
sized to nuggets that far exceed the size of grains in the
bedrock source (Garnett and Bassett 2005). The paradox of
gold in clastic sediments being coarser than in the bedrock
source has been ascribed to physical amalgamation, chemical
precipitation, biochemical precipitation, and precipitation
from organic complexes in tropical swamps, soils, and lateritic
regoliths (Hough et al. 2009; Reith et al. 2010; 2013; Large et
al. 2013). Importantly, this supergene gold appears relatively
pure (Groen et al. 1990; McCready et al. 2003).

The lure of placer gold encouraged early European settle-
ment in Kelowna (Roed 2004) and it is not difficult to find
‘colout’ (i.e. yellow native gold) in streams on both sides of the
Okanagan Valley. The geology across the valley is very differ-
ent (Fig. 1). On the east side, there are amphibolite-facies, mid-
crustal gneiss units (metamorphic grade indicates 15+ km
depth), last metamorphosed during the Eocene. Thus, they
have been unearthed by perhaps 15 km of vertical uplift and
tens of kilometres of sub-horizontal normal movement on the
continental scale (hundreds of kilometres long) low-angle
Okanagan Fault (Tempelman-Kluit and Parkinson 1986). Just
10 km to the west, and across the valley, are Pennsylvanian to
Triassic rocks added to North America in the Mesozoic, Meso-
zoic plutonic rocks, and Cenozoic (Eocene) volcanic rocks that
erupted when the east-side gneiss units were being metamor-
phosed (Tempelman-Kluit and Parkinson 1986; Tempelman-
Kluit 1989; Greenough and Roed 2014).

This study tests the hypothesis that the chemical composi-
tions of placer gold grains from ecither side of the Okanagan
valley reflect different bedrock geology and sources of placer
gold that are the result of prolonged fault movement and
uplift of rocks on the east side of the valley. To achieve this,
we report 22 chemical analyses of the trace element content of
12 representative gold grains suitably large enough for analysis
and/or multiple analysis by laser ablation inductively coupled
plasma mass spectrometry (LA-ICP-MS). These data are sup-
plemented by morphology and mineral inclusion descriptions
of the chemically analyzed grains. Fryer et al. (1995) predicted
that LA-ICP-MS has immense potential for analyzing native
gold. Pioneering studies such as Watling et al. (1994, 1995),
McCandless et al. (1997), Outridge et al. (1998), Watling
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(1999), Penney (2001), Rasmussen et al. (2000) and Brostoff et
al. (2008) showed that gold from different sources tends to
have distinct trace element signatures but inter-study concen-
tration comparisons were difficult due to accuracy issues.
There has been progress quantifying the trace element compo-
sition of native gold (e.g. Mclnnes et al. 2008; Tetland et al.
2017; Hastie et al. 2020, 2023; Melo-Gémez et al. 2022; Liu
and Beaudoin 2021; Liu et al. 2021) and in the use of minor
elements and the composition of inclusions in gold for finger-
printing and identifying gold bedrock sources (Chapman et al.
2022, 2023a,b). Our LA-ICP-MS trace element analyses utilize
a calibration reference material (AuRM?2) where microanalyti-
cal heterogeneity is small relative to natural variation in native
gold between individual gold deposits (Tetland et al. 2017).
The quantitative analyses can be compared with future gold
trace element data. We also estimate Hg concentrations in
AuRM2, use them to calculate Hg (semi-quantitatively) in our
Okanagan samples, and argue that Hg is probably important
for fingerprinting gold. Finally, we make the case that gold
from either side of the Okanagan Valley appears different in
composition and possibly morphology. This apparently
reflects different bedrock sources, the history of uplift on

Okanagan Fault and the extent of prolonged gold recycling in
fluvial systems.

GEOLOGICAL SETTING
The study area is located along the boundary between the
Intermontane and Omineca belts of the Canadian Cordillera
(Monger and Price 1979) (Fig. 1 and inset). To the east, the
Omineca belt contains Proterozoic and Paleozoic rocks that
were intensively metamorphosed during the Mesozoic and
Cenozoic. To the west are Paleozoic to early Mesozoic arc-
related rocks of the Intermontane belt containing the accreted
Slide Mountain and Quesnel exotic terranes (Nesbitt and
Muehlenbachs 1995). The Omineca belt formed due to sub-
parallel subduction of the Intermontane belt oceanic plates,
subsequent closure of the Slide Mountain ocean, and accretion
of an allochthonous volcanic island arc (e.g. Monger and Price
1979). Numerous post-accretion, mid-Jurassic, and Eocene age
felsic plutons intrude the two belts (Armstrong 1988;
Gabrielse and Yorath 1991).

Structurally, the project area underwent compression and
easterly directed thrusting, obduction of oceanic crust, pluton-
ism, and associated metamorphism during the Early to Mid
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Jurassic. Strike-slip faulting and a second major metamorphic
and plutonic event occurred during the mid-Cretaceous to
Paleogene (Nesbitt and Muchlenbachs 1995). An east—west
extensional tectonic regime followed during the Paleocene—
Eocene and produced the ductile to brittle, low-angle, west-
dipping, extensional, Okanagan Fault (Tempelman-Kluit and
Parkinson 1986; Tempelman-Kluit 1989). This extension
uncarthed large areas of amphibolite-facies orthogneiss and
paragneiss on the east side of the Okanagan Valley (Madsen et
al. 2006). An episode of recent uplift = 1000 m apparently
started at ~ 2 Ma (Boyle 1982).

The cast side of Okanagan Lake is dominated by the Pro-
terozoic to Phanerozoic, predominantly amphibolite facies
metamorphic units of the Omineca belt (Fig, 1). On the west
side, dominantly in the Lambly Creck (Bear Creek) catchment
(centre-left of the map), Paleozoic volcanic arc-related rocks
of the Intermontane belt are present including fine grained
siliciclastic rocks, volcaniclastic rocks, and a small greenstone
belt (Bond Au-Ag quartz vein showing). Extensive post-accre-
tion plutons (including the Okanagan Batholith) intruded the
arca during the Mid Jurassic. They are mostly exposed in the
northwest of the map area. Eocene alkali feldspar granite
intrusions are also exposed along with consanguineous vol-
canic and sedimentary assemblages forming extensive cover
rocks on both sides of Okanagan Lake. Remnants of the
extensive Miocene to Pliocene Chilcotin Group basalt also act
as cover rocks. The youngest rocks in the project area are the
Pleistocene Lambly Creck basalt (Roed et al. 2014). These
young volcanic rocks show that the region is by no means geo-
dynamically stable. The Okanagan Fault may be offset by the
late, northeast—southwest-trending oblique (normal/right-lat-
eral strike-slip/transcurrent) Mission Creek Fault that under-
lies our Mission Creek sampling site (Greenough and Roed
1995). Alternatively, the lateral offset of Okanagan Lake at
Kelowna may simply reflect the physiographic expression of a
small change in dip on the low angle Okanagan Fault (Okulitch
2013; Roed 2014a).

The study area probably experienced multiple glacial-inter-
glacial events over the past 1.8 Ma but the oldest Pleistocene
sediments (glacial till and eolian dune deposits) in all Western
Canada occur beneath ~ 1 Ma Lambly Creck basalt (Roed et
al. 2014) at West Kelowna. Surficial deposits blanketing the
Kelowna study area include widespread thin (< 1 m) glacial till,
varved glacial lake sediments (up to 40 m thick) that rim the
valley bottom, and numerous glacial outwash sand and gravel
deposits topped with eolian sand (Fulton and Smith 1978).
Placer gold is not associated with these glacial/late glacial
deposits.

SAMPLING LOCATIONS

The three placer/paleoplacer gold occurrences sampled
appear as yellow stars in Figure 1, with latitude and longitude
given in the caption. The Mission Creek sediments and Win-
field Mine occurrences to the east are on Omineca belt rocks
whereas the Lambly Creck placer is located on Intermontane
belt units. Both Mission Creek and the Winfield Mine were
economically exploited whereas Lambly Creek was not.
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Winfield Mine

The Winfield paleoplacer camp consists of the 1930s Winfield
mine east of Wood Lake, which we sampled, and similar
occurrences to the northeast including the Stuart, Aitkens/Sta-
bles and Ribbleworth paleoplacer deposits (Mathews 1987,
Murray 1991; Fig. 1). All are hosted in Miocene unconsolidated
river gravel or conglomerate overlying basement rocks pre-
dominantly made up of orthogneiss and overlain by Miocene
to Pliocene Chilcotin Group basalt (Mathews 1987).

The paleoplacer host rocks represent sediment deposited
in extensive, structurally controlled, Miocene paleo-river val-
leys (Boyle 1982). The sinuous channels, up to a kilometre
wide, are intermittently preserved from the Winfield Mine in
the north down to Hydraulic Lake (southeast of Mission
Creck and just off Fig. 1). Paleoflow indicators show drainage
from the northwest to southeast. Sediment preservation was
enhanced by the capping Chilcotin Group basalt which pre-
vented erosion during Pleistocene glaciations. Paleoclimate
studies indicate the region experienced temperate conditions
with moderate, uniformly distributed precipitation during sed-
iment deposition (Boyle 1982).

These Miocene sedimentary units serve as host rocks to
significant basal-type uranium mineralization (Boyle 1982)
including the Tyee deposit near Hydraulic Lake just southeast
of Figure 1. They were explored by Union Oil Company for
uranium from 1976 to 1979 and U mineralization is interpreted
to be post-depositional, specifically post-Chilcotin  Group
basalt, and resulted from leaching of U from intrusive base-
ment rocks by meteoric water which infiltrated the Miocene
sediments through structures that controlled the paleochan-
nels. These oxidized U-bearing fluids encountered reduced
organic matter in the sediments depositing mainly urano-phos-
phate complexes (Boyle 1982).

The Winfield Mine paleoplacer deposit was discovered in
1936 and two exploration drifts of 52 and 107 m were dug.
Small-scale mining continued until 1945 yielding a total report-
ed 2.33 kg of gold (Mathews 1987; BC Ministry of Energy and
Mines 1993).

Mission Creek

The Mission Creek placer was the most productive gold
deposit in the central Okanagan (Roed 2004). It is hosted in
active fluvial sediments and recent bench deposits of Mission
Creek. The highest gold abundances occur 12 km east of the
mouth of Mission Creck and just downstream from a con-
glomerate postulated to be the soutrce of the placer gold (Roed
2004, 2014b) due to juxtaposition. There are no reports of
gold from the poorly exposed conglomerate. The conglomer-
ate is underlain by sandstone, siltstone and dacite of the
Eocene Penticton Group and overlain by Pleistocene till
deposits. In the upper reaches of Mission Creek, it is con-
formably overlain by a dark volcanic unit resembling the Pleis-
tocene Lambly Creek basalt. South of the Mission Creek Fault
(Fig. 1), the conglomerate is juxtaposed against Shuswap, Pro-
terozoic to Paleozoic high-grade metamorphic rocks. The con-
glomerate is apparently an interglacial alluvial deposit (Roed
1995, 2014b), though the only age constraints are that it is
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Eocene to pre-Holocene in age. Clasts in the conglomerate are
closely packed and mostly well rounded and include granitic,
dioritic and argillaceous lithologies. It is mostly lithified with
some friability and extensive limonitic alteration yielding a
rusty appearance. A cross-section from water well data indi-
cates the conglomerate represents the recharge area of a major
aquifer, the Rutland Aquifer, which underlies the east side of
Kelowna.

Placer mining in the central Okanagan started with the dis-
covery of gold at Mission Creck in 1861 (Roed 2004). Records
of placer gold mining at Mission Creek began in 1876 and
mining continued until the 1930s (Roed 2004; BC Ministry of
Energy and Mines 1996). Mining methods included both open
pit and, apparently, underground operations. During the peak
of mining activity (1876-1895) the recorded production,
which likely represents a minimum value due to underreport-
ing, is listed at 20.56 kg of gold (BC Ministry of Energy and
Mines 1996). Eight overburden drill-holes tested Mission
Creek in 1975 and results were considered very promising, yet
inconsistent, and no further work was conducted (BC Ministry
of Energy and Mines 1996). Today, the area is within the Sce-
nic Canyon Regional Park.

Lambly Creek

Lambly Creek contains placer gold in its modern sediments,
but it has not been economically significant. Rocks in the
catchment include Paleozoic volcaniclastic and fine-grained
siliciclastic rocks with minor volcanic arc-related greenstone
(Fig. 1). The area is intruded by granodiorites of Late Triassic,
Eatly Jurassic and Mid Jurassic ages. Overlying these are
Eocene Penticton Group volcanic rocks and the Pleistocene
Lambly Creck basalt. Various types of bedrock mineralization,
and potential Lambly Creek gold sources, occur in the drainage
basin (Fig. 1). The Bond Au—Ag quartz vein showing is hosted
in greenstone with pyrite weathering to limonite. It is epither-
mal (Lenard 1987a) and vein ‘grab’ samples assayed up to 12
g/t gold and 7 g/t silver. The Shear occurrence consists of
polymetallic stockwork veins containing Ag-Pb-Zn + Au
(Lenard 1987b). Assays up to 18.5 g/t Au atre recorded and
associated minerals include galena, pyrite and quartz. The
Zumar showing is another, sheared, polymetallic stockwork-
type vein, but it also contains Cu and shows hematite and
sericite alteration (Murray 1991). The LLamb occurrence (Paut-
ler 1988) is possibly a skarn-related Ag-Cu £ Au showing; bulk
assays indicate < 2.4 g/t Ag and 0.19% Cu. Northeast of Lam-
bly Creck is the Spod low sulphidation gold mineralization
(Gourlay 1989) showing multiple stages of andesite-hosted
quartz veins and zones of propylitic alteration. One drill core
intercepted 3 m of 0.785 g/t Au. In the north to northwest of
the study area is Cu-Mo alkaline-porphyry-related mineraliza-
tion including the AT (Dun/Esperon) occurrence (Scott and
Osatenko 1980). It is possible that gold in Lambly Creek was
derived from gravel deposits beneath a flow regarded as Lam-
bly Creek basalt in the upper reaches of the creek (Roed, pet-
sonal communication 2015). However, these rocks have not
been dated and there are no river gravels in the sediment sec-
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tion underlying the Lambly Creck basalt at West Kelowna
(Roed et al. 2014).

METHODS

Sampling, Mounting and Petrographic Analysis

Placer gold was hand panned from Mission Creek, Lambly
Creek, and the Winfield Mine and the largest grains from each
locality (n = 7, 10 and 7, respectively) examined in detail and
geochemically analyzed. Gold from Mission and Lambly
creeks came from recent fluvial sediments within 50 cm of the
sediment surface; some directly overlying bedrock. Grains
from the Winfield mine were panned at the entrance to a 30 m
drift into loosely consolidated gravel overlying metamor-
phosed basement rocks. Sediments were panned down to a
heavy mineral concentrate and care taken to ensure recovery of
even small (< 50 um) gold particles. Gold grains were removed
from the gold pan concentrate using adhesive tape and the pan
thoroughly cleaned by repeated rinsing with water, wiping
between rinses, and inspecting the pan to ensure no sediment
remained.

Gold grain samples were catalogued, photographed, and
roundness, particle size, grain morphology, surface texture and
colour recorded. They were oriented with their long axis hori-
zontal, set in resin on glass discs, and polished with diamond
paste at the Western University. Multiple large grains were put
on some discs, but small grains required individual mounting
to avoid loss during polishing. The polished grains were exam-
ined under reflected light with a Nikon Eclipse 50 iPOL pet-
rographic microscope and the following parameters described:
1) mineral inclusions were subjectively classified as hypogene
(internal) or detrital sediment picked up during transport
(rounded and near the outside edge); 2) variations in the colour
of gold (light yellow to yellow orange) within and between
grains; 3) modal abundances of inclusions-by-type and gold-
by-colour quantified; 4) grain shape, morphology and cross-
sectional area estimated; and 5) features such as folded edges,
rough surfaces and embayments noted.

SEM-EDS Analysis
Sample discs were carbon-coated to 20 nm thickness at CIF
Mineral Research, Kelowna. The SEM-EDS analyses were per-
formed at the Fipke Laboratory for Trace Element Research
(FILTER), UBC Okanagan, Kelowna, using a Tescan Mira3
XMU Scanning Electron Microscope (SEM) equipped with an
Oxford Aztec™ X-max energy dispersive spectrometer (EDS)
containing an 80 mm? silicon drift detector. Data processing
utilized Oxford Aztec® software. Instrument operating param-
eters (Table 1) were optimized daily using a metallic copper
strip, with Ag and Au precision and accuracy estimated from
replicate analyses of the reference material MAC 80Au — 20Ag
with a composition 80 wt.% Au and 20 wt.% Ag. It approxi-
mates the average Au and Ag concentrations in our Okanagan
placer gold samples.

The SEM-EDS provided Au and Ag concentrations in
native gold samples as well as mineral-identifying element con-
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Table 1. Instrument operating parameters.

John Greenough and Mikkel Tetland

SEM-EDS

Livetime: 14.0 s
Process Time: 4s
Accelerating Voltage: 20.00 kV
Magnification: 375 x
Working Distance: 14.0 mm
Specimen Tilt (degrees): 0°
Elevation (degtees): 30.4°
Azimuth (degrees): 0°
Number of Channels: 2048
Energy Range (keV): 20 keV
Energy per Channel (eV): 10.0 eV
Detector Type: X-Max
Window Type: SATW
Pulse Pile Up Correction: Succeeded

LA-ICP-MS Laser

Wavelength 193 nm
Energy 5.5]/cm?
Laser repetition rate 10 Hz
Sample cell He gas 0.7 L/min.
Spot size 108.5 um/64.1 um!
Laser-off background 1 min.
Laser-on analysis 1 min.
Washout time 1 min.
ICP-MS

Plasma power 1200 W
Cool gas 16 L/min.
Auxiliary gas 1.3 L/min.
Sample gas 1.13 L./ min.
Sample cone Ni

Guard electrode On

1 Laser spot size reduced to 64.1 pm for small Winfield and LLambly Creck gold grains.

centration data for inclusions within the gold grains. The
detection limit for most elements was ~ 0.1 wt.%. For Ag and
Au in native gold, a minimum of two spot analyses were made
per gold grain with at least one core and one rim measurement.
Line scans were performed where there was a supergene grain
rim, or grain heterogeneity was suspected. Select gold grains
were mapped to show elemental zonation of grains. The EDS
analyses supplied Ag concentrations used as an internal stan-
dard for the LA-ICP-MS trace element analyses.

LA-ICP-MS Analysis

Trace element analysis used a Photon Machines Analyte 193
EXCIMER laser coupled with a Thermo Fisher Element XR
ICP-MS at FILTER operated in triple detector mode. Gold
and Ag were measured by SEM/EDX. Instrument opetrating
parameters appear in Table 1. Isotopes used to determine the
concentrations of 19 trace element concentrations and to use
Ag as an internal standard, were measured in low resolution
mode and appear in Table 2. Samples and standards went
through a one-hour ultrasonic bath in de-ionized water to
remove surface contamination. Spot analyses were performed
due to the small size of many grains and to avoid inclusions
(Table 1). Background was measured for one minute before
turning the laser on for a minute. The laser-on time yielded
ablation pits with a depth to diameter ratio < 0.5 to avoid ele-
mental fractionation effects (Potts et al. 1995; Mank and
Mason 1999). Each sample analysis was followed by a minute
of washout time and washout was periodically monitored to
ensure elements, particulatly Hg from samples, did not raise
background in subsequent analyses.

GLITTER software (van Achterbergh et al. 2004) was used
for data reduction. The laser-on signals for elements were
inspected and trace element concentrations calculated from
non-anomalous portions of the signal. Silver concentrations
from the SEM-EDS analyses on spots of the same size and
location as the LA-ICP-MS analyses acted as the internal stan-
dard. The London Bullion Market Association (LBMA)
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AuRM2 gold reference material bearing 22 trace elements
(Murray 2009) was used as an external standard. Although
AuRM?2 appears slightly heterogeneous at a micron-scale
(Milidragovich et al. 2016), we used a large laser spot (108.5
um) and analyzed the standard twice at both the start and end
of sample ‘runs’ to mitigate any effect of microanalytical het-
erogeneity on calibration. Tetland et al. (2017) showed, using
reference material data collected at the same time as our
Kelowna area samples were analyzed, that under these analyti-
cal conditions AuRM2 is suitably homogeneous for use in LA-
ICP-MS ‘fingerprinting’ given the large natural variations in
the composition of native gold. Accuracy estimates used repli-
cate estimates of trace element concentrations in AuRM?2 with
the Royal Canadian Mint FAU 7 (gold with 14 trace elements
added) as an external standard (see results for details).

Four elements, P, V, Hg, and U, not intentionally added dur-
ing the manufacture of the AuRM2 reference material, were
detected by LA-ICP-MS. The contents of P, V, and U in sam-
ples are not reported because their concentrations and homo-
geneity in AuRM2 are unknown. In the case of Hg, Tetland
(2015) reported replicate SEM/EDS analyses of two non-
Okanagan native gold grains (AUS9 from the Prophet placer
gold deposit, Australia and BC1 from an unknown placer
occurrence in northern BC) with between 3.1 and 3.5 wt.%
Hg. This allowed a semi-quantitative determination of Hg in
AuRM2 which was used to estimate concentrations in our
Kelowna-area unknowns. We iteratively inserted Hg concen-
trations into the AuRM2 external reference material file and
repeatedly ran GLITTER until the predicted LA-ICP-MS con-
centrations in the high Hg, non-Okanagan samples matched
the concentrations from the SEM/EDS analysis. The match
indicates AuRM2 has 3.69 ppm Hg. The estimated Hg concen-
trations in Okanagan samples are based on this semi-quantita-
tive assessment of the average Hg concentration in AuRM2.
An assessment of Hg heterogeneity in the reference material
following ISO guidelines described in Jochum et al. (2011) and
Tetland et al. (2017) indicates 30% heterogeneity. This is slight-
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ly to somewhat higher than for the ‘added” elements in AuRM2
which are generally < 20% (Tetland et al. 2017). Variability in
the reference material will add to analytical uncertainty and be
reflected in precision estimates. However, our estimates
(results section) indicate that Hg precision is & 34%. Precision
of 100% reflects variation by a factor of * 2, but concentra-
tions vary by a factor of 1900 within the Okanagan data set;
far outside what can be ascribed to precision issues. Duplicate
analyses of the AuRM2 external reference material at both the
start and end of ‘runs’ helped to average out the impact of any
reference material heterogeneity.

The concentrations of 19 trace elements in 23 LA-ICP-MS
analyses of Okanagan placer native gold, together with major
elements Au and Ag by SEM-EDS, appear in Table 2. Some of
the 22 elements (Si, Ca, Cr) added to the AuRM2 reference
material were not detected in most of our Okanagan gold
analyses and are not reported in Table 2. Silver is a trace ele-
ment in AuRM2 but a major element in the Okanagan gold
analyses. Determination of the semi-quantitative concentra-
tions of Hg in our Okanagan samples (Table 2) was discussed
above.

Grains selected for LA-ICP-MS analysis had to be large
enough to accommodate a minimum 64.1 um laser spot diam-
eter and at the same time avoid inclusions. Where present,
gold-tich (identified in SEM/EDX scans), yellow-orange
‘supergene’ rims were avoided because all were significantly
thinner than the width of the laser beam and any analyses
would be composite.

