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Abstract

The Challis-Kamloops belt (early Eocene) includes graben-fill volcanic and sedimentary rocks that extend for about 2000 km from Challis in
Idaho to central British Columbia and possibly, into southern Yukon. Mapping and sampling of the Kamloops Group in the south-central part of
the belt indicates subaerial to subaqueous (lacustrine) volcanism, with volcanic facies in the type area including mega pillows, hyaloclastites,
pahoehoe and aa flows, domes and phreatomagmatic cones. New geochemical data indicate that the rocks are calc-alkaline to weakly alkaline
basaltic andesite to trachy-andesite, with adakitic characteristics. The major element compositions are influenced primarily by fractionation of
pyroxene and olivine. The chondrite-normalized REE patterns are uniform and LREE-enriched, with relatively flat HREE patterns. The rocks
have primitive mantle-normalized trace element patterns that are arc-like with positive LILE and negative HFSE anomalies. A preliminary
comparison of Kamloops Group geochemistry (new and previously published data), and published data from other Eocene units (Princeton and
Penticton groups) of the Challis-Kamloops belt in south-central British Columbia indicates distinct geographic differences. The Kamloops and
Princeton group melts may have been derived from the spinel-garnet transition zone in the subcontinental lithospheric mantle and influenced
by slab-derived fluids, whereas the Penticton Group shows trends toward anhydrous enrichment and may have been derived from a different
source. Among the three groups there is a lateral decrease in Ba/La from west to east reflecting a declining intensity of slab-derived fluids from
an Eocene subducting margin.
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1. Introduction volcanism, mineralization, and climate. We focus on the
The Challis-Kamloops belt (Eocene) is a narrow (<200 km)  Kamloops Group, in the interior of south-central British
discontinuous belt of graben-fill volcanic and sedimentary rocks ~ Columbia (Fig. 1). Previous studies indicated that Kamloops
that extends for about 2000 km from the Challis volcanic field  Group volcanic rocks are mostly subaerial and lacustrine basalt
in Idaho through central British Columbia and possibly as far  to andesite flows, with lesser felsic volcanic and sedimentary
north as southern Yukon (e.g., Dostal et al., 2001, 2003, 2019;  rocks (Ewing, 1981a, b, ¢ and 1982; Breitsprecher, 2002;
Bordet et al., 2014). In different parts of British Columbia these ~ Breitsprecher et al., 2003). Herein we present the preliminary
rocks have been referred to by different group-level names results of mapping and sampling to more fully document the
(Fig. 1; Kamloops, Penticton, Princeton, Ootsa Lake, Endako,  physical volcanology and geochemistry of the Kamloops
Nechako Plateau, and Sloko); in southwest Yukon, the term  Group in its type area, and to compare the geochemistry of the
Skukum volcanic complex is used (e.g., Morris and Creaser, Kamloops Group to that of the Princeton and Penticton groups
2003). Magmatism in the belt continued from ca. 56 Ma nearby.
(Ypresian) to ca. 47 Ma (Lutetian; e.g., Love et al.,, 1998;
Bordet et al., 2014). Mineralization spatially and/or temporally 2. Setting and previous work
associated with this magmatism includes local occurrences of Magmatism in the Challis-Kamloops belt was during
porphyry Cu-Mo, epithermal-Au, coal, concentrations of REE,  northeast-southwest extension of the Cordilleran orogen,
zeolite deposits, and aggregate (e.g., Love et al., 1998). The  which resulted in the generation of semi-isolated grabens that
volcanism coincides with the Early Eocene Climatic Optimum  accumulated sedimentary and volcanic rocks (e.g., Ickert et al.,
(Smith et al., 2010; Zachos et al., 2001, 2008) and may have  2009). Various drivers have been suggested for the volcanism,
affected local if not regional to global climate. including normal arc volcanism (Morris and Creaser, 2003),
The present study is part of a province-wide investigation  subduction angle migration and plate rotation (Haeussler et
of the Challis-Kamloops belt intended to better understand the  al., 2003), magmatism related to a slab-tear (Breitsprecher et
drivers of Eocene volcanism and the relationships between al., 2003; Dostal et al., 2001, 2003, 2008, 2019; Madsen et al.,
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Fig. 1. Distribution of Eocene (ca. 56 to 47 Ma; Ypresian to Lutetian) volcanic and intrusive rocks of the Challis-Kamloops belt in British
Columbia and location of study area. Grey dashed lines are Eocene dextral strike-slip faults.

2006; Ickert et al., 2009), plume-induced subduction initiation
(Stern and Dumitru, 2019), and subduction termination and
development of a slab gap (Bordet et al., 2014).

The Kamloops Group is an assemblage of Ypresian
(ca. 52 Ma) volcanic and lesser sedimentary rocks exposed from
between Cache Creek eastward to Kamloops and extending
5-10 km to the north and south (Fig. 2). The rocks mostly overly
Mesozoic basement of the Quesnel terrane with some in the east
overlying North American basement. The Fraser fault (dextral
strike slip) separates the Kamloops Group from the Ootsa Lake
and Endako groups to the northwest (Fig. 1; e.g., Dostal et al.,
2001; Bordet et al., 2014). As will be discussed further below
(section 5.3.), the boundary between the Kamloops Group and
the Princeton and Penticton groups is arbitrary.

The most comprehensive studies of the Kamloops Group
were by Ewing (1981a, b, c; 1982) and Breitsprecher (2002).
Ewing (1981a, b,1982) divided the Kamloops Group in its type
area into the Tranquille Formation comprising the Border facies
and the informal upper, middle, and lower members and the
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overlying Dewdrop Formation, subdivided into nine informal
members (Fig. 3). Ewing (1982) produced a 1:50,000-scale
map of the type area. Ewing (1981a, b) also contributed more
detailed maps of the Savona area and the McAbee fossil beds
(Tranquille Formation), a British Columbia Heritage site.
Breitsprecher (2002) completed local mapping in eastern
exposures of the Kamloops Group and, along with Dostal et al.
(2019) contributed geochemical data.

