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Manuscript Number: VOLGEO-D-21-00262  Response to Reviewers

Reviewer #1: Review of Harris et al: "Explosive volcanism at Cracked Mountain Volcano, GVB,
Canada"

JIVGR

Rosie Cole

This manuscript provides a glaciovolcanic eruption and emplacement model for the Cracked Mountain
edifice, based dominantly on detailed field evidence. It is a great contribution of an explosively formed
edifice with intrusive and peperitic bodies. Paleomagnetic field directions derived from all units are used
to support a continuous eruptive history. The study provides a constraint on the thickness of the
continental ice sheet at the time of eruption. It is a good example of how glaciovolcanic sequences can be
used as paleoenvironmental indicators.

The manuscript gives fantastic detailed field descriptions of each lithofacies. The lithofacies associations
make the relations between different rock types clear. Interpretations are justified and supported by
relevant evidence. It is great to see additional paleomagnetic evidence which supports the eruption model.
The text is also well structured and written, and the figures are clear and informative. My comments are
minor:

Line 49: Can you briefly explain what the Mosaic Assemblage is?
Author response: We have elaborated in the text what the Mosaic Assemblage is defined as
(line 47 in revised text).

Line 161: What is a blooming dyke?
Author response: We have expanded this sentence to include a description of what | mean by
‘blooming’ dyke (line 155 in revised text)

Line 164: Unfinished sentence, but peperite is defined with White and Houghton reference above, so it
isn’t necessary here.

Author response: We agree with this comment and this sentence has been removed.

Line 182: "Commonly glaciated" suggests a glacier still sometimes accumulates here. Do you mean that
at one time a glacier has over-ridden this lava to make striations and deposit erratics?

Author response: We have removed ‘commonly glaciated’ as | agree it can be misconstrued. |
have revised the sentence to clarify that the tops of the lavas are scoured by past cycles of
glaciation and that erratics now sit on top (line 171 in revised text).

Line 199: You mention that the source of the deposits is higher up - can you say where the vent(s) was?
What was the relationship between the vent and the ice? Have these deposits travelled under ice from the
vent or have they met ice further away from the eruption site?
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Author response: We have added a couple of clarifying sentences at the start of subsection 5
(line 184 in revised text), which add more information on our understanding of vent location and
any evidence of magma-ice contacts.

Line 282: Which rocks were these samples taken from for chemical analysis? Can you explain the spread
in chemistry shown by the TAS diagram? Is there a relationship between the chemistry and the inferred
phase of eruption, for example?

Author response: We have added a clarifying sentence (line 267 in revised text) to address
which volcanic units were used for whole-rock chemistry. | have expanded the end of the
second paragraph (line 276 in revised text) in this section to explain possible reasons for the
spread of TAS and how it relates to stages of the eruption.

Line 553-560: Is there any other evidence from the region that you can use to support this estimate for ice
thickness at this slightly older date or during MIS 12?

Author response: We have revised parts of the text (lines 479-501 in revised text), to provide
more regional evidence of volcanism during MIS 12. Although no other dates exist that can
support our ice thickness models, there are a few older studies that indicate the presence of, or
absence, of glacial ice in SW British Columbia at this period in the Pleistocene. | have cited an
additional study to support these additions.

Line 578: intrusive and effusive styles?

Author response: We have changed this sentence to say ‘intrusive and effusive activity (line 518
in revised text).

Figure 1: label all features mentioned in geological background text.

Author response: We have revised this figure to include additional features mentioned in the geological
background, including the explorer plate. Salal Glacier, Elaho valley, Mosaic Ridge, Lillooet Ridge.
Figure 2: - Log 5 is shown in the granodiorite

- Lithologies legend, second down - check spelling of coherent.

- Third down - what is lava tuff?

Author response: We have moved the Log 5 location to be at the edge of the edifice, and
corrected the spelling of coherent, and added the work breccia that was previously missing.
Additional reformatting was also done on this figure to increase font sizes and improve
readability.

Figure 3: not easy to see the cracks here - can they be emphasised or can some be annotated?

Author response: We have added another google earth image, now 3B, that better shows the
cracks that run through the whole volcano.
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Figure 11: Can you show the Maximum Angular Deviation (MAD3) on these plots? Is the ambient
regional paleomagnetic field direction for this area and time known? If so, it should be stated and shown
for comparison on the stereoplot. Is it consistent with the direction shown for these deposits? This would
give confidence to both the age estimate and the assumption that there has been no rotation.

Author response: MAD values have been added as suggested by the reviewer. GAD
(Geocentric Axial Dipole field directions) and PEF (present earth’s field directions) for sampling
locality have now been added to TableC1 and Fig. 11, as suggested by the reviewer. The mean
direction for sites is within expected secular variation (see mean of sites 2-9 and GAD
inclination for sampling latitude, Fig. 11 and Table C1. Additionally, reported values have been
adjusted to the tenth decimal place (rather than the hundredth) to better represent the precision
of the paleomagnetic results. Lastly, in Fig 11B, we replaced sample CMV60 with CMV15,
which is of the same lithofacies (Lt1) but better reflects the differences observed between AF
demagnetization and thermal demagnetization.

Figure 12D: typo in edifice?

Author response: This figure has been revised so that the text has been removed to limit the
presentation of redundant information. We feel there is an adequate explanation of the stages of
the eruption in the text and figure caption and is not needed in the figure itself.

Other Modifications:

We have revised the text moderately for clarity and brevity. Subheadings of lithofacies and
lithofacies associations have been removed to make the manuscript less choppy, as suggested
by the editor Jim Gardner.

The discussion section has been reorganized and revised into two sections (rather than four in
the previous version). This decision was made to reduce the repetition of information and focus
on our major findings and implications. Section 8.1 is now ‘Explosive Onset to Glaciovolcanic
Eruption’. This section contains our detailed evidence for the explosive eruption at Cracked
Mountain which makes it a unique glaciovolcanic eruption worthy of documentation. The end of
section 8.1 contains the abbreviated eruptive succession (depicted in figure 12) after the
explosive onset. Section 8.2 is now ‘Paleoenvironmental implications’. This section presents our
evidence-based modelling for a reconstructed cordilleran ice-sheet extent and timing within the
mid-Pleistocene. Here we drive home the importance of our investigation of Cracked Mountain
volcano as a land-based proxy that can be used to inform on the paleoclimate of SW British
Columbia.
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Figures 10A and B have been modified so that their x-axis (SiO2 wt %) are in the same range.
Fig 10C has been modified, and now data are normalized to a Chondrite, as we feel this is more
conventional with other literature.

Figure 13 has been revised for readability with larger text and less white space.
Figure 14 has been revised with an indication of our ‘preferred’ age of 425 ka as a dashed line.

Tables 3, A1, and A2 have been revised to include 2s analytical precision values, and all values
are now reported to their significant digits.

Appendix Fig Al has been removed as we no longer feel it is necessary, as the data can be presented in
table format.
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Abstract
Cracked Mountain (CM) 1s a basaltic volcano within the northern extension of the Cascade
volcanic arc into southwest, British Columbia, Canada (i.e. Garibaldi Volcanic Belt) and is dated
at 401 + 38 ka (*°Ar/*?Ar). The edifice covers an area of ~1.5 km? and has a volume of 0.18 km°.
The volcano features steep margins with local relief of ~250 m (1.650 m a.s.1), 1s dissected by
abundant 0.5 to ~20 m wide extensional cracks with depths up to 30 m, and has a highly eroded
top. The edifice is dominated by massive to poorly stratified, moderately to pervasively
palagonitized lapilli tuffs, comprising vitric fine ash to lapilli. Juvenile pyroclasts have blocky to
highly vesiculated shapes consistent with a phreatomagmatic (i.e. explosive) origin. The lapilli
tuffs are intruded by and mingled with coherent to disaggregated lobes of peperitic pillowed
lavas. Contacts between lapilli tuff and peperitic pillowed lava show soft-sediment deformation
and in-situ quench-fragmentation indicating that the tephra was both unconsolidated and water-
saturated at the time of magma-intrusion. Local stacks of pillow lava are found on the margins of
the edifice. More than fifty, 0.5 to 3 m thickwide dykes intrude CM stratigraphy and display,
either, peperitic pillowed margins or sharp. chilled margins and columnar-jointing.
Measurements of paleomagnetic directions (9 sites) were made for all CM lithofacies and record
a single-pole direction G-e—withinunecertainty)-indicating that the edifice likely represents-a single
monogenetic eruption. A glaciovolcanic origin is strongly suggested by the abundant subaqueous
lithofacies (i.e. palagonitized tephra, pillows, peperites) and the physiographic setting of the
edifice which is well above any drainage that could sustain a standing body of water. The
elevation of CM and depth of surrounding valleys indicate syn-eruptive confinement by a paleo-
ice sheet that was > 850 m thick. The edifice shape, size, and surrounding topography suggest a
‘leaky’ paleolake system was-capable of supporting ~0.36 km? of water. The glaciovolcanic
origin and the absolute (*°Ar/**Ar) age of CM sepresentsrepresent an important record of the

Cordilleran Ice sheet (CIS) in southwestern BC during the mid-Pleistocene.

Key Words: Glaciovolcanism, Subglacial, Phreatomagmatic, Basalt, Englacial Lake, Ice-Sheet
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1. Introduction

The Garibaldi Volcanic Belt (GVB) is the northern segment of the Cascade Volcanic Arc
(Roddick and Souther, 1987; Green et al., 1988; Hildreth, 2007). GVB volcanic deposits range
from Pleistocene to Holocene in age and result from subduction of the Juan de Fuca plate
beneath the North American Plate (Roddick and Souther, 1987; Green et al., 1988; Hildreth,
2007). Southwest British Columbia has a protracted history of multiple glaciations, with cycles
of advancing and retreating eentinentalcordilleran ice sheets throughout the Pleistocene (Clague,
2009; Clague and Ward, 2011). As a result, the GVB hosts numerous glaciovolcanic landforms.
Prior studies concerning glaciovolcanism have focused on the Mount Garibaldi volcanic field
(e.g., Mathews, 1952; Wilson et al., 2019), the Mount Cayley volcanic field (e.g., Kelman et al.,
2002; Kelman, 2005), the Mount Meager volcanic complex (MMVC) (e.g.., Wilson and Russell,
2017, 2018), the Salal Glacier volcanic complex (e.g., Lawrence et al., 1984; Wilson and
Russell, 2018), and the Bridge River volcanic field (e.g., Roddick and Souther, 1987; Wilson and
Russell. 2018).