Exploratory Statistical Methods
The exploratory statistical technique known as multi-dimen-
sional scaling (MDS) was used to uncover patterns in sample
associations and groupings based on all trace element data for
cach sample. Greenough et al. (2007) discussed the application
of MDS to geochemical data sets. Multi-dimensional scaling
has the ability to summarize variance in a data set in a small
number of dimensions and thus plots here have 2 dimensions.
Dimensions 1 and 2 are unitless and simply represent overall
chemical differences based on the elements used to compare
samples. Relationships between samples on a MDS diagram
are determined from a matrix of sample-versus-sample Pear-
son correlation coefficients. Two samples plotting close
together on the diagram would yield a sample-versus-sample,
X-Y plot where all elements form a line yielding a high corre-
lation coefficient. Two samples on opposite sides of the MDS
plot would generate a comparatively scattered X—Y plot or a
plot with a negative correlation. Because axes on MDS plots
are unitless, it is not possible to plot new analyses on the dia-
gram in the future without reprocessing all our data together
with the new analyses. Said another way, it is not a classic ‘dis-
crimination diagram’.

The MDS diagrams were prepared by: 1) Z-scoring
(= standardizing) to put all elements on the same scale so that
concentration units do not impact comparisons of samples:

7 = (mean x — xX)/o
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Where:
mean x is the average trace element concentration
x = the sample’s concentration
o = the standard deviation.

2) Data were correlated using Pearson’s correlation coefficient
= r. 3) Matrices of sample-versus-sample 7 values were used to
compare samples in Systat™ statistical software (Wilkinson et
al. 1992). 4) All calculations used a Kruskal loss function and
< 50 iterations to converge input 7 values (measured object dis-
tances) with output MDS plot distances (Wilkinson et al
1992).

Petrography and Gold Grain Morphology

Gold grain characteristics are summarized below with details
in Tetland (2015) Appendix A. Lambly Creek has the smallest
average gold grain size (0.18 mm long dimension) with a range
of 0.04 to 2 mm. Generally, grains are abraded with moderate-
ly smooth to well rounded edges. Many exhibit embayments
and folded edges; most have fine grained detrital inclusions
embedded in the surface. They are light yellow but range to
slightly yellow-orange near the rim (Fig. 2a, 2b). The core of
one grain contains < 10 um, grey-pink anhedral sulphide inclu-
sions (pyrrhotite; Fig. 2¢, 2d). Several large primary or detrital
quartz inclusions were observed.

Gold grains from Mission Creek were comparatively large,
averaged 0.62 mm long, and several multi-millimetre flakes
were collected. Grains are extremely flattened compared to
Lambly Creek, with most being smooth and well-rounded.
Detrital inclusions are limited and primary inclusions were not
observed. Colour is mostly light yellow with some deeply
coloured, Au-rich rims < 20 umthick (Fig, 2e, 2f).

The Winfield gold grains averaged 0.49 mm long but
ranged from fine flour (< 200 pm) to flakes > 1 mm. Edges
are subrounded to smooth with evidence of folding and incor-
poration of detrital grains. Gold colour is light yellow with thin
yellow-orange to rare red-orange rims (Fig. 2g, 2h). No defini-
tive primary inclusions were found but one gold grain has a
subhedral magnetite grain near the core. The gold pan heavy
mineral concentrates contained little or no magnetite, but gar-
net was abundant.

RESULTS

Precision and Accuracy
Table 2 gives sample element contents, isotopes used for LA-
ICP-MS analysis (top row), precision (relative standard devia-
tion, RSD; equation in Table 2 notes) and accuracy estimates.
Silver and Au were determined by SEM-EDS analysis (~ 0.1
wt.% detection limit) and can be considered ‘major elements’.
Accuracy and precision for Au and Ag were calculated from
replicate SEM-EDS analyses of the MAC 80Au—20Ag refer-
ence material and are 0.18% and 0.44% for Au and 0.72% and
1.74% for Ag (Table 2).

For trace elements, precision comes from 24 replicate
analyses of AuRM2 made in association with the ‘unknown’
analyses. Silicon, Ca and Cr were added to AuRM2 but we do
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Figure 2. Photomicrographs of gold grains from the study area; a), ¢), ¢), g) unpolished grains, and b), d), f), h) same grains (respectively) under reflected light after mounting
and polishing, a) LAM2 gold grain from Lambly Creek showing in b) a faint Au enriched rim (darker yellow) under reflected light. ¢) LAMS gold grain from Lambly Creek.
d) Red arrow on polished LAMS points to a primary sulphide inclusion of pyrrhotite. Note the thin, darker yellow Au-enriched rim. ¢) MIS2 gold grain from Mission Creck.
f) MIS2 shows a deeply coloured Au-rich rim up to 80 um thick, and the rim has an irregular ‘coral-like’ contact with the core of the grain. g) Unpolished WIN5 gold grain;
note local red-orange tinge on grain surface. h) Polishing reveals a thin Au enriched rim on WINS5; arrow points to small (~ 0.01 mm), interior magnetite grain possibly of

primary origin.
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not report concentrations for them because low abundance
isotopes had to be used during analysis to avoid mass interfer-
ences and this resulted in poor precision. Semi-quantitative Hg
has an elevated RSD wvalue (34%). Moderately elevated (15—
30%) elements include Mn, As, and Te. All other elements
have precision better than 15% RSD (Table 2). Silver acted as
an internal standard. Accuracy for elements other than Au and
Ag is expressed as the percentage difference between the aver-
age (n = 24) predicted concentration of an element in AuRM2,
using FAU 7 as an external standard (FAU 7 concentrations
from Penney 2001) and the accepted concentrations in
AuRM2 from Murray (2009; accuracy equation in Table 2).
Low percentages reflect predicted concentrations close to the
accepted concentrations. FAU 7 only contains 16 elements
with known concentrations and for the accuracy calculations
we assume element homogeneity in FAU 7. Sixty percent of
clements (Mg, Ni, Cu, Sn, Pt, Pb, Ti, Mn, Zn) have accuracy
between 1 and 10%; higher values were derived for Pb and Bi
(10-15%), As (22%) and Fe (> 40%) (Table 2).

SEM-EDS Major Element Results

Only Au and Ag were quantitatively detected by SEM-EDS
(~0.1 wt.% detection limit). Silver concentrations in grain
cores vary from 5 to 26 wt.% yielding a fineness range of 950
to 740 (fineness = Au/(Au + Ag + Cu + Hg + trace elements)
*1000); pure gold fineness = 1000). Gold-rich rims occur at
each locality resulting in variations in major alloying element
concentrations; see the line-scans (Fig, 3), and element maps
(Fig. 4). Gold grain cores volumetrically dominate and tend to
be homogencous. Detrital inclusions of magnetite, quartz and
possibly feldspars were observed and SEM-EDS analyses
show that there are also primary (non-detrital) sulphide inclu-
sions in Lambly Creek grains (Fig, 4b).

Mission Creek samples have an average grain core concen-
tration of 83.4 wt.% Au. Three of five grains have rims with
higher Au and lower Ag concentrations with some exhibiting
thick (20 pm) Au-rich rims (Fig, 3a). These Au-rich rims follow
cracks, crevices and embayments in and along gold grains.
MIS2 shows two separate grain core compositions that may
reflect the depth that the gold grain was sectioned (Fig. 4a).

Lambly Creck gold has an average core Au concentration
of 84.8 wt.%. Rims with higher Au concentrations (up to 100
wt.%) are present in three out of six grains. Internally, the
cores of individual grains have homogeneous major element
compositions. Grains exhibiting Au-rich rims show relatively
sharp core—rim compositional changes. However, not all grains
had compositional changes at the rim (Fig. 3b) and are inter-
nally homogencous. The SEM-EDS elemental map for LAMS,
a composite grain, shows a very thin, 5 pm-wide Au-rich and
Ag-poor rim together with detrital inclusions of quartz and
feldspar(?) and a primary sulphide crystal (pyrrhotite; Fig. 4b).

Gold grains from the Winfield mine have an average core
Au concentration of 84.0 wt.%. Three out of five grains have
a Au-rich, Ag-poor rim with a maximum Au concentration of
98 wt.% and internally the gold grains are homogenecous (Fig.
3¢).

http://www.geosciencecanada.ca
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Figure 3. SEM-EDS line-scans across representative Okanagan gold grains with
backscatter images above the scans showing line location, grain boundaries and
some internal features. Line-scans were created by measuring relative intensity of
element-diagnostic K, I and M series X-ray signal peaks for detectable elements
along the line. Grains tend to show Au-rich rims and Ag concentrations drop at
grain edges. a) Gold grain MIS4 has Au-rich rims and an embayment with detrital
material fill on the left side. In b) grain LAM7 shows internal homogeneity and no
Au-rich rims. ¢) In WIN5 the Ag signal (green) dies off on the outer two microns
of the grain. Note that the X-axis distance scale is very different on each graph.

LA-ICP-MS Trace Elements

Data and averages for each placer occurrence (Table 2) show
that the most abundant trace elements (defined here as < 0.1%
= < 1000 ppm) are Hg and Cu; they are over 10 times higher
than all other trace elements except Fe. Mercury is particulatly
high with some analyses approaching 1000 ppm. The least
abundant element, Rh, is consistently ~50 ppb. All other ele-
ments fall between 0.1 and 10 ppm.

Mean Cu, As, Rh, Pd, Sn, Sb, and Te do not show large dif-
ferences between localities though samples from Lambly
Crecek have lower average abundances for most trace elements,
aside from Cu and Sb, which are higher in these samples (Table
2). Mission Creek samples are enriched in the lithophile ele-
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Figure 4. SEM-EDS composite image element maps showing major element analy-
ses for areas in a single gold grain. Colours represent proportional intensity of sig-
nal in cps for individual elements detected. a) Coloured map showing variations in
major element concentrations in MIS2. Note very distinctive Au-rich and Ag-poor
rim surrounding the grain’s core. b) Coloured map of LAMS gold grain which
shows a less distinctive Au-tich rim and vatious mineral inclusions within the gold
grain. Rectangles (e.g. Spectrum 68), lines and points provide an example of the
spatial distribution of places in grains analyzed to determine major element varia-
tion and composition of grains.

ments Mg and Ti, as well as siderophile and chalcophile Fe, Ni,
Zn, Se, Pt, Bi, and Hg, but have low Pb. Winfield gold grains
have abundant Al, Mn, Pd and high Hg.

Probability plots (Fig. 5) illustrate differences in element
concentrations between localities, and the distribution of con-
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centrations between samples at one locality. Trends for Fe, Se,
and Hg data are sub-parallel for all localities but Mission Creek
is distinguished by higher concentration ranges. All Winfield
analyses show very similar Cu values but Mission and Lambly
creeks have variable Cu concentrations. In addition, Te con-
centrations are higher in Winfield samples. Rhodium and Pd
values show similar trends for all three locations. Overall, Lam-
bly Creek samples are perhaps most distinct with somewhat
lower concentrations for a number of elements, particularly Bi,
Hg and Pt, and Pt is also highly variable.

A MDS plot (Fig. 6), calculated using the quantitative trace
clement data, places samples/analyses with similar trace ele-
ment signatures close together. The major elements Au and Ag
were not used in preparing the graph, nor was semi-quantita-
tive Hg, but inclusion of Hg in the calculations does not sig-
nificantly change the relative positions of samples/analyses.
Thus, the plot summarizes the relationships between the analy-
ses of samples, based on 18 element chemical space, in only
two dimensions. Mission Creck and Winfield analyses plot
together although with some scatter. Lambly Creck analyses
plot in two discrete fields with the smaller field containing two
analyses from the same gold grain (LAM7).

DISCUSSION

Precision, Accuracy and Homogeneity
Precision and accuracy, and homogeneity of AuRM2 are
assessed in Tetland et al. (2017) based on data collected while
analyzing our Kelowna-area samples. Reproducibility of
AuRM?2 analyses (Table 2) reveals that, of the 18 LA-ICP-MS
trace elements with certified homogeneity at a macroscopic
scale, seven (39%) have precision (% RSD) better than 10%
(Mg, Al, Ti, Ni, Cu, Zn, and Sn), nine (50%) are between 10
and 15% (Fe, As, Se, Rh, Pd, Sb, Pt, Pb, and Bi) and two (11%)
fall between 15 and 20% (Mn and Te). Silver was added to
AuRM2, but LA-ICP-MS precision cannot be estimated
because it was used as the internal standard. Precision and
accuracy for Ag and Au in Table 2 were calculated from repli-
cate SEM-EDS analyses of the MAC 80Au—20Ag reference
material and are excellent. Mercury is present in AuRM2 at
detectable levels, but not intentionally added during manufac-
ture, and therefore not certified for homogeneity at any scale.
Precision on Hg is 34%. The precision estimates for half the
elements (10 to 15%) reflect modest signal (background-cor-
rected counts per second = cps) as a result of low concentra-
tions in AuRM2 (Table 2; Tetland et al. 2017). The moderately
elevated RSD values of Mn and Te are primarily due to low
signal intensity, but are acceptable for the purposes of this
study. The reproducibility of AuRM2 element concentrations
provides a metric for expected reproducibility of duplicate
sample analyses of natural gold. Most elements exhibit varia-
tion due to analytical precision that is negligible compared to
natural geochemical variation in placer gold systems (Table 2).
Accuracy (Table 2; Tetland et al. 2017) was estimated by
treating AuRM2 as an unknown, using the matrix-matched
gold reference material FAU 7 as an external standard and
comparing the mean (n = 24) calculated concentrations in
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Figure 5. Probability plots of select trace elements (ppm) from Kelowna area samples. These plots order individual analyses from each locality from lowest to highest con-
centration for each element. A normal score of 0 (X-axis) represents the median value for an element from each locality, and element concentrations on the Y axis are in ppm.

AuRM2 with those determined by bulk solution ICP-MS
(Murray 2009). The calculations assume FAU 7 is homoge-
neous and since it shows some heterogeneity the accuracy esti-
mates represent minimum values (Tetland et al. 2017). For the
15 trace elements added to FAU 7 (excluding Ag, the internal
standard), reasonable accuracy was confirmed with most ele-
ments showing less difference (< 10%) from given values than
variation associated with precision (generally better than 15%;
Table 2). Iron shows the poorest accuracy.

Tetland et al. (2017) assessed homogeneity in AuRM2 and
concluded that all added elements are suitably homogeneous
for use in LA-ICP-MS fingerprinting studies of native gold.
For Hg, which was not intentionally added to AuRM2, some
component of the variability reflected in precision estimates
(Table 2) is probably due to heterogeneity in the reference
material.

Comments on Inferring Potential Sources of Gold

Sections below review potential bedrock sources of our native
gold samples. The composition of gold from these sources is
unknown but their geologic environment, and gold environ-
mental discrimination diagrams from the literature can poten-
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tially narrow sources for the samples. A possible complication
is that the major and trace element composition of bedrock
gold may be modified by metamorphism and gold remobiliza-
tion in low-melting point chalcophile element rich melts (Hg,
Te, Sb, Bi) resulting in higher purity gold with lower silver, and
elevated Hg (Hastie et al. 2020; Hastie et al. 2023; Melo-
Gomez et al. 2021, 2022). The elemental signature of gold in
a primary deposit may be lost or obscured and placer gold will
reflect the impact of these secondary processes. Similarly, dif-
fusion of trace elements in a weathering or near-surface envi-
ronment might theoretically modify the composition of gold.
There are gold-rich rims on some of our Winfield and Mission
Creck grains, but replicate analyses of the interior of grains
(e.g. MIST, 1B, 1C; Table 2; Fig. 60) indicate homogeneous com-
positions and there are no gold-rich zones in the interior of
grains that support amalgamation of grains with different
sources and histories. Finally, mercury has been used to collect
gold at surficial temperatures from ore during mining and so
placer gold might scavenge Hg in the weathering environment.
However, there is no evidence for detectable Hg in the SEM
line scans across gold-rich rims of our Winfield and Mission
Creek gold (Fig. 3).
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Figure 6. MDS plot comparing the overall composition of Kelowna area samples
based on all trace elements in Table 2 except semi-quantitative Hg and excluding
major elements Au and Ag. Samples plotting close together tend to have similar
geochemical compositions. Fields illustrate that Lambly Creek (LAM) analyses plot
in two separate fields apart from Mission Creek (MIS) and Winfield (WIN) analyses.
For more explanation of the MDS methods, see the earlier section on Exploratory
Statistical Methods.

Winfield and Mission Creek Gold

The cores of all placer gold grains from the three gold locali-
ties Winfield, Mission Creck and Lambly Creck show high
Ag/Au and low Cu/(Au + Ag) rados (> 0.08 and < 0.0004,
respectively) indicating they came from mesothermal/hypo-
gene or Au porphyry bedrock sources (e.g. Townley et al.
2003). However, the Mission Creek and Winfield placer gold
grains show cores with somewhat similar hypogene gold com-
positions which are mantled by Au-rich rims formed in a
supergene environment. In contrast, the Lambly Creek gold
grains largely lack supergene Au-rich rims and form two geo-
chemical populations of gold, both distinct from Mission
Creek and Winfield placer gold. Due to the modest number of
samples, subjective descriptive grain morphology alone would
be inadequate for distinguishing gold bedrock sources. How-
ever, when also examining quantitative geochemical analyses of
grain compositions, discussed below, Lambly Creeck gold
appears distinct from Mission Creek and Winfield gold. We
compare Mission Creek and Winfield placer gold and explore
potential bedrock sources and travel history and then contrast
them with Lambly Creek gold.

Major and trace element data support a similar bedrock
environment of formation, and similarities in the transport
history for Mission Creek and Winfield gold. Descriptive mor-
phology and inclusion information supports these interpreta-
tions though the small number of grains would make conclu-
sions based solely on this information unteliable. In addition
to both Mission Creck and Winfield gold exhibiting Au-rich
supergene rims, grains have a similar size distribution, from
flour gold (< 200 um) gold to millimetre-size flakes, and most
show a flattened and rounded morphology. These properties
indicate an extended transport distance (Grant et al. 1991) and
prolonged exposure in weathering environments (see super-
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gene text below). Individual Mission Creek and Winfield grains
have variable compositions but exploratory statistical methods
(MDS plot; Fig. 6), which simultaneously use all element data
to portray relationships, indicate that overall the Mission Creek
and Winfield gold grains have significantly overlapping com-
positions which are distinct from Lambly Creek gold. In addi-
tion, simple averages (Table 2) and ranked probability plots
(Fig. 5) confirm that, for most elements, the gold grains from
the two localities are similar. However, Fe, Se and possibly Hg
appear higher in Mission Creek, compared to Winfield gold,
but this may be misleading. It is not obvious that there is infor-
mation available for Proterozoic or Phanerozoic Au deposits
but Fe in Archean Abitibi mesothermal gold deposits (Gree-
nough et al. 2021; Se and Hg data unavailable) is highly vati-
able. The standard deviation on the mean divided by the mean
*100 is 116%, 256% and 109% for the Hollinger, Mclntyre
and Aunor deposits (respectively), whereas for all Mission
Creek and Winfield analyses together it is only 66%. This indi-
cates Mission Creek and Winfield gold was derived from distal,
similar types of deposits, or possibly different portions of the
same deposit. An assessment of whether element variability in
the Okanagan gold samples reflects micro-inclusions, which
would confound fingerprinting, is given in the section Trace
Element “Fingerprinting” of Native Gold.

Various limitations can be placed on the potential original
hypogene source or sources for Mission Creek and Winfield
gold. In the case of Mission Creek gold, the extent of the cur-
rent fluvial system does not appear to account for the exten-
sive transport indicated by morphology. There are two Mo-Cu
porphyry occurrences, Tick and Nova (White 1968; Osatenko
1980), close to the Winfield paleoplacer occurrence (Fig. 1) but
they are unlikely sources because they are not Au or Au-Cu
porphyry showings. Gold from Au-rich porphyries tends to
exhibit a higher Cu content than that from orogenic settings
(Morrison et al. 1991; Townley et al. 2003) though we note that
metamorphic gold remobilization may result in higher purity
gold with higher Cu and lower Ag (Hastie et al. 2020, 2023;
Melo-Gomez et al. 2021, 2022). All our analyses have low Cu
(Table 2). The proximity does not explain the morphological
indications of significant transport distance. There are no
known gold sources for either the Mission Creek or Winfield
placer gold in the local Omineca belt plutonic and metamor-
phic rocks on the east side of the Okanagan Fault. The meta-
morphic rocks experienced amphibolite-facies conditions and
contain < 5 cm-wide quartz veins and pods (Nesbitt and
Muchlenbachs 1995) that are unlikely gold sources.

Boyle (1982) made paleohydrologic reconstructions, appar-
ently based on present-day altitude of bedrock below stream
channels and not on sedimentary structures, for Miocene to
carly Pliocene coarse-grained clastic sediments undetlying
plateau basalt east of Kelowna. The results suggest northwest
to southeast water flow in Miocene to early Pliocene rivers that
yielded the gravel deposits and placer gold at the Winfield
Mine. The modern-day, geochemically and morphologically
similar Mission Creek placer gold may have had a similar geo-
graphic origin to the Winfield Mine gold. Potential bedrock
sources for the Mission Creek and Winfield placer gold are
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extensive, uneconomic, quartz-carbonate vein gold occur-
rences predominantly in greenschist-facies rocks of the
Omineca belt (Nesbitt and Muchlenbachs 1995). However,
clsewhere in the Omineca belt there is significant orogenic
gold mineralization (Zhang et al. 1989); vein fluid inclusions
indicate H,0O-CO, fluids with minor CHy at 300-380°C (Nes-
bitt and Muchlenbachs 1995). This is the most likely source in
the region for the hypogene portion of Mission Creck and
Winfield placer gold, but we cannot eliminate the possibility
that the actual source deposits have been completely or partial-
ly eroded away, or that the gold came from widespread, but
small and/or low grade, uneconomic occurrences.

A supergene gold rim can be seen on Mission Creek and
Winfield placer gold grains (Figs. 3 and 4). Major element
analyses show significant Au-rich rims on grains indicating
extended exposure to sutficial or weathering environments.
Variability in Mission Creek and Winfield gold trace element
signatures is reflected in the Figure 6 MDS plot and may be
related to grains containing a hypogene core and supergene
rim. Although we attempted to avoid rims during LA-ICP-MS
analysis any overlap of core and rim regions in the laser abla-
tion pits could have led to intermediate trace element signa-
tures.

Modes of supergene gold formation are not well estab-
lished. Hypotheses include electro-refining (Groen et al. 1990;
McCready et al. 2003), coupled dissolution and reprecipitation
(Putnis 2009) and bacterial precipitation (Reith et al. 2010).
The formation of supergene gold rims on these samples due
to dissolution of Ag is unlikely, because as an incipient Au-rich
rim forms it would shield the dissolution of additional Ag
deeper within the grain. Diffusion rates of Ag in gold grains
are extraordinarily low at low temperatures (Groen et al. 1990)
and cannot account for the thickness of Au-rich supergene
rims. This leaves the possibility that organic (bacterial) precip-
itation, inorganic precipitation, or electro-refining formed the
supergene rim.