Previous mapping indicated that the Tranquille Formation
comprises lacustrine to deltaic coarse arkosic-lithic wackes
(Border facies), shale, tuffaceous siltstone, and tuffs that are
interbedded with flows, pillowed flows and hyaloclastites
(Ewing, 1981a, b; 1982). The McAbee fossil beds, included
within the Tranquille Formation, contain abundant flora and
fauna (e.g., Smith et al., 2010; Greenwood et al., 2005; Lowe
et al., 2018a, b; Mayr et al., 2019) and have been included in
the Okanagan Highlands Lagerstdtten (Archibald et al., 2011).
This Lagerstdtten, is significant because it provides a record
of the paleoecology and climate of the region during the Early
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Fig. 2. a) Distribution of volcanic and intrusive rocks of the Kamloops Group, west of the City of Kamloops. Blue circles are locations examined
in 2019 with geochemical data presented herein. Blue diamonds are locations examined in 2020. b) Sketch map of Kenna Cartwright Park
showing the distribution of different rock units and topographic features. Q — Quaternary sediments. Modified from Ewing (1982).
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Eocene Climactic Optimum (Archibald et al., 2011; Greenwood
et al., 2016; West et al., 2020). Ewing (1981a, b) correlated the
McAbee beds to the “upper unit” of the Tranquille Formation
based on their similar rock types. These beds were since ascribed
to an unnamed member of the Tranquille Formation (Read
and Hebda, 2009). The Dewdrop Formation is predominantly
basaltic to andesitic sub-lacustrine to subaerial flows, flow
breccias, cones, tuff rings and a composite cone (Ewing, 1981a,
1982).

3. Field investigations of physical volcanology
The map and field descriptions of the type area of the
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Kamloops Group by Ewing (1981a, b, 1982) were used as a
basis for this sampling program. In general, the rocks are well
exposed in much of the area, and primary structures are well
preserved, but units are laterally discontinuous and informal
members of the Tranquille and Dewdrop formations include a
variety of volcanic facies. The coherent flows and intrusions
tend to be more resistant than the fragmental units, which
tend to be more recessive and form soil-covered slopes. With
the exception of volcanic glasses that have been altered to
palagonite, alteration is minimal. Our sampling focussed on
two parts of the Kamloops Group type area, Kenna Cartwright
Park, which is underlain by the Border facies of the Tranquille
Formation and the Mara Hill and Kissick members of the
Dewdrop Flats Formation, and Cinnamon Ridge exposures
of the middle member of the Tranquille Formation. We also
examined rocks of the Kamloops Group at the Nipple, Doherty
Creek/Castle Butte, Red Plateau, Wheeler Peak, Mount Savona,
and McAbee localities (Fig. 2).

3.1. Kenna Cartwright Park
3.1.1. The Lava flow field; Mara Hill member, Drewdrop
Flats Formation

The portion of Kenna Cartwright Park mapped by Ewing as
the Mara Hill member of the Dewdrop Flats Formation (Figs. 2,
3; Ewing, 1981a, 1982) comprises a section of stacked subaerial
pahoehoe flows about 210 m thick covering an area of about
2.5 km?. These flows are overlain by Quaternary sediments to
the north and interfinger with monolithic basaltic breccias of
the Kissick member to the south (Fig. 2b). Individual flows are
1.5 to 3 m thick, but pahochoe toes are as thin as few cm to
10 to 20 cm, with glassy chill margins 1 to 5 cm thick (Fig.
4a). Flows are aphyric to sparsely plagioclase phyric and are
sparsely vesicular (ca. 5%), with flow-aligned vesicles (2-4 cm
long), and vesicle trails at the lower third of some of the
thicker flows. However, some flow tops and individual flows
are highly vesicular (20-30%) with spherical vesicles up to 3-4
cm in diameter. Flow features are remarkably well preserved
and include small tumuli, lava tubes, pahochoe toes, and ropy
pahoehoe surfaces (Fig. 4). The concentration of these features
at the top of the sequence may indicate a decline in the lava
supply rate and transition to tube-fed flows (e.g., Anderson et
al., 2012), or be a function of exposure.

Other lava flows are south of the Lava flow field and
separated from it by outcrops of Kissick breccia and a west-
northwest trending fault. Ewing (1981a) considered these flows
as possibly being part of the Border facies, the unit at the base
of the Tranquille Formation (Figs. 2b, 3). These lava flows are
aphyric, to sparsely pyroxene and plagioclase microphyric, and
massive to sparsely vesicular.

3.1.2. Kissick breccia member andesitic breccias, Dewdrop
Flats Formation

The Kissick breccia member of the Dewdrop Flats Formation
(Ewing, 1981a, 1982) forms an east-west trending ridge south
of, and in contact with, the Lava flow field (Fig. 2b), where
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Fig. 4. Kenna Cartwright Park, flow features of the Lava flow field (the Mara Hill member, Dewdrop Flats Formation. a) Thin pahoehoe toes
with vitric margins (outlined) and aphanitic interiors. The eraser tube, set inside one of the pahoehoe toes, is 13 cm long. b) Synvolcanic dike,
or squeeze-up through a lava flow. Hammer handle is 28 cm. ¢) Drain-away tubes with a small tumulus at the top of a thick pahoehoe flow. d)
Intermingling flow toes showing drain-away features; a budding tube or toe on the right and a filled tube inside of a larger cavity on the left. The

cavity on the lower left is about 30 cm in diameter.

andesitic breccias occur stratigraphically above and below the
flows. All of the breccias are monolithic but they differ in terms
of volcanic structures and textures.