Cracked Mountain is a ~8-18-ks’-basaltic volcano situated on the southern flank of the
MMVC and originally identified by Read (1979) as part of the Mosaic Assemblage- (i.e..

undivided, Pleistocene aged. basalts within the MMVC). Here, we present a new dataset

including a map of volcanic lithofacies, petrographic and geochemical characteristics of the
deposits, geochronometric (*°Ar °Ar) age estimates, and paleomagnetic directions of all
lithofacies. Collectively, these data inform on the physical volcanological evolution of the
Cracked Mountain (CM) volcano. Our analysis shows CM to have a glaciovolcanic origin
(Kelman et al., 2002; Smellie, 2007; Edwards et al., 2009) involving sustained eruption within an
englacial lake. The lithofacies and their stratigraphic relationships indicate an explosive onset to
the eruption easet-dominated by phreatomagmatic activity that transitioned to effusive
eruptienactivity expressed by intrusions and lavas. We use the geometry of the CM edifice (i.e.
shape and size) and the distribution of lithofacies to reconstruct the eruptive history of the
glaciovolcanic edifice and to constrain the mynimum-thickness and distribution of the enclosing
patee-ice sheet. Our findings contribute to a larger story of glaciovolcanism within the GVB and
vnderstanding the paleoclimate efreconstructions for SW British Columbia.
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2. Geological Background

The Mount Meager volcanic complex is situated 160 km north of Vancouver in SW
British Columbia (Fig. 1) and is one of eight major centres and volcanic fields comprising the
GVB (Fig. 1A). Recent GVB geochemical and petrological studies show increases in melt
alkalinity and a decrease in slab-derived signatures moving northward in the GVB (Green and
Sinha, 2004; Mullen and Weis, 2013). In particular, the MMVC, Salal Glacier volcanic complex,
and Bridge River volcanic field show a heightened primitive signature compared to the
southward GVB and the High Cascade volcanoes. These findings suggest that the Nootka Fault,
located Northwest of the Bridge River cones (Fig.1A), may mark the terminus of the Juan de
Fuca subduction where a window between the Juan de Fuca and Northward Explorer plate
allows upwelling of asthenospheric melts under the northernmost GVB centres (Mullen and
Weis, 2013).

The MMVC (Fig. 1B) contains Pleistocene to Holocene basalt to rhyolite overlying
basement igneous and metamorphic rocks of the Coastal Plutonic complex (Fig 1B)
(Woodsworth, 1977; Read, 1979; Green et al., 1988). The MMVC is also host to the youngest
GVB eruptive deposits, namely the 2350 B.P. Pebble Creek formation (Hickson et al., 1999;
Stewart et al., 2008). Intermediate to felsic lavas are dominant within the Mount Meager Massif,
however, localized mafic centres are present in the north (Lillooet Ridge and River), west
(Mosaic Ridge), and southwest (Cracked Mountain and Elaho Valley) regions of the volcanic
complex (Fig. 1B) (Read, 1979, 1990; Harris and Russell, 2021). The ages of the Mosaic Ridge
basalts and Elaho Valley basaltic andesites are ~90 and 140 ka respectively (Woodsworth, 1977;
Green et al., 1988).

3. Cracked Mountain Physiography and Morphology

The Cracked Mountain volcano unconformably overlies basement granodiorite (Bg) and
schist (Bs) of the Gambier and Cadwallader Groups respectively (Fig. 2A) (Read, 1979). The
volcanic deposits form a slightly asymmetric, NE-SW trending ~250 m thick ridge that is ~1,300

m long and ~1,000 m wide- covering an area of ~1.5 km? and having a present-day volume of

~0.18 km’®. The summit of CM rises to 1,650 m above sea level (a.s.l.) and the margins reach

elevations as low as 1,250 m (Fig. 2A). CM 1s surrounded by steep valleys of the Meager Creek
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and Elaho River tributaries to the north and west respectively (Fig. 3). Extensional cracks dissect
the entirety of CM (Figs. 2A; 3A3B), ranging from 0.5 to > 20 m in width and up to 30 m in
depth. The fractures form parallel clusters that commonly trend perpendicular to the downslope
direction. All CM lithofacies are offset and displaced by cracks. No glacial deposits (1.e. till,
erratics) are found within cracks, suggesting a post-eruptive and post-glacial origin.

The shape and surface features of CM show evidence of glacial enveloping and scouring.
The present-day surface is littered with cobble to boulder-sized granitic erratics and some
locations have been smoothed and striated in a SW direction. These findings show that post-
eruption Cordilleran Ice Sheets have reached elevations greater than the summit of CM. The
margins of CM are cliffs up to 40 m high, which 1s unusually thick for basaltic lava (e.g.,
Edwards et al., 2015). We interpret this morphology to be a result of syn-eruptive glacial
confinement and subsequent erosion. There is no evidence of ice-abutment in the form of
laterally facing, hackly, or irregular jointed lavas (e.g., Lescinsky and Fink, 2000; Kelman et al.,
2002) suggesting that the outermost CM margins result from post-eruptive glacial erosion rather

than reflecting primary lava-ice contact surfaces.

4. Volcanic Lithofacies

We recognize ten CM lithofacies (Table 1) that include, both, volcaniclastic and coherent
lithofacies. All volcanic deposits are olivine and plagioclase porphyritic and differ only in their
groundmass textures ranging from holocrystalline, hypocrystalline, and quenched. The
terminology used to describe grain size and componentry of volcaniclastic rocks is after White

and Houghton (2006).

4.1 Volcaniclastic
412 LapihTadibt 5)

CM lapilli tuffs (Lt;-2) (Table 1) form the stratigraphically lowest (Fig. 2B) lithofacies.
Observed thicknesses range from 0.5 m to < 6 m. Lt; is massive, moderately- to poorly sorted,
and 1s observed throughout the CM edifice from its base to its summit (Fig. 2A2; 4A). Lti 1s
eomprisedcomposed of dense and blocky to highly vesiculated and cuspate vitric juveniles and
contains 5-35% lapilli-sized clasts supported in a vitric ash matrix. Lt; is commonly intruded by

dykes (Ldi-») and mingled with peperitic lobes (Lpi; Table 1) (Fig. 5). In some locations, soft-
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sediment deformation of Lti, in the form of squeeze-up pipes, is observed. Lt; outcrops in the SE
and N sections of CM and. by comparison, are thinly bedded. well-sorted (Fig. 4B). Beds of
ultra-fine ash are up to 5 cm thick and dip shallowly in the downslope direction. In some
outcrops, microfractures offset laminated beds, and truncated and shallow cross-beds are also
observed. Lt 1s commonly observed as 1-2 m layers within thicker, massive Lt; exposures (Fig.
2B; 4B) and displays fining upward grain sizes. Lt are locally stratified as defined by
accumulations of lapilli and bomb-sized, fluidal to blocky. vesiculated (<60%) spatter clasts
(Fig. 4C). The clasts are supported by a well-sorted, vitric ash matrix. Two small outcrops of Lts
are located at upper elevations (i.e. high in stratigraphy) in the central and NE sections of the

CM.

Peperite (P1) deposits, as defined by White et al., (2000) and Skilling et al., (2002), are
volcaniclastic deposits resulting from the mingling of magma with wet, unconsolidated
sediments. At CM, peperites occur as fragmented, globular to blocky components of vitric basalt
supported by ash and lapilli tuff matrix (Figs. 2B; 6). Peperite deposits are distributed along the
margins of the peperitic intrusive bodies (Lpi). We distinguish lithofacies Pi from Lpi (Table 1)
as volcaniclastic and coherent, respectively. The thickness of peperites varies from a few cm to
2-3 m away from the margins of Lpi. Peperites rarely outcrop at the present-day CM surface but

are commonly exposed in cracks at all locations of the volcano.

Tuff breccias (Tb) blanket much of the topography in the central and north regions, are
the dominant map unit (Fig. 2), and obscure stratigraphically older volcanic lithofacies. At higher
elevations, tuff breccias form thin 1-2 m-thick deposits that progressively thicken (<10 m)
downslope (Fig. 7). Tuff breccias are massive and clast-supported, featuring monolithic lapilli-to
block-sized lithic components. These lithics are olivine-and-plagioclase porphyritic lava
fragments of Lpi, Ls, and Lp, where ~30-40% show rounded chilled margins. Minor yellow ash-
sized interstitial sediment is present between breccia clasts. Rarely, block and lapilli-sized,

rounded Lt; lithics are present (Fig. 7B).
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4.2 Coherent
5 tie Pillowed Las ;
The peperitic pillowed lava unit (Lpi) (Table 1) comprises coherent, mingled lavas that
intrude volcaniclastic deposits (Lt) across all elevations and locations of the edifice (Fig. 2). Lpi
1s a mappable unit andis-distinguisheddistinct from coherent pillow lavas (Lp; Table 1) where

Lptintruded saturated sediments-and Lp-formed through subaqueous effusion. Epiiscommenly
expesedineraeksasThe Lpi unit occurs where magma has been injected into water-saturated

sediments and forms massive globular bodies up to 15-20 m across and 10-15 m high, eemprised

efcomprising chilled, subrounded lobes (Fig. 5A and B). Additionally, Lpi is often associated

with ‘blooming” dykes (Ld,) (Fig. 36)-5C) that transition from ~0.5-1 m wide intrusions into <5

m wide. “pillowed” masses. Since Lpi intrudes and pillows into lapilli tuff (Lt) (i.e. host

sediments) we interpret these lithofacies to be “peperitic’ intrusions—Here-weuse the adjective
“peperitie”, after White and Houghton (2006)-which-has-a genetic connotation deseribing

Pillow lava deposits (Lp) (Table 1}-comprise-individually-stacked radial-and-quenched
obes:). makeup ~20% of the edifice, and are the dominant lithofacies exposed at the edges of

CM (Fig. 2). Pillow lava euterepoutcrops at the present-day, high elevations of CM (Figs. 2A) as
1-3 m thick piles and increases to ~ 10-40 m thick along the cliffs at the outer edges of the
volcano (Figs. 2B; 8A and B). Individual pillows are bulbous, with diameters up to 50 cm (Fig.
8C). Interstitial quench-fragmented vitric sediment fills void spaces between intact pillows in
some outcrops (Fig. 9A). Large radial columnar jointed pods up to 3 m in diameter make up a
lesser amount of the lithofacies. Stratigraphically, Lp is overlain by tuff breccia (Tb), is cut by
dykes (Ld.), and is observed to overlie outcroppings of lapilli tuff (Lt;) at the base of the edifice
(Fig. 2B).

423 Sheet Tava(Is)
Blocky and columnar jointed remnants of sheet lava (Ls) (Table 1) are preserved at the
highest elevations of CM near the central and eastern regions (Fig. 2A). Sheet lava outcrops are

small, ranging from ~10-30 m across, and 1-2.5 m thick. The sheet lavas have coarse columnar
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joints up to 0.4 m in diameter and occur at the present-day surface of CM. The tops of the sheet
lavas are eemmenly-glaciated-as-indieatedscoured by SW trending glacial striae and covered
with erratics (Fig 8D).

424 Dvkes(Id, 5}

Over 50 dykes (Ldi-») intrude the CM volcano (Fig 2A). The dykes are predominantly
subvertical and have widths ranging from 0.5 to 3 m in width and up to 100 m in length. The
dominant trends of the dykes strike E-NE and W-NW. Dykes were divided into two groups
based on their margins: 1) Ld: (Table 1) have poorly defined, glassy, pillowed, or peperitic
margins where they contact bodies of Lpi (Fig. 5C), and 2) Ld> (Table 1) have sharp, chilled. and
columnar jointed margins where they intrude all other lithofacies. Ld; is prevalent in the central
and high elevations of the edifice and is best exposed through extensional cracks. Ld> outcrop
sporadically euterep-in the central high elevations of CM-and-are-high-in-density, as well as,
along the eastern marginsmargin of the edifice where they intrude subvertically through-the
stacked wwaHspiles of Lp.