Microbially precipitated gold documented at the Prophet
gold mine (Reith et al. 2010, 2013) is typified by the presence
of biofilms containing nanoparticulate, biologically precipitat-
ed gold that aggregates to the placer gold grain and shows a
reddish surface tinge. A similar reddish tinge occurs on some
Winfield samples (Fig. 2g). Although reddish Fe-oxides could
occur on gold grains in various sedimentary environments, the
high gold content of Winfield rims is another feature resem-
bling the biologically precipitated Prophet gold (Reith et al.
2010, 2013). Gold grains mobilized in an active fluvial placer
system may have these surface films removed because they are
not commonly observed on Mission Creek grains. It is likely
that such films would be favoured on gold grains that are in an
immobile position for a long period of time, or precipitation
may occur after the placer system becomes dormant (e.g. Win-
field). This is supported by a study at Rich Hill, Arizona, where
films only occur on immobile gold grains (Kamenov et al.
2013). The Winfield and Mission Creek samples of this study
support microbial precipitation even though they were not col-
lected to best preserve films (cf. methods in Reith et al. 2010).
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The U mineralization associated with sediments hosting
the Winfield paleoplacer gold is significant as the redox-con-
trolled U mineralization is epigenetic and related to circulation
of post-depositional fluids (Boyle 1982). Fluid circulation for
an extended period of time after deposition of the placer gold
would provide an opportunity for precipitation of supergene
gold. Unlike Mission Creek, and especially Lambly Creek, the
heavy mineral concentrate at the Winfield site did not contain
magnetite which is typically abundant in placer settings (Boyle
1979). It is possible magnetite was destroyed by oxidation to
hematite from significant volumes of oxidized fluids. Oxidized
settings may promote Au mobilization as a soluble urano-
organo-gold complex. This mode of transportation has been
proposed to explain formation of secondary gold in the world
class Witwatersrand gold deposits in South Affrica (Large et al.
2013) and coprecipitation of Au and U has been noted in
some Australian deposits (Wilde et al. 1989; Mernagh et al.
1994) although in these cases high gold mobility was ascribed
to high Eh and chloride complexing,

In summary, Winfield and Mission Creek placer gold
appears to have similar hypogene bedrock sources for the
cores of grains. Mission Creek gold is modern (Holocene) and
apparently derived from interglacial (Pleistocene?) sediments
eroded from conglomerate at the base of the Rutland aquifer.
Both sediments are younger than the coarse-grained Miocene
river sediments that contain the Winfield gold. Both Mission
Creek and Winfield gold grains show low-Ag supergene rims
indicative of prolonged exposure to a weathering environment
and the morphology of grains indicates extensive transport.
These features suggest significant reworking and recycling of
placer gold on the east side of Okanagan Lake. The Miocene
age paleoplacer gold deposits (Winfield type) have been erod-
ed and reworked in at least one, and possibly more, cycles of
erosion into contemporary creeks such as Mission Creek.

Lambly Creek Gold

Lambly Creek placer gold displays marked differences in com-
position compared to gold from the east side of the Okanagan
Fault. Morphologically the grains are rougher, less flattened,
smaller in size, and carry abundant primary mineral inclusions.
The irregular shape and presence or preservation of primary
mineral inclusions in small grains implies a proximal gold
source. There is little variation in the major element chemistry
of grain cores compared to other Kelowna samples, and Au-
rich rims are pootly developed to absent on Lambly Creek
gold. This suggests very limited supergene precipitation and
less time under surficial conditions.

The Lambly Creck gold carries two trace element signa-
tures, both distinct from Mission Creek/Winfield fingerprints
(Fig. 6). Two analyses had hundreds of ppm Cu, an order of
magnitude more than the other Lambly Creek analyses (Table
2). A possible source is the porphyry Cu-Mo Brenda deposit
25 km southwest of Lambly Creek, but it is not known to con-
tain native gold (Weeks et al. 1995). The Elk deposit, 55 km
west of Okanagan Lake, contains free gold in intrusive-hosted
quartz veins and represents another possible source containing
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up to 301,000 oz of Au (Pooley et al. 2011) but Cu is not a sig-
nificant metal in the deposit (Northcote 2022). The high Cu
Lambly Creek analyses, and associated Ag concentrations,
resemble some greenstone-hosted orogenic gold from the
Mclntyre and Aunor mines in the Abitibi Greenstone Belt,
Timmins, Ontario, Canada (Greenough et al. 2021). Geologic
mapping (Lenard 1987a) shows a small greenstone belt within
the catchment basin which contains a vein hosted Au-Ag
occurrence, the Bond showing (labelled 8 on Fig. 1), assaying
up to 12 g/t Au. Based on available information, this is pet-
haps the most likely source of the high-Cu gold grains.

The origin of the other type of Au is even less certain
because there are several primary gold mineralization sources
in the Lambly Creek catchment (see Geological Setting sec-
tion). The Au mineralization could be related to emplacement
of the Okanagan Batholith and possible sources include the
stockwork Au-Ag-Pb-Zn veins of the Shear (Lenard 1987b) or
Zumar occurrences (Murray 1991), skarn-related mineraliza-
tion of the Lamb occurrence (Pautler 1988), or the low sulphi-
dation Spod occurrence (Gourlay 1989). The Brenda Cu-Mo
porphyry deposit (with Au-Ag as a by-product; Greenough et
al. 2004) represents another possible source but as noted
above it is not known for native gold (Weeks et al. 1995). In
addition, the Elk deposit described above contains free gold
and is a possible source (Pooley et al. 2011; Northcote 2022).

The dramatic differences in gold across the continent-scale
Okanagan Fault appear to be related to tectonism and fault
movement. Gold in Miocene to Recent placer gold deposits on
the east side of the Okanagan Fault (Winfield and Mission
Creek gold) has similar hypogene bedrock sources, supergene
rims indicating prolonged exposure to weathering environ-
ments and external morphology consistent with extensive
transportation. This indicates that continual movement on the
upthrown side of Okanagan Fault over tens of millions of
years led to continual recycling of placer gold, development of
supergene rims, and gold morphology indicative of extensive
transport as a result of recycling. In contrast, placer gold on
the west side of the fault has not been recycled and shows
hypogene gold compositions consistent with derivation from
presently exposed bedrock sources. Compared to the west side
of the Okanagan Fault the recycling of placer gold on the ecast
side led to larger and higher grade placer ‘deposits’, compared
to the west side over time (Garnett and Bassett 2005). Thus,
these geological processes apparently had a major impact on
the settlement and economic development of the BC interior
and Kelowna area.

Trace Element “Fingerprinting” of Native Gold

To use trace or minor elements to fingerprint native gold and
determine if concentrations are representative of a deposit, it
is important to know if an element is dissolved in gold or
largely present in randomly distributed micro-inclusions. Selec-
tion of spots for analysis in individual BC gold grains avoided
visible inclusions but sub-micron mineral inclusions might not
be obvious in the one-minute signal used to calculate element
concentrations. Exploratory statistical analysis (e.g. principal
component analysis or multidimensional scaling) has been
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used to compare element behaviour in multiple analyses of
samples from one ore deposit and uncover element associa-
tions suggesting the presence of sub-micron mineral grains.
The deposit origin of our BC gold samples is not known and
so this approach cannot be used to assess the presence of
micro-inclusions, but we review what was learned from previ-
ous studies. Mclnnes et al. (2008) studied Mesozoic mesothet-
mal gold from a showing in central British Columbia and
found that of the detected elements (V, Fe, Cu, As, Pd, Ag, Sb,
Pt, Au and Bi) only Fe and As correlate indicating they may be
controlled by arsenopyrite inclusions in the native gold. Gree-
nough et al. (2021) evaluated element associations in three
Archean, Abitibi greenstone belt deposits, Hollinger, Mclntyre
and Aunor. They noted chalcophile (Cu, Pb, Zn, Te, Sb, As, Bi,
Sn) and siderophile (Ag, Pt, Pd, Rh, Fe?, Ni, Cr) trace or minor
elements tend to fingerprint deposits and appear to be dis-
solved in Au. Lithophile elements (Si, Ti, Al, Mn, Mg, Ca)
proved minimally useful for distinguishing deposits and some
element concentrations may be controlled by micro-inclusions
such as tourmaline. Liu et al. (2021) found that Fe, As, S and
Hg can form lattice impurities or micro-inclusions in native
gold but Liu and Beaudoin (2021) argued that Pd, Ag, Sb, Pb,
Cu, Hg, and Te contents have a high potential to discriminate
gold from different deposit types. The above information is
supported by earlier experiments (Watling et al. 1994; McCan-
dless et al. 1997; Miller et al. 2001; Penney 2001). As a gener-
alization, the chalcophile and siderophile elements tend to be
dissolved in gold, or occur as lattice impurities, and are useful
for fingerprinting, but there are deposit-specific deviations
from the norm where concentrations may largely reflect ran-
domly distributed micro-inclusions.

Mean concentrations of elements by locality in Table 2
imply that Si, Ca and Cr should be important for fingerprinting
native gold, but these elements have low precision and accura-
cy and we cannot eliminate the possibility that mean differ-
ences are telated to the interception of silicate/oxide micro-
inclusions by the laser. However, we saw no evidence of these
in the time-resolved signal received by the ICP-MS. If present,
the micro-inclusions were so small that mixing during sample
cell wash-out prevented seeing anomalies in the signal. If these
elements are impacted by micro-inclusions, the order-of-mag-
nitude differences in Mg, Al and Ti could reflect intersection
of silicate and/or oxide phases. Other elements with 2 to 45
times concentrations differences between mean Winfield, Mis-
sion and Lambly creeks analyses include Fe, Ni, Cu, As, Se, Rh,
Pd, Te, Pt, Hg, Pb, and Bi (Table 2) with Hg concentration dif-
ferences the largest. Of these, the probability plots show that
Mission Creek samples have high Fe, Ni, Se and Hg but low
As. Bismuth is similar in Mission Creek and Winfield samples
and higher than in Lambly Creek. Winfield samples have the
highest Te and Pb. Lambly Creck samples have the lowest Fe
and Cu (except two have the highest Cu observed) and the
lowest Pt, Bi and Hg. Overall, Winfield samples tend to have
intermediate compositions that are closest to Mission Creek.

Over forty elements have been detected in native gold
using various analytical techniques (e.g. Antweiler and Camp-
bell 1977, 1982; Watling et al. 1994, 1995, 2014; McCandless et
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al. 1997; Outridge et al. 1998; Watling 1999; Penney 2001; Ras-
mussen et al. 2000; Brostoff et al. 2008); Mclnnes et al. 2008;
Banks et al. 2018) but various analytical issues have compro-
mised the determination of actual trace element concentra-
tions. Confirmation of homogeneity in AuRM2 (Tetland et al.
2017) opened the door to the use of LA-ICP-MS to study the
trace element composition of gold. Based on the results here
(e.g. Figs. 5 and 6) the chalcophile trace elements Cu, As, Se,
Sb, Te, Hg, Pb and Bi, and siderophile Fe, Ni, Pd and Pt are
particularly useful for distinguishing Kelowna area gold sam-
ples. Of all these elements, Hg shows the largest range in con-
centrations indicating it could be particularly useful for finger-
printing. Our results corroborate studies of the composition
of gold in numerous deposits across Ontario, Canada (Melo-
Goémez et al. 2021, 2022) where Hg, Sb, Pd, and Cd concen-
trations are independent of gold content and apparently
reflect geological factors. Copper concentrations tend to neg-
atively correlate with Au due to closure; as Au goes up, other
elements go down, but like us, these studies found that Cu fin-
gerprints deposits. Future work should accurately determine
Hg in AuRM?2 using solution analytical methods and ascertain
the degree of homogeneity in the reference material at the
micro-analytical scale.

CONCLUSIONS

1. Gold from Lambly Creek on the west side of Okanagan
Fault has smaller grain sizes than from Mission Creek or
the Winfield mine (east side). Lambly Creek grains show
embayments, folded edges, are abraded and moderately
smooth to rounded and contain primary and detrital inclu-
sions. In contrast Mission Creek and Winfield grains are
flatter, smooth and rounded, lack inclusions, and have
deeply coloured, yellow-orange to rare reddish orange, <
20 um Au-rich rims; characteristics suggesting distant
transport and prolonged exposure to surface and supet-
gene conditions

2. Placer gold in Mission Creek appears recycled from
Miocene paleoplacer deposits such as at the Winfield Mine
as a result of continual isostatic uplift of unearthed rocks
on the east side of Okanagan Fault. There is no obvious
local hypogene gold source for Mission Creek and Winfield
gold. Future mineral exploration should focus on Miocene
fluvial deposits.

3. Extended time (Miocene—present) under surficial condi-
tions with post-depositional circulation of oxidized fluids
(also related to U-mineralization) led to supergene gold
precipitation on Kelowna area paleoplacer gold. Gold may
have been carried as urano—organo—gold complexes, chlo-
ride complexes, or precipitated microbially as nanoparti-
cles.

4. Two distinct trace element signatures were found for Lam-
bly Creek gold supporting = 2 hypogene sources for placer
gold in the catchment. One group of grains has elevated
Cu and could carry an orogenic gold signature sourced
from the greenstone-hosted Bond occurrence. The low Cu
group appears to have an intrusion-hosted gold signature.

5. Many trace elements show average concentration differ-
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ences among the three sampling sites from 2 to over 45
times. The chalcophile elements Cu, As, Se, Sb, Te, Hg, Pb
and Bi, and siderophile elements Fe, Ni, Pd and Pt are par-
ticularly useful for distinguishing Kelowna area gold sam-
ples. Of all these elements, Hg shows the largest range in
concentrations indicating the element will be particularly
useful for future fingerprinting studies.

6. Future work should confirm the concentration of Hg in
AuRM2 using solution analytical methods and ascertain the
degree of homogeneity in the reference material at the
microanalytical scale.
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SUMMARY

Oil and gas exploration in Ontario began in the mid-1800s,
leading to the first oil well drilled in 1858 and the first commer-
cial gas well drilled in 1889. These carly discoveries kicked off
a boom of exploration and development drilling activity, but
well records were not mandatory until 1919 after the introduc-
tion of the Natural Gas Act R.S.0.1918, c. 12. The Ontario
Bureau of Mines estimated 10,000 operating oil wells in the
province at the turn of the 20® century, but there are only
records for approximately 1,500 wells. By 1970 there were an
estimated 50,000 wells drilled in the province though there are
only records for 27,000 wells, indicating there may be tens of
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thousands of unrecorded or lost wells in southwestern
Ontario.

Wells that are not propetly plugged are a conduit for fluid
movement, including brine, natural gas, oil, and hydrogen sul-
phide, to move from the subsurface to the surface. Historical
well abandoning regulations required wells to be plugged with
inferior materials including wood, clay, and rubble. Cement
was not the standard plugging material until 1964. There are
orphaned and legacy wells leaking natural gas and sulphur
water (groundwater containing dissolved sulphate and hydro-
gen sulphide) creating a risk to public safety. Orphaned and
legacy wells are also a risk for subsurface energy projects
including geological storage of carbon dioxide, hydrogen, and
compressed air energy, because the wells may provide a path-
way for injected fluids to return to the surface. This study
reviews well construction, legislation, and abandonment prac-
tices in Ontario beginning in 1858 and identifies five factors
impacting the plugging and abandonment of orphaned and
legacy wells.

Further work is required to locate unreported or lost wells
and to develop new techniques to permanently plug wells to
limit gas leakage, reduce greenhouse gas emissions, and
improve public and environmental safety.

RESUME

La prospection pétrolicre et gazicre en Ontario a commencé au
milieu des années 1800, conduisant au premier puits de pétrole
foré en 1858 et au premier puits de gaz commercial foré en
1889. Ces premicres découvertes ont donné le coup d’envoi a
un essor des activités de forage d’exploration et d’exploitation,
mais 'enregistrement des puits n’est devenu obligatoire qu’en
1919, apres Padoption de la Loi sur le gaz naturel, R.S.0.1918,
c. 12. Le Bureau des mines de ’Ontario estime a 10 000 le
nombre de puits de pétrole en exploitation dans la province au
début du XXe siecle, mais il n’existe des registres que pour
environ 1 500 puits. En 1970, on estimait a 50 000 le nombre
de puits forés dans la province, mais il n’existe des registres que
pour 27 000 puits, ce qui indique qu’il pourrait y avoir des
dizaines de milliers de puits non répertoriés ou perdus dans le
sud-ouest de 'Ontario.

Les puits qui ne sont pas correctement obturés constituent
un conduit pour le mouvement des fluides, y compris la sau-
mure, le gaz naturel, le pétrole et le sulfure d’hydrogene, qui se
déplacent du sous-sol vers la surface. Les anciennes réglemen-
tations relatives a ’abandon des puits exigeaient que les puits
soient obturés avec des matériaux de qualité inférieure, notam-
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ment du bois, de I'argile et des gravats. Ce n’est qu’en 1964 que
le ciment est devenu le matériau d’obturation normalisé. Il
existe des puits orphelins et anciens qui laissent échapper du
gaz naturel et de 'eau sulfureuse (eau souterraine contenant du
sulfate et du sulfure d’hydrogene dissous), ce qui constitue un
risque pour la sécutité publique. Les puits orphelins et les puits
anciens constituent aussi un risque pour les projets énergé-
tiques souterrains, notamment le stockage géologique du
dioxyde de carbone, le stockage de I’hydrogene et le stockage
de I’énergie par air comprimé, car les puits peuvent permettre
aux fluides injectés de remonter a la surface. Cette étude révise
les pratiques de construction, de législation et d’abandon des
puits en Ontario depuis 1858 et identifie cinq facteurs ayant un
impact sur les activités d’obturation et d’abandon des puits
orphelins et des anciens puits.

Drautres travaux sont nécessaires pour localiser les puits
non déclarés ou perdus et pour mettre au point de nouvelles
techniques d’obturation permanente des puits afin de limiter
les fuites de gaz, de réduire les émissions de gaz a effet de serre
et d’améliorer la sécurité du public et de 'environnement.

INTRODUCTION

There have been previous studies that examine the impact of
oil and gas development in Ontario. Armstrong (2019) dis-
cussed the environmental impacts of early oil and gas develop-
ment, particularly in the Oil Springs and Petrolia areas of
southwestern Ontario (Fig. 1). May (1998) examined eatly oil
and gas development in Ontario, focusing on the economics,
innovation, and people that played significant roles. Gray
(2008) also described early oil and gas development in Ontario
as well as prominent events across Canada. Skuce et al. (2015)
developed a geochemical tool for identifying leaking intervals
in wells in southwestern Ontario by fingerprinting water geo-
chemistry in each bedrock formation. However, there has not
been a published study of the construction and condition of
early oil and gas wells drilled in Ontatio, particularly from the
viewpoint of abandoning leaking wells. This study reviews well
construction, legislation, and abandonment practices in
Ontario beginning in 1858, to identify five factors impacting
abandonment of orphaned and legacy wells.

The process of permanently taking a well out of service by
plugging the well according to regulations has been described
as plug and abandon, plugging, legal abandonment, or well-
bore abandonment (Energy Safety Canada 2023). Regulations
in many jurisdictions use the term “abandon”, which is the
term used in this study. An abandoned well is permanently
shut down, plugged, with the wellhead removed and the site
cleaned up and considered safe and secure by regulators. A
well that is not plugged, not producing, and does not have a
responsible operator is referred to as an orphaned well. The
term “legacy well” is used in this study to describe a well that
was propetly abandoned to the standards of the time, and for
which there is no current operator. Although these are the def-
initions for abandoned, orphaned, and legacy wells used in this
study, it is important to note that the historical use of the term
abandon was inconsistent, and did not always include plugging
a well, but was also used to describe an orphaned well.

http://www.geosciencecanada.ca

Dru J. Heagle and Robert Sealey

Oil and gas exploration in Ontario began in the mid-1800s
(Logan 1852), and the first oil well was drilled in 1858 (Ontario
Bureau of Mines 1892). At the beginning of the 20t century
there were more than 10,000 production wells (Ontario Bureau
of Mines 1901), and an estimated 50,000 oil and gas wells were
drilled by 1970 in southwestern Ontario (Hutt 1970). Howev-
er, there are only records for 27,000 oil and gas wells in
Ontario (Carter et al. 2021a). Few well records were kept
before 1919, when record keeping became mandatory under
the Ontario Natural Gas Act, and many drilled wells before
1919 were never reported or the records were lost (Caley
1946). Some well operators orphaned their wells, resulting in
the knowledge of the wells’ existence, location, or depth being
lost (Harkness 1937, 1949, 1952). Wildcat drilling is a term
referring to drilling exploratory wells outside of known oil and
gas plays. Wildcat wells were more commonly unproductive, or
dry, and were left without properly abandoning them (Clapp
1914).

Wells that were abandoned before 1907 were plugged with
wood and rubble (Act to Prevent the Wasting of Natural Gas,
S.0O. 7 Edward VII c. 47). Cement, wood plugs, and lead were
used to plug wells from 1907 until the 1960s, when long
cement plugs, consistent with todays standards, were adopted
under O. Reg. 420/68. Early well repair and plugging opera-
tions were also challenged by poor equipment (Harkness 1937)
as well as limited drilling and plugging experience (Harkness
1946). However, cementing operations completed to today’s
standards with modern equipment may also fail due to
improper cementing operations and cement degradation over
time (Dusseault et al. 2000; Dusseault and Jackson 2014; Nat-
ural Resources Canada 2019). There are wells that were aban-
doned according to the standards of their time more than 100
years ago and the plugs have degraded due to exposure to
brine and “sulphur water” (groundwater containing dissolved
sulphate and hydrogen sulphide).

There are several examples of orphaned and legacy wells in
Ontario that leak brine and gases at surface. Leaking wells in
Elgin County were abandoned around 2010 (Carter et al.
2014). Leaking abandoned wells in Norfolk County resulted in
resident evacuations (Sonnenberg 2019) and other leaking
wells in Norfolk County have been studied to determine the
source of methane and hydrogen sulphide emissions (Jackson
et al. 2020). A leaking abandoned well supplied the fuel that
produced an explosion in Wheatly Ontario in 2021, causing
injuries and destroying two buildings (Ensing 2021).

Hydrogen sulphide and natural gas are greenhouse gases,
therefore leaks of these gases from orphaned or legacy wells
are a source of greenhouse gas emissions. Unplugged or poor-
ly plugged wells provide a pathway between the subsurface and
atmosphere for fluid transport. This pathway may also be a
risk for subsurface energy projects in Ontario that involve gas
injection, including geological storage of carbon dioxide
(Dessanti 2023), compressed air energy storage (Colthorpe
2021), and underground hydrogen storage (Lemicux et al.
2019).

There are industry best practices for properly abandoning
wells but plugging older wells is often complicated because
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Figure 1. Study area including the first three oil field discoveries and the first commercial natural gas well.

rock can breakout from the wall of the well, or casing may be
broken off in the well (Energy Safety Canada 2023). Ontario
has had a program to abandon wells since 1960, originally
named the Abandoned Works Fund, which was created
through the Energy Act R.8.0. 1960 c. 122. The current Aban-
doned Works Program was refined in 2005 to abandon oil and
gas wells to protect public health and drinking water resources.
The challenges for the program atre locating and plugging

orphaned and legacy wells that have a wide range of construc-
tion methods and have plugs that have deteriorated over time.

STUDY AREA

This study focuses on southwestern Ontario, the primary oil
and gas region of the province, which is bounded to the south
by Lake Erie, to the west by Lake Huron and the state of
Michigan, USA, and to the east by the Niagara Escarpment
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(Fig. 1). The area is relatively flat with numerous lakes and
rivers overlying glacial drift. The geology of the area is
described in detail by Armstrong and Carter (2010) but is sum-
marized here. The basement rocks are Precambrian crystalline
metamorphic, igneous, and metasedimentary rocks referred to
as the Canadian Shield. The Precambrian rocks have a south-
west-plunging structural high known as the Algonquin Arch
that separates the Michigan structural basin to the northwest
and the Appalachian foreland basin to the southeast. In the
most southwestern part of Ontatio is the Findlay Arch, which
is the southwestern extension of the Algonquin Arch (Carter
et al. 2021b).