Where the breccia is beneath the lava flows (Fig. 2b) it is
a monolithic pillow breccia, comprising bulbous pillow forms
up to 40 cm (Figs. Sa-c) with partial chill margins that are
brecciated such that fragments are only slightly separated and
display a jig-saw fit. These broken pillow forms are mixed
with a hyaloclastite of more blocky fragments ranging from a
few mm to about 30 cm that appear to have been remobilized
during and following fracturing (Figs. 5b, c). The breccias
are clast-supported with a matrix of finer, mostly angular
fragments. Beds, 0.5-1 m thick, display vague bedding defined
by the alignment of elongate larger broken to more intact
pillow fragments (Fig. 5a), with primary dips of about 20°.
We interpret these breccias immediately beneath the Lava flow
field constitute a lava-fed lacustrine delta, primarily on the
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basis of the elongation and fracturing of some of the pillow-
like forms, depositional dips, mix of remobilized and jig-saw
fit breccias, and general similarity with deposits that have been
described elsewhere (Skilling, 2002). The combination of in-
situ brecciation, as indicated by the jig-saw fit of some clasts,
and chaotic fragmentation and beds with primary dips suggests
deposition at the topset to foreset transition. Conceivably, flows
from the immediately overlying part of the Lava flow field
prograded over these breccias.

Breccias above the Lava flow field at higher elevations on
the ridge, are a monolithic mix of agglutinate (appearing to
be deposits of more plastic ejecta) along with more angular
breccias. Overall, this andesitic breccia is sparsely vesicular
and aphyric, or sparsely plagioclase phyric. The breccias are
massive, clast supported and poorly sorted with clast size
ranging from 1 to 2 m in diameter down to coarse ash. Locally,
hackly fractured lava bodies are surrounded by more coherent

Geological Fieldwork 2020, British Columbia Ministry of Energy, Mines and Low Carbon Innovation, British Columbia Geological Survey Paper 2021-01
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Fig. 5. Kenna Cartwright Park, andesitic breccias and pillow breccias of the Kissick Formation (Dewdrop Flats Formation). a) Lower part of
Kissick Formation, monolithic pillow breccias comprising spherical and broken andesitic pillow fragments in a poorly sorted matrix of angular
fine ash to block (10-15 c¢m) vitric and aphanitic fragments with curviplanar margins. Vague bedding (from upper right to lower left) is defined
by alignment of larger and more intact pillow fragments. b) Lower part of Kissick Formation, a larger pillow broken into polyhedral blocks
as a result of quench fragmentation and remobilized following fragmentation, as indicated by the separation along the cracks. A portion of the
formerly glassy selvage (S) remains attached though most spalled off during fragmentation. ¢) Lower part of Kissick Formation, broken pillow in
the upper left with partial selvage (S) in a hyaloclastite matrix, as described in a). The two smaller fragments are outlined to show the curviplanar
margins and jigsaw fit of fragments. d) Upper part of Kissick Formation, andesitic flow lobe (outlined) internally broken into polyhedral blocks
likely as a result of rapid cooling in contact with water, surrounded by a cogenetic monolithic breccia, similar to a) and c) but also containing a
mix of both angular and bulbous forms, and non-vesicular to highly vesicular fragments; card is 9 cm long.

but internally fractured lava forming large pods up to 3-4 m  3.2. Cinnamon Ridge pillowed flows and hyaloclastite
long and 1-2 m thick. Surrounding monolithic breccias are  (Middle member, Tranquille Formation)

similar to those elsewhere in the sequence but contain minor Pillowed flows are well exposed at Cinnamon Ridge north
amounts of finer particles and are a mix of non-vesicular to  of the Thompson River in the Tranquille River canyon, and
highly vesicular fragments (Fig. 5d). Although glassy margins  a canyon east of the Tranquille River (Fig. 2a). The flows
were not observed, the combination of deposit types resembles  form resistant mounds and hillside outcrops of closely packed
those formed along modern shorelines where aa flows enter  pillows of various morphologies which grade laterally and
a standing body of water (Yamagishi, 1991; Stevenson et al.,  vertically (in places) to abundant monolithic and altered
2012). These breccias may represent a combination of phreatic  hyaloclastite breccia. The hyaloclastites weather more easily
fragmentation, possibly from rootless cones, autobreccias, and  3nd form gentler slopes.

hydroclastic fragmentation (e.g., Walker, 1992; Reynolds et al., The pillows are primarily aphyric and up to 2.5 m in
2015). diameter, with the large size possibly indicating high lava
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fluxes (e.g., Hungerford et al., 2014). The pillows display
two morphologies. In one variety, bulbous to spherical pillows
become smaller upsection (Fig. 6a) and exhibit corrugated
surfaces formed by expansion of the pillow after formation
of the crust (Fig. 6b; see Yamagishi, 1987; Goto and McPhie,
2012), a feature that is more common in higher viscosity lavas,
which cause the crust to break rather than expand with inflation
(Walker, 1992). These pillows are solid, lacking central
cavities, and exhibit a concentric structure defined by variations
in colour and grain size (Fig. 6c). The spherical pillows are
directly overlain by a thick (approximately 3 m) massive lava
flow, lacking basal brecciation, suggesting either very high
lava flux, or sudden draining of the lake in which the pillows
formed. In the other variety, pillows are tubular and display
more elliptical cross sections. These elliptical pillows exhibit
radial fractures and are both filled and hollow with horizontal
shelves reflecting significant inflation followed by drainage
(Fig. 6d; see e.g., Hungerford et al., 2014). In both varieties,
palagonitic former glassy pillow margins are well preserved,
and there is little inter-pillow hyaloclastite (Figs. 6c, d).