5. Lithofacies associations

The H&&Sﬁt@ﬂﬂl—éﬁ-p%ﬂré—hi—&t@l?topnlo st portion of CM m#eb&&e—e*ples&e—
effustvesedifice and 4

hﬂaefaues—"?h%depes&&uppemlost stratigraphic units are netstratigraphically orderedina

_heavily eroded which precludes us from

identifying the butldupprecise location and nature (e.g., fissure, cone, etc.) of the veleanoe-vent.

However. we expect that the vent was beth-tateraknear the present-day summit (elev. ~1580 m)
where-eruaptive-depesits-spread-eut, within a 100 m radius. we find a multitude (~10) of cross-

cuftting dvkes intersecting the upper surface of the edifice. The volcano is volumetrically

dominated by subaqueous style lithofacies that result from and record an explosive onset to the

eruption followed by effusion (e.g.. pillow lava) and intrusion (e.g.. dvkes). Furthermore. rather

than a simple laver-cake stratigraphy, the CM volcano grew: 1) laterally where deposits source

from higher elevations dewsand extend to the margins of the edifice, and endogenous—through
peperitieil) endogenously by abundant intrusions and-dykes—Thewithin the volcaniclastic pile.

Based on the detailed stratigraphic relations-are-observed-throtushthe-excellent erack-expesures
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and-alevwus-to-determinerelationships described above. we define four demyinantmain lithofacies
associations (A-D) (Table 2).

Lithofacies association A comprises Lti, Lpi, and Ld; (Table 2). Lt; 1s intruded by Lpi
and Ld; at all elevations of the edifice, including exposures at the base of CM (Figs. 2B; 5). Ld:
1s observed to be in genetic relation to Lpi (Fig. 5C). Lt; outcrops at all elevations of CM, and
the deposits are pervasively palagonitized and lithified (Stroncik and Schmincke, 2002). The
mingling of Lpi within Lt; and examples of soft-sediment deformation indicate that Lt; was
saturated and unconsolidated at the time of intrusion. Additionally, the margins of Ld; are often
poorly defined and pillowed, further suggesting a saturated slurry-like host rather than a cooled
and lithified host at the time of intrusion. Lastly, Ld; is often seen tangential to ‘blooming” Lpi.
suggesting that these two intrusive bodies are temporally related. Further petrographic
similarities (1.e. olivine and plagioclase phenocrysts) substantiate a co-genetic relationship
between Lpi and Ld;. This lithofacies association reveals that unconsolidated ash and lapilli were
intruded by peperitic bodies, processes that require a water-saturated eruptive environment.

These stratigraphic relations imply an age succession of Lt; > Lpi > Ld;.

Lithofacies association B comprises Lpi and Pi (Table 2); at CM peperite deposits (P1)
are always spatially associated with masses of intrusive pillow lava (i.e. Lpi; Fig. 6). We
mterpret these occurrences as fuel-coolant interactions (FCI) where the sudden contact of hot
magma (e.g-.. fuel) with cold. saturated sediment (e.g-.. coolant) generates a vapour film around
the intruding body (i.e. Lpi1) (Doyle, 2000; Hooten and Ort, 2002; Martin and Németh, 2007).
Within the vapour films, instabilities may arise, causing local phreatomagmatic fragmentation
along the borders of the intrusion. Regions that experienced more stable vapour films result in

globular peperite texture (Fig. 6C) while areas with less film stability produce blocky peperite
textures (Figs. 6D) (Martin and Németh, 2007). Mest-peperite deposits formalong the margins

peperite deposits form along the margins of syn-volcanic intrusions. The field relations for Lpi
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and P1 show a contemporaneous origin, with both lithofacies forming as a result of intrusion into

wet, unconsolidated lapilli tuffs.

53-  Lithofacies Asseciation€

— This-association C comprises Tb, Ls, Lp, Lp1, and Lt (Table 2). The tuff breccia (Tb)
blankets the upper surface of CM and contains a large proportion (<50%) of sheet lava (Ls)
lithics, as well as moderate (30-40%) subrounded lithics of pillowed lava (Lp and Lpi), and
minor (>5%) subrounded blocks of Lt (Fig 7). The high volume of Ls lithics entrained within the
widespread tuff breccias is our best line of evidence that the sheet lavas preserved at higher

elevations were originally more extensive and volumetrically abundant. Post-eruptive erosion

(1.e. glacier erratics and scour marks: Fig. The Th-matrixis-comprised-of8D) and collapse (i.e.

extensive network of extensional fissures) provide a reasonable explanation for the relatively

small remnant outcroppings of the Ls unit. The Tb matrix comprises moderately palagonitized,

explosively derived fine ash, quench fragmented ash and lapilli, and coherent lapilli lithics.
These findings suggest that Tb are syn-eruptive debris flows eemprisedcomposed of previously
erupted volcanic lithics. The degree of palagonitization alteration throughout the unit

wmdieatessuggests subaqueous deposition-and-may-alse-have played-arole-in-destabilizing the
edifice-slopes (Schiffman et al., 2006). The-high-volume-of Lslithies-entrained-within-the

pestThe tuff breccias incorporate clasts derived from all other earlier stratigraphic units which,

combined with other stratigraphic relationships. suggests the succession-ersptive-crosionfie:

netjuventlesithis-asseciation-suagestsa-temporal-sueeessionof Lt>Lpi>Lp>Ls>Tb.

54 Lithofacies Asseetatienassociation D
comprises Ld,is-asseetated with all other CM lithofacies (Table 2). At CM, Ld: intrudes

through all other lithofacies with sharp, columnar jointed margins, including cross-cutting Ld; in

select locations. These contact relations indicate that Ld. is the latest preserved lithofacies from

10
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the CM eruption. This last association suggests a temporal succession of

Lt>Lpi=Pi>Ld:>Lp>Ls>Tb>Lds.

6. Chemistry and Petrography
6.1 Petrography

Detailed mineral abundances and componentry based on standard polarizing light and
scanning electron microscopy (Philips XIL.30) for all CM volcanic lithofacies are listed in Table
1. All coherent CM samples are olivine and plagioclase porphyritic, with glomeroporphyritic
clots visible in hand samples. A smaller population of samples also contains phenocrystic augite.
Petrographically, the pillowed dykes (Ld:) have similar mineralogy as found in pillowed (Lp1)
and most sheet lavas (Ls). Jointed-dykes (Ldz) commonly contain phenocrystic augite as do a
small proportion of pillow lava samples (Lp). Olivine phenocrysts are subhedral and unzoned.
Plagioclase phenocrysts are tabular and moderately zoned, with a very minor percentage (>5%)
showing sieve textures. When present, augite crystals are subhedral to anhedral.

Volcaniclastic samples are distinguished by sorting, grain size, structures, and
componentry. Lapilli tuffs (Lti_3) are eemprisedcomposed of monolithic vitric juvenile fine ash
and coarse lapilli (Figs. 9B-H) and microlitic tachylyte juvenile pyroclasts (5-30%). Intact to
fragmented crystals of olivine and plagioclase are observed within the matrix of Lt;s. Juvenile
shapes range from blocky to highly vesicular (~60-70%) (Figs. 9B-H). Interstitial sediments are
observed between coherent Lp clasts but are notably different (i.e. coarse, jig-saw fit clasts
compared with Ltis{)(e.g. Fig 9A).

Tuff breccia (Tb) componentry is highly variable. Tb is dominated by clasts of basalt
(Lpi, Ls, Lp) and contains minor blocks of Lt; within a matrix of vitric ash and lapilli. Tb matrix

1s overall coarser than Lt; .z although still contains abundant blocky and highly vesiculated

Juveniles.

6.2 Geochemistry
Whole-rock major and trace element geochemical compositions were measured for 26
samples by X-ray fluorescence (XRF) analyses of fused discs and by inductively coupled

plasma-mass spectroscopy (ICP-MS), respectively. Samples span all CM volcanic lithofacies

(1.e. dvkes, sheet and pillow lavas, and juvenile vitric-lapilli). Representative compositions of

11
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whole rocks and glasses are reported in Table 3; analytical uncertainties are based on replicate
analyses done by Acme Analytical Labs Ltd., Vancouver, BC, Canada. A subset of samples was
analysed for FeO volumetrically by ALS Canada Ltd., North Vancouver, BC, Canada. Appendix
A contains the full data set and additional analytical details.

Figure 10A illustrates the chemical diversity of CM samples after Le Bas et. al, 1986
classification of volcanic rocks. All CM samples are subalkaline (Irvine and Baragar, 1971) but
display moderate spread in SiO2 (~47-51 wt.%) and Na,O-K>O (~3-4 wt. %). The spread in

chemistry observed in Fig. 10A correlates with groups of samples having different phenocryst

contents. Samples that contain minor modal abundances of augite (in addition to olivine and

plagioclase) are typically higher in Si0-> and Na-O-K-O wt. %. However. we find no significant

differences in mineralogy or chemical compositions that correlate with the stratigraphic position.

Fig 10B shows Mg#s (molar MgO/ (MgO +FeO*)*100) of CM samples with relation to

S10> wt.%. Within the Cascade arc, volcanic rocks having Mg# > 60 are considered “primitive”
indicating limited crustal influence (Green and Harry, 1999; Mullen and Weis, 2013). Our results
show CM samples range from Mg# ~55-67 with the majority of samples (~80%) between 60-66.

Cracked Mountain rare earth elements (REE) shown in Fig. 10C normalized to chondrite

composition after Sun and McDonough (1989). There is little variation in trace element

concentrations between samples. including similar anomalies (i.e. positive Eu’"). suggesting a

similar mantle source for all CM deposits.

7. Geochronometry
7.1 Radiogenic *°Ar /*°Ar Results

Two CM samples (MH-19-055, 031) were selected for “°Ar /**Ar radiometric dating at
the WiscAr Geochronology Labs, University of Wisconsin-Madison, USA. The holocrystalline
dyke sample (MH-19-031) proved to be non-measurable because of excess argon trapped in the
plagioclase minerals. This 1s a common issue with basaltic dykes (of young ages) (Brian Jicha,

pers. comm. 2021) and with subglacially erupted deposits of all compositions (Clay et al., 2015).

12
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The second CM sample (MH-19-055) was collected from the radially jointed interior of a pillow
lava outcrop. This sample contained low radiogenic argon but the analysis was still possible
through twenty-four heating steps with moderate uncertainty. The results yielded a plateau age of
401.6 = 38.1 ka for crystallization of the groundmass (Fig. B1). Errors are quoted at a 26 (95%
confidence) level and are propagated from all sources except for mass spectrometer sensitivity
and the age of the flux monitor. Appendix B contains analytical procedures used and table B1

contains complete measured data for heating steps.