Sedimentation in southwestern Ontario began in the Cam-
brian and continued until the Devonian and potentially the
Mississippian, with periods of uplift and erosion, marked by
regional unconformities (Armstrong and Carter 2010). Paleo-
zoic sedimentary strata consist of an interlayered succession of
carbonates, shales, siltstones, evaporites, and sandstones. The
bedrock formations dip to the southwest at 3 to 6 m/km along
the Algonquin Arch into a structural low, the Chatham Sag,
which is located between the Algonquin Arch and the Findlay
Arch (Armstrong and Carter 2010). The bedrock dips at 3 to
12 m/km down the flanks of the arches westward into the
Michigan structural basin and southward into the Appalachian
foreland basin (Armstrong and Carter 2010; Carter et al.
2021b). Paleozoic strata are much thicker to the west of the
Niagara Escarpment, ranging from 540 m to nearly 1400 m in
the Chatham Sag, and 1600 m at the international border
beneath Lake Huron (Carter et al. 2021b).

Figure 2 shows the terminology from Armstrong and
Carter (2010) for the Paleozoic strata in Brant, Haldimand,
Lincoln, Norfolk, Oxford, Welland, and Wentworth counties
as well as eastern and central Lake Erie, which is referred to as
the Eastern Counties in Figure 2. Also shown in Figure 2 are
the terms used by Sir William Logan, the founding director of
the Geological Survey of Canada (GSC), in the mid to late
1800’ and the terms used by geologists and drillers circa 1925
(Harkness 1925). Figure 2 is intended to relate the geological
terms for each unit, group or formation and not intended to
illustrate unit thicknesses or duration of sedimentation. There
are other rock formations for other counties listed by Hark-
ness (1925) and Armstrong and Carter (2010) that are not
shown in Figure 2 and the drillers terminology did not cover
all of the labelled units in 1925 but did identify the pertinent
formations.

Groundwater in Ontario becomes increasingly saline, Na-
Ca-Cl-(SO,), with distance down-dip (Carter et al. 2021b). A
zone of brackish to saline water with elevated levels of sul-
phate and hydrogen sulphide (H,S) is commonly found in
southwestern Ontario and is referred to as sulphur water in the
Ontario oil and gas community (Bailey Geological Services
and Cochrane 1985; Skuce et al. 2015). Carter et al. (2021Db)
created a regional hydrostratigraphic framework including the
sulphur water zone, which occurs from a few tens of metres to
a maximum of 350 m below ground level (Carter and Suther-
land 2020). The sulphur water zone occurs in all formations
but is particularly prominent in the Lucas, Dundee, Bass
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Islands, and Guelph formations (Carter et al. 2015), and can be
found beneath 22,000 km? of southern Ontario (Carter et al.
2021b). Below the sulphur water zone, there are several perme-
able units from the Silurian down to the Cambrian sandstone
that contain brine with total dissolved solids concentrations
between 200 and 400 g/ and ate believed to be modified rem-
nants of highly evaporated Paleozoic seawater (Dollar et al.
1991; Hobbs et al. 2011; Skuce 2014).

OVERVIEW OF EARLY DRILLING TECHNIQUES

Percussion drilling, including the spring-pole and cable tool
methods, was the primary drilling method for the first six
decades of the oil and gas industry (Gray 2008), but the meth-
ods were not effective for drilling through glacial drift. To get
through the glacial drift, wells were dug by hand and reinforced
with wood cribbing or augured with 0.1 to 0.3 m diameter
auger bits (Gray 2008). Many of the wells drilled after 1863
augured a 0.25 m diameter well to 3.7 or 4.6 m below ground
surface then inserted a heavy stove pipe before reducing the
well diameter as they worked down lengths of progressively
smaller diameter until the rock was reached, producing a well
approximately 0.14 m in diameter at the top of bedrock (Hark-
ness n.d.).

Spring-pole rigs were used to drill wells in Oil Springs
beginning around 1859 (Gray 2008). These rudimentary pet-
cussion drills used a 6 m cantilevered pole anchored to the
ground at the butt end and levered about one-third of its
length on a fulcrum. The drill bit and other downhole tools
hung from the thin end of the pole, attached by rods, rope,
and/or cables. Drillers jumped or rocked back and forth on
the cantilevered spring pole to raise and lower the end of the
spring pole. A cast-iron drill bit was attached by a line to the
end of the spring pole and the percussion of the drill bit on
the underlying rock chipped the rock apart. Spring-pole-drilled
wells were not more than 0.1 m in diameter and were typically
shallow (tens of metres), though some wells reported by the
United States Geological Survey reached 90 m depth (Bowman
1911).

Edwin Drake drilled the first oil well in the United States in
Titusville, Pennsylvania, in 1861 using a cable tool rig (Gray
2008). The cable tool system used an engine and a series of
wheels and pulleys to raise and drop a heavy chisel on to the
rock from an oil derrick erected over the well (Bowman 1911;
Clapp 1914). The rock fragments created from the chisel were
cleaned from the well using a bailer. Cable tool rigs could be
erected in three to four days by a skilled crew (Bowman 1911)
and were standard equipment in the United States by 1884
(Gray 2008).

Improvements in cable tool drilling led to the development
of the Canadian Drilling System in the 1880s (Gray 2008). The
Canadian System modified the derrick to incorporate sled-like
runners to make it easier to move the derrick across land
(Bowman 1911) and used steam engines to turn a flywheel,
which moved a belt that moved the drill wheel (International
Oil Drillers 2023). A camshaft mounted to the drill wheel con-
verted the circular motion of the drill wheel into vertical
motion, allowing a walking beam to pound a drill bit (Interna-
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tional Oil Drillers 2023). The system used an early version of
drill rods made of wood 0.05 to 0.1 m in diameter and 5.5 m
in length, spliced together and reinforced at the joint by irons
(Bowman 1911). Rods could be added to the string to advance
the drill bit deeper. Sometimes the buckling and breaking of
the rods prevented the rods from being removed from the well
and the well was abandoned (Bowman 1911), presumably with
rods and casing remaining downhole. The last recorded well
drilled using the Canadian Drilling System was near Acton in
Halton Township in 1959. The rig was decommissioned after
the well was drilled, but the rig was rebuilt for display purposes
in 1996 as shown in Figure 3.

Rotary drilling was introduced to the oil and gas industry in
Texas around 1900 (Bowman 1911) and the technology con-
tinued to improve in the 20® century. Rotary rigs began oper-
ating in Ontario in 1955 with seven wells rotary-drilled that
year, compared to 383 wells by cable tool rigs (Ontario Fuel
Board 1955). By 1988 there were 135 wells drilled by rotary
rigs and 64 wells drilled by cable tool rigs (Carter 1992). Rotary
drilling uses a rotating drill bit at the bottom end of a string of
steel drill pipe to bore into the rock. Water flushed through the
string of drill rods cleans the drill cuttings from the well, which
is more efficient than cable tool rigs that bailed cuttings from
the well. The top of the rotary drill pipe string is connected to
the swivel, which is attached to the derrick and allows the drill
pipe to be raised and lowered in the well, and allows the drill
pipe to be rotated. There are other advantages with rotary
drilling that are outside the scope of this study. Bowman
(1911) has a detailed discussion of eatly rotary drilling tech-
niques.

Eatly practices drilled wells with a range of well diameters
that were not standardized. From 1920 to 1922 North Ameri-
can oilfield equipment manufacturers and oil and gas produc-
ers worked together to standardize materials used in the indus-
try to reduce the overhead cost of manufacturing equipment
(Harkness 1923). The list of standardized equipment included:
well casing, tubing, rig irons, threads, line pipe, weights of
valves, flanges, and gas connections (Harkness 1923). Wells
drilled before standard sizes were adopted may have diameters
that are not consistent with current well drilling techniques,
which is important to consider when plugging a well.

Cable tool and rotary drill rigs use steel casing to stabilize
the well and keep glacial drift and rock fragments from enter-
ing the well. The casing also holds water out of the well and
prevents drilling and production fluids from the well from
entering aquifers. Modern practices use a ‘surface casing’
installed to depths below drinking water zones and cemented
in place to limit the connection between the well and drinking
water aquifers. Although the cement is relied on to prevent flu-
ids from moving up the well in the annular space between the
casing and the rock or glacial drift, poor cementing practices
may allow leakage to occur (Dusseault and Jackson 2014).
Once the surface casing is in place, drilling continues until the
desired depth is reached. Wells are completed to prepare the
well for production; this includes lowering piping or produc-
tion tubing into the well, installing pumps, and configuring the
top of the well (or well head) to control the fluids produced
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Figure 3. Canadian Drilling System rig rebuilt in 1996.

from the well and to prevent fluids from entering the well.
Despite the engineering required to complete a well, a well is a
pathway for fluid movement. Fluids can enter or leave the well
at permeable horizons unless the horizons are isolated with
cemented casing or plugged with cement or other types of

plugs.
FIRST OIL AND GAS DISCOVERIES IN ONTARIO

Oil
The settlers in Enniskillen Township, Lambton County, knew
of “gum oil” in the local swamps in 1830 (Clapp 1914). Sir
William Logan reported “asphalt or mineral pitch” in
Enniskillen Township and springs of petroleum along the
Thames River in Mosa Township to the Legislative Assembly
of Canada, where the discoveries were made public record
(Logan 1852). James Williams from Hamilton, Ontario, went
to Enniskillen in 1858 to investigate if the petroleum from the
gum oil could be refined to lamp fuel and lubricating oil.
Williams dug a well in the gum oil and liquid petroleum
entered the well, creating North America’s first oil well.
Prospectors arrived the following year, 1859, creating the com-
munity of Oil Springs. Williams used the spring-pole rig to
drill a productive oil well 44 m deep sometime between 1859
and 1861 (Gray 2008). Significant milestones in Ontario oil
and gas exploration and development as well as key legislation
regarding well abandonment are shown in Figure 4A.

There was little development in the Oil Springs field until
January 1862, when John Shaw dug through 14 m of glacial
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drift then used a spring pole rig to drill through 41 m through
rock to create Canada’s first gushing oil well, which produced
an oil exploration boom. Brumell (1892) listed 33 flowing wells
in Enniskillen Township in Lambton County and by 1860 hun-
dreds of derricks had been erected (Clapp 1914), but the loca-
tion of each well was not recorded (Ontario Bureau of Mines
1892).

The next oil discovery was near Bothwell, Kent County,
near the western border of Mosa Township in 1861 (Clapp
1914). Natural petroleum seeps in the Thames River led to
numerous exploration wells being drilled along both sides of
the river, but there were few records or descriptions of where
these wells were (Harkness n.d.). John Lick began drilling the
first productive well in the Bothwell field in September 1862
(Gray 2008). Other wells followed, but the lack of drilling
experience and understanding of Ontario’s oil and gas system
led to wells drilled below the oil reservoir into an underlying
aquifer, allowing saline water to enter the reservoir. The influx
of saline water inhibited the production of oil (and gas) dimin-
ishing the use of the field. At the end of 1865 the 31 remaining
wells in the field were pumping large volumes of water and an
additional 172 wells were not in operation (Harkness n.d.; Gray
2008). By 1867 production in the field ended and remained idle
until 1895 when drilling extended the field west and the oil
field was revived (Ontario Bureau of Mines 1890).

Oil was discovered in Petrolea in 1865. The town name
Petrolea was changed to Petrolia due to a clerical error around
1914. Exploration began in the Petrolia area because of the
discovery of gum oil similar to in the Oil Springs area. Drilling
techniques were similar to those used in Oil Springs and the
first flowing well was drilled in Petrolia in 1865 (Caley 1940).
Petrolia was the primary centre of oil development in Canada
in 1867 (Armstrong 2019). Although 2500 wells were drilled in
the area by 1890 (Clapp 1915), there are no reliable records for
these wells (Caley 19406).

Following the discovery of oil at Oil Springs, Bothwell and
Petrolia, oil exploration occurred throughout Ontario. Explo-
ration was underway in eastern Ontario near Whitby,
Bainsville, Pembroke, Caledonia Springs, North Gower, and in
other townships, but there were few records for many of these
wells regarding location, drilling methods, or depths (Brumell
1892). Wildcat exploration also occurred within towns, includ-
ing in Toronto on Parliament St. and in Ottawa near Patterson
Creck (Brumell 1892). New fields were developed in
Thamesville, Dutton, Raleigh, Wheatley, Leamington, Essex,
Romney, Onondoga, Belle River, Dover, and Mosa (Harkness
1924).

Natural Gas

Natural gas seeps were known throughout Canada before
1800, including Caledonia Springs in Prescott County and the
Burning Spring at Niagara Falls, but the gas was not widely
exploited (Selwyn 1891; Ontario Bureau of Mines 1892). A
few private residential gas wells were drilled into the glacial
drift in Kent County in the 1860s and used the gas for heating
fuel and lighting, but none of these wells produced gas at a
commercial scale (Ontario Bureau of Mines 1892). Private
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wells were also drilled in Welland County in 1866 (Ontario
Bureau of Mines 1892) and Port Colborne in 1885 (Selwyn
1891). There were also indications of other low production gas
wells (less than 1400 m? of gas per day) drilled in southern
Ontario before 1887 but there were no records for the wells
(Selwyn 1891).

Eugene Coste, a former oil and gas engineer with the GSC,
used an anticline theory developed by Dr. Sterry Hunt (Hunt
1861) to explore for gas in South Gosfield Township, Essex
County (Malcolm 1915). Drilling began in 1888 on the Coste
No. 1 well near the Findlay Arch (Figure 1), and on January 23,
1889 (Fig. 4A), from a depth of 314 m, natural gas flowed
from the well at a rate of 280,000 m3 per day, becoming Cana-
da’s first commercial gas well (Gray 2008). A second well was
drilled in the same area as the Coste No. 1 well and was used
to supply the municipalities of Kingsville and Ruthven in 1890
(Ontario Bureau of Mines 1892).

Similar to the expansion of exploration after the Oil
Springs and Petrolia gushers, natural gas exploration occurred
in numerous townships in southern Ontario, but exploration
was more concentrated in the counties surrounding the gas
wells in Essex (Ontario Bureau of Mines 1892). By 1891 there
were three established gas fields including HEssex County, gla-
cial drift deposits in Kent County, and the field spanning
Welland and Haldimand counties. Although the natural gas
supply was abundant, there was little consumption of natural
gas domestically, and gas was sold via pipeline to Detroit and
Buffalo in 1894 (Ontario Bureau of Mines 1895).

MILESTONES IN THE ONTARIO OIL AND GAS INDUSTRY
AND WELL PLUGGING REGULATIONS
Eatly oil and gas discoveries encountered significant volumes
of hydrocarbons and the flow of oil and gas from the wells
was often difficult to control (Armstrong 2019; Ontario
Bureau of Mines 1892). The lack of drilling experience and
necessary equipment to control the flows resulted in signifi-
cant waste of oil and gas, which was scrutinized by the public
(Armstrong 2019). Some wells that were drilled through
aquifers had groundwater invading oil horizons, limiting the oil
production in the Bothwell field, as described above. These cit-
cumstances led to the creation of the first legislation in
Ontario to plug oil wells in 1872 called an Act “to provide for
the filling up of or otherwise shutting off the water flowing in
to abandoned Oil Wells” S.O. 1872 c¢. XXXIX (Table 1). The
intent of the Act was to seal off the water horizons from aban-
doned wells to protect the producing wells. The methods for
plugging the well were not specific in the 1872 Act, indicating
that “the abandoned well should be filled up, or the water
flowing therein shut off in some other and what manner”.
The concern for wasting oil and gas resources was a com-
mon theme in many early reports and appears to have been the
primary motivation behind the legislation and practices until
1996. Significant changes to abandonment practices under the
Ontario Acts and Regulations from 1872 to 2023 are listed in
Table 1 and the progression of accepted abandonment prac-
tices is shown in Figure 4B. There were amendments to many
of the Acts that are not listed in Table 1 because the changes
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Table 1. List of Ontario Acts with significant changes to plugging and abandonment practices.
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Year Act or Regulation Notes
1872 Act to provide for the filling up of or otherwise shutting The intent of the Act was to preserve oil reservoirs by
off the water flowing into abandoned Oil Wells S.O. 1872 limiting water inflow. Abandoned wells were to be
c. XXXIX filled but the methods or materials were not indicated.
1892 Act to Prevent the wasting of natural gas and to provide The intent of the Act was to preserve gas reservoirs
for the plugging of abandoned oil wells S.0. 1892, c. 56 and limit the loss of leaking gas by limiting water
inflow. Wells were plugged with a 1 m long wooden
plug and filled with sand or rock sediment.

1907 Act to prevent the wasting of natural gas and to provide Wells to be plugged with wooden plugs with an option

for plugging of all abandoned wells S.O. 1907 c. 47 to use an overlying cement plug. Wood plugs were 1 m
or longer and installed across a water bearing horizon.
Two appointed Inspectors oversaw plugging
operations.

1918 Natural Gas Act, R.S.O. 1918, c. 12 Introduced the Natural Gas Commissioner. Act
required license to drill well, well records, report
plugging and abandonment methods.

1924 Well Drillers Act R.S.O. 1924, c. 75 Plugging methods are the same as the 1907 Act.
Inspectors review well abandonments, and the Act
requires reporting of plugging methods.

1944 Well Drillers Act O. Reg. 238/44 — Natural Gas and Oil The Regulation required improved plugging methods

Wells. as described in the text.

1954 Ontario Fuel Board Act R.S.O. 1954, c. 63 O. Reg 199/54 required the proposed plugging
approach and actual methods and results to be filed
with the Fuel Board. Plugging methods were
consistent with O. Reg 238/44.

1960 Energy Act R.S.O. 1960, c. 122 This Act is concurrent with the Ontario Fuel Board
Act governing oil and gas; requiring dry or abandoned
wells to be plugged.

1960 Ontario Energy Board Act R.S.O. 1960, c. 271 Continued to use the approach under O. Reg, 199/54.

1964 Energy Act R.S.0. 1964 O. Reg 326/64 Exploration / Cement was made the standard for abandonment plugs

Drilling and Production and the proposed abandonment method must be
approved by an inspector.

1968 Energy Act R.S.0. 1964 O. Reg. 420/68 Exploration / The length of plugs is increased and there are specific

Drilling and Production plugs required in abandoned wells.

1971 Petroleum Resources Act R.S.O. 1971 c. 94 The Petroleum Resources Act applies concurrently
with the Energy Act 1960 and covers drilling, plugging
and abandonment as well as other up-stream activities.

1972 Petroleum Resources Act R.S.O. 1971 O. Reg 45/72 Schedule 2 — Well Plugging Code no significant

Exploration, Drilling and Production changes from 420/68.
1990 Petroleum Resources Act O. Reg 915 Exploration, Schedule 2 — Well Plugging Code no significant
Drilling and Production changes from 420/68.

1996 Oil, Gas and Salt Resources Act R.S.O. 1990 c. 30 P.2 Replaced Petroleum Resources Act. Introduces
Provincial Operating Standards for plugging and
abandoning wells.

1997 Oil, Gas and Salt Resources Act R.S.O. 1990 O. Reg. Current 2023 regulation outlining requirements for

245/97 Exploration, Drilling and Production

upstream oil and gas activities, including plugging and
abandonment.
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were administrative or did not impact how a well was aban-
doned.

The amount of natural gas wasted in 1891 was reported to
be enormous (Ontario Bureau of Mines 1892). One example
was a creek-side well that was cased with a wooden pipe to 30
m depth. Gas erupted from the well projecting water, rock and
stones up to 15 m in the air (Ontario Bureau of Mines 1892).
Gas was allowed to escape from the well for six or seven years
before the flow stopped (Ontario Bureau of Mines 1892). The
first legislation to address natural gas waste was “An Act to
Prevent the Wasting of Natural Gas and to Provide for the
Plugging of all Abandoned Wells” S.O. 1892, c. 56 (Table 1,
Fig. 4A). The intent of the Act was to plug wells within two
months after production ceased, to prevent gas wasting and to
preserve the reservoir. The Act required abandoned wells to be
filled with sand or rock sediment from the bottom of the well
to 7.6 m above the gas horizon. The well was plugged with a
seasoned wood plug at least 1 m long and the same diameter
as the well and installed 1.5 m below the bottom of the casing;
Once the casing was removed, a second plug was installed
above the first plug and the well was backfilled with 7.6 m of
sand or rock sediment.

There was an estimated total of 10,000 oil wells being
pumped in Ontario at the turn of the 202 century (Ontario
Bureau of Mines 1901) and 11,000 wells in operation in 1901
(Harkness 1924; Fig. 4C). Oil production was primarily from
the Oil Springs, Petrolia, Bothwell, Dutton (Kent County) and
Thamesville (Essex County) fields. Ontario oil fields gained a
reputation for having numerous wells in a field, with limited
production coming from each well. Initially, the only devel-
oped oil reservoir was known as the Corniferous limestone
(Ontario Bureau of Mines 1901), now referred to as the
Dundee Formation (Armstrong and Carter 2010; Fig. 2). In
1902 the “Gurd Gusher” was drilled in the Raleigh field, Kent
County, in the “Middle Lime” (Ontario Bureau of Mines 1902)
or Hamilton Group (Fig. 2). Gas production at the turn of the
century was dominantly from the Essex and Welland fields; a
new discovery in Hepworth (Ontario Bureau of Mines 1901)
produced gas from the Clinton and Cataract (formerly Medi-
na) groups (Ontario Bureau of Mines 1905).

By 1901 the Ontario oil and gas fields were being depleted
(Ontario Bureau of Mines 1902). Three quarters of the wells
in the Essex gas field were flooded with saline groundwater,
inhibiting gas production. The low production combined with
natural gas exports to Detroit caused concerns that the Essex
field would not be able to meet domestic demand and prompt-
ed the Ontario government to prohibit the export of natural
gas from the Essex field to Detroit in 1901. By 1903 the Essex
field was practically abandoned due to the limited gas produc-
tion (Ontario Bureau of Mines 1904).

The failure of the Essex gas field combined with numerous
reports of wasting natural gas from open wells and poorly
maintained pipelines led to the 1907 Act to Prevent the Wast-
ing of Natural Gas and to Provide for the Plugging of all
Abandoned Wells S.0. 1907 c. 47 (Table 1). The Act had two
primary objectives; the first was to maintain the quality of oil
and gas reservoirs by preventing water from flooding oil or
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gas-bearing horizons. The second objective was to limit wast-
ing gas that was leaking from wells, pipelines and other equip-
ment. The Act required wells to be completed in a manner to
prevent gas leaks two weeks after drilling, Dry wells were to be
abandoned by pulling the casing and plugging the well to pre-
vent fresh or salt water from entering the reservoir. Plugging
was conducted with a wood plug or optionally a wood plug
with an overlying layer of cement. Well inspections were now
conducted by Provincial Inspectors who could also add specif-
ic provisions for each abandonment.