The hyaloclastite comprises angular fine- to coarse-lapilli
that were formerly glassy and now altered to palagonite, in a
matrix of clays formed by alteration of the hyalocastite. This
type of hyalocastite is formed by quench fragmentation of
effusively erupting lava encountering water (e.g., Yamagishi,
1987). The field relationships indicate that the hyaloclastites
are spatially and temporally related to the pillows and likely
formed about the same time due to quench fragmentation of
pillowed flows.

3.3. The Nipple
3.3.1. Nipple breccia, Dewdrop Flats Formation

At the type locality, north of the east side of Kamloops
Lake (Fig. 2), the Nipple volcanic breccias (Fig. 7; Ewing,
1981a), are exposed in a belt 0.25-1.5 km wide, and 3.5 km
long, trending roughly N10°E with a cone-shaped edifice about
300 m in diameter near the northern extent of the exposure
(the Nipple). These breccias are the most mineralogically
and texturally distinct rocks in the area. In general, they are
olivine and pyroxene phyric (3-15%, mostly 2-3 mm, but up to
1 cm) with plagioclase microlites (1-3%, increasing upsection),
vesicular to scoriaceous, basaltic-andesite lapilli tuff to tuff
breccia (Fig. 7a).

The thickest exposure of the Nipple is at the cone where the
breccia is about 275 m thick. Exposures north and south of the
cone are about 130 to 180 m thick. At the cone, the breccia
consists primarily (98%) of lapilli- to bomb-sized clasts (75-
80%) that are blocky to rounded (breadcrust to cannonball
morphologies; see e.g., Alvarado et al., 2011). The breccia is
clast supported with finer coarse-ash and smaller lapilli-sized
particles filling spaces between the cm-scale bombs. Matrix
clays are the result of in-situ alteration of smaller fragments
rather than depositional (Fig. 7a). Some of the clasts exhibit
internal fracturing, possibly due to impact. Rare cognate clasts
are angular (Fig. 7b), but otherwise similar to the juvenile
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clasts. Near the top of the exposure are larger bombs and bomb
slabs, some draping the underlying breccia (Fig. 7c), and this
inverse grading might signify a decrease in the explosivity as
the cone evolved (e.g., Alvarado et al, 2011). Away from the
cone, the pyroclastic breccias undergo a facies change to a
flow breccia comprising a mix of large round, or pillow-shaped
clasts up to about 10-30 cm that are internally brecciated with
curviplanar fractures, and smaller blocky fragments down to
coarse-ash in size (Fig. 7d) where it overlies thinly bedded and
laminated tuffaceous sediments that were described by Ewing
(1981a) as aquagene tuffs.

3.3.2. Kissick breccias, Dewdrop Flats Formation

The Kissick breccia overlies the Nipple breccia about 2 km
south of the cone where it is best exposed as part of a resistant
ridge (Figs. 2, 8). The breccia is heterolithic comprising about
3-5% small, 1-4 cm angular accidental fragments of carbonate-
cemented siltstone, and 95% andesitic juvenile and cognate
pyroclastic fragments. The juvenile and cognate fragments,
though compositionally monolithic, display a variety of
morphologies ranging from ameboid (Fig. 8c) to more
angular broken bomb-shaped fragments, some of which have
scoriaceous cores. The matrix is poorly sorted (lapilli to coarse-
ash-size) and comprises angular, non-vesicular fragments with
curvilinear margins (Figs. 8d-e). In places nearby fragments
show a jig-saw fit, and some display 1-3 mm thick reaction
rims. The unit is very vaguely bedded, with bedding defined
by the long axes of some of the larger fragments (Fig. 8d). In
contrast to the Kissick member observed at Kenna Cartwright
Park (Figs. 2a, 5), the breccias here are interpreted to
represent emplacement of an andesitic dome or sub-volcanic
intrusion. These features may record interactions of rising
magma with water, causing varying degrees of magmatic and
phreatomagmatic to hydroclastic and autoclastic fragmentation
(see e.g., Smellie et al., 1998).

3.4. Doherty Creek and Castle Butte, Dewdrop Flats
Formation

The Doherty Creek member is exposed northwest of Kamloops
Group type area, where it is in gradational contact with the
Castle Butte member along its southern margin (Figs. 2, 3).
From a distance the flows appear to form relatively continuous
layers with gentle depositional dips (Fig. 9a). In detail, the flows
are highly brecciated, discontinuous along strike, and intruded
by northeast-trending dikes that dip steeply to the north and
form distinct ridges (Fig. 9b). Near the contact with the Castle
Butte member, a coherent Doherty Creek member flow about
3 m thick (Fig. 9¢) changes vertically and laterally from an
autobreccia to hyaloclastite breccia. The flow is aphyric, and
sparsely vesicular with 1-3 mm diameter spherical vesicles
comprising 5% of the flow, along with larger gas cavities 0.5
to 1 m in diameter that are filled and lined with quartz. Above
this flow are several metres of coarse breccia which may be an
autobreccia, similar to the Red Plateau member (section 3.5.;
Figs. 9d, e). This breccia of the Doherty Creek member fines
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Fig. 6. Cinnamon Ridge pillowed flows showing two different morphologies. a) Bulbous, closely packed pillows showing an overall decrease in
size upward. Behind the pillows is a slump block (sb) of tube-fed pillows, tuff (t), and a dike (d). The scale bar is 1 m. b) Corrugated surface of
a pillow likely formed by expansion of the interior of the pillow after formation of the initial crust. The smooth broken crust (bc) is on both sides
of the of the corrugated surface. The bar scale at the tip of the walking stick is 1 cm. ¢) Concentrically zoned pillows with more elongate shapes,
and minimal inter-pillow breccia. The walking stick is 1.1 m. d) Tubular pillows showing radial cracks, and one hollow tube (back right). The
card at the bottom of the photo is 9 cm long.

along strike to the east where it was previously mapped as the
Castle Butte member (Ewing, 1982). Within the Castle Butte
member lakebed shales form an isolated pod about 10 by 5 m
that is overlain by a felsic tuff forming a discontinuous bed 5 m
thick, which in turn is overlain by fine hyaloclastite.