7.2 Paleomagnetic Methods and Results
A total of nine sites across the CM edifice were selected for samplingat CM—with-the

the paleomagnetic study. The sites

L= o

were chosen to span the entire stratigraphic sequence (i.e. oldest to youngest-CM-lithefactes-—One
sample) and one site (Site 2) was replicated te-test-for field and lab reproducibility-Al-samples
were drilled-into-voleanie lithofaeies (Table C1). We preferentially sampled units that cooled

quickly, thus locking in the geomagnetic field orientation at the time of emplacement (e.g.,

Johnson et al., 2008). Efforts were made to sample #-sttonly intact outcrops and-aveidthereby

avoiding areas suspected of ebvieus-post-emplacement retation—Standardmovement.

Approximately eight standard 2.5-cm-diameter paleomagnetic cores were drilled-in-thefield:
Approximatelyeight cores-were taken from mestsitescollected from each site and a minimum of

three cores from each outcrop. Each sample was oriented using a magnetic compass, and where

possible a sun compass was used in conjunction with magnetic orientations.

CM samples were analyzed at the paleomagnetic laboratory at the University of
Lethbridge, Alberta. Magnetic susceptibility was determined with a Sapphire Instruments (SI-
2B) susceptibility meter. The magnetization of each sample was measured with an AGICO JR-
6A spinner magnetometer before demagnetization and again after each level of stepwise
demagnetization. CM samples were held in magnetic shields following field collection and
between laboratory measurements. All samples were subjected to alternating field (AF)
demagnetization, performed using an ASC Scientific D-2000 demagnetizer with a three-axis
manual tumbler, and carried out at 10 milli-tesla (mT) steps (up to 200 mT). Thermal
demagnetization was carried out at 100, 200, 300, 400, 500, 525, 550, and 580 °C, using an ASC
Model TD48 dual-chamber thermal demagnetizer to confirm that alternating field

13
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demagnetization was sufficient to resolve the primary remanence. Directions of characteristic
magnetization were determined for each sample by principal component analysis (Kirschvink,
1980) using Remasoft version 3.0 (Chadima and Hrouda, 2006). Mean directions of
characteristic magnetization were calculated for each site and an overall mean was also
calculated (Appendix C; Table C1). All samples were subject to stepwise AF demagnetization
and principal component analysis and mean directions were calculated from the AF data only.

All paleomagnetic samples are normally magnetized (Fig. 11A; Table C1). The site-mean

directions of sites are consistent for eight of nine sites, where all eight sites plot within the
uncertainty circle (oos) about the overall mean (N=8) with a declination of 346:54347.3 "and
inclination of 76.546°, and Fisher precision factor of &= 351, a¢s = 2:993.0° (Fig. £2A11A).
Typical, well-behaved demagnetization characteristics are shown for samples from Lt; and Ld:
respectively in Figs 11B and C.

All paleomagnetic samples produced stable directions of magnetization following
stepwise demagnetization. Alternating field demagnetization, applied to all specimens, exhibited
linear decay to the origin on orthogonal projections (Fig. ++A11B and BC). The median
destructive fields range from 20—80 mT and final directions are often stable up to 200 mT
alternating field demagnetization (see EMVO60ACMVO15A. Fig. 11B) indicative of single-
domain magnetite. Thermal demagnetization showed complete demagnetization at 550 to 580
°C, typical of fine-grained (single domain) magnetite as the magnetic carrier (see CMV029, Fig.
11C). Note that single-domain magnetite is the optimal magnetic mineral and grain size for
producing reliable paleomagnetic directions. The magnetic susceptibility values of CM volcanics
range from 0.4-1.0 x 10-3 SI (median value of 0.5 x 10-3 SI) for the flows composed of
pyroclastic density currents and 2.4-16.4 x 10-3 SI (median value of 4.5 x10-3 SI) for dykes.
Mean natural remanent magnetization for CM volcanics is 9.4 A/m (range 0.4-22.0 A/m). Fhese

14
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The common pole direction obtained for all volcanic units. including the latest dvkes.

implies a common eruption age indicating a monogenetic origin for the volcano. Furthermore.

the data from each site showed no indication of rotation or tilt as the mean direction is within the

expected paleosecular variation (see mean of sites 2-9 and GAD inclination for sampling

latitude, Fig. 11A, and Table C1). The sole exception was Site 1 (Table C1) where the seven

cores record a different mean pole direction compared to the other eight sites (2-9). Site 1 isa

lower elevation cliff-side exposure of pillow lava (Lp) on the SE margin of the edifice. Of the

seven cores, three can be ascribed to post-emplacement rotation and vield coherent results with a

mean declination and inclination of 34.4 " and 72.9 respectively. The rotation is likely due to

partial extensional collapse and. relative to the mean pole direction for the CM edifice. we

calculate a downslope rotation of ~12 °E (Fig. C1). This rotation has a calculated maximum

crack width of ~20 m which accords well with the observed fissures found on the outer margins

of CM (e.g.. Fig. 3B).

8. Discussion

‘ F . s il o 1
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§28.1 Explosive Onset to Glaciovolcanic Eruption

The lapilli tuff deposits (e.g. Fig 9B-H) are-eomprised-efcomprise coarse to fine ash

(>100 pm) particles that are commonly highly vesiculated (<60%). The abundance of fine ash in

CM Lt deposits suggests explosive magmatic and/or phreatomagmatic fragmentation
(Zimanowski et al., 1991; White and Valentine, 2016; Latutrie and Ross, 2020). EMThe Lt
deposits comprise both blocky ash (e.g. Fig 9B) and micro-vesiculated cuspate ash (e.g. Fig 9D
and F) suggesting that both phreatomagmatic (external water) and magmatic (internal volatiles)
drove the explosive fragmentation processes. We note that blocky juveniles are dominant in Lt; 3
suggesting that phreatomagmatic reactions involving glacial meltwater played the largest role in
the explosive eruptive style.

Based on the overall bedform and textures found in Lt deposits, we assert that the
depositional environment was wet and probably (shallow) subaqueous. The massives character

and moderate to poor sorting of Lt; suggest aninflux-of fragmentalmaterial erupted

threughcontinuous deposition from a sustained column. rather than periodic explosive pulses

which would generate moderately sorted and bedded deposits via elutriation (e.g., White, 1996,

2000)-and-the. The lack of welding

. compaction,

or clast imbrication is also consistent with a water-rich intergranular phase (rather than gas) was

present-threughfor these eruption-fed-agueeunspyroclastic density currents (White, 2000; Brand
and Clarke, 2009).

The thinly bedded, moderate to well sorted, and weakly normally graded Lt> is indicative
of deposition from dilute pyroclastic density currents (i.e. pyroclastic surge; Fisher and Waters,
1970; Brand and Clarke, 2009). These deposits reflect phreatomagmatic explosive pulses that
dispersed highly fragmented ash laterally and elutriated through the water column. The shallow
dipping cross-bedding preserved in some Lt; outcrops (Fig. 4B) is consistent with subaqueous

pyroclastic deposits (Moorhouse and White, 2016). The overall lack of well-sorted beds of fine

17
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ash, characteristic of thick water column elutriation, makes a shallow subaqueous setting most
plausible.
LEt:is-compesedLts contains moderate volumes (20-40 %) of non-welded spatter within

moderately to well-sorted ash and lapilli matrix (Fig. 4C). We propose that the Lts deposits
record periods of increased magma flux, volatility, and/or a decreased water supply (at the vent),
where a strombolian style burst ejected largely vesiculated and fluidal clasts (Latutrie and Ross,
2020). We find that the overall characteristics of the Lts; deposits indicate a shallow aqueous to
emergent depositional environment. This assertion is based on a lack of bomb sags within these
deposits and chilled but not quenched (or pillowed) spatter clasts. The two outcrops of Lts are
located at upper elevations of CM, and not observed within lower to middle stratigraphy. Our
interpretation is Ltz represents localized magmatic generated fallout mixed with
phreatomagmatically generated pyroclastic density currents in shallow aqueous to locally drained
regions of CM.

Explosively derived Lt deposits are present at all elevations of CM (Fig. 2) and we

estinate-that-it-ecomprisescomprise ~30% of the entire edifice byvelame-(Table 1):). and

excluding intrusions, are closer to 60% of the volcano volume. Our findings indicate that not

only was the onset of the CM eruptions explosive but that explosivity was sustained threughthe
middle-toJatestagesthroughout most of the eruption. This explosive-styled eruption makes CM

unique within the GVB, being only one of five other identified tephra-dominated glaciovolcanic

landforms (Wilson and Russell, 2018). We hypethesisespeculate that these-explosive styled
onsets to glaciovolcanic eruptions may aetbe unecommon-in-any-glacioveleanic setting but

rathersignificantly more common than recognized and underestimated because tephra-dominated

landforms are {essﬂhke{ﬁeJaejafe&eﬂzed—eempatedl ighly susceptible to lava-deminated-tayas—f

erosion. We suggest CM’s transitional

o

eruptive history, which produced intrusive and effusive coherent lavas, helped create a stronger

structure more resistant to glacial erosion.
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The mvestigation of Cracked Mountain deposits records a complex sequence of events

beyond the initially explosive onset. Our analysis suggests the following conceptual model for

the evolution of the CM eruption (Fig. 12):

1. An explosive, Surtseyan phase dominated the initial CM eruption, producing a subaqueous

tephra cone eemprised-efcomprising Lt; (Fig. 12A). Fhis-Our interpretation of this initial

phase is evidenced by the predoninant bediorm e aid compotientrv of Ly the:

2. Thesecond CM-eruptivephase-ischaracterized-by-the transition from explosive to effusive
(and intrusive) activity (Fig. 12B)}—Peperitie) is expressed by peperitic dykes (Ld;) and

bodies (Lp1}). These intrusions inflate the edifice fremwathinendogenously and dykes that

reaechpierce the margins of the tephra pile form stacks of pillow lavas (Lp) thatpHleup-en-at
the margins of the volcano. The presence-of peperites(Pi)}-along the margins of Lpi(Fig- 6}
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[ ate-stage intrusions and

effusions produce effusive lavas (Ls) and dvkes (LLd>) and associated breccias (Tb). (Fig.
12C). The culmination of the CM eruption is marked by late-stage dyke activity (Ld:) that

cut through all other lithofacies. Despite-changesineruptive styles{re—explosive-and
effusive)rand environments{e—wetand-dry)theThe paleomagnetic signatures of all CM

deposits overlap within one paleomagnetic moment. Thus, the CM eruption taking place

from stages 1-3 can be thought of as more or less continuous.