Two Inspectors were appointed to enforce proper well
abandonment. One inspector was responsible for the western
counties (Lambton, Kent and Essex) and the other the eastern
counties (Elgin, Welland and Haldimand-Norfolk; Ontario
Bureau of Mines 1909). The first inspection reports indicated
many of the wells in the Enniskillen area required work to
improve the condition of the well, in some cases it was diffi-
cult to identify well operators, and the number of lost or
orphaned wells was unclear. Wells in other counties were in
better condition likely because they were not as old as the
Enniskillen wells (Ontatio Bureau of Mines 1909). Oil and gas
production improved by 1915 and was credited to decreased
groundwater invasion of the reservoirs as a result of the well
plugging and abandonment work (Ontario Bureau of Mines
1915), though there were continued reports of gas wasting. At
the time of the federal election in the fall of 1908 the Tilbury
East landscape was illuminated by towering torches of natural
gas leading the provincial government to impose a tax on wast-
ed gas (Lauriston 1961). The tax on natural gas wasting was
two cents per thousand cubic feet in 1917, with the Inspectors
responsible for enforcement (Ontario Bureau of Mines 1918).

The Tilbury gas field was discovered in 1911 and was the
primary gas producer in Ontario in 1916 (Ontario Bureau of
Mines 1917). Production from the field in 1917 was not able
to keep up with winter demand, which led to a home fuel
shortage (Ontario Bureau of Mines 1918). Gas production was
diminished by water flooding the wells, inhibiting gas flow to
the wells and limiting gas production. Public complaints
applied pressure to the government that resulted in the Natural
Gas Act RS.0. 1918 c. 12 (Table 1, Fig. 4A), which limited the
sale of natural gas to industry, focusing consumption on resi-
dences (Ontario Bureau of Mines 1918).

The Natural Gas Act was revised in 1919 to require drillers
to obtain a license to drill a well and to provide proper well
records and drill cutting samples (Estlin 1921). The GSC col-
lected voluntary submissions of drill cuttings and drill core
samples from wells being drilled to explore for and develop olil,
gas, and salt resources in Canada, beginning in the 1800s. The
samples were stored in Ottawa (Carter 2017). The first well
records under the Natural Gas Act included information loca-
tion, depths to the tops of rock formations, total well depth,
and the estimated production. The following year the records
included the name of the well logger, measured reservoir pres-
sure, the depths of water, gas or oil encountered, and the date
of completion (Harkness 1922). Reporting the method of
plugging and abandoning wells was mandatory beginning in
1922 (Harkness 1923). The well operator was added to the
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reports in 1925 (Harkness 19206), but the drilling method (e.g;
the Canadian Drilling System or rotary drilling) was not listed.
Many wells prior to the Natural Gas Act R.S.0. 1918, c. 12, do
not have well records, particulatly dry wells and abandoned
wells where the casing was pulled (Caley 1940).

The number of wells abandoned was reported annually in
the Department of Mines annual reports (described below as
Annual Reports) beginning in 1909 and ended in 1953,
although the number of reported wells abandoned in the east-
ern territory was intermittent before 1919 (Fig. 4D). The total
number of wells abandoned cach year was calculated as the
sum of the reported abandoned wells in the Annual Reports
from both territories for each year from 1909 to 1953. There
were 12,735 reported wells abandoned between 1909 and
1953. The relatively higher number of wells abandoned in the
western counties was likely due to earlier and more drilling
activity relative to the eastern counties.

The Well Drillers Act R.S.O. 1924, c. 75 (Table 1), which
worked concurrently with the Natural Gas Act, set out the
rules for well licensing, drilling, and inspection, as well as plug-
ging and abandonment. Inspectors noted improved conditions
in the oil and gas fields in 1927 due to the abandonment of old
wells and better cate of the existing wells (Harkness 1928).
The Annual Reports in the following years noted successful
periods of plugging and abandonment that led to improved
production (e.g. Harkness 1928, 1930), but there were reports
of faulty casing and ineffective well plugging that led to neg-
lected and flooded wells (Harkness 1925, 1927).

Impacts of the World Wars and the Depression on Well
Abandonment

The Fletcher oil field was discovered in 1905 and covered
approximately 5,600 acres in Kent County. The field produced
oil from 276 wells in the Guelph formation and Salina units
with a “heavy flow” of saltwater flowing up from below the oil
(Koepke and Sanford 1966). The casings were pulled from the
wells in 1919 because of the high price offered for old casing
during the First World War. Without the casings in the wells
saline groundwater flowed up the well to surface (Williams
1920). There were several examples of properties producing as
many as 200 barrels of oil per month that had casings pulled
and sold (Williams 1920). The methods of well abandonment
for the Fletcher field after the casings were removed were not
reported.

The economic downturn of the Great Depression from
1929 through the mid 1930s had significant impacts on oil and
gas wells. Abandoned wells were stripped of casing and pipe
to be used in other wells, but the metal was corroded and weak
(Harkness 1929). The corroded casings allowed natural gas and
oil leaks to occur. This was particularly difficult to address in
the spring when the fields were flooded, preventing access to
the wells but allowing surface water to flood the wells (Hark-
ness 1929). Limited capital investment through the Depression
caused wells to deteriorate and well operators to orphan wells.

The war efforts during the Second World War limited cap-
ital investment into oil and gas infrastructure, necessitating
equipment to be salvaged from waterlogged oil and gas fields
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and repurposed in operating fields (Harkness 1946, 1948a).
Oil-field equipment was expensive and not readily available,
which also promoted the reuse of casing and pipe even if it
was corroded (Harkness 1946, 1948b). The hydrogen sulphide
in the oil and groundwater water corroded equipment, gradu-
ally deteriorating the infrastructure (Harkness 1948a). Skilled
labour, particularly for drilling and abandonment, was limited
because nearly all experienced workers were on active war
service (Harkness 1948a). The lack of skilled labour dimin-
ished the quality of well records (including accurate well loca-
tions) and well inspectors were not able to oversee many of the
well plugging and abandonment operations (Harkness 1947).

The next significant regulatory change was Ontario Regu-
lation (O. Reg.) 238/44 Natural Gas and Oil Wells (Table 1,
Fig. 4A). Wooden plugs remained the primary seal but when a
plug was driven to the bottom of a casing, the plug was
required to seal both the open well and the casing. Wells with
a pressure gradient greater than 6.9 kPa over a three-metre
depth were to be backfilled with clay at least three metres
above the gas producing formation, and a wooden plug placed
above the clay. For wells with pressures greater than 690 kPa,
two wooden plugs separated by three metres of tamped clay
were required. In addition, six metres of cement was to be
emplaced on top of the upper plug, then a third wooden plug
installed on top of the cement. Finally, clay was tamped into
the well to fill the well up to the bottom of the casing. Lead
plugs could be used instead of cement plugs.

The “mud fluid method” of plugging was also acceptable
under O. Reg. 238/44. The mud-fluid method was first used
with cable tool rigs in California in 1909 and used a clay-water
mix to create a mud with a greater density than water with the
clay particles clogging the pores in rocks in the well (Collom
1922). The mud was used to inhibit the movement of gas into
a well to seal off “gas sand” horizons. The drawback of the
mud fluid method was that any larger grained materials in the
mud, such as sand or rock fragments from the well, would not
seal off the gas horizons, and allowed gas to enter the well and
escape if another plug was not used (Collom 1922).

At the end of the Second World War there were 975
reported abandoned wells due to the inclusion of “idle wells”
with abandoned wells (Harkness 1948a). The 975 idle wells
were not operational for fifteen or twenty years, but it is not
known if they were abandoned or orphaned (Harkness 1948a)
and they are not shown in Figure 4D. There were no subse-
quent reports of these wells in the Annual Reports, making it
difficult to determine if they were propetly abandoned. There
were also reports of thousands of wells that were abandoned
with clay plugs, which was permitted under O. Reg. 238/44.
There was concern about the stability of the clay if the reser-
voirs re-pressurized (Harkness 1948b), but there were no sub-
sequent discussions of these wells. Significant oil and gas
exploration resumed in 1949 but some companies were bank-
rupt, leaving operating wells in poor condition or orphaned
(Harkness 1951).

Landowner complaints regarding the impact of newly
drilled gas wells were notable in Welland and Haldimand coun-
ties in 1947. Sulphur water and natural gas were contaminating
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domestic water wells and, in some cases, natural gas was being
pumped into residences (Harkness 1949). Provincial Inspec-
tors investigated the complaints and confirmed there were
improperly cased wells allowing sulphur water to enter fresh-
water aquifers. However, in most cases the problem was that
water wells were drilled too deep and penetrated the sulphur
water aquifer (Harkness 1949), allowing natural gas and hydro-
gen sulphide to move up the water well into overlying aquifers.
These historical water wells may continue to be a factor for
hydrogen sulphide leaking from wells today.

Modernization of Plugging Practices

The Ontario Fuel Board Act R.S.O. 1954, c.63, revised and
consolidated the oil and gas legislation and introduced the Fuel
Board (Ontatio Fuel Board 1955). The function of the Fuel
Board was to control and regulate all phases of the natural gas
industry. Land leases, drilling permits, and reporting require-
ments were modernized in a manner consistent with current
practices. The detail included in the Fuel Board annual reports
after 1954 was significantly less than the detailed reporting by
the Department of Mines (from 1892 to 1953). Abandoned
wells were not included in the Fuel Board reports but were
contained in the well records and well license information.
Well plugging methods in the 1950s remained consistent with
O. Reg. 238/44.

The Department of Energy Resources was established by
legislation in 1960, assuming oversight, regulation, and report-
ing responsibility for oil and gas in Ontario (Ontario Depart-
ment of Energy Resources 1961). The Energy Act R.S.O.
1960, c. 122, addressed well abandonment practices, created
the Abandoned Works Fund for the completion or removal of
works, and prescribed the procedure for payment of money
into and out of the fund. The Ontario Fuel Board was dis-
solved in 1960, with the administrative functions assumed by
the Department of Energy Resources, and the judicial func-
tions were taken over by the Ontario Energy Board under the
Ontario Energy Board Act R.S.0. 1960, c. 271 and the Energy
Act RS.O. 1960, c. 122. The Ontario Energy Board has
remained Ontario’s energy sector regulator since 1960,
although there have been several new Acts and amendments
regarding oil and gas in the province. The introduction of O.
Reg. 326/64 (Table 1) disallowed the use of clay for well plug-
ging, prescribing cement plugs as the standard for abandon-
ment. O. Reg. 326/64 also required an application for a permit
to bore, drill or deepen a well (Form 103) as well as a scaled
plan showing the well co-ordinates, certified by an Ontario
Land Surveyor or Professional Engineer. Previous descriptions
and maps of well locations were relative to cultural or natural
landmarks such as buildings, intersections and water bodies,
but the scaled plan significantly improved the accuracy of well
locations.

Standard well abandonment methods improved with the
introduction of O. Reg. 420/68, that listed Schedule 2, the Well
Plugging Code. Additives to cement were permitted for faster
curing, or viscosity reduction etc., but the cement had to have
a minimum weight of 1737 kg/m?. Bridge plugs could be made
of wood, stone, gravel, or lead, but could not include a non-
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drillable material. The intervals between plugs were to be filled
with water or drilling mud, adding another barrier to fluid flow.
Cement plugs were to be set above and below each water inter-
val as well as across each oil and gas horizon and were now
longer, with a minimum length of 7.6 m above and 7.6 m
below fluid zones. In addition to plugging the porous oil and
gas horizons in a well, 7.6 m plugs were to be set in the top of
the Cambrian, Trenton, Queenston, Clinton-Cataract, Guelph,
Salina, Dundee, and bedrock formations to prevent fluid flow
into or out of these oil and gas-bearing formations. Separate
rules were also introduced regarding well casings in the aban-
donment process. If surface casing was left in a well, the well
had to cither have a cap welded to the casing or be plugged
with 3 m of cement prior to cutting the casing off one m
below surface. When the surface casing was removed from the
well, the well was filled to surface with clay or sand or cuttings
as the surface casing was withdrawn and a final cement plug
was set between one and two metres from surface.

The Petroleum Resources Act R.S.O. 1971, c. 94 (Fig. 4A)
took responsibility for oil and gas exploration, drilling and pro-
duction. The enabling regulation (O. Reg. 45/72) contained
Schedule 2, the Well Plugging Code that identified all of the
essential elements from O. Reg 420/68. The Petroleum
Resources Act was amended and renamed the Oil, Gas and
Salt Resources Act R.S.O. 1990, c. 30 P.2. The enabling regula-
tion was written in 1997 O. Reg. 245/97 and created five dif-
ferent classes of examiners, including the Class 1 examiner
who was responsible for examining wells with respect to used
casing, cement quality, isolation of porous zones, cement tops,
well control equipment, and well abandonment. Abandonment
requirements were no longer listed in the regulation; they were
moved to a Provincial Operating Standard that could be updat-
ed without legislative approval, streamlining the process to
update abandonment practices.

Ontario Petroleum Data System

The ‘Ontario Well Data System’ was developed in 1964
through a partnership between the University of Western
Ontario and the Ontario Department of Energy and
Resources Management (Hutt 1970). The information from all
the available petroleum well records was transcribed into the
new system, producing a database of 10,000 well records in
southern Ontatio (Hutt 1970).

The Ontario government established the Petroleum
Resources Laboratory in London, Ontario, in 1971, under the
Petroleum Resources Act (Table 1). The existing Ontario rock
sample collection was shipped from the GSC in Ottawa to the
Petroleum Resources Laboratory, and Ontario began to con-
solidate the geological information derived from oil and gas
exploration and development (Oil, Gas, and Salt Resources
Library 2023).

The Petroleum Resources Laboratory was renamed the Oil,
Gas and Salt Resources Library (OGSRL) in 1997 (Carter
2017) with the enactment of the Oil, Gas and Salt Resources
Act R.S.O. 1990, c. 30 P2. The library is operated by the Oil,
Gas and Salt Resources Corporation under the terms of a
Trust Agreement with the Ontario government. The Corpora-
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tion is a subsidiary of the Ontario Petroleum Institute (OPI),
which is a non-profit industry association that represents
explorationists, producers, contractors, geologists, petroleum
engineers and other professionals, individuals, or companies
directly related to the oil and gas, hydrocarbon storage, and
solution-mining industries of Ontario. The library collection
includes well drilling and completion records, rock chip sam-
ples from 13,000 wells, rock core samples from 1000 unique
wells, and over 20,000 geophysical logs (Clark et al. 2020).

The Ontario Well Data System was updated to an Oracle
platform database that is maintained by the Ontario Ministry
Natural Resources and Forestry and the Ontario Oil Salt and
Gas Resources Library and was renamed the Ontario Petrole-
um Data System, or OPDS (Carter and Castillo 2000). The
database has records for approximately 27,000 wells with loca-
tion co-ordinates and a well location accuracy code indicating
the accuracy of the geographic co-ordinates for the wells, with
the accuracies ranging from 1 metre to over 1000 metres (Clark
et al. 2020). Over 95% of the wells have coordinates with accu-
racies within 200 metres (Clark et al. 2020). There have been
several quality assurance reviews of the petroleum well
records, with a focus on well locations and geological forma-
tion tops, most recently during the completion of 3-D models
of the bedrock geology of southern Ontario by the Geological
Survey of Canada (Carter et al. 2021a).

There is a discrepancy between the 10,000 wells reported
by the Ontatio Bureau of Mines (1901) and the 1518 well
records in the OPDS drilled before 1900 (Fig. 4C). The dis-
crepancy highlights how many wells do not have records and
how many wells have been lost. The cumulative number of
wells in Ontario provided by Harkness (1924) is shown sepa-
rately from the number of well records in the OPDS shown in
Figure 4C because there were no well records. If the values are
combined, the total number of wells in southwestern Ontario
would exceed 32,000 wells. The wells in the OPDS wete
mapped as the number of wells per km? and show multiple
areas that have more than 125 recorded wells per km? (Fig,
5A). The high oil well densities around Petrolia, Oil Springs,
and Bothwell stand out in Figure 5A, as well as the high density
in Middlesex County that is currently named the Glencoe oil
field but was historically known as the Mosa field. The other
high-density oil well area is the Tilbury pool in Kent County.
The high-density of gas wells is associated with the gas pool in
Norfolk, Haldimand, and Welland counties. For comparison,
the areas of lower well density, such as in Perth County, are as
low as one well per km?, although there may be localized areas
with higher well densities.

The OPDS has records for abandoned wells that include
the plugging date and some information regarding the plug-
ging contractor, number of depth intervals plugged, length of
each interval, amount of cement used in each interval, the type
of cement used as well as a section of plugging notes for more
complicated plugging operations. The total number of wells
abandoned listed in the OPDS (Fig, 4D) is fewer than the
number of abandoned wells reported in the Annual Reports
until 1937. This is likely due to limited record keeping although

well plugging and abandonment records were required under
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the Natural Gas Act R.S.O. 1918 (Table 1). After 1937, the
number of abandoned wells in the Annual Reports and in the
OPDS are similar except for during the Second World War,
when the lack of reporting and drilling expertise was noted
(Harkness 1947, 1948a). There are a total of 14,500 abandoned
wells in the OPDS for southwestern Ontario and the distribu-
tion of abandoned wells is similar to the distribution of drilled
wells, only there are fewer recorded abandoned wells (Fig. 5).
There are records for approximately 7,000 wells abandoned
before 1964 (Fig. 4D) that would have been abandoned with
rock sediment, wood plugs, clay, and potentially a cement plug
depending on the year the well was plugged and the reservoir
pressure (Fig. 4B). Cement plugs became the standard method
for plugging wells in 1964 (O. Reg. 326/64, Table 1, Fig. 4B).
There may be thousands of wells in Ontario that were not
abandoned using cement plugs.

The wells shown in Figure 5 represent the known well loca-
tions. Clapp (1914) identified wildcat drillers as potential
sources of unplugged wells because wildcat drillers worked
rapidly, abandoning dry wells without casing off the water or
properly abandoning the wells. The locations of some wildcat
wells are unknown and are unlikely to have been abandoned
and would not be captured in Figure 4 or Figure 5.

OTHER FACTORS AFFECTING THE CONDITION OF WELLS
FOR ABANDONMENT

Well Maintenance and Enhanced Oil Recovery

Well maintenance and early Enhanced Oil Recovery tech-
niques also had an impact on the condition of wells. The
Roberts Torpedo was an iron container with dynamite or nitro-
glycerine that was lowered down a well then exploded, which
was referred to as ‘shooting a well” (May 1998). Shooting a well
was the earliest reported technique for enhancing oil and gas
recovery in Ontario (Selwyn 1891) but wells were also shot to
clean out accumulated sediment, paraffin, salt, and other mat-
ter (Harkness 1933). The first reported well that was shot was
in 1872 in Lambton County and the technique was used with-
out regulation for 19 years (May 1998). Wells in other fields
were also shot, including in Welland (Selwyn 1891), Dawn
(Ontario Bureau of Mines 1892), Tilbury (Hume 1932; Hark-
ness 1923), and Dover West (Hume 1932). There were limited
notes and reports of wells being shot, though according to
May (1998) it was a regular practice. The last reported well
shooting was Pinetree et al. Dover 8-10-V in December 1979,
which was shot with 230 kg of nitroglycerine.

Chemical treatments by the Dowell Company of Michigan
improved recovery in ten wells in the Petrolia field and four
wells in the Oil Springs field, but the results were not econom-
ical and there were limited details on their use (Harkness 1933).
Acid treatments were introduced in Ontario in 1932 (Harkness
1933), but the challenge with the Ontario wells was the “home
made” casing packers that were designed with one packer that
could isolate an interval between the packer and the bottom of
the well. The problem was the rock was permeable and the
acid moved from the well into the formation (Harkness 1937).
The packer system was not able to isolate low permeability

https://doi.otg/10.12789/geocan;.2023.50.203
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Figure 5. Well density maps for A) drilled wells in the Ontario Petroleum Data System (OPDS) (n = 22,156); and B) abandoned wells in the OPDS (n = 14,507).

zones in a well where the acid treatment could increase the per-
meability. Although the acid treatments did not have the
desired effect, there were small production increases in wells
due to the thorough cleaning of the limestone walls of the
well, removing the accumulated paraffin, scale, and other sed-
iment (Harkness 1937).

Gas injection used in the Oil Springs area in 1951 improved
short-term oil recovery (Harkness 1953). Gas and water injec-
tion was also proposed for the Rodney field (Harkness 1954),
and was promoted as a technique to improve recovery for sev-
eral years (Oakley 1963). Finally, water floods were carried out
in the Petrolia and Oil Springs fields, but few details were
reported (Ontario Fuel Board 1955; Oakley 1963).

The use of well maintenance and enhanced oil recovery
(EOR) techniques may have significant implications for subse-
quent well abandonment. Shot wells will likely have debris and
casing in the well and the rock walls may be fractured to an
unknown distance into the rock. The explosions will have
impacted the condition of the wells, and the wells may be dif-
ficult to plug due to debris in the well, the larger diameter of
the well, or additional pathways created in the fractured rock
for fluids to travel through. Similarly, wells treated with acid
may have additional pathways created for fluid flow and the
well diameter may be larger at the treated horizon.

Impacts of Hydrogen Sulphide

The issues of poor well construction and poor abandonment
practices are compounded by the presence of hydrogen sul-
phide in the oil, gas, and groundwater. Some Ontario crude
oils, principally from the Devonian oil pools, have a high
hydrogen sulphide content that readily corrodes equipment,
requiring frequent replacement of equipment including
pumps, sucker rods, tubing, cables, jerker rods, and pump jacks

http://www.geosciencecanada.ca

(Harkness 1948a). There are notes regarding sulphur gas and
sulphur water dating back to a gas well drilled in Humberstone
Township, Welland County in 1866 (Ontario Bureau of Mines
1892). Gas fields along the shore of Lake Erie also contain
hydrogen sulphide, including the Eden gas field south of Till-
sonburg which produced natural gas with 0.7 % volume hydro-
gen sulphide (Harkness 1936), the Tilbury field (up to 0.6 %
volume; Harkness 1923), and the Declute field (0.7 % by vol-
ume; Caley 1946). The corrosive effects of the hydrogen sul-
phide on steel well casings, production piping, and tubing is
known in the Ontario petroleum industry. For example, Figure
6 shows the corrosion of on a section of ten-year-old 7.3 cm
diameter tubing from the Morpeth gas field.

The impact of sulphur water on groundwater resources
was discussed above and identified by landowner complaints in
1947 (Harkness 1949). Inspectors identified the problem as
water wells and gas wells that were drilled into the sulphur
water zone that created a pathway for the sulphur water to
move into overlying aquifers. Artesian flow of sulphur water
from oil and gas wells occurs in topographic lows near the
Lake Erie shoreline, such as Big Otter Creek (Elgin County)
and Big Creek (Norfolk County), where it constitutes a drilling
hazard (Carter et al. 2021b). Static water level maps for the
Lucas-Dundee Aquifer from a 3-D hydrostratigraphic model,
which is readily accessible using free viewer software (Carter et
al. 2022), can be used to predict where artesian flow of sulphur
water may occur in Ontario.

IMPLICATIONS FOR WELL ABANDONMENT

A review of the history of oil and gas exploration and devel-
opment in Ontario identified five factors to consider when
abandoning wells.
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Figure 6. Production tubing (7.3 cm diameter) from the Morpeth gas field showing
corrosion due to hydrogen sulphide.

1.