3.5. Red Plateau member, Dewdrop Flats Formation

The Red Plateau member was mapped as an upper unit of
the Dewdrop Flats Formation (Fig. 3; Ewing, 1981a). Where
observed at two sites near the Red Plateau (Fig. 2), this unit
forms a series of andesitic flows more than 2.5 m thick. These
flows are dark grey and primarily plagioclase phyric with
plagioclase crystals up to 1 cm. The flows have massive,
sparsely vesicular interiors, some being highly crystalline,
and brecciated flow tops about 1-2 m thick (Fig. 10a). The
flow top breccias comprise angular to subangular scoriaceous
fragments 1-30 cm with no matrix (Figs. 10b, c). There are
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sparsely disseminated sulphides in one of the flows at Wheeler
Peak. The Red Plateau member covers an aerial extent of about
50 km?, which is about 25% of the type area of the Kamloops
Group (Ewing, 1981a, 1982).

3.6. Opax breccia member, Dewdrop Flats Formation

The Opax breccia is the uppermost member of the Dewdrop
Flats Formation (Fig. 3; Ewing, 1981a). It is exposed in five
separate localities on hilltops, forming a roughly east-west
trend, where it overlies the Red Plateau member at all except
the northwest corner of the type area where it overlies the
Doherty Creek member (Ewing, 1981a, 1982). The Opax
breccia at Wheeler Peak (Fig. 2), is monolithic, poorly sorted,
and clast supported with little matrix. Fragments are andesitic,
grey, vitric to aphanitic, angular, mm to a few cm in size and
internally brecciated. Some of the vitric fragments exhibit
flow banding. The apparent matrix is caused by alteration,
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Fig. 7. The Nipple breccia (Dewdrop Flats Formation). a) Pyroclastic fragments near the base of the pyroclastic cone showing the spherical
shape of some ejecta, and the variation in size of ejecta. The clay matrix is not depositional, but the result of in-situ alteration of finer vitric
fragments (i.e., pseudomatrix). b) Angular cognate clast in the mid-portion of the Nipple breccia. ¢) Large slabs and bombs at the top of the
cone. d) Hyaloclastite flow breccia showing one large fragment that is internally brecciated.

and alteration rims 1-2 mm thick are evident on some of the
fragments (Fig. 10d). Though the area is largely barren of
mineralization, finely disseminated sulphides occur in some
of these rocks. Based on major element geochemistry (Ewing,
1981a, c), the Opax breccia is a trachyandesite, making it the
most silicic unit in the Kamloops Group type area.

4. Geochemistry

Samples for whole rock geochemistry were collected from
multiple Kamloops Group exposures between 2017 and 2019
(Fig. 2). Below we summarize the results from only two sites,
Kenna Cartwright Park (two flow samples from the Border
facies at the base of the Kamloops Group; six samples from
the Mara Hill member of the Dewdrop Flats Formation) and
Cinnamon Ridge (two pillowed flows from the middle unit of
the Tranquille Formation; Fig. 2). We avoided collecting from
more heterolithic pyroclastic units to better enable petrogenetic
interpretations. A full description of the analytical methods and
the complete dataset will be presented elsewhere (Van Wagoner
and Ootes, 2021).
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4.1. Methods

Clean, alteration-free samples were submitted to Actlabs
in Ancaster, Ontario, for bulk-rock major, trace, and rare
earth element analysis. At Actlabs, samples were crushed
to pass 2 mm, mechanically split using a rifle splitter, and
pulverized using mild steel to 95% passing 105 um (Code RX-
2). Major element oxides were determined using inductively
coupled plasma optical emission spectroscopy (ICP-OES) and
trace element concentrations were determined using fusion
inductively coupled plasma mass spectrometry (ICP-MS; Code
4 Lithoresearch). Measurement accuracy was determined using
certified standards provided by Actlabs and blind samples of
the British Columbia Geological Survey till standard.

4.2. Results

Based on the total alkali-silica (TAS) diagram (re-calculated
to 100% volatile-free basis), the Kamloops Group rocks are
classified as andesite to dacite (Fig. 11a). The samples have
2.37 to 8.41% loss on ignition and because of the high volatile
content this study relies mostly on the immobile trace elements
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Fig. 8. The Kissick breccia (Dewdrop Flats Formation) where it overlies the Nipple breccia. a) At the ridge top, a typical exposure of possible sub-
volcanic intrusions in the type area; in foreground are Quaternary drift deposits exposed in a road cut. b) Close up of a) showing sub-horizontal
joints. ¢) Ameboid-shaped volcanic fragment with internal polyhedral joints. The smaller fragments in the matrix are the same composition and
shape as the fragments comprising the larger form. The dark fragment near the point of the hammer is relict glass. d) Two tabular fragments on
the right side of the photo are aligned parallel to vague bedding. The lower fragment is lighter coloured aphyric, aphanitic andesite, the upper
is relict glass; both are internally brecciated. The outlined fragment displays a cuspate-lobate outline, preserves a vitric margin, exhibits flow
banding, and is internally fractured. e) Broken bomb with scoriaceous interior surrounded by breccia.
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Fig. 9. The Doherty Creek member (Dewdrop Flats Formation) near Doherty Creek. a) General exposure of the Doherty Creek member. b) Flow

breccia (fb) cut by vertical dike with near-horizontal columnar joints. ¢) Core of an aa flow surrounded by autobreccia. d) Close up of autobreccia
showing a combination of angular and more spherical fragments and a combination of highly vesicular fragments (mostly intensely weathered)
and dense non-vesicular fragments. Clay material between fragments formed by weathering of finer particles and is not depositional matrix. e)
Breccia that has features resembling hyaloclastite, particularly fragments with curviplanar margins and internal fractures.