The final stage (4) in the CM formation was non-eruptive and characterized by glacial erosion
and edifice collapse (Fig. 12D). The timing of glacial retreat after the CM-eruption-is unclear, but
W&d@—ﬁ-ﬁd—%@%ﬁ%@@f—&l&@—iﬂ-ﬁeﬂ—(—l—%the present-day surface features bedrock erratics and scour
marks
wa&m}eeﬂgmeme}eped—m—ma&e&sheer—\#e—pwpeseﬂa{—thﬁ indicating post-eruptive
glaciationremeved-pertions-ofthe-upper- CM-eruptive stratigraphy. The widespread distribution
of large extensional fissures and earved-the-over-steepened-edifice-margins-that we presenthysee

todav. The final process we model at CM s the formation of the cracks after the glacial

after the ice sheet retreated-The lackof glacial depesitsresults from the retreat of the enclosing

ice sheet which originally buttressed the steep-walled edifice. Glacial erratics are not found

within h

probably-continningto-eolapse-to-the present-day-these fissures which may suggest that the

edifice was mainly enclosed (and buttressed) by regional and local ice until the Last Glacial

Period (1.e. <115 -120 ka).

8.42 Paleoenvironmental recenstruetion-implications
We-find-englacialerupted  Our mapping and analysis suggest CM is a monogenetic edifice

with no evidence for significant time gaps during the eruption. The results of paleomagnetic
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analyses concur with our field observations that the varying lithofacies at-elevatiens-up-tewere

emplaced in one paleomagnetic moment (S

1,000 vears: Turner. 1987: Barletta et al., 2010; Lisé-Pronovost et al., 2013) at 401 + 38 ka
(Fig. B1).

The CM lithofacies (i.e. pillow lavas. palagonitized tuffs. and peperites) indicate a

subaqueous eruptive paleoenvironment, however, the edifice is situated at a high elevation in a

high relief environment and surrounded by steep-sided deep (=800 m) valleys (Fig. 3). 650-m

=

regquireWe suggest a glaciovoleanic eruption into a sustained englacial lake of meltwater

enclosed by a substantial ice sheet on the basis that there are no obvious physical barriers (i.e.

mountains or ridges) to allow for a conventional paleo-lake. The volcanic lithofacies suggest that

the englacial lake was sustained throughout the eruption and that the lake surface elevation

continued to rise with the growth of the edifice. The CM volcano is best described as a

transitional. tephra-dominated. tuya after the descriptive classification of Russell et al.. (2014)

and its lithofacies associations make it distinct from the classical mafic tuya model (e.g.. pillow

effusion. hyaloclastites, lava-fed deltas, and capping lava) (Smellie. 2007; Jakobsson and

Gudmundsson, 2008; Edwards et al.. 2015). whieh-CM-eruptedinte

The CM volcanic succession is ~250 m thick and rests on basement rocks at ~1.250 m

a.s.l (Fig. 2A). Subaqueous lithofacies outcrop at elevations as high as ~1.650 m a.s.l where they

have relief of ~800 m above the major drainages. At the highest elevations of CM (~1.600-1650

m a.s.l). we find small remnant subaerial sheet lavas (Ls) although the abundance of Ls lithics

within the thick succession of Tb deposits may suggest that there was much more subaerial lava

originally. There are. at least. two scenarios that would have been—250-mdeep-along the edifice

margmsexplain subaerial capping lavas within the englacial lake environment. The most likely

scenarios are that. either. 1) the edifice srew and became emergent above the paleolake level to

form a classic passage zone defining a maximum lake level (Jones. 1970: Smellie. 2006: Russell

et al., 2013; Edwards et al., 2015) or ii) the level of the englacial lake decreased due to subglacial

drainage creating a “dry”’ subaerial environment. In the lafter case. post-draining subaerial lavas

overlapping the subagueous lithofacies establish a minimum level of the englacial lake (Smellie,

2006; Skilling, 2009:; Russell et al., 2013).
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There is no direct evidence for a passage zone relationship (i.e. beds of pillow lava

breccias or lava fed deltas) so we favour the second scenario involving overlap lavas wherein the

elevation of Ls at ~1.650 m defines a minimum level and. thus. a minimum depth of ~250 m for

the paleo-englacial lake (Fig 13B). We use-these findings-to-investigate the- minmnumhave used

the shape and size of the CM edifice and the surrounding topography to constrain the maximum

dimensions and volume of the paleo-englacial lake. The paleo-topography beneath the CM

edifice (Figs. 3. 13A) limits the size of the syn-eruptive englacial lake. Relative to the present-
day edifice we estimate the lake may have extended <100 m to the south and <300 m to the east
but been limited to < 50 m to the north and west by very steep drainages. Assuming an

asymmetric shape of 1.800 m long and 1.300 m wide and a maximum depth of 250 m (Fig. 13B)

yields a maximum lake volume at ~0.36 km’. The present-day (i.e. minimum) volume of the CM

volcano is ~0.18 km? such that the lake could only store < 0.18 km® of water (i.e. maximum lake

volume — edifice volume). This strongly suggests that throughout the eruption the englacial lake

was never fully sealed but was a leaky system where meltwater production and sub-ice drainage

were nearly matched (cf. Russell et al. 2014). As the eruption waned. melting of the enclosing

ice became less efficient and drainage became dominant. leading to a lowering of the lake level

to allow for subaerial eruption of lavas (Fig. 12C).

To sustain a lake level of 250 m requires a rate of leakage less than the rate of meltwater

accumulation and also requires an ice thickness atthe-time-of the CM-emuptionIn-glacial lakes:
when-the water level exceeds—00% ofice-thickness:above ~280-300 m to counterbalance the

hydrostatic pressures-execeed glaciostatic pressures.causing the-ice to-floatlake pressure (e.g.,
Tweed and Russell, 1999; Smellie, 2006; Edwards et al., 2015). The surrounding topography

features steep drainages with valley floors at ~ 800 m a.s.l. (i.e. Jathe-ease-of EM—~ve-find that

I i a laxyral - () 1 i o Taulbe fa Fora A o AT a3 & o
O - 1 v =0 Yy Itrord Jesgmany= smasiaw Sags ol - HG iy -

o _Meager Creek and Elaho valley: Figs. 3

and 13). This suggests that the enclosing ice sheet, an earlier (paleo-) incarnation of the
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Cordilleran Ice Sheet (CIS) at 401 + 38 ka. was at least 880 m thick. This minimum ice thickness

has implications for the distribution of the paleo-CIS and suggests that most of the surrounding

landscape was under ice except at the highest elevations (Fig. 13A and C; Clague, 2009; Wilson
et al., 2020)

The CM age of 401 + 38 ka fits-withincoincides with the waning of marine %0 isotope
stage (MIS) 12 glacial period (~470-425 ka) ateand the warming period of MIS 11 (~420-375
ka) (Lisiecki and Raymo, 2005) (Fig. 14). The shift in global 3'°0 dusing-associated with the

MIS 12 to 11 transition is the smest-drastielargest of all the Pleistocene cycles fe-g—Fig14)-
stgmifyingand signifies rapid global warming-Thus—we believe a CIS- (e.g. Fig 14: Lisiecki and

Raymo. 2005). The ~850 m (or thicker) thickness of —850-m-at400-ka{+-e—middlethe paleo-CIS
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enclosing the Cracked Mountain volcano is inconsistent with the mid-point of MIS 113-#as

unlikelyInstead—we-favour at 400 ka. However, if we accept a slightly older *°Ar /*°Ar age of
~425 ka for ack i ron-—Hissh - age-fits(still within the analytical

uncertainty-efthe-**Ar"°As results-and-places) (Table B1) for the eruption mere-within-the
wanmngefof Cracked Mountain, the age accords well with the global ice period (MIS 12)

(Lisiecki and Raymo, 2005; Batchelor et al., 2019). Eruption ages for other volcanoes in the

GVB are sparse. however. Wilson and Russell (2018) report glaciovolcanic eruptions during

MIS 12 within the Mount Cavley volcanic field (Ember Ridge. unpublished age). as well as.

subaerial lavas erupting in the Salal glacier field during MIS 11 (Nichols Valley at 405 ka).

These additional age constraints. although limited. do support the eruption of Cracked Mountain

into an early (late-Pleistocene) incarnation of the CIS within SW British Columbia at ~ 425 ka.

-We also speculate that at this time, there may have been a large-scale decompression
effect on the Earth’s crust driven by rapid deglaciation at the end of MIS 12. The link between
volcanism and crustal unloading during periods of deglaciation has been modeled throughout the
GVB (e.g., Wilson and Russell, 2020) and explored in Icelandic and Andean glaciovolcanic
fields (e.g., Carrivick et al., 2009; Guillot and Ponce, 2021). We, therefore, find it entirely
feasible that the CIS retreat in SW British Columbia would have triggered magmatic ascent

through the unloaded crust, leading to the EM-eruptien-eruption of the Cracked Mountain

voleano (as well as others). Lastly, since records of older glaciation cycles tend to be obscured

by younger waxing and waning of ice sheets, our findings at CM provide useful temporal and

physical constraints for the CIS extent in SW British Columbia during the mid-Pleistocene.

9. Summary

The Garibaldi Volcanic Belt contains many Quaternary glaciovolcanic centres. The study of
these volcanoes provides paleoclimatic evidence at the time of the eruptions and contributes to
the understanding of magma, ice, and water interactions more generally. Here, we present the
first physical volcanological study of Cracked Mountain, a transitional, tephra-dominated tuya.
Our findings indicate an initially explosive eruption that later transitioned into a-sixtureof
intrusive and extsive-streseffusive activity. We characterize the explosivity as dominantly

phreatomagmatic, manifested as Surtseyan style eruption in a shallow englacial lake. Peperitic

intrusions and pillow lava effusions are the largest coherent units by volume, indicating that
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subaqueous conditions persisted through the middle and later stages of the eruption. Small
remnants of subaerially erupted lavas are preserved at the highest elevations, suggesting that the
lake drained periodically in the later stages of the eruption. This claim is supported by our
modeling of paleolake dimensions and volumetric capacities. Lastly, our temporal investigation
of the eruption concludes that CM was monogenetic, erupting ~425 ka between MIS 11 and 12.
We model the localized, mid-Pleistocene CIS as having a minimum thickness of ~850 m,

reaching elevations of 1,680 m a.s.l or higher.
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Figure Captions

Figure 1: Location and geologic setting of Cracked Mountain volcano. A) Map of the Cascade
volcanic arc in the USA and Canada (i.e. Garibaldi volcanic belt (GVB)) (modified from Mullen
and Weis, 2013; Wilson and Russell, 2017). B) Undivided geological map of MMVC
distribution of Mt. Meager volcanic deposits (MV), basement (Bu) throughout the region
(Woodsworth, 1977; Read. 1979: Harris and Russell, 2021). The youngest MMV C eruption,
2350 B.P. Pebble Creek Formation (PcF) (Hickson et al., 1999; Stewart et al., 2008) is
differentiated from other MMVC volcanics. Cracked Mountain (CM) is situated south of the
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main MMVC (Wilson and Russell, 2018; Harris and Russell, 2021). Map projection based on
Universal Transverse Mercator, Zone 10U North American Datum 1983.