Well Location. The first challenge to properly abandon an
orphaned or legacy well is to locate it. There were an esti-
mated 50,000 wells drilled by 1970 (Hutt 1970) but there
are only 27,000 wells in the database (Clatk et al. 2020),
suggesting there are numerous wells that are not accounted
for. Few well records were kept before the implementation
of the Natural Gas Act R.S.O. 1918, and many drilled wells
were not reported or were lost (Caley 1946). There wete
also periods when record keeping was poor or wells were
lost, such as during the Great Depression (Harkness 1929).
Much of the skilled drilling and oilfield experience was lost
during the Second World War, lowering the accuracy of
well locations and quality of well plugging operations
(Harkness 1947). The accuracy of reported well locations
improved under the Energy Act in 1964. Though not dis-
cussed in the text above, changes to the landscape have also
made it more challenging to locate wells. Wells drilled near
the shoreline of Lake Erie or at the edge of a ravine may
no longer be evident or easily accessible due to erosion
changing the landscape. Land development has also
encroached on atreas of oil and gas development, impacting
the ability to locate and access orphaned or legacy wells.

Well Construction. Drilling techniques and the equipment
available to drillers changed remarkably from 1858 to the
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modern era, which had significant implications for well
construction. Hatly casings were made of wood or steel in
a range of diameters. Some wells were cased without
cement, allowing for the casing to be removed once drilling
was completed. The majority of wells in Ontario were
drilled using a cable tool method. The standardization of
equipment in 1922 resulted in cost reductions and efficien-
cies for operating drill rigs. This also produced wells with
predictable diameters, which is important for plugging
operations. Methods for plugging legacy wells must be
adaptable for a range of well sizes and for cased or uncased
wells.

. Well Condition. Wells abandoned more than a century ago

have corroded cement and casing that may make it chal-
lenging to access the rest of the well beneath. Shooting a
well was designed to fracture the rock but may have also
damaged the casing and cement. Acid treatments were also
designed to increase the permeability of the rock surround-
ing the well but may have also degraded casing and cement.
Shot and acid-treated wells may also be irregularly shaped
with pockets of exploded or acidized rock, and plugging
operations must be able to adapt to a range of well diame-
ters within the same well.

. Legacy Wells. Previous well plugging efforts may have

pulled or partially pulled the casing, resulting in a poor well
condition that will need to be addressed prior to plugging,
Wells abandoned before 1964 were plugged with sediment,
wood, rubble, clay, and some cement, and have a higher
probability of leaking because of the deterioration of these
poor plugging materials. It was not until 1964 that cement
was used as the primary material for plugging wells, fol-
lowed by long cement plugs in 1968. Even with modern
techniques and equipment, poor cement operations make it
possible for any well plug, new or old, to fail and leak. Well
plugging operations should account for wood, steel, clay,
drilling mud, wax, and other related hydrocarbons in the
well that could inhibit plugging operations, in addition to
other debris in the well that may impede access to the well.
In addition, the steel surface casing may have been recov-
ered in plugged wells, making it impossible to use magnetic
methods to help locate the well.

. Hydrogen sulphide. Hydrogen sulphide in oil, natural gas,

and groundwater is known to corrode equipment, casings,
and cement, impacting well conditions, and is a considera-
tion for plugging a well. Hydrogen sulphide dissolved in
groundwater continues to leak from legacy wells in Ontario
and must be considered when planning abandonment
operations. In particular, the potential impact to casing and
cement corrosion, and the risk to workers, should be
addressed before plugging operations begin. Water wells
and oil and gas wells drilled into aquifers that contain sul-
phur water may also be a conduit for natural gas and hydro-
gen sulphide to move into overlying aquifers. Geological
formations known to contain sulphur water are document-
ed by Carter et al. (2021b) and the geographic and strati-
graphic distribution is modelled and mapped in a 3D
hydrostratigraphic model.

https://doi.otg/10.12789/geocan;.2023.50.203
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Further work is required to locate unreported or lost wells
and to develop new techniques to find these wells. Current
plugging operations rely on cement to plug the wells, but
cement shrinkage, channeling, and fracturing create pathways
through cement, impacting the long-term performance of
cement plugs (Dusseault et al. 2000). New plugging techniques
are required to permanently plug wells. Permanently plugging
these wells will limit hydrocarbon and brine leakage from these
wells, improving public safety and reducing greenhouse gas
emissions. It should be noted that plugging standards for water
wells in Ontario, O.Reg.903 Ontario Water Resources Act
R.R.O 1990 permit the use of clay (bentonite) for plugging
(Ontario Government 2023).

The detailed reporting in the Department of Mines annual
reports was essential to understanding activities, successes, and
failures in the Ontario oil and gas industry and provided con-
text for understanding abandonment activities from 1891 to
1953. The annual reports from the Fuel Board and subsequent
regulatory agencies did not have the same detail, limiting our
understanding of activities from 1954 until now. It is impor-
tant, particularly for well drilling and well plugging, to have
detailed notes so the methods and results can be reviewed to
improve future drilling and plugging performance.
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SUMMARY

To commemorate the 60t anniversary of IUGS and the 50
anniversary of IGCP, the 2022 symposium entitled “IUGS,
Geoparks, and IGCP — Retrospection, today and the future”
was coordinated at the GAC-MAC-IAH-CNC-CSPG 2022
Conference in Halifax (16—18 May) with the companion Cliffs
of Fundy UNESCO Geopark field trip (19-21 May). Canadian
leadership within IUGS and IGCP includes J.M. Harrison as
the first president of IUGS in 1961, Antony Berger’s work
publishing “Episodes”, which is the IUGS’ quarterly interna-
tional scientific journal, and Canadian leadership on multiple
IGCP projects summarized here. Two panel discussions exam-
ined the future of geosciences, UNESCO Geoparks and
World Geoheritage Sites in Canada. The need for improved
communications with politicians, policymakers, and the gener-
al public through education and outreach was emphasized in
these panel discussions. UNESCO Geoparks (such as the
Cliffs of Fundy), UNESCO Wotld Heritage Geosites and sig-
nificant museum displays represent vehicles for improving
communications with the general public about geosciences
and potentially inspiring future geoscientists. This report pro-
vides a summary of the symposium and explores some of the
many themes that it addressed.

RESUME

Pour commémorer le 60 anniversaire de 1'UISG et le 50
anniversaire du PICG, le symposium de 2022 intitulé « UISG,
Géopatcs et PICG — Rétrospection, aujourd'hui et l'avenir » a
¢été coordonné lors de la conférence AGC-AMC-SNC-AIH-
SCGP 2022 a Halifax (16-18 mai), avec une excursion au
géoparc UNESCO des falaises de Fundy (19-21 mai). Le lead-
ership canadien au sein de I'UISG et du PICG inclut J.M. Har-
rison en tant que premier président de I'UISG en 1961, le tra-
vail d'Antony Berger dans la publication d’« Episodes », la
revue scientifique internationale trimestrielle de 1'UISG, et le
leadership canadien sur plusieurs projets du PICG résumés ici.
Deux tables rondes ont examiné l'avenir des géosciences, des
géoparcs UNESCO et des sites du patrimoine géologique
mondial au Canada. La nécessité d'améliorer les communica-
tions avec les politiciens, les décideurs politiques et le grand
public par le biais de l'éducation et la sensibilisation a été
soulignée lors de ces tables rondes. Les géoparcs de
I'UNESCO (comme les falaises de Fundy), les sites
géologiques du patrimoine mondial de I'UNESCO et les
importantes expositions dans les musées représentent des
moyens d'améliorer les communications avec le grand public
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sur les géosciences et d’éventuellement inspirer de futurs géo-

scientifiques. Ce rapport offre un résumé du symposium et

explore certains des nombreux thémes qui ont été abordés.
Traduit par la Traductrice

INTRODUCTION

“Science diplomacy: the building and wuse of international scien-
tific collaborations to identify and address issues facing humanity
in the 21+ century” (Fedoroff 2009).

To commemorate the 60t anniversary of the International
Union of Geological Sciences IUGS) and the 50+ anniversary
of the International Geoscience Programme (IGCP), a group
led by K. Boggs organized a Canadian-focused symposium
entitled “IUGS, Geoparks, and IGCP — Retrospection, Today
and the Future” which was held during the GAC-MAC-IAH-
CNC-CSPG 2022 conference (May 15-18) in Halifax, Nova
Scotia, Canada (Table 1; Fig, 1). The symposium highlighted
the contributions of Canadian geoscience diplomacy towards
achieving positive global outcomes, with a specific focus on
contributions associated with the United Nations Sustainable
Development Goals, as listed in Table 2 (see also UN SDG;
sdgs.un.org/goals). The symposium also raised the profile and
awareness of IUGS, IGCP and Geoparks within the Canadian
geoscience community, and in doing so, aimed to sustain and
augment Canadian participation in those organizations. This is
a key goal of the Canadian National Committee for IUGS
which is co-chaired by K. Boggs and D. Lebel until 2026.

The Halifax 2022 conference was the annual joint meeting
of the Geological Association of Canada (GAC) and Miner-
alogical Association of Canada (MAC). It was organized in
partnership with the International Association of Hydrogeol-
ogists (Canadian National Chapter; IAH-CNC) and the Cana-
dian Society of Petroleum Geologists (CSPG), now known as
the Canadian Energy Geoscience Association. The conference
was a huge success, despite the ongoing global COVID-19
pandemic, with more than 800 registrants of whom over 80%
participated in person.

The first full day of the symposium (May 106) involved talks
related to IUGS and IGCP including general presentations as
well as summaties of specific IGCP projects (Table 1). Daniel
Lebel, director of the Geological Survey of Canada, opened
the session with a presentation highlighting key multi-genera-
tional contributions of Canadian geoscientists that advanced
global geoscience with new concepts and initiatives over the
last 180 years (Lebel and Bobrowsky 2022). These include the
Canada-US geology map of America completed by William
Logan with American James Hall, Tuzo Wilson and plate tec-
tonic theory, Paul Hoffman and the ‘United Plates of America’
paper, and other important contributions. Some Canadian geo-
scientists, such as James Harrison and Digby MclLaren, were
key founders of the International Geological Congress (IGC)
and IGCP, while several others contributed to geoscience edu-
cation and outreach at the regional, national, and international
scales. The day concluded with a keynote presentation by cur-
rent IUGS president John Ludden regarding the direction that

http://www.geosciencecanada.ca

the field of geosciences is headed over the next decade, fol-
lowed by a panel discussion entitled “The future of geo-
sciences in Canada, IGCP and IUGS”. The panel consisted of
some of the speakers from that day and involved discussions
based on their presentations as well as conversations related to
current challenges in geosciences and the future of the field.
The following half-day session (May 17) focused on United
Nations Educational, Scientific and Cultural Organization
(UNESCO) World Heritage Sites and Global Geoparks and
concluded with a discussion panel on the “Future of Geoparks
and World Geoheritage sites in Canada”.

The companion Cliffs of Fundy Geopark field trip,
“Telling the story of the Cliffs of Fundy UNESCO Global
Geopark, Nova Scotia: linking geoheritage, indigenous her-
itage and culture”, ran from 19-21 May 2022. The field trip
was coordinated and led by Caleb Grant (Fig. 2F), the Resident
Geoscientist with the geopark, whose personal aim is to “help
make the geological wonders in Nova Scotia a little more
accessible”; a foundational principle of the UNESCO Geop-
arks program. The role of the resident geoscientist, and the
motivation behind the creation of such geopatks, is to increase
connections between the academic community and the public,
specifically when it comes to the geosciences. To achieve this
goal, we rely on people, such as Caleb, who have a passion for
geoscience, education, and communication.

The Cliffs of Fundy Geopark is located in Mi’kma’ki, the
ancestral home of the Mi’kmaw nation and strives to honour
the oral traditions of their cultural geoheritage. Two scientific
highlights of the geopark include the world’s highest tides in
the Bay of Fundy and the evidence for both the formation and
break up of Pangea. Notable field trip participants included
John Calder (Fig. 2B), the executive director of the Cliffs of
Fundy Geopark and a past chair of the Canadian Geoparks
Network, and Godfrey Nowlan (Fig, 2E), the original chair of
the Canadian Geoparks Network, who was instrumental in
establishing the first Canadian Geoparks (Tumbler Ridge in
British Columbia and Stonehammer in New Brunswick; Fig
3).

This report presents a synopsis of this symposium, and the
field trip, as well as background information on the organiza-
tions. It is hoped that these efforts will facilitate important dis-
cussions regarding the current and future state of geosciences,
both in Canada and globally, and will help to create strategies
to maintain and increase the relevancy of the field to society in
support of the wider goals of the United Nations.

INTERNATIONAL UNION OF GEOLOGICAL SCIENCES
(IUGS)

The IUGS is a non-political, non-governmental, non-profit
organization that facilitates international cooperation and par-
ticipation in the field of Earth sciences. IUGS is a member of
the International Science Council, which consists of 121
national members representing over one million geoscientists
with countries represented through adhering organizations
(academies, geological surveys or geological societies; ITUGS
2019). Canada has made significant contributions to the IUGS
since its inception, including the leadership of J.M. Harrison as



Table 1. Presentations from the “IUGS, Geoparks, and IGCP — Retrospection, today and the future” symposium held at GAC-
MAC-IAH-CNC-CSPG Halifax 2022 conference in May 2022 with presenting author emboldened. Talks are listed in order of
presentation. The abstracts for each presentation are published in Geoscience Canada, volume 49, issue 2.

Day 1 - Monday 16 May

Lebel, D., and Bobrowsky, P., 2022. Canadian contributions to global geosciences: A few key highlights and future outlook.
Berger, A., 2022. Episodes and AGID — Two ventures with Canadian roots.

Henderson, C., 2022. The Permian System: A collaborative effort directed by the International Union of Geological Sciences
(IUGS), the International Commission on Stratigraphy (ICS) and the Subcommission on Permian Stratigraphy (SPS).

Laflamme, M., and Schiffbauer, J., 2022. Subdividing the Ediacaran.

Pilarczyk, J., Brain, M., Green, A., Hein, C., Lau, A., and Ramos, N., 2022. From cores to code: IGCP 725% plan to bridge the
gaps between geology, process, and numerical modelling to improve forecasts of coastal change.

Adiyaman Lopes, O., 2022. IGCP’s outreach for 50 years: Evolution from east-west male researcher collaboration to global out-
reach with gender equality and a perspective for a sustainable future for our planet.

Narbonne, G., 2022. IGCP sedimentary and paleontological projects: 50 years of evolution from “stratigraphic correlation” to
“deep-time global change”, with a perspective for the future.

Kuiper, Y., Barr, S.M., Haissen, E,, Montero, P.G., and Belkacim, S., 2022. The International Geoscience Programme (IGCP): An
example and a fiftieth anniversary perspective.

Lesher, C.M., and Barnes, S-J., 2022. IGCP projects 161-336-427-479: Genesis and localization of magmatic Ni-Cu-PGE
deposits.

Raymond, J., Blessent, D., Alcaraz, M., Malo, M., Daniele, L., and Somma, R., 2022. Geothermal resources for energy transition:
past, present and future of IGCP Group 636.

Chi, G., Fayek, M., Delaney, G., Potter, E., Xue, C., Nie, E, Xu, D,, Li, Z., Li.,, Z., Yi, L., Jin, R., Chen, Y., Song, H., and Xu, Z.,
2022. Canada — China collaborative research on uranium deposits: A retrospection and vision for the future.

Bergquist, B., Fernandez, L., Vega, C., Szponar, N., Gerson, J., Nason, K., and Bernhardt, E., 2022. A new program aimed at
understanding impacts of artisanal and small-scale gold mining in the Amazon (IGCP project 696).

Ludden, J., 2022. Geoscience for the next decade.

Day 2 — Tuesday 17 May

Calder, J., and Nowlan, G., 2022. UNESCO Global Geoparks in Canada: Their growth, potential, and challenges.

Brink, J., 2022. Head-Smashed-In Buffalo Jump: A UNESCO World Heritage Site in the Porcupine Hills of southwestern Albet-
ta, Canada.

Caron, J-B., 2022. The Willner Madge Gallery Dawn of Life: Exposing the last four billion years of life on Earth at the Royal
Ontario Museum.

Kerr, A., and Wylezol, P, 2022. The Cabox aspiring geopark on the scenic west coast of Newfoundland: Where the earth sciences
revolution first resolved the tectonic revolutions of the distant past.

Boggs, K., O’Connor, K., Pavelka, J., and Nowlan, G., 2022. The Mackenzie Delta; A potential UNESCO Global Geopark for
the future.

McKeever, P., and Narbonne, G., 2022. Geological World Heritage - A revised global framework for the application of criterion
(viii) of the World Heritage Convention and a comparison with UNESCO Global Geoparks.
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Figure 1. Presenters from the symposium. (A) Bridget Bergquist describing artisanal gold mining in the Amazon. (B) Daniel Lebel, Director General of the Geological Survey
of Canada, characterizing Canadian contributions to global geosciences (photograph by D. Leary). (C) Yvette Kuiper presenting a fiftieth anniversary perspective of 1IGCP.
(D) John Ludden, President of IUGS, announcing the first 100 IUGS geological Geoheritage sites with six Canadian sites mentioned in Figure 4 (courtesy of M. Burgess).
(E) Antony Berger providing the history for Episodes and the Association of Geoscientists for International Development (AGID). (F) Ozlem Adiyaman Lopes, UNESCO
Programme Specialist (courtesy of Yongje Kim). (G) Guy Narbonne presenting “IGCP sedimentary and paleontological projects”.
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Table 2. The United Nations Sustainable Development Goals
(sdgs.un.org/goals).

Goal

Description

No poverty
Zero hunger
Good health and well-being
Quality education
Gender equality
Clean water and sanitation
Affordable and clean energy
Decent work and economic growth
Industry, innovation, and infrastructure
Reduced inequality
Sustainable cities and communities
Responsible consumption and production
Climate action
Life below water
Life on land
Peace, justice, and strong institutions
Partnerships for the goals

=TTl N NECRCC IR oI BRSNS

the first President of IUGS in 1961 (Harrison 1978; Histon et
al. 2022). Over the last 60 years, Canadian geoscientists served
in many other elected positions and provided input on various
geoscientific commissions, initiatives, and task groups (e.g.
Lebel and Bobrowsky 2022; Narbonne 2022; Henderson
2022). Once every four years, the International Geological
Congtress (IGC), an international meeting sponsored by IUGS,
is organized to promote “the advancement of fundamental and
applied research in the earth sciences” (www.ugs.org/igc). The next
IGC is scheduled for August 25-31 2024 in Busan, the Repub-
lic of Korea (www.igc2024korea.org/), where Canada will be
delivering a bid to host IGC 2028 in Calgary
(www.igc2028canada.org/).

The IUGS aims to facilitate and encourage international
cooperation and participation in the field of Earth sciences.
The objectives of the organization as defined by IUGS (2019)
are:

1. Expanding awareness of the importance of the Earth sci-
ences.

2. Producing authoritative geological standards.

Improving the exchange of and access to geoscience infor-

mation.

Expanding geoscience professionalism.

Supporting education in the Earth sciences.

Addressing human and societal needs.

Capacity building,

&

N vtk

The IUGS strives to meet its objectives by supporting broad-
based scientific activities and programs as well as through the
establishment and use of committees, commissions, task
groups, initiatives, and joint programs run in tandem with
other organizations. Topics supported by the organization
include fundamental Earth science research, and economic
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and industrial applications, as well as social, educational, and
environmental geoheritage IUGS 2019). The IUGS is respon-
sible for sponsoring symposia (such as the one in Halifax), and
arranging field visits, as well as addressing issues of standardi-
zation as they apply to the field of Earth sciences. IUGS pro-
duces a quarterly international science journal called “Epzsodes”
which is publicly available and contains original scientific
research and review papers, as well as IUGS reports (Berger
2022; www.episodes.org/main.html).

The TUGS also oversees the International Commission on
Stratigraphy (ICS) which is the largest and oldest scientific
body in the IUGS. The ICS defines and updates global units
(systems, series, and stages) for the International Chronostrati-
graphic Chart that defines the units (periods, epochs, and ages)
of the International Geological Time Scale. The commission
consists of seventeen subcommissions, each of which is
responsible for a specific interval of geological time. Canada
hosts thick and aerially extensive deposits of Neoproterozoic
sedimentary rocks (the Windermere Supergroup in western
Canada and the Conception Group in Newfoundland) and was
a major player in a ground-breaking ITUGS-ICS initiative to for-
mally subdivide Precambrian strata into geologic periods.
These studies resulted in the designation and ratification of the
Ediacaran Period (635-539 Ma), the first geologic period ever
recognized in the Proterozoic and the first new geologic period
of any age named in more than a century (Knoll et al. 2004,
20006). The Ediacaran Subcommission is currently working on
attempting to divide the Ediacaran Period into meaningful
series and stages by reviewing possible biological, geological,
and chemical markers (Laflamme and Schiffbauer 2022).
Research on the soft-bodied remains of Ediacaran fauna from
Canadian locations resulted in the designation of both the Dis-
covery Geopark and the Mistaken Point UNESCO World Her-
itage Site in Newfoundland (Figs. 3 and 4, respectively).

The ICS is also responsible for maintaining the internation-
al Global Boundary Stratotype Sections and Points (GSSP)
registry. Two of the 12 system-level GSSPs worldwide are in
Canada: the GSSP for the base of the Cambrian is in the For-
tune Head Ecological Reserve in Newfoundland and the GSSP
for the Cambrian—Ordovician boundary is at Green Point,
Newfoundland, in Gros Morne National Park, a UNESCO
World Heritage Site (Fig. 4). Additionally, Crawford Lake in
Ontario was chosen in July 2023 as the GSSP for the proposed
Anthropocene epoch by the Anthropocene Working Group.
Henderson (2022) presented an overview during the sympo-
sium of the evolution of the Permian system including sum-
marizing the establishment of the GSSPs for the period.

INTERNATIONAL GEOSCIENCE PROGRAMME (IGCP)

The IGCP (formerly known as the International Geological
Correlation Program) is a UNESCO program established and
delivered in collaboration with IUGS (Kuiper et al. 2022)
whose mission includes “promwting sustainable wuse of natural
resources, and advancing new initiatives related to geo-diversity, geo-her-
itage, and geobazards risk  mitigation” (www.iugs.otg/igep:
en.unesco.org/international-geoscience-programme).  The

IGCP was established following the 1972 IGC in Montreal
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Figure 2. Photographs from the Cliffs of Fundy UNESCO Global Geopark field trip. (A) Dark grey Triassic North Mountain Basalt overlying red Blomidon Formation playa
mudstones, deformed by Cretaceous faulting. (B) John Calder, Interim Executive Director of Cliffs of Fundy Geopark, Past President of Canadian Geopatks Network on
Little Dyke. (C) David Piper (Emeritus Scientist, Geological Survey of Canada - Atlantic) with historical fishing weir in distance, standing on the tombolo to Partridge Island
(Wa’so’q in Mi’kmaq). (D) Welcome sign to Cliffs of Fundy UNESCO Geopark with the iconic painting of the Three Sisters by Gerald Gloade, a Mi’kmaw artist and current
Program Development Officer for the Mi’kmawey Debert Project in Truro. (E) Godfrey Nowlan, Founding Chair of the Canadian National Committee for Geoparks. (F)
Caleb Grant, Resident Geologist at the Cliffs of Fundy Geopark standing on Little Dyke Beach (G) Georgia Pe-Piper (Emerita Professor, Saint Mary’s University) walking on
the beach north of The Old Wife. (H) Vein of the zeolites stilbite (whitish) and chabazite (pink) in North Mountain basalt on the beach north of The Old Wife.
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Figure 3. Map showing the location of the five Canadian UNESCO geoparks. (A) Arch Rock at Little Catalina, a triple sea arch that contains Ediacaran fossils, on the Bonav-
ista Peninsula in Discovery UNESCO Geopark. (B) Brook Point in Discovery UNESCO Geopark, near King’s Cove on the Bonavista Peninsula (Discovery UNESCO Geop-
ark photographs courtesy of A. Hinchey). (C) Dinosaur footprint from Tumbler Ridge UNESCO Geopark (photograph courtesy of Tumbler Ridge Museum Foundation).