to classify the rocks (e.g., MacLean and Barrett, 1993). All of
the rocks plot in the calc-alkaline field in a tholeiitic versus
calc-alkaline discrimination diagram (Fig. 11b). They range
from basalt to basaltic-andesite and trachy-andesite and are
subalkaline to weakly alkaline; four of the flows from the Lava
flow field are the most alkaline (Fig. 11c).

The rocks span a range of SiO, from 59 to 66 wt.%
(recalculated to 100%, LOI free; Figs. 11, 12). In general,
there is an increase of SiO, with Na O+K,O (Fig. 11a), but
little relationship between SiO, and Al O, (Fig. 12a). There is
an inverse relationship between MgO and SiO,, and a slight
decrease in FeO(T), and TiO,, which is less clear. However,
there is a distinct positive increase of CaO/AlO, with increasing
CaO (Fig. 12f). Similarly, immobile compatible elements Co,
Cr, V, Ni, and Sc decrease with increasing Zr/TiO,, used here
as an indication of fractionation (Fig. 13), but the relationship
with Sr is less clear. Relative to chondrite, the rocks are light-
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REE (LREE) enriched (La/Yb),=13-22) with a relatively flat
heavy-REE (HREE) pattern (Dy/Lu) =1.4-1.7) and no Eu
anomalies (Fig. 14a). Relative to primitive mantle, all of the
rocks are enriched in large ion lithophile elements (LILE), with
prominent positive Ba, K, and Pb anomalies, and to a lesser
extent U and Sr, and with enrichment of the LREE with respect
to the HREE. High field strength elements (HFSE) Nb and Ta
display negative anomalies, without distinct negative Zr or Ti
anomalies (Fig. 14b).

Strontium values are relatively high, from 453-1144 ppm
(Fig. 13f) and Ba ranges from 1205 to 2022 ppm, with the
highest values being from the two pillowed flows. The samples
are enriched in the fluid mobile LILE, compared with the
less fluid mobile HFSE and REE (e.g., Ba/La; section 5.3.).
Conversely, these samples have low immobile to mobile
element ratios (e.g., Ce/Pb [9-11]), and immobile incompatible
element ratios (e.g., Th/Yb, Nb/La; section 5.3.). Most of the
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Fig. 10. Red Plateau member (a-c) and Opax breccia member d) (Dewdrop Flats Formation. a) Thick flow showing the contact (dashed white
line) between the more massive part of the flow and overlying autobreccia. b) Highly scoriaceous flow top breccia with lichen exploiting
vesicles. Fragments are angular to subspherical there is no matrix. ¢) Autobreccia that is less scoriaceous than b), with a mix of clast sizes and
vesicularity. Some of the fragments are outlined to show a combination of spherical fragments lacking internal brecciation and more angular
fragments that also display internal fragmentation. d) Opax breccia showing flow banding in some fragments and an altered matrix.

rocks have adakite-like compositions in terms of relatively
high SiO,, ALO,, Na,O, and MgO (Figs. 11a, 12). All have
Sr>400 (Fig. 13), and all but one sample has Sr/Y >40, Yb<1.9,
and La/Yb >20. Absolute values of Y are up to 22 ppm, slightly
higher than typical adakites (Zhang et al., 2019).

5. Discussion
5.1. Physical volcanology

The Kamloops Group volcanic rocks include a combination
of effusive and explosive volcanic rocks that preserve evidence
for magma-water interaction. This includes phreatic and
phreatomagmatic textures and a variety of in-situ hyaloclastites.
Some of the volcanic horizons are associated with lakebed
sediments and water-lain tuffs, but little evidence of peperitic
breccias was observed during sampling. The sedimentary
rocks and pillow basalts provide evidence of sub-aqueous
volcanism, but specific relationships of the lakes to volcanic
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activity remains unknown. For example, did the lakes originate
solely in graben topographic lows or might some be related to
lava flow dams or caldera? Forthcoming facies mapping and
volcanological studies will clarify volcanic processes and the
three-dimensional evolution of volcanism of the Kamloops
Group, along with its extent and relationship to coeval
volcanism of south-central British Columbia.

5.2. Fractionation trends

The variation diagrams can be used as an indication of the
relative importance of fractionating phases. The positive
relationship of increasing CaO/ALO, to CaO (Fig. 12f)
is indicative of pyroxene fractionation. The decrease of
Co, Cr, and Ni with Zr/TiO, (Fig. 13) reflects olivine and
pyroxene fractionation. There is a slight decrease of FeO(T)
with increasing SiO, (Fig. 12¢) and Ti with Zr (not shown)
suggesting some fractionation of Fe-Ti oxides. The decrease
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of V with increasing Zr/TiO, (Fig. 13c) is prominent and may
be partially controlled by Fe-Ti oxide fractionation. However,
V also partitions into clinopyroxene and amphibole, although
partition coefficients of V are influenced by oxygen fugacity,
volatile phases, and temperature (Laubier et al., 2014; Wang
et al., 2019; Iverson et al., 2018), as does Sc (Vander Auwera
et al., 2019). The strong decrease of both Sc and V with Zr/
TiO, (Fig. 13), suggests that pyroxene and probably amphibole
fractionation influenced their concentrations. The lack of
a strong co-variation of AL O, with SiO, (Fig. 11a) and lack
of negative chondrite-normalized Eu anomalies (Fig. 14a)
indicates that plagioclase was not an important fractionating
phase compared with olivine and pyroxene. The absence of a
relationship between P,O, and SiO, (Fig. 12¢) indicates that
apatite fractionation was insignificant.
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Fig. 11. a) Total alkali-silica (TAS) diagram (after Le Bas et al., 1986).
b) Th/YD vs. Zr/Y classification diagram (Ross and Bédard, 2009).