Figure 2: Geology of Cracked Mountain. A) Geologic map showing the distribution of CM
volcanic lithofacies. Dyke location and orientations are shown in red; extensional cracks are
shown in black. The volcanic edifice unconformably overlies basement granodiorites (Bg) and
mica-schists (Bs). BlaekWhite-numbered dots show locations of representative stratigraphic logs
(B, C). B) Graphic logs showing volcanic stratigraphy at various locations and elevations {black
numbered-det)}-within the map area (depicted in Figs. 2A). Lithologies are depicted with various
patterns and symbols while corresponding map units are shown in the same colours as Fig. 2A.
Red lines shown in map units represent intruding dykes observed within the lithologies of the
graphic logs. Map projection based on Universal Transverse Mercator. Zone 10U North
American Datum 1983.

Figure 3: Physiographic setting of Cracked Mountain volcano. A) NE-SW oriented Google
Earth imagery of Cracked Mountain showing the location of volcanic deposits overlying
basement rocks (white-arrows). YasibleB) N-S oriented Google Earth imagery of Cracked
Mountain (outlined in white), highlighting visible cracks parallel the steep drainages. BC) South-
West facing DEM hillshade map showing CM volcanics (red shaded outline) situated above
present-day Meager Creek and Elaho Valleys.

Figure 4: Field photos displaying bedform structures of CM lapilli tuffs: A) Field photo showing
~2 m thick exposure of massive, moderately sorted ash and lapilli tuff underlying poorly sorted
tuff breccia (Tb). Half metre hammer (eutlined-in-white arrow) for scale. B) Field photo
displaying a ~0.5m thick exposure of thinly bedded, well-sorted, ash, and a lapilli tuff (Ltz)
interbedded within massive lapilli tuff (Lt;). One metre hammer for scale. C) Field photo
showing ~10 m wide and ~4 m thick exposure of moderately to poorly sorted, locally spatter
dominated, lapilli tuff (Lts). One metre hammer for scale. The white box shows the location of
the inset displaying fluidal clast surrounded by a vitric ash matrix.

Figure 5: Field photos illustrating the association of pillowed lava (Lpi), peperitic dykes (Ld:),
and enclosing lapilli tuff (Lt1): A) Photomosaic of ~30 m wide by~ 4 m thick exposure of
pillowed lava (Lpi) mingled with massive lapilli tuff (Lt:). Inset (white box) shows pillowed
lobes with a lens of Lt;. Hammer {1 mOne metre hammer (white arrow) for scale. B) Annotated
version of SA. Note preserved lenses of Lt; within extensive Lpi deposits. C) Field photo
showing ~3m5 m wide and ~4m4 m deep exposure of “blooming” pillowed lava (Lpi1) within
massive lapilli tuff (Lt;). Note a feeder dyke (Ld1) (white arrow) is visible through the coherent
Lpi body. Inset (white box) shows pillowed lava in contact with a lens of Lt;. D) Annotated
version of 5C.

Figure 6: Field photos illustrating the association of pillowed lava (Lpi) with peperites (P1) and
peperitic textures present at Cracked Mountain: A) Photomosaic of ~10 m wide and ~4 m thick
exposure volcaniclastic peperite (P1) formed along the margins of coherent bodies of pillowed
lava (Lp1). HumanTape measure (white arrow) and human for scale. Inset (white box) shows
quench-fragmented peperite bounding Lpi. Marker for scale. B) Annotated version of 6A. C)
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Example of globular (fluidal) peperite (P1) texture. Pen for scale. D) Example of blocky peperite
(P1) texture. Pen for scale.

Figure 7: Field photos illustrating the structure and variable clast types found in Cracked
Mountain tuff breccias (Tb). A) Massive, ~1.5 m thick, tuff breccia (Tb) dominated by
subrounded to blocky lava, overlying massive lapilli tuff (Lt;). Hammer (1 m) for scale. B)
Massive, tuff breccia (Tb) dominated by subrounded to blocky lava, with minor, block-sized
lapilli tuff lithics (Lt;) (white arrows). C) Rare lithic of pahoehoe (Ls) entrained within tuff
breccia (Tb). Hammer (1 m) for scale.

Figure 8: Field photos illustrating pillow and subaerial lavas from Cracked Mountain. A)
Stacked sequence of pillow lavas (Lp) (view looking NW at SE base of CM), ~150 m wide and
~40 m thick. White arrows mark approximate edifice basement contact at 1500 m a.s.l. B) Wall
of pillow lava (Lp). ~10 m high, exposed on the S margin of the volcano. C) Coherent bulbous
pillow lobes (Lp) up to ~0.5 m in diameter. Hammer{+mOne metre hammer (white arrow) for
scale. D) Remnant flow-top of jointed sheet lava (Ls) near the summit of the volcano (~1,600 m
a.s.l). Black arrows show granitic erratics and scour marks covering the surface of the lava.
Hammer (1 m) for scale.

Figure 9: Photomicrographs showing textures of CM volcaniclastic lithofacies. A-BC, E, G. and
GH are plane-polarized images at 4x magnification with a shite-2 mm scale. D and F are from
Scanning Electron microscopy (SEM), shown with a 300 pum scale bar. A) Photomicrograph of
mnterstitial pillow lava sediment (Lp) eemprisedcomposed of coarse, jig-saw fractured, weakly
vesiculated glass. B) Photomicrograph of massive, ash, and lapilli tuff (Lt:) showing fine-grain
juvenile clasts including microlitic (Mlt), blocky (BI), and highly vesiculated (Vsc) vitric clasts.
The matrix contains a small proportion of intact to fragmented olivine (Ol) and plagioclase
crystals. C) Photomicrograph of massive lapilli tuff (Lt:) showing size range of juvenile vitric
clasts and shapes (1.e. blocky and cuspate). D) SEM photomicrograph of 9C showing both
blocky and highly cuspate vesiculated shapes of fine ash fraction (~ 100 pm). E)
Photomicrograph of massive lapilli tuff (Lt1) showing coarse to fine juvenile clasts and
fragmental crystals olivine and plagioclase. Highly vesiculated vitric clasts are abundant. F)
SEM photomicrograph of 9E showing a highly vesiculated (50-60%) coarse vitric juvenile clast.
G) Photomicrograph of thinly bedded lapilli tuff (Lt>) showing layers of ultra-fine ash separating
layers of coarser, blocky (Bl). and vesiculated (Vsc) vitric clasts. H) Photomicrograph of matrix
material supporting spatter dominated lapilli tuff (Lts) showing a highly vesiculated, vitric
juvenile lapilli clast within an ash and fine lapilli-sized vitric matrix.

Figure 10: Major (XRF) and trace elemental (ICP-MS) compositions for whole-rock samples
(white) and glasses (black) from Cracked Mountain. A) Total alkali (Na-O + K-0) vs Silica
(S102) wt. % (TAS) with the classification of Le Bas et. al. (1986) and Irvine and Baragar
(1971). B) Mg# (molar MgO/ (MgO +FeO*)#100) vs Silica (Si02) wt. % for Cracked Mountain
volcanics. CM samples not measured with ferric titration use the mean value of Fe 2+/ X Fe
=0.7228 (N=7) for CM basalts that were determined. C) Rare Earth Trace Element (REE)
compositions of Cracked Mountain volcanics, normalized to a primitive mantle (P
mantle}Chondrite after Sun and McDonough (1989).
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Figure 11. Stereographic plots of magnetiepaleomagnetic remanence directions for Cracked
Mountain volcano and examples of typical, well-behaved demagnetization data. A)
Stereographic plot of mean data from CM Sites 2-9 and their aos (p = 0.05) confidence circles
(see Table C1). The mean of sites 2-9 are-1s shown in red. Geocentric Axial Dipole (GAD) field
inclination for sampling latitude is shown with a filled square (see Table C1). Present Earth's
Field direction (PEF) is shown with a filled star (see table C1). Site 1 1s excluded as it is an
outlier (see details in Appendix C) that appears to represent rotation associated with extensional
collapse. B) Stereographic plots (left) show magnetization directions after stepwise AF and
thermal demagnetization of the Lt; sample from Site 2 (EMVO66ACMVO15A/B), where the
filled circles lie on the lower hemisphere. Precision values, given as the maximum angle

of deviation (MAD) are included. Orthogonal plots (right) show horizontal projections as filled
circles and vertical projections as open circles. Natural remanent magnetization is shown with a
circle and cross. Units are in amperes per metre. Note that AF demagnetization for sample
CEMAD60BCMVO15A produces more coherent results than does thermal demagnetization. C)
Well-behaved stepwise demagnetization data for a dyke (Ld:) sample collected at Site 6
(CMV029A/B), layout, symbols, and units as 12B. Note, this sample shows identical results for
AF and thermal demagnetizations. Based on the results of detailed AF and thermal
demagnetization of pilot specimens from each site, AF demagnetization is the preferred
treatment.

Figure 12: Schematic model (2x V.E) of volcanic evolution of CM. Stage 1: Explosive
phreatomagmatic eruptions, building a subaqueous tephra cone. Stage 2: The sustained intrusion
of lava into unconsolidated sediments, and endogenous growth of the edifice. Dykes that
breached the margins of the volcanic pile produced pillowed lavas within the englacial lake.
Stage 3: Involves the buildup of CM to the level of the englacial lake (or above) and subaerial
eruption of lava as well as syn-eruptive debris flows forming deposits of massive tuff breccia.
Schematic drainage channels are shown forming through the ice sheet. Stage 4: Post-eruptive,
glacial retreat, where the top of the edifice is scoured off. Additionally, the removal of glacially
confined margins causes extensional, gravity-driven stress on of the overs steeped volcanic
successions, causing cracks to form and partial edifice collapse.

Figure 13: Paleoclimate glacial reconstruction at the time of Cracked Mountain eruption, ~401
ka. A) Hillshade DEM for CM map area overlain showing the dispersal of glacial ice. We use the
approximate summit of CM (~1650 m a.s.l) as the minimum height at which glacial ice is
reached. All regions below 1650 m are shown in light blue (i.e. ice) and all regions above 1650
m are shown in brown. CM edifice is shown in green within a schematic englacial lake. B)
Undivided N-S (A-A’) and E-W (B’-B) cross-sections for CM, shown at no VE. Volcanic rocks
(green) overlie basement (pink) above steep valleys to the N (Meager Creek) and W (Elaho
Valley). Schematic glacier ice 1s shown confining CM with an englacial lake forming around the
volcano. The minimum thickness of the englacial lake 1s ~250 m estimated from the total
thickness of the edifice. C) Schematic 3D DEM is shown for the CM map area. The same
colours and symbols were used in 14A13A. Glacial ice 1s shown reaching minimum elevations
of 1650 m a.s.l. with a minimum thickness of ~850 m based on the elevation of Meager Creek.
Schematic drainage channels are shown based on the physiographic setting of the edifice.
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Figure 14: Mid to late Pleistocene Marine 820 (%) isotope record (MIS), modified from
Lisiecki and Raymo (2005) showing fluctuations (and numbered stages) in global ice from,
where higher 6'%0 represents periods of more global ice and lower 50 represents periods of
lower global ice. The vertical axis is a record of time (ka) with magnetic pole orientations shown
through the Pleistocene. Dark bars are times of normal polarity and white bars are times of pole
reversal. The dashed box indicates the blow-up portion of the MIS from 250-600 ka. The
Cracked Mountain plateau age of 401.6 + 38.1 ka 1s plotted (grey shaded) on the blow-up MIS
portion, representing times from the waning of MIS 12 through MIS 11. The preferred age of
Cracked Mountain is indicated with a dashed line at ~425 ka.
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Highlights