(D) Kinuseo Falls, Tumbler Ridge UNESCO Geopatk (photograph courtesy of Tumbler Ridge Museum Foundation).
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Figure 4. Map showing the location of Canadian UNESCO World Heritage geology sites. (A-B) Ediacaran fossils from Mistaken Point showing cast of a rock surface showing
multiple Fractofusus specimens (A) and tactile rock surface cast and 3-D bronze models of common species (B). (C) Cambrian fossils from the Burgess Shale; Oesia fossils and
3-D model of the worm living in its tube. (D) UNESCO introductory panels (courtesy of ].-B. Caron). Note that Anticosti Island was inscribed onto the UNESCO World
Heritage site list in September 2023 (after submission of this article), making it Canada’s newest World Heritage site.
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(the last time that Canada hosted the IGC) with the aim of
facilitating international cooperation in the geosciences
(en.unesco.org/international-geoscience-programme; Nart-
bonne 2022). The IGCP continues to push for maximum
international participation and gender equality in accordance
with the United Nations’ goals. In the carly years of the pro-
gram, projects were typically led by male geologists from the
northern hemisphere with co-leaders from less than five coun-
tries (Adiyaman Lopes 2022). Participation from developing
countries has been historically hampered by language barriers,
visa requirements, and a lack of financial support from nation-
al governments (Kuiper et al. 2022). Starting in 2012, IGCP
began extensive outreach initiatives to increase global repre-
sentation and gender equality with a focus on developing and
under-represented countries. As of 2022, 42% of active proj-
ect leads and 46% of participants identified as female geosci-
entists, with 42% of IGCP participants being carly career sci-
entists, and 47% from developing nations (Adiyaman Lopes
2022).

IGCP projects are typically funded for five years (Kuiper et
al. 2022) and fall within one of five themes: earth resources,
global change, geohazards, hydrogeology, and geodynamics
(en.unesco.org/international-geoscience-programme; see also
Derbyshire 2012; IGCP 2020). IGCP projects that were pre-
sented during the symposium are given below as examples for
their associated categories, but no projects related to the
hydrogeology or geodynamics themes were presented.

Earth Resources — Sustaining our Society

Lesher and Barnes (2022) discussed IGCP #161 (Magmatic
sulphide deposits in mafic and ultramafic rocks), IGCP #3306
(Petrology and metallogeny of intraplate mafic and ultramafic
magmatism), IGCP #427 (Ore forming processes in dynamic
magmatic systems), and IGCP #479 (Sustainable use of plat-
inum group elements in the 21s century: Risks and opportuni-
ties). These four projects refined exploration models for mag-
matic sulphide deposits and continue to fuel current research.
Chi et al. (2022) summarized IGCP #675 (Sandstone-type ura-
nium deposits) which aims to increase global knowledge of
sandstone-type uranium deposits, assess the application of
novel techniques in the mining of these deposits, assist with
developing guidance for their exploration, and help to facilitate
the utilization of uranium in the energy transition
(en.unesco.org/international-geoscience-programme/ pro-
jects/675). Bergquist et al. (2022) summarized IGCP #696
(Impacts from artisanal and small-scale gold mining in the
Amazon) which is an ongoing, Canada-led project that studies
the release of mercury during such artisanal mining activity
and potential health and environmental impacts
(en.unesco.org/international-geoscience-programme/pro-
jects/696). Raymond et al. (2022) summarized IGCP #0636
(Geothermal resources for energy transition), which strives to
increase the understanding of geothermal reservoirs while
advancing methodologies for characterizing and modelling
these reservoirs to ensure the sustainable development of
this resource (en.unesco.org/international-geoscience-pro-

gramme/ projects/630).
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Global Change and the Evolution of Life

Narbonne (2022) summarized IGCP #588 (Preparing for
coastal change), IGCP #639 (Sea-level change from minutes to
millennia), IGCP #0655 (Toatcian oceanic anoxic event), IGCP
#0630 (Permian—Triassic climatic and environmental extremes
and biotic responses), IGCP #632 (Continental crises of the
Jurassic), and IGCP #732 (Language of the Anthropocene).
This suite of projects contributed to our understanding of
deep time, providing new insights into the magnitude and
timeframe of past, present, and future global change.

Geohazards - Risk and Mitigation Assessment for
Sustainable Development

Pilarczyk et al. (2022) summarized IGCP #725 (Forecasting
coastal change). The primary goal of this project is to enhance
the ability to forecast system response to coastal change on a
spatial and temporal scale (en.unesco.org/international-geo-
science-programme/ projects/725).

Other Topics

Additionally, “Special Topics” are defined annually by the
IGCP Council and released under particular themes which are
considered relevant for society. These include those related to
geoheritage, geoparks, geodiversity, the Anthropocene, artifi-
cial intelligence applications in geoscience, and the enhance-
ment of societal acceptance for the sustainable development
of Earth resources (Adiyaman Lopes 2022). Seed funds from
IGCP support projects that benefit society, increase capacity in
the geosciences, and promote the advancement and sharing of
knowledge between scientists (Adiyaman Lopes 2022; Kuiper
et al. 2022). In November 2022 there were 58 active IGCP
projects run by 376 ICGP project leaders from 92 countries.
Over the past 50 years Canadians have been involved in
numerous IGCP projects (see Table 3 for a list of past IGCP
projects co-led by Canadians).

Cooperative Projects among Geological Surveys

The Geological Survey of Canada (GSC) is a founding mem-
ber of the World Community of Geological Surveys
(WCOGS), a community of best practices established in 2020
focused on linking these organizations, supporting global sus-
tainable development, and helping develop responses to global
issues. The mission and principles of WCOGS overlap with
those of TUGS (Lebel and Hill 2020) and capitalized on the
success of a special session on the “Changing Role of Geolog-
ical Surveys” at the 2018 “Resources for Future Generations”
conference held in Vancouver, Canada. This eventually led to
the publication of a Geological Society of London special vol-
ume (Hill et al. 2020). This community of geological surveys
will continue to support IUGS, IGCP and other international
initiatives through individual or joint contributions. At this
point, the WCOGS is focused principally on engaging leaders
and staff from member organizations but is ensuring that
most of the events are publicly available online. The first few
events were initiated at the onset of the COVID-19 pandemic
and have increased in frequency and diversity (see www.world-
geosurveys.org for more details and recorded presentations).
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Table 3. Past IGCP projects with Canadian geoscientist co-leaders. Geoscientists not affiliated with a Canadian institution are
identified. This list excludes those projects that were presented during the Halifax 2022 symposium. Information from Derbyshire

(2012).
IGCP Project
Number IGCP Project Leads IGCP Project Title Years
92 A.M. Goodwin Archean Geochemistry 1974-1983
160 J. Veizer Precambrian Exogenic Processes 1977-1986
161 A.J. Naldrett Sulphide Deposits in Mafic and Ultramafic Rocks 1977-1987
171 G.E.G. Westermann Circum-Pacific Jurassic 1981-1985;
1986-1987
233 J.D. Keppie, R.D. Dallmeyer (USA) Terranes in the Circum-Atlantic Palacozoic Orogens 1985-1990;
1991
257 H.C. Halls Precambrian Dyke Swarms 1987-1991
259/360 A.G. Darnley, J.A. Plant (UK) International Geochemical Mapping; 1988-1992;
Global Geochemical Baselines 1993-1997
290 M. Higgins, J.-C. Duchesne (Belgium) Anorthosites and Related Rocks 1990-1994
293/386 H.H.J. Geldsetzer, Xu Dao-Yi (China) Geochemical Event Markers in the Phanerozoic 1990-1993
314 L. Kogarko (Russian Federation), Alkaline and Carbonatitic Magmatism 1991-1995
J. Keller (Germany), K. Bell
315 I. Haapala (Finland), R.F. Emslie Rapikivi Granites and Related Rocks 1991-1995;
1996
342 M. Zentilli, C. Dtassinari (Brazil), F. Munizaga (Chile) Age and Isotopes of South American Ores 1992-19906;
1997
353 J-V. Matthews Jr., A. de Vernal The Last Interglacial Period in the Circum-Arctic 1993-1997
354 P. Rongfu (China), P. Laznicka, J. Kunina (USA), Economic Super Accumulations of Metals in Lithosphere 1995-1999;
D.V. Rundquist (Russian Federation), I. Plimer 2000
(Australia), T. Nakajima (Japan)
367 D.P. Scott Late Quaternary Coastal Records of Rapid Change 1994-1998
371 R.P. Gorbatschev (Sweden), C.E. Gower North Atlantic Precambrian (COPENA) 1994-1998;
1999
406 M.V.H. Wilson, T. Marss (Estonia), P. Mannik (Estonia) Circum-Arctic Palacozoic Vertebrates 1996-2000;
2001
415 J.T. Teller, R. Valkmae (Estonia) Glaciation and Reorganization of Asia’s Drainage 1997-2001
419 M. Wendorfi (Botswana), P.L.. Binda Foreland Basins of the Neoproterozoic Belts in Central-to-
Southern Affrica and South America 1998-2002
447 X. Meng (China), D.G.F. Long, R. Bourrouilli (France) Proterozoic Molar-tooth Carbonates 2001-2005
450 S.S. Iyer, A.F. Kamona (Namibia), Proterozoic Sediment-hosted Base Metal Deposits of 20002004
A. Misi (Brazil), ]. Cailteux (DR Congo) Western Gondwana
453 J-B. Murphy, J. Keppie (Mexico) Modern and Ancient Orogens 2000-2004
454 O. Selinus (Sweden), P. Bobrowsky, E. Derbyshire (UK) Medical Geology 20002004
403 C. Wang (China), M. Sarti (Italy), R.W. Scott (USA), L.E. Jansa Upper Cretaceous Oceanic Red Beds 2002-2006
467 M.J. Orchard, I. Krystyn (Austria), J. Tong (China), Triassic Time and Trans-Panthalassan Correlations 2002-2006;
S. Lucas (USA), H. Campbell (New Zealand), F. Hirsch 2007
(Japan), K. Ishida (Japan), Y. Zacharov (Russian Federation)
469 CJ. Cleal (UK), B.A. Thomas (UK), S. Oplustil Late Variscan Terrestrial Biotas and Paleoenvironments 2003-2007
(Czech Republic), Y. Tenchov (Bulgaria), E. Zodrow
474 B.R. Coleby (Australia), L.D. Brown (USA), EA. Images of the Earth’s Crust 2003-2007
Cook, G.S. Fuis (USA), R.W. Hubbs (UK), D.M.
Finlayson (Australia), S. Li (China), O. Oncken (Germany)
479 J.E. Mungall, M. Ijina (Finland), C. Ferreiro-Filbo (Brazil) Sustainable Uses of Platinum Group Elements 2003-2007
501 FJ.A.S. Barria (Portugal), W.S. Fyfe, Soil Regeneration with Erosion Products and Other Wastes 2004—-2005
O. Leonardos (Brazil), S. Li (China)
502 R. Allen (Sweden), F Torres (Spain), Global Comparison of Volcanic-hosted Massive Sulphide Districts ~ 2004-2008
J. Peter, N. Cagatay (Turkey)
511 Jacques Locat, ]. Mienert (Spain), R. Urgeles (Spain) Submarine Mass Movements and Their Consequences 2005-2009
514 N. Patyk-Kara (Russian Federation), A.Duk-Rodkin, Fluvial Palacosystems: Evolution and Mineral Deposits 2005-2009
B. Hou (Australia), L. Ziyang (China),
V. Doigopolov (Kazakhstan)
521 V. Yanko-Homback, Irena Motnenko Caspian-Black Sea-Mediterranean Corridor during the
Last 30 ka: Sea level Change and Human Adaptive Strategies 2005-2009
526 FI. Chiocci (Italy), I.. Collins (Australia), Risks Resources and Record of the Past on the Continental Shelf 2007-2011
M.M. de Mahiques (Brazil), R. Hetherington
574 S. Johnston, G. Gutierrez-Alonso (Spain), A. Well (USA) Bending and Bent Orogens and Continental Ribbons 2009-2013
587 P. Vickers-Rich (Australia), M. Fedonkin (Russian Entity, Facies and Time — The Ediacaran (Vendian) Puzzle 2010-2014
Federation), J. Gehling (Australia), G. Narbonne
600 A. Hou (China), D. Leach (USA), J. Richards, R. Goldfarb (USA) Metallogenesis of Collisional Orogens 2011-2014
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The priorities for the WCOGS Activity Committee for the
next few years are nurturing the next generation of talent, geo-
science education, linking women geoscientist leaders, collabo-
rating with IGCP, and advancing technical sessions on global
earthquake risk reduction, and landslides. The Secretariat
ofrganization rotates on a two-year period between member
organizations with the GSC hosting the first two years. As of
January 2023, the EuroGeoSurveys, a non-profit organization
that represents the Geological Surveys of Europe, is the cur-
rent WCOGS Secretariat and will serve until the end of 2024.

UNESCO GLOBAL GEOPARKS AND WORLD HERITAGE
SITES

UNESCO Global Geoparks and geoscience-themed World
Heritage Sites are important venues for promoting geoscience
while engaging the individuals and families that visit these sites.
These venues owe their origin to a 2005 report by the Interna-
tional Union for Conservation of Nature (IUCN) entitled
“Geological World Heritage: A Global Framework™ (Dingwall
et al. 2005) that aimed to assist the World Heritage Convention
in recognizing and protecting regions of geological and geo-
morphological heritage and inscribing such regions onto the
World Heritage List (McKeever and Narbonne 2021). World
Heritage Sites have “Outstanding Universal Value” which is
evaluated using a series of criteria and conditions that cover
cultural and natural properties, defined by the UNESCO
World Heritage Centre (2019). The key properties that relate to
geological features are encapsulated in criterion 8 of 10, which
reads:

“Be outstanding examples representing major stages of earths
history, including the record of life, significant on-going geological
processes in the development of landfornus, or significant geomor-
phic or physiographic features”

The UNESCO World Heritage Committee requested in
2013 and 2014 that IUCN revise the initial Dingwall et al.
(2005) repott to “refine the proposed 13 themes, articulate the thresh-
old of ‘Outstanding Universal Value', and clarify the difference between
the criterion of World Heritage and Geoparks”. At that time, geop-
arks were not designated by UNESCO but this changed in
2015 when UNESCO adopted the new designation of
UNESCO Global Geopark and all pre-existing global geop-
arks became UNESCO Global Geoparks (McKeever and Nar-
bonne 2021, 2022). McKeever and Narbonne (2021) published
the “Geological World Heritage: A revised global framework
for the application of criterion (viii) of the World Heritage
Convention”. This revised report identifies 11 themes
(reduced from 13 in the 2005 report) for the evaluation of
World Heritage sites that involve key geological properties.
These 11 themes are as follows:

History of planet Earth and the evolution of life.
Tectonic systems.

Erosional systems.

Volcanic systems.

River, lake and delta systems.

Rl
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Cave and karst systems.

Coastal systems.

Marine systems.

. Glacial and periglacial systems.
0. Desert and semi-desert systems.
1. Meteorite impacts.

=N S

McKeever and Narbonne (2021, 2022) provide guidance and a
framework for determining which designation, World Heritage
or UNESCO Global Geopark, is appropriate when consider-
ing new geological and geomorphological attributes for inter-
national recognition and preservation.

Global geoparks are not parks in the traditional North
American way of thinking but are instead places to reflect on
and celebrate the connections between the land and the people
that inhabit it (Calder and Nowlan 2022). UNESCO Global
Geoparks are designated, defined geographical regions that
have international geological significance, and are managed in
the spirit of sustainable development with protection and edu-
cation programs (en.unesco.otg/global-geoparks). They con-
nect the geology of a region with the natural and cultural her-
itage, to increase awareness of important societal issues such
as climate change, resource sustainability, and natural-hazard
risk (Calder and Nowlan 2022). Global geoparks combine con-
servation with sustainable development and are intended to be
led by the local community (a ‘bottom-up’ approach) with the
aim of increasing geotourism. As global geoparks focus on
both land and people, aspiring geoparks should include Indige-
nous ways of knowing and culture, with Indigenous storylines
presented parallel to the science (Calder and Nowlan 2022). In
the Canadian context, geopatrks provide opportunities for rec-
onciliation with Indigenous peoples, offering a way to recog-
nize and honour Indigenous culture and connections with the
land.

As of November 2022, there are 177 UNESCO Global
Geoparks spread over 46 countties (en.unesco.org/global-
geoparks), with five in Canada; Tumbler Ridge (British Colum-
bia), Percé (Quebec), Stonchammer (New Brunswick), Cliffs
of Fundy (Nova Scotia), and Discovery (Newfoundland and
Labrador). These locations are shown in Figure 3, with infor-
mation at www.canadiangeoparks.ca. It is estimated that the
number of geoparks in Canada will double by the end of the
decade as several aspiring geoparks are currently working on
their applications (www.canadiangeoparks.ca). An example of
one such aspiring Canadian geopark is Cabox on the west
coast of Newfoundland where the Precambrian to Late
Ordovician Bay of Islands Igneous Complex, one of the first
ophiolite sequences recognized, enables visitors to walk from
ancient intertidal zones, onto the mantle, across the Moho
(Kerr and Wylezol 2022). Assessments are underway to identi-
fy potential new global geopark candidates in Canada by focus-
ing on regions that are under-represented. This is especially
relevant for Canada’s North as there are no current geoparks
anywhere in the world that are located in permafrost regions.
A geopark in the North would offer a unique perspective into
the impacts of climate change, specifically with respect to
changing permafrost conditions. Furthermore, a geopark in
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Canada’s North would ideally be Indigenous-led and directed,
ensuring the inclusion and proper representation of Indige-
nous culture, with the aim of increasing geotourism to the
region to benefit the communities. Katherine Boggs spoke on
initiatives related to a possible future global geopark in the
Mackenzie Delta region, where initial communication with
local communities had just started prior to the onset of the
COVID-19 pandemic and is soon set to resume (Boggs et al.
2022).

UNESCO is also responsible for the identification and des-
ignation of World Heritage sites which are locations that
demonstrate “Outstanding Universal Value”. There are over
1100 UNESCO World Heritage sites (both natural and cultur-
al) worldwide, with 22 in Canada. Of these 22, nine sites were
designated based on geoheritage criteria and represent a cross-
section through the geodiversity of the Canadian landscape.
The locations of these sites are indicated in Figure 4; more
details are available at whc.unesco.org/en/list. Five of these
sites (Canadian Rocky Mountain Parks, Dinosaur Provincial
Park, the Joggins Fossil Cliffs, Gros Morne National Park, and
Mistaken Point) were included in the world’s “First 100 Geo-
logical Heritage Sites” recently compiled by IUGS (2022).

An overview of the Head-Smashed-In Buffalo Jump
UNESCO World Heritage site in southwestern Alberta was
presented by Brink (2022) during the symposium. Additionally,
Caron (2022) described the Willner Madge Gallery ‘Dawn of
Life’ exhibit at the Royal Ontario Museum (Toronto, Ontario,
Canada), which contains fossil specimens from every Canadian
province and territory. The gallery includes fossils from five
UNESCO World Heritage Sites: Mistaken Point (Ediacaran) in
Newfoundland, the Burgess Shale (Cambrian) in the Canadian
Rocky Mountain Parks (British Columbia), the Joggins Fossil
Cliffs (Carboniferous) in Nova Scotia, Miguasha (Devonian)
and Anticosti Island (Ordovician-Silurian) in Quebec. The
adjoining ROM James and Louise Temerty galleries of the Age
of Dinosaurs contain dinosaur fossils from Dinosaur Provin-
cial Park, also a UNESCO World Heritage Site (Fig. 4).

GEOSCIENCES FOR THE NEXT DECADE

The final presentation on Day 1 of the symposium was ‘Geo-
sciences for the next decade’ by current IUGS president, John
Ludden. His presentation provided context as to why the field
of geoscience remains relevant in today’s world and offered
food for thought as to how this role will develop in the near
future (Ludden 2022). Ludden stated that the study of Earth
science is critical for furthering our understanding of our plan-
et, for creating and maintaining a safe and healthy Earth, for
sustainable development and growth, and for helping to
reduce global economic inequalities. LLudden also showed that
there are opportunities for geoscience to respond to, and be
driven by, current major global societal factors. Examples
include energy supply and decarbonization, a need to reduce
global emissions, studying the geological risks along with the
hazards, population change on a global scale, data science,
environmental regulations, and public opinion on such mat-
ters. He noted that typical academic geoscience research has

http://www.geosciencecanada.ca

the tendency to focus on incremental science (i.e. small
research questions with limited visibility) that do not by them-
selves address global issues. Ludden suggested that geoscien-
tists should be trying to shift to big geoscience initiatives that
tackle larger, more pressing problems with better visibility.
This trend has gained momentum with geological survey
organizations, as exemplified by the GSC, the United States
Geological Survey, the Bureau de Recherches Géologiques in
France, and other collaborative initiatives by EuroGeoSurveys.

Ludden acknowledged that the field of geoscience faces
many challenges in its current state and in moving forward.
For instance, progress is hampered by lack of connections
between discovery science, applied science, and the translation
of science. He observed that geoscientists have become profi-
cient in identifying issues but tend to leave the problem reso-
lution to engineers. Geoscientists must become more adept at
communicating with other disciplines and at developing better
working relationships, especially with engineering and socioe-
conomic fields, in order to facilitate and guide future initiatives.
The geoscience community needs to develop meaningful
strategies to increase enrolment in post-secondary Earth sci-
ence programs to avert the possible skill shortages that this
may eventually trigger. The number of university geoscience
departments that are now closing due to diminishing entoll-
ment is alarming (see Nature Reviews Earth and Environment
editorial 2021). Furthermore, Ludden stated that there is a ten-
dency for national geoscience policies to look inwards, specif-
ically in regard to mineral resource exploration, leading to
global inequities.

An over-arching challenge faced by geoscientists, as
described by Ludden (2022), is the climate crisis, which also
plays a major role in shaping the future. He reported on the
UK-based Hutton Series on Climate Change (2020-2021) that
brought together experts, business leaders, scientists, and con-
cerned citizens who identified and defined ten key priorities,
innovations, and actions needed to mitigate the climate crisis
(www.panmutchouse.org/programmes/hutton-series). The
Hutton Series identified several needs that are cross-discipli-
nary (science, engineering, finance, and citizens) which apply
to vatrious levels of government, from the people, to the
researchers, to the policy-makers. Ludden (2022) stated that
there needs to be a change to the global engineering ethos that
prioritizes caring for the planet by developing and testing novel
technological solutions. Governments need to provide leader-
ship and policies that focus on long-term sustainability. This
will also help to improve investor confidence and encourage
citizens to support policies aimed at climate-change mitigation.
Ludden further stressed that geoscientists, and geoscience
industries, should lead by example for net-zero initiatives, with
the aim that these strategies be implemented globally. The
technology required to achieve an energy transition largely
exists but requires optimization and a significant injection of
capital. Furthermore, Ludden emphasized that the finance sec-
tor needs to modify its current way of thinking so that it can
decouple economic growth from carbon emissions.
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DISCUSSION PANELS

IUGS and IGCP Discussion Panel

The first day of the symposium concluded with a panel discus-
sion, following John Ludden’s talk, with most of the carlier
TUGS and IGCP presenters serving as panelists. Several topics
were inspired by the issues raised by John Ludden and are dis-
cussed in this section. The main points from each of the panel
themes are summarized below, based on the opinions and
experiences of panel experts and audience members. These
provide some insights into potential issues facing the geo-
science community with the aim of initiating further discus-
sions. Various governments, universities, and organizations
have already started to develop programs to address some of
these issues, but novel ideas and initiatives are needed to
ensure long-term, meaningful change.