¢) Nb/Y vs. Zt/Ti classification diagram (modified by Pearce, 1996
after Winchester and Floyd, 1977).

5.3. Geochemical comparison of the Kamloops, Princeton,
and Penticton groups

Eocene volcanic rocks in southern British Columbia
are separated into the Kamloops, Princeton, and Penticton
groups (Fig. 15). However, the basis for this separation and
the stratigraphic relationships between these units remains
unclear. Geochemistry, paired with stratigraphic mapping,
and high-precision geochronology has the potential to address
this problem. Although data are sparse, particularly from the
Penticton Group (Fig. 15), some first-order comparisons can
be made.

Rocks of the Penticton Group are potassic, alkaline basaltic
trachyandesites to tephriphonolites (Dostal et al., 2003). The
Kamloops and Princeton groups are mostly calc-alkaline to
moderately alkaline (Figs. 11b, c; Breitsprecher, 2002; Ickert et
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Fig. 14. a) Chondrite-normalized REE. b) Primitive mantle-normalized trace and REE for samples from this study. ¢) Chondrite-normalized
REE and d) Primitive mantle-normalized trace and REE for median values (<63 wt.% SiO,) for rocks of the Kamloops, Penticton, and Princeton
Groups. Data from this study, Breitsprecher (2002), Dostal et al. (2003, 2019), and Ickert et al. (2009). Normalizing values are from Sun and
McDonough (1989).

al., 2009), and both have adakitic characteristics. Rocks from et al., 2007; Keskin et al., 2012; Maro and Caffe, 2016; Dostal
all three units are LREE enriched, with flat HREE chondrite- et al., 2019).
normalized patterns, and have similar primitive mantle- Melts that form in equilibrium with amphibole have lower Rb/
normalized trace element characteristics, with the major  Srand higher Ba/Rb than those that form in equilibrium with a
difference being the negative anomalies of Nb and Ta that are  phlogopite-bearing source (Fig. 16b; e.g., Furman and Graham,
lowest in the Princeton Group and minimal in the Penticton  1999; Liang et al., 2017). All of the rocks display ratios that
Group (Fig. 14). are consistent with an amphibole-bearing source (Fig. 16b).
Trace element ratios can give an indication of the mantle  The probable source for the Kamloops Group was amphibole-
source and depth of melting. Almost all the rocks from all  bearing lherzolite near the garnet-spinel transition, at depths
three groups have flat HREE patterns and steep LREE patterns  of 70-90 km (Dostal et al., 2019), with consistent degrees of
with some variations (Figs. 14, 16a). The REE patterns for the  partial melting (Figs. 16a-c). The low Nb and other HFSE,
Kamloops Group are fairly uniform and the Princeton Group  which are depleted in the lithospheric mantle with respect to
parallel, but with lower total REE and less enrichment of LREE, do not support an asthenospheric mantle source for
the LREE (Figs. 14, 16-18). The Penticton Group has higher the three groups (Fig. 16¢; Bradshaw and Smith, 1994; Smith
LREE enrichment, related to smaller degrees of partial melting et al., 1999; Aydingakir and Sen, 2013). Similarly, there is
(Figs. 14, 16-18). The overall LREE-enriched and flat to  no evidence that they fall on a MORB-OIB array (Fig. 16d).
slightly elevated HREE patterns indicates variable amounts of  The geochemical data support an origin in the subcontinental
garnet in the source (Fig. 16a; see Wang et al, 2002; Davidson  lithospheric mantle.
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al. (2003).

The primitive mantle-normalized trace element patterns
(Fig. 14d) are typical of subduction-related rocks (Dostal et al.,
2003; Ickert et al., 2009). The Kamloops and Princeton groups
have low Nb/La and variable Th/Nb (Fig. 17a) indicating that
fluids had a role in the melt source. The Penticton Group has
high Nb/La and uniform Th/Nb (Fig. 17a) indicating less of
a role by hydrous fluids in the melt source. The variable Ba/
La and low Th/Nb of the Kamloops and Princeton groups
further indicate a role for slab-derived fluids in the melt source,
whereas the Penticton Group is more strongly influenced
by sediment contamination or sediment in the melt source
(Fig. 17b; see e.g., Walker et al., 2000, 2001; Woodhead et al.,
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2001). The Penticton Group Ba/La is still relatively high and
indicative of an arc affiliation (e.g., Michelfelder et al., 2013).
Similarly, the Princeton and Kamloops groups trend toward
Ba/Th enrichment, whereas the Penticton Group rocks have
consistently low values (Fig. 17¢). The U/Nb is not affected by
crystal fractionation, such that significant increases in this ratio
with SiO, can be used as an indication of crustal contamination
(Fig. 17d; e.g., Krienitz et al., 2006; Dostal et al., 2019).
Crustal contamination is more evident in the Princeton Group
than in the Kamloops Group, but does not appear to have been
significant for either unit (Fig. 17d). Overall, the Penticton
Group rocks have trace element signatures that are more

Geological Fieldwork 2020, British Columbia Ministry of Energy, Mines and Low Carbon Innovation, British Columbia Geological Survey Paper 2021-01