Highlights:

o Cracked Mountain is Pleistocene (~425 ka) tuya in Canadian Cascades

o Lithofacies indicate explosive onset to subaqueous monogenetic eruption

o Eruption was within an englacial lake having (depth of 250 m: volume of 0.36
km?)
o Glaciovolcanic record implies regionally > 850 m thick ice sheet at ~425 ka
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Abstract
Cracked Mountain (CM) 1s a basaltic volcano within the northern extension of the Cascade
volcanic arc into southwest, British Columbia, Canada (i.e. Garibaldi Volcanic Belt) and is dated
at 401 + 38 ka (*°Ar/*?Ar). The edifice covers an area of ~1.5 km? and has a volume of 0.18 km°.
The volcano features steep margins with local relief of ~250 m (1.650 m a.s.1), 1s dissected by
abundant 0.5 to ~20 m wide extensional cracks with depths up to 30 m, and has a highly eroded
top. The edifice is dominated by massive to poorly stratified, moderately to pervasively
palagonitized lapilli tuffs, comprising vitric fine ash to lapilli. Juvenile pyroclasts have blocky to
highly vesiculated shapes consistent with a phreatomagmatic (i.e. explosive) origin. The lapilli
tuffs are intruded by and mingled with coherent to disaggregated lobes of peperitic pillowed
lavas. Contacts between lapilli tuff and peperitic pillowed lava show soft-sediment deformation
and in-situ quench-fragmentation indicating that the tephra was both unconsolidated and water-
saturated at the time of intrusion. Local stacks of pillow lava are found on the margins of the
edifice. More than fifty, 0.5 to 3 m wide dykes intrude CM stratigraphy and display, either,
peperitic pillowed margins or sharp, chilled margins and columnar-jointing. Measurements of
paleomagnetic directions (9 sites) were made for all CM lithofacies and record a single-pole
direction indicating a single monogenetic eruption. A glaciovolcanic origin is strongly suggested
by the abundant subaqueous lithofacies (i.e. palagonitized tephra, pillows, peperites) and the
physiographic setting of the edifice which 1s well above any drainage that could sustain a
standing body of water. The elevation of CM and depth of surrounding valleys indicate syn-
eruptive confinement by a paleo-ice sheet that was > 850 m thick. The edifice shape, size, and
surrounding topography suggest a ‘leaky’ paleolake system capable of supporting ~0.36 km® of
water. The glaciovolcanic origin and the absolute (*°Ar/*?Ar) age of CM represent an important

record of the Cordilleran Ice sheet (CIS) in southwestern BC during the mid-Pleistocene.

Key Words: Glaciovolcanism, Subglacial, Phreatomagmatic, Basalt, Englacial Lake, Ice-Sheet
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1. Introduction

The Garibaldi Volcanic Belt (GVB) is the northern segment of the Cascade Volcanic Arc
(Roddick and Souther, 1987; Green et al., 1988; Hildreth, 2007). GVB volcanic deposits range
from Pleistocene to Holocene in age and result from subduction of the Juan de Fuca plate
beneath the North American Plate (Roddick and Souther, 1987; Green et al., 1988; Hildreth,
2007). Southwest British Columbia has a protracted history of multiple glaciations, with cycles
of advancing and retreating cordilleran ice sheets throughout the Pleistocene (Clague, 2009;
Clague and Ward, 2011). As a result, the GVB hosts numerous glaciovolcanic landforms. Prior
studies concerning glaciovolcanism have focused on the Mount Garibaldi volcanic field (e.g.,
Mathews, 1952; Wilson et al., 2019), the Mount Cayley volcanic field (e.g., Kelman et al., 2002;
Kelman, 2005), the Mount Meager volcanic complex (MMVC) (e.g., Wilson and Russell, 2017,
2018), the Salal Glacier volcanic complex (e.g.. Lawrence et al., 1984; Wilson and Russell.
2018), and the Bridge River volcanic field (e.g., Roddick and Souther, 1987; Wilson and Russell,
2018).

Cracked Mountain is a basaltic volcano situated on the southern flank of the MMV C and
originally identified by Read (1979) as part of the Mosaic Assemblage (i.e., undivided,
Pleistocene aged, basalts within the MMVC). Here, we present a new dataset including a map of
volcanic lithofacies, petrographic and geochemical characteristics of the deposits,
geochronometric (*°Ar /°Ar) age estimates, and paleomagnetic directions of all lithofacies.
Collectively, these data inform on the physical volcanological evolution of the Cracked
Mountain (CM) volcano. Our analysis shows CM to have a glaciovolcanic origin (Kelman et al.,
2002; Smellie, 2007; Edwards et al., 2009) involving sustained eruption within an englacial lake.
The lithofacies and their stratigraphic relationships indicate an explosive onset to the eruption
dominated by phreatomagmatic activity that transitioned to effusive activity expressed by
intrusions and lavas. We use the geometry of the CM edifice (1.e. shape and size) and the
distribution of lithofacies to reconstruct the eruptive history of the glaciovolcanic edifice and to
constrain the thickness and distribution of the enclosing ice sheet. Our findings contribute to a
larger story of glaciovolcanism within the GVB and paleoclimate reconstructions for SW British

Columbia.
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2. Geological Background

The Mount Meager volcanic complex is situated 160 km north of Vancouver in SW
British Columbia (Fig. 1) and is one of eight major centres and volcanic fields comprising the
GVB (Fig. 1A). Recent GVB geochemical and petrological studies show increases in melt
alkalinity and a decrease in slab-derived signatures moving northward in the GVB (Green and
Sinha, 2004; Mullen and Weis, 2013). In particular, the MMVC, Salal Glacier volcanic complex,
and Bridge River volcanic field show a heightened primitive signature compared to the
southward GVB and the High Cascade volcanoes. These findings suggest that the Nootka Fault,
located Northwest of the Bridge River cones (Fig.1A), may mark the terminus of the Juan de
Fuca subduction where a window between the Juan de Fuca and Northward Explorer plate
allows upwelling of asthenospheric melts under the northernmost GVB centres (Mullen and
Weis. 2013).

The MMVC (Fig. 1B) contains Pleistocene to Holocene basalt to rhyolite overlying
basement igneous and metamorphic rocks of the Coastal Plutonic complex (Fig 1B)
(Woodsworth, 1977; Read. 1979; Green et al., 1988). The MMVC is also host to the youngest
GVB eruptive deposits, namely the 2350 B.P. Pebble Creek formation (Hickson et al., 1999;
Stewart et al., 2008). Intermediate to felsic lavas are dominant within the Mount Meager Massif,
however, localized mafic centres are present in the north (Lillooet Ridge and River), west
(Mosaic Ridge), and southwest (Cracked Mountain and Elaho Valley) regions of the volcanic
complex (Fig. 1B) (Read, 1979, 1990; Harris and Russell, 2021). The ages of the Mosaic Ridge
basalts and Elaho Valley basaltic andesites are ~90 and 140 ka respectively (Woodsworth, 1977;
Green et al., 1988).

3. Cracked Mountain Physiography and Morphology

The Cracked Mountain volcano unconformably overlies basement granodiorite (Bg) and
schist (Bs) of the Gambier and Cadwallader Groups respectively (Fig. 2A) (Read, 1979). The
volcanic deposits form a slightly asymmetric, NE-SW trending ~250 m thick ridge that is ~1.300
m long and ~1,000 m wide covering an area of ~1.5 km?® and having a present-day volume of
~0.18 km?. The summit of CM rises to 1,650 m above sea level (a.s.l.) and the margins reach
elevations as low as 1,250 m (Fig. 2A). CM is surrounded by steep valleys of the Meager Creek

and Elaho River tributaries to the north and west respectively (Fig. 3). Extensional cracks dissect
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the entirety of CM (Figs. 2A; 3B), ranging from 0.5 to > 20 m in width and up to 30 m in depth.
The fractures form parallel clusters that commonly trend perpendicular to the downslope
direction. All CM lithofacies are offset and displaced by cracks. No glacial deposits (i.e. till,
erratics) are found within cracks, suggesting a post-eruptive and post-glacial origin.

The shape and surface features of CM show evidence of glacial enveloping and scouring.
The present-day surface is littered with cobble to boulder-sized granitic erratics and some
locations have been smoothed and striated in a SW direction. These findings show that post-
eruption Cordilleran Ice Sheets have reached elevations greater than the summit of CM. The
margins of CM are cliffs up to 40 m high. which is unusually thick for basaltic lava (e.g.,
Edwards et al., 2015). We interpret this morphology to be a result of syn-eruptive glacial
confinement and subsequent erosion. There is no evidence of ice-abutment in the form of
laterally facing, hackly, or irregular jointed lavas (e.g.. Lescinsky and Fink, 2000; Kelman et al.,
2002) suggesting that the outermost CM margins result from post-eruptive glacial erosion rather

than reflecting primary lava-ice contact surfaces.

4. Volcanic Lithofacies

We recognize ten CM lithofacies (Table 1) that include, both, volcaniclastic and coherent
lithofacies. All volcanic deposits are olivine and plagioclase porphyritic and differ only in their
groundmass textures ranging from holocrystalline, hypocrystalline, and quenched. The
terminology used to describe grain size and componentry of volcaniclastic rocks is after White

and Houghton (2006).

4.1 Volcaniclastic

CM lapilli tuffs (Lti>) (Table 1) form the stratigraphically lowest (Fig. 2B) lithofacies.
Observed thicknesses range from 0.5 m to < 6 m. Lt; i1s massive, moderately- to poorly sorted,
and 1s observed throughout the CM edifice from its base to its summit (Fig. 2; 4A). Lty 1s
composed of dense and blocky to highly vesiculated and cuspate vitric juveniles and contains 5-
35% lapilli-sized clasts supported in a vitric ash matrix. Lt; is commonly intruded by dykes (Ld:-
») and mingled with peperitic lobes (Lpi; Table 1) (Fig. 5). In some locations, soft-sediment
deformation of Lt;, in the form of squeeze-up pipes, is observed. Lt outcrops in the SE and N

sections of CM and, by comparison, are thinly bedded, well-sorted (Fig. 4B). Beds of ultra-fine
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ash are up to 5 cm thick and dip shallowly in the downslope direction. In some outcrops,
microfractures offset laminated beds, and truncated and shallow cross-beds are also observed. Lt>
1s commonly observed as 1-2 m layers within thicker, massive Lt; exposures (Fig. 2B; 4B) and
displays fining upward grain sizes. Ltz are locally stratified as defined by accumulations of lapilli
and bomb-sized, fluidal to blocky. vesiculated (<60%) spatter clasts (Fig. 4C). The clasts are
supported by a well-sorted, vitric ash matrix. Two small outcrops of Lts are located at upper
elevations (i.e. high in stratigraphy) in the central and NE sections of the CM.