Communication with Politicians, Policy- and Decision-
Makers

There are numerous challenges when it comes to communicat-
ing Earth science to policy- and decision-makers in support of
the creation and funding of long-term strategies in ever-chang-
ing political and economic environments. In Canada, these
challenges are further exacerbated for educational proponents
as their sectors report to provincial and territorial Ministries of
Education which have minimal geoscience teaching in their
education programs (geosciences are not even designated as a
teachable in Canada). It was suggested that educators and
organizations collaborate with government departments (such
as the Geological Survey of Canada and Provincial and Terri-
torial geological surveys) who are well situated to influence
policy development. For instance, the Pan-Canadian geo-
science strategy, which does not include research-granting
councils and universities, lists geoscience outreach to the pub-
lic and decisions makers as a priority. The EuroGeoSurveys
strategy, which supports the new Geological Service of
Europe project, has similar aims for promoting geoscience and
education outreach (EuroGeoSurveys 2022).

Creating Long-Term Strategies and Solutions

John Ludden commented in his presentation that Earth scien-
tists can provide ample evidence of global issues (e.g. the cli-
mate emergency) but that they tend to move on to identifying
the next issue hoping that engineers will come up with solu-
tions. This led to discussion invoking several newer geoscience
programs as examples of how this mindset might be shifting;
For example, several cross-disciplinary programs throughout
Canada are attempting to develop methods for mitigating the
impacts of climate change. They include collaborations
between scientists, engineers, and policy-makers across indus-
try, government, and academia in the fields of carbon capture
and sequestration, groundwater mapping, geothermal, critical
minerals for green energy, hydrogen storage, geohazards,
coastal erosion and other topics. Even with these programs,
Earth scientists need to do better at engaging other disciplines
in order to develop more meaningful solutions to the global
climate emergency.
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Figure 5. The number of geoscience students in Canadian universities from 1974
to 2021 (courtesy of the Council of Chairs of Canadian Farth Science Depart-
ments; cccesd.acadiau.ca/). The solid symbols include all students in their respective
programs (BSc, MSc and PhD), the hollow symbols include the students in geology
+ geophysics + geological engineering fields minus the environmental sciences stu-
dents. This separation was started in 2002. Note that there has been a drop of 1700
(42%) in 2021 from 4200 undergraduate geoscience students in 2014.

Attracting the Next Generation into Earth Sciences
Significant concern was expressed at the panel discussion
regarding the lack of students enrolled in current post-sec-
ondary Earth science programs, especially in Canada. This is
going to cause problems in the not-so-distant future as it will
lead to workforce challenges that will inhibit tackling climate-
change issues. This does not only represent shortages of geol-
ogists, but also a lack of Earth scientists with data processing
expertise and knowledge of environmental issues. At the same
time, qualified geoscientists are required to support mineral
exploration and the petroleum industry, especially as these
industries also contribute to the development of solutions to
tackle climate change such as carbon sequestration and storage
as well as critical mineral resource identification and extraction.

According to panelists and audience members, many Cana-
dian, Australian, and European Earth science departments
report decreased enrollment (e.g. see Fig. 5 for Canadian data)
as the new generation looks to environmental science and
geography to tackle climate change while viewing geology only
in terms of mineral and petroleum exploration. This makes
attracting and retaining students in geoscience programs diffi-
cult. The University of Toronto was put forward as an example
of a successful Canadian post-secondary institution which has
not seen a decline in geoscience enrollment. Their geology
program is designed to connect to more popular, related fields
such as environmental science, and employs an Earth-system
science approach. This multi-faceted strategy has attracted a
wider range of students, and helped to keep the geoscience
program numbers steady, and may provide a template for other
universities to follow.

Having good, engaging instructors in first-year geology
courses may also help to attract students from other disci-
plines. Another useful approach may be to get children inter-
ested in the Earth sciences well before post-secondary educa-
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tion, preferably before Grade 5 when many children have
already developed math and science anxieties (e.g. Friesen
2009). Both initiatives may help bolster future enrollments.
Encouraging further discussions regarding geoscience enroll-
ment is necessary for the development and implementation of
strategies aimed at increasing student participation in Earth
sciences.

Relevancy and Communication with the General Public
Through Education and Outreach

A lack of capacity is partly caused by the challenge of making
Earth sciences more relevant to students and to society in gen-
eral. Geologists understand the importance of what we do, but
how do we effectively communicate that to students or people
lacking an Earth science background, so they understand and
support the geosciences? Other organizations, such as IGCP,
are working on this issue. The IGCP’ focus on geoscience
education and its strategic position in UNESCO are assets that
should be capitalized on. It is, however, limited by funding
challenges. Half of the current IGCP projects involve social
connections to local communities and all projects require an
outreach component.

It was expressed during the panel discussion that Earth sci-
ence projects would benefit from increased engagement with
the public and Indigenous communities. Promoting and facili-
tating citizen science are effective ways of involving local com-
munities. UNESCO Global Geoparks are important for
demonstrating the applications of geosciences to the public.
Ongoing funding for the IGCP Geoparks program, and the
creation and maintenance of these parks, are important for
facilitating interactions with and communications between sci-
entists and society, while preserving these unique geoheritage
sites. Furthermore, panels, committees, commissions, task
forces etc., should strive for increased representation, the
inclusion of eatly career researchers, and the involvement of
non-geologists such as social scientists and geographers. Muse-
ums are key in communicating science with the public and
attracting children into the sciences, yet museums also face
financial struggles, especially at the provincial level in Canada.

Future Direction of the Earth Sciences

Geoscientists know that “zhe present is the key to the pasf’ but
John Ludden asked if, given the current climate emergency,
Earth sciences should focus solely on the present and abandon
‘deep time’ to work towards solutions for imminent issues. The
panel and audience members discussed this question at length
and the consensus was that there is still value to be gained
from the deep past, particularly with respect to mass extinction
events and climatic vatiations. There is a need to better under-
stand mass extinctions, what causes them, how to define and
recognize them, their repercussions for life on Earth, and how
the Earth recovered from past mass extinctions. Studying the
deep time record of climate change may help us to better
determine the long-term effect our species is having on the
planet and give insights into the reality we are facing (the rates,
causes, tipping points, etc., that relate to climate change).

http://www.geosciencecanada.ca

Internal and External Geoscience Communication

The challenges facing the scientific community, specifically the
Earth sciences, will require us to strengthen the ties between
our various disciplines, and also with other sciences and the
various fields of engineering. We are all in this together and
only through working together can we develop meaningful
strategies and solutions to tackle pressing issues. Specifically,
Earth scientists need to cooperate with other disciplines
including industry, engineering, biology, geography, and
socioeconomics. Goals should include improving communica-
tions, timely sharing of data and research, and involving these
other disciplines in Earth science organizations, panels, and
committees. It was mentioned that Canadian geoscientists
need to support and collaborate more with students and
researchers from under-represented, under-funded countries
on targeted, meaningful projects for the benefit of everyone.
Broader volunteer-based participation by Canadians in IUGS,
IGCP and other international endeavours will be crucial in the
coming decades to stay connected, build synergies, and inte-
grate between various disciplines, genders, and cultural diversi-
ties.

Funding

Funding is always a major concern to any researcher, and chal-
lenges associated with a lack of funding were a common
theme during the panel discussion. As scientists, we have ideas
for future projects and collaborations, but funding these
undertakings is a challenge. A lack of consistent funding also
exacerbates the issue of attracting the next generation of geo-
scientists; students will not come without funding. It would be
ideal if a program (national, international, or a combination of
both) with ample funding was created that supported academ-
ics and government researchers to pursue the recommenda-
tions outlined in the Hutton Series. Such a program would
fund student projects on climate change, attracting candidates
into the program. The question still remains though: where
does this money come from? Geoscience research and solu-
tions are expensive so there is a need to find ways to make
these programs more affordable and prioritization will require
rigorous cost-benefit analyses. This will attract people to the
geosciences, contribute to effective societal change, and
increase the relevancy of the Earth sciences. Funding is a com-
plex, ongoing problem and requires the involvement and sup-
port of science agencies such as the Natural Sciences and
Engineering Research Council of Canada (NSERC). NSERC
has identified to “mobilize knowledge on a global scale” through
support for the development of international partnerships as a
priority in its strategic plan (NSERC 2022).

UNESCO World Heritage and Global Geoparks Discussion
Panel

Following the presentations on UNESCO World Heritage
Sites and Global Geoparks during the second day of the sym-
posium, a panel examined areas that are under-represented in
Canada and challenges experienced when developing geoparks
in the Canadian context. It was apparent from the discussions
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that Indigenous leadership, traditional knowledge, culture, and
representation should be a requirement for future geoparks.
The pros and cons of placing a global geopark in environmen-
tally fragile areas, such as Canada’s North, were also discussed.
The potential negative impacts of increased traffic to these
regions must be considered for aspiring geoparks. However, a
geopark in the North would illustrate the impact of climate
change (e.g. glacial retreat, the impacts of thawing permafrost
on coastlines and infrastructures, etc.) while providing finan-
cial gains to northern communities through geotourism, and
significant local employment opportunities. It was also pointed
out that social scientists, especially geographers, and geoscien-
tists would both benefit from improved collaboration and
communication, especially with respect to identifying, develop-
ing, and maintaining UNESCO World Heritage Sites and
Global Geoparks.

CLIFFS OF FUNDY GEOPARK FIELD TRIP

A three-day, post-conference field trip to the Cliffs of Fundy
UNESCO Global Geopark (Nova Scotia), showcased this
unique area. This geopark strives to support and promote the
concept of “Two-Eyed Seeing” wherein Indigenous heritage
and modern science are given equal consideration and respect.
The field trip highlighted how the landscapes and seascapes of
the region evolved, and how these features influenced the cul-
tural, industrial, and agricultural heritage of the area. The field
trip also provided insights into the process of establishing an
UNESCO Global Geopark and touched on related topics
including geoscience communication, UNESCO educational
objectives, sustainable development with respect to mineral
and energy resources, and geohazards associated with climate
change and rising sea levels. The three intertwined pillars that
form the identity of the Cliffs of Fundy Geopark (Mi’kmaw
culture, highest tides, and sea cliffs) were explored in various
stops throughout the park.

The Cliffs of Fundy Geopark is located within the territory
of Kluskap (or Glooscap; Calder and Gloade 2016; Grant et
al. 2022), named for the first human in Mi’kmaq lore (as
detailed by the Guide o 30 Geosites). Highway 2 through the
park is locally called the Glooscap Trail and the iconic painting
of the Three Sisters (distinctive sea stacks along the Bay of
Fundy coastline) by Gerald Gloade, a Mi’kmaw artist and cur-
rent Program Development Officer for the Mi’kmawey Debert
Project in Truro, greets visitors on a highway sign enroute to
the Cliffs of Fundy Geopark, Nova Scotia (Fig. 2D). The
Three Sisters figure prominently in the Glooscap legend where
they played a trick on Glooscap when he was hunting moose.
Glooscap punished the sisters by turning them into stone: the
three prominent sea stacks located offshore (Calder 2017).

A key aspect of global geoparks is their cultural signifi-
cance and involvement of local Indigenous communities. Dur-
ing the eatly stages in the process of designating the Cliffs of
Fundy Geopark, community consultations with the Mi’kmaq
Elders Advisory Council were held. Feedback from the Mi’k-
maq community resulted in extending the eastern boundary of
the park to include Mi’kmawey Debert (Calder 2018), which is
a significant Indigenous archeological site that dates back
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11,000 years to a time when the last continental glaciers were
retreating (Cliffs of Fundy Geopark Society 2020). Other
Mi’kmagq cultural highlights in the Cliffs of Fundy Geopark
include sites of copper mining and weir fishing. The Mi’kmaq
in the region mined copper locally which was widely traded
across eastern North America centuries before it was ‘discov-
ered’ by Samuel de Champlain (Hanley et al. 2022). Weir fish-
ing, using inward water flow during high tides to direct the fish
into the trap that are collected later during low tides, was a
technique used by the Mikmaq for thousands of years
(Bernard et al. 2015) and one weir is still used near Partridge
Island.

The highest tides on Earth occur in the Bay of Fundy due
to the shape of the bay combined with the resonance of 13.3
hours along the Gulf of Maine—Bay of Fundy system, which
is similar to the period of the main tides in the open Atlantic
Ocean (Piper and Pe-Piper 2022). Neatly as much water as the
combined discharge of all the rivers of the world (Dai and
Trenberth 2002) pours through the Minas Passage at average
current speeds of 12 km/hour at a million m3/sec (Katsten et
al. 2008) twice daily with every tide. Modelling estimates that
an array of turbines through the Minas Passage could generate
2000 megawatts, enough to power two million homes (Karsten
et al. 2011); however the strong currents and suspended sedi-
ment continue to damage infrastructure (Piper and Pe-Piper
2022). Tidal bores moving upstream may also be visible. The
tide schedule is important to consider when planning a visit
along the Bay of Fundy, including to the Cliffs of Fundy
Geopark.

The Cliffs of Fundy Geopark is defined by spectacular sea
cliffs that were sculpted by the tides. These cliffs record evi-
dence for the assembly and separation of the supercontinent
Pangea. The cliffs are composed of rocks that include Paleo-
zoic metasedimentary rocks, Triassic magmatic rocks that
formed during the breakup of Pangea and the initiation of the
Atlantic Ocean, and Mesozoic shales that contain evidence of
the Triassic—Jurassic mass extinction event. Zeolites are abun-
dant in the cliffs and include stilbite (the provincial mineral of
Nova Scotia; Fig. 2H), mesolite, analcime and natrolite, with
rare heulandite, laumontite, chabazite and thomsonite (Pe-
Piper and Miller 2002). Flint, copper, basalt, and hematite were
collected and used by the Mi’kmaq for tools, jewelry, and cet-
emonial purposes (Mi’kmawey Debert Cultural Centre 2014).

CONCLUSION

The authors hope that the symposium held in Halifax and the
ensuing connections made between people, ideas, strategies,
initiatives, and projects summarized in this paper will form a
modest seed from which a new generation of Canadian geo-
science diplomacy for the world will emerge and grow into
more potent global geoscience solutions. Canadian geoscien-
tists have contributed significantly to IUGS, to numerous
IGCP programs, and to initiatives that link geological survey
organizations across the world. Nevertheless, more collabora-
tion is needed to address the enormous challenges, notably cli-
mate change, that are now facing humanity. While geoscientists
recognize the important contributions that our discipline can
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contribute to the global green transition, panel discussions
during the symposium emphasized that improved education-
outreach-communication programs are critical for conveying
these contributions to the general public. Geoparks, such as
the Cliffs of Fundy, combined with museums, are powerful
communication platforms for engaging society, including chil-
dren and their families, and inspiring the geoscientists of the
future.
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FIELD GUIDE SUMMARY

Brandon 2024: GAC-MAC-PEG Joint
Annual Meeting Field Trips

Chris Couéslan

Manitoba Geological Survey

360-1395 Ellice Avenue

Winnipeg, Manitoba, R3G 3P2, Canada
E-mail: Chris.Coneslan@gov.mb.ca

BRANDON 2024 FIELD TRIPS OVERVIEW

Are you ready for an unforgettable geological experience? Join
us at the 2024 GAC-MAC annual meeting, partnered with the
10+ International Symposium on Granitic Pegmatites (PEG),
and hosted at beautiful Brandon University, at the heart of the
continent. A plethora of exciting symposia, special sessions,
and short courses are planned, along with six field trips led by
experts from various organizations. Delegates can pick from
one pre-conference, one syn-conference, and four post-con-
ference field trips that range from day trips to multi-day geo-
logical adventures. Get ready to immerse yourself in central
Canada geology and discover breathtaking landscapes in the
company of colleagues and fellow enthusiasts!

Pre-Conference Field Trip
Participants will be led by Chris Couéslan on a four-day field
trip exploting “Stratigraphy, ore deposits, and nietamorphism in the

Thompson Nickel Belt, Manitoba”. Extensive outcrops of almost
continuous Ospwagan Group stratigraphy will be examined at
two open pit mines in the Thompson area (Fig. 1). Sulphidic
horizons within the Ospwagan Group are interpreted as the
source of sulphur for magmatic Ni-Cu ore systems, and are
the ore horizons for the three largest mines that have operated
in the Thompson Nickel Belt. Styles of mineralization were
strongly controlled by ductile deformation during high-grade
metamorphism, the effects of which will also be observed in
outcrop. Time will be spent looking at styles of mineralization
in drillcore from the Thompson mine area in the northern part
of the belt, and from the past-producing Manibridge mine area
in the south. An underground tour is being planned for the
Thompson mine, which has been in continuous production
since 1961. The field trip will depart from Winnipeg on the
morning of May 16t and finish in Brandon on the evening of
May 19,

Syn-Conference Field Trip

A lunch and field trip sponsored by Cypher Environmental
will discuss “Better mine haul roads using environmentally responsible
techonology”. Following a lunch and learn session at Brandon
University, Todd Burns will lead an afternoon excursion to visit
a haulage road in the Brandon area that is stabilized using clay-
rich soil blended with organic catalysts and ordinary aggregate
(Fig. 2). The electronic bonding of clay minerals combined
with basic construction protocols results in roads that require
very little maintenance and provide numerous environmental

Figure 1. Headframe and outcrops of Archean gneiss overlooking the past-producing Pipe II open pit mine near Thompson, Manitoba. Photo: C. Couéslan.
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Figure 2. Curries Landing haul road near Brandon, Manitoba after stabilization
using clay-rich soil and organic catalysts. Photo: Cypher Environmental.

benefits including reduced dust production. This event will
take place during the conference proceedings.

Post-Conference Field Trips

Attached to the 10 International Symposium on Granitic Peg-
matites is an excursion visiting “Pegmatites of the Cat Lake—W in-
nipeg River (MB) and Separation Rapids (ON) Pegmatite Fields” that
will be led by several field trip leaders from provincial surveys,
academia, and industry. This four day field trip will explore the
regional setting, emplacement controls, and mineralogy of
lithium pegmatites in outcrops of the Cat Lake—Winnipeg
River and Separation Rapids pegmatite fields of Manitoba and
northwestern Ontario. Site visits are planned for the Eagle, FD
no. 5, Big Mack, and Big Whopper pegmatites. In addition, a
visit to the world-class Tanco pegmatite will include a tour of
the spodumene mill and underground workings, and examina-
tion of drillcore (Fig. 3). A paragenetic sample suite of the
Tanco pegmatite, collected by Petr Cerny, will be viewed at the
University of Manitoba. This field excursion will be a round
trip that starts in Winnipeg on the morning of May 23+ and
ends in Winnipeg the evening of May 26,

A joint, one and a half day field trip by the Canadian Sedi-
mentological Research Group, Paleontological Division of the
GAC, and the Canadian Society of Vertebrate Paleontology
investigating “Life in the Western Interior Seaway: A field trip to the
Cretaceons escarpment in Morden, Manitoba”, will be led by Ricardo
Silva, Kirstin Brink, and Adolfo Cuetara. The excursion will
focus on the globally significant sedimentary successions of
the Upper Cretaceous in the Morden-Miami area of Southern
Manitoba. In addition to discussion-filled stops exploring the
Cretaceous formations, there will also be a visit and dining
experience at the Canadian Fossil Discovery Center where
examples of Campanian fossils including plesiosaurs, giant tur-
tles, toothless sharks, flightless birds, plants, and ‘Bruce’ the
mosasaur are on display (Fig. 4). Bruce, a Tylosanrus Penbinesis
mosasaur, was found in 1974 and holds the Guinness World
Record as the largest publicly displayed mosasaur. Along the
way, participants will learn about the local indigenous and set-
tler history of the area and take a brief look at Pleistocene—
Holocene shoreline and lake deposits of Lake Agassiz. The
trip will depart from Brandon on the afternoon of May 22nd
and finish in Winnipeg the evening of the 23,

http://www.geosciencecanada.ca

Figure 3. Underground mining operations at the Tanco Li-Cs-Ta mine, southeast-
ern Manitoba. Photo: T. Martins.

Kyle Reid will lead participants on a four day exploration
of the “Voleanic stratigraphy, hydrothermal alteration and metamor-
phism associated with VMS deposits in the Flin Flon—Snow Lake min-
ing camp”. The Flon Flon greenstone belt is one of the largest
Paleoproterozoic volcanogenic massive sulphide (VMS) dis-
tricts in the world. The excursion will begin by examining the
stratigraphy of the Flin Flon arc assemblage, where the rela-
tively low metamorphic grade has preserved volcanic textures
and structures in rocks spatially associated with the Flin Flon
ore bodies (Fig. 5). This will be followed by a day focussing on
the volcanic stratigraphy of the Snow Lake arc assemblage and
the syn-volcanic hydrothermal alteration systems that devel-
oped in association with the Chisel-Lalor VMS deposits,
which were affected by middle amphibolite-facies metamor-
phic conditions during the ca 1.8 Ga Trans-Hudson orogeny.
This excursion will depart from Brandon on the morning of
May 23t and end in Winnipeg the evening of May 26t.

A one day “Field trip to PADCOM potash niine and Gambler
First Nation” is jointly sponsored by the Manitoba Prospectors
and Developers Association, Gambler First Nation, and the
Potash and Agri Development Corporation of Manitoba
(PADCOM). The excursion will be led by Michelle Nicolas and
MaryAnn Mihychuk and will begin with a visit to Gambler
First Nation, approximately 130 km northwest of Brandon. A
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Figure 4. The Canadian Fossil Discovery Centre in Morden, Manitoba, is home to many marine fossils of the Upper Cretaceous including ‘Bruce’ the mosasaur. Photo: Cana-

dian Fossil Discovery Centre.

Figure 5. Pillowed basalt of the Flin Flon arc assemblage near Flin Flon, Manitoba.
Photo: C. Couéslan.

brief history of the First Nation will be followed by an outline
of their businesses and relationship/partnership with PAD-
COM. A feast will be provided by Gambler First Nation
before the trip continues to the first, and so far only, potash
mine in Manitoba. The mine tour will focus on the polyther-
mic selective solution process used by the operator, PAD-
COM, and will include a discussion of their partnership and
revenue sharing agreements with Gambler First Nation. The
field excursion will be a round trip out of Brandon on May
23,

We hope that there is something that appeals to everyone
in the field trip listing for the 2024 GAC-MAC-PEG joint
annual meeting! For full details on the technical program, trav-
el, and accommodation information, please visit: event.four-
waves.com/ gacmac2024/ .

htps://doi.org/10.12789/geocan}.2023.50.205 wr
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