Van Wagoner, Ootes, and Thomson-Gladish

a [ %& I T I T I T I T i b40 T I T I T I T
I ]
20 3 X %
Vo 1 a0f %& )
15 v x J X %
2 X hydrous 1Z 20+ X X i
= r {} % fluid 7] I-E sediment or <C>
=10 |- (3} X . sediment melt
E % ‘ S8 anhydrous enrichment E 10 b Sebazrved i
0.5 — fluids
C X ]
C ] © O
0.0 — 1 0 ! 1
0.0 0.2 1.0 0 10 20 30 40 50 60 70 80
Bal/La
T T T T T T T T T T
c I <> I
L & i
500 1 sk ¢ > S
- Q -
400 |- - & @
crustal
- 0.6 - contamination T
Es00 | 12 ¢ ¢ & -
o o fractional X
04 1 I R O %
200 | - I P w R 3§g i
3 X
02} B el % 5 2223
100 E i %4 @ R |
0 1 0.0 1 l 1 l
0 2 4 6 8 10 50 55 60 65 70 75
(La/Sm), SiO, (wt.%)
Penticton Kamloops Kamloops Princeton
9 <63 wt.% Si0, ¥ <63wt.% Si0, @ this study <p <63 wt.% SiO,
¢ >63 wt.% SiO, &5 >63 wt.% SiO,

Fig. 17. Trace element and REE ratio diagrams. a) Nb/La vs. Th/Nb (Wang et al., 2016; Zhang et al., 2020). b) Th/Yb vs. Ba/La (Woodhead et al.,
2001). ¢) Chondrite-normalized La/Smvs. Ba/Th showing a decrease in Ba/Th with decreasing partial melting for all but the Penticton Group.
Chondrite normalizing values are from Sun and McDonough (1989). d) SiO, (wt.%) vs. U/Nb (Dostal et al., 2019); no U data are available for

the Penticton Group. Data sources as in Figure 16.

indicative of a mantle source influenced by anhydrous, melt
induced metasomatism, whereas the Kamloops and Princeton
groups reflect melting of a hydrous mantle source enriched by
slab-derived fluids (Figs. 17 a-c).

Dostal et al. (2003) argued against crustal contamination as
the cause of the trace and REE characteristics of the Penticton
Group and interpreted their evolved Nd and Sr isotopes to
reflect melting of metasomatized Precambrian subcontinental
lithospheric mantle. The adakitic compositions of the Princeton
Group were interpreted by Ickert et al. (2009) to reflect partial
melting of basaltic dikes in the lithosphere, with juvenile Nd
isotopes indicating no role for Precambrian the subcontinental
lithospheric mantle. Breitsprecher et al. (2003), Dostal et al.
(2003), and Ickert et al. (2009) suggested that the source of
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heat may have been upwelling asthenosphere through a slab
window, or slab tear.

Figure 18 shows plots across (longitude) and along (latitude)
the volcanic belts. From west to east Ba/La decreases (Fig. 18a);
a similar decrease is lacking from south to north (Fig. 18b).
The lateral change in Ba/La has been shown to be a good
indicator of regional variations across arcs, reflecting declining
intensity of fluid flux from the subducting slab (e.g., Patino et
al., 2000; Michelfelder et al., 2013). From west to east St/Y
decreases (Fig. 18c), with the highest values in the Penticton
and Princeton groups. From south to north there is a distinct
decrease in Sr/Y (<100) near 50°N (Fig. 18d). Ickert et al.
(2009) attributed the high Sr/Y values of the Princeton Group
to melting of basaltic dikes in the lithospheric mantle whereas
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Dostal et al. (2003) suggested that the high Sr values are due
to partial melting of a previously metasomatized Precambrian
lithosphere. Chondrite-normalized La/Sm increases from west
to east (Fig. 18e), but this is controlled in part by more felsic
rocks of the Kamloops Group in the east; La/Sm does not
decrease from south to north (Fig. 18f). Again, the Penticton
Group rocks stand out and are best interpreted as reflecting
different source conditions. Forthcoming geochemical data
from this study will help to further evaluate these trends and
guide future geochemical testing.

5.4. Climatic considerations

The Early Eocene Climatic Optimum (EECO) had a warmer
climate than today (Fig. 19; Zachos et al., 2001, 2008; Smith et
al., 2010; Hyland et al., 2018; Anagnostou et al., 2020; Inglis
et al., 2020; Stokke et al., 2020). The early onset of the EECO
is marked by the Paleocene-Eocene thermal maximum (PETM;
Fig. 19). Although there is evidence linking volcanism to the
onset and termination of the PETM (e.g., Stokke et al., 2020),
the relationship of volcanism to the overall EECO remains
unclear (e.g., Anagnostou et al., 2020). The Challis-Kamloops
belt is but one of a number of regions in the world that witnessed
volcanism during the latest Paleocene through early Eocene
(e.g., Reagan et al., 2013; Gaina and Jakon, 2019; Stokke et

al., 2020), but the potential contribution to climate fluctuations
are unknown. Integrated studies of Kamloops Group volcanism
will help constrain the volumes of melt production, duration,
and its contribution of volatiles to the Eocene atmosphere.

6. Further work

This preliminary report is part of ongoing larger study of
Eocene volcanic rocks in British Columbia. Through detailed
physical volcanology, including volcanic architecture and
lithofacies relationships, lithogeochemistry, and radiometric
age-dating, this project aims to further contribute to the
following.

* Re-evaluate and clarify the nomenclature and
correlations of volcanic complexes in south-central
British Columbia.

* Develop a lateral and stratigraphic context for the
volcanic rocks through mapping, geochemistry, and
geochronology.

o Test the potential contribution of these volcanic
complexes to climate change during the EECO by
developing temporal, volume, and volatile flux models.

e Further evaluate the relationship of volcanism to
mineralization.
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