Peperite (P1) deposits, as defined by White et al., (2000) and Skilling et al., (2002), are
volcaniclastic deposits resulting from the mingling of magma with wet, unconsolidated
sediments. At CM, peperites occur as fragmented, globular to blocky components of vitric basalt
supported by ash and lapilli tuff matrix (Figs. 2B; 6). Peperite deposits are distributed along the
margins of the peperitic intrusive bodies (Lpi). We distinguish lithofacies Pi from Lpi (Table 1)
as volcaniclastic and coherent, respectively. The thickness of peperites varies from a few cm to
2-3 m away from the margins of Lpi. Peperites rarely outcrop at the present-day CM surface but
are commonly exposed in cracks at all locations of the volcano.

Tuff breccias (Tb) blanket much of the topography in the central and north regions, are
the dominant map unit (Fig. 2), and obscure stratigraphically older volcanic lithofacies. At higher
elevations, tuff breccias form thin 1-2 m-thick deposits that progressively thicken (<10 m)
downslope (Fig. 7). Tuff breccias are massive and clast-supported, featuring monolithic lapilli-to
block-sized lithic components. These lithics are olivine-and-plagioclase porphyritic lava
fragments of Lpi, Ls, and Lp, where ~30-40% show rounded chilled margins. Minor yellow ash-
sized interstitial sediment is present between breccia clasts. Rarely, block and lapilli-sized,

rounded Lt; lithics are present (Fig. 7B).

4.2 Coherent

The peperitic pillowed lava unit (Lpi) (Table 1) comprises coherent, mingled lavas that
mtrude volcaniclastic deposits (Lt) across all elevations and locations of the edifice (Fig. 2). Lpi
1s a mappable unit distinct from coherent pillow lavas (Lp; Table 1) formed through subaqueous
effusion. The Lpi unit occurs where magma has been injected into water-saturated sediments and
forms massive globular bodies up to 15-20 m across and 10-15 m high, comprising chilled.

subrounded lobes (Fig. SA and B). Additionally, Lpi is often associated with ‘blooming” dykes
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(Ld:) (Fig. 5C) that transition from ~0.5-1 m wide intrusions into <5 m wide, “pillowed” masses.
Since Lpi intrudes and pillows into lapilli tuff (Lt) (1.e. host sediments) we interpret these
lithofacies to be “peperitic’ intrusions, after White and Houghton (2006).

Pillow lava deposits (Lp) (Table 1), makeup ~20% of the edifice, and are the dominant
lithofacies exposed at the edges of CM (Fig. 2). Pillow lava outcrops at the present-day, high
elevations of CM (Figs. 2A) as 1-3 m thick piles and increases to ~ 10-40 m thick along the cliffs
at the outer edges of the volcano (Figs. 2B; 8A and B). Individual pillows are bulbous, with
diameters up to 50 cm (Fig. 8C). Interstitial quench-fragmented vitric sediment fills void spaces
between intact pillows in some outcrops (Fig. 9A). Large radial columnar jointed pods up to 3 m
in diameter make up a lesser amount of the lithofacies. Stratigraphically, Lp is overlain by tuff
breccia (Tb), i1s cut by dykes (Ld-), and is observed to overlie outcroppings of lapilli tuff (Lt;) at
the base of the edifice (Fig. 2B).

Blocky and columnar jointed remnants of sheet lava (Ls) (Table 1) are preserved at the
highest elevations of CM near the central and eastern regions (Fig. 2A). Sheet lava outcrops are
small, ranging from ~10-30 m across, and 1-2.5 m thick. The sheet lavas have coarse columnar
joints up to 0.4 m in diameter and occur at the present-day surface of CM. The tops of the sheet
lavas are scoured by SW trending glacial striae and covered with erratics (Fig 8D).

Over 50 dykes (Ldi-2) intrude the CM volcano (Fig 2A). The dykes are predominantly
subvertical and have widths ranging from 0.5 to 3 m in width and up to 100 m in length. The
dominant trends of the dykes strike E-NE and W-NW. Dykes were divided into two groups
based on their margins: 1) Ld: (Table 1) have poorly defined, glassy, pillowed, or peperitic
margins where they contact bodies of Lpi (Fig. 5C), and 2) Ld> (Table 1) have sharp, chilled. and
columnar jointed margins where they intrude all other lithofacies. Ld; is prevalent in the central
and high elevations of the edifice and is best exposed through extensional cracks. Ld> outcrop
sporadically in the central high elevations of CM, as well as. along the eastern margin of the

edifice where they intrude subvertically stacked piles of Lp.

5. Lithofacies associations
The topmost portion of CM edifice and uppermost stratigraphic units are heavily eroded
which precludes us from identifying the precise location and nature (e.g., fissure, cone, etc.) of

the vent. However, we expect that the vent was near the present-day summit (elev. ~1580 m)
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where, within a 100 m radius, we find a multitude (~10) of cross-cutting dykes intersecting the
upper surface of the edifice. The volcano is volumetrically dominated by subaqueous style
lithofacies that result from and record an explosive onset to the eruption followed by effusion
(e.g.. pillow lava) and intrusion (e.g., dykes). Furthermore, rather than a simple layer-cake
stratigraphy, the CM volcano grew: 1) laterally where deposits source from higher elevations and
extend to the margins of the edifice, and 11) endogenously by abundant intrusions within the
volcaniclastic pile. Based on the detailed stratigraphic relationships described above, we define
four main lithofacies associations (A-D) (Table 2).

Lithofacies association A comprises Lti, Lpi, and Ld; (Table 2). Lt; 1s intruded by Lpi
and Ld; at all elevations of the edifice, including exposures at the base of CM (Figs. 2B; 5). Ld:
1s observed to be in genetic relation to Lpi (Fig. 5C). Lt outcrops at all elevations of CM, and
the deposits are pervasively palagonitized and lithified (Stroncik and Schmincke, 2002). The
mingling of Lpi within Lt; and examples of soft-sediment deformation indicate that Lt; was
saturated and unconsolidated at the time of intrusion. Additionally, the margins of Ld; are often
poorly defined and pillowed, further suggesting a saturated slurry-like host rather than a cooled
and lithified host at the time of intrusion. Lastly, Ld; 1s often seen tangential to “blooming’ Lpi,
suggesting that these two intrusive bodies are temporally related. Further petrographic
similarities (1.e. olivine and plagioclase phenocrysts) substantiate a co-genetic relationship
between Lpi and Ld;. This lithofacies association reveals that unconsolidated ash and lapilli were
intruded by peperitic bodies. processes that require a water-saturated eruptive environment.
These stratigraphic relations imply an age succession of Lt; > Lpi > Ld:

Lithofacies association B comprises Lpi and Pi (Table 2); at CM peperite deposits (P1)
are always spatially associated with masses of intrusive pillow lava (i.e. Lpi; Fig. 6). We
interpret these occurrences as fuel-coolant interactions (FCI) where the sudden contact of hot
magma (e.g., fuel) with cold, saturated sediment (e.g., coolant) generates a vapour film around
the intruding body (i.e. Lpi) (Doyle, 2000; Hooten and Ort, 2002; Martin and Németh, 2007).
Within the vapour films, instabilities may arise, causing local phreatomagmatic fragmentation
along the borders of the intrusion. Regions that experienced more stable vapour films result in
globular peperite texture (Fig. 6C) while areas with less film stability produce blocky peperite
textures (Figs. 6D) (Martin and Németh, 2007). Most peperite deposits form along the margins
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of syn-volcanic intrusions. The field relations for Lpi and Pi show a contemporaneous origin,
with both lithofacies forming as a result of intrusion into wet, unconsolidated lapilli tuffs.

Lithofacies association C comprises Tb, Ls, Lp, Lpi, and Lt (Table 2). The tuff breccia
(Tb) blankets the upper surface of CM and contains a large proportion (<50%) of sheet lava (Ls)
lithics, as well as moderate (30-40%) subrounded lithics of pillowed lava (Lp and Lpi), and
minor (>5%) subrounded blocks of Lt (Fig 7). The high volume of Ls lithics entrained within the
widespread tuff breccias is our best line of evidence that the sheet lavas preserved at higher
elevations were originally more extensive and volumetrically abundant. Post-eruptive erosion
(1.e. glacier erratics and scour marks; Fig. 8D) and collapse (i.e. extensive network of extensional
fissures) provide a reasonable explanation for the relatively small remnant outcroppings of the Ls
unit. The Tb matrix comprises moderately palagonitized, explosively derived fine ash, quench
fragmented ash and lapilli, and coherent lapilli lithics. These findings suggest that Tb are syn-
eruptive debris flows composed of previously erupted volcanic lithics. The degree of
palagonitization alteration throughout the unit suggests subaqueous deposition (Schiffman et al.,
2006). The tuff breccias incorporate clasts derived from all other earlier stratigraphic units
which, combined with other stratigraphic relationships, suggests the succession
Lt>Lpi>Lp>Ls>Tb.

Lithofacies association D comprises Ld; with all other CM lithofacies (Table 2). At CM,
Ld: intrudes through all other lithofacies with sharp, columnar jointed margins, including cross-
cutting Ld;: in select locations. These contact relations indicate that Ld. is the latest preserved
lithofacies from the CM eruption. This last association suggests a temporal succession of

Lt=Lpi1=Pi=Ld:=Lp>Ls>Tb>Ld..

6. Chemistry and Petrography
6.1 Petrography

Detailed mineral abundances and componentry based on standard polarizing light and
scanning electron microscopy (Philips XI1.30) for all CM volcanic lithofacies are listed in Table
1. All coherent CM samples are olivine and plagioclase porphyritic, with glomeroporphyritic
clots visible in hand samples. A smaller population of samples also contains phenocrystic augite.
Petrographically, the pillowed dykes (Ld:) have similar mineralogy as found in pillowed (Lp1)

and most sheet lavas (Ls). Jointed-dykes (Ld>) commonly contain phenocrystic augite as do a
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small proportion of pillow lava samples (Lp). Olivine phenocrysts are subhedral and unzoned.
Plagioclase phenocrysts are tabular and moderately zoned, with a very minor percentage (>5%)
showing sieve textures. When present, augite crystals are subhedral to anhedral.

Volcaniclastic samples are distinguished by sorting. grain size, structures, and
componentry. Lapilli tuffs (Ltiz) are composed of monolithic vitric juvenile fine ash and coarse
lapilli (Figs. 9B-H) and microlitic tachylyte juvenile pyroclasts (5-30%). Intact to fragmented
crystals of olivine and plagioclase are observed within the matrix of Lti_s. Juvenile shapes range
from blocky to highly vesicular (~60-70%) (Figs. 9B-H). Interstitial sediments are observed
between coherent Lp clasts but are notably different (i.e. coarse, jig-saw fit clasts compared with
Ltis)(e.g. Fig 9A).

Tuff breccia (Tb) componentry is highly variable. Tb is dominated by clasts of basalt
(Lpi, Ls, Lp) and contains minor blocks of Lt; within a matrix of vitric ash and lapilli. Tb matrix
1s overall coarser than Lt;; although still contains abundant blocky and highly vesiculated

juveniles.

6.2 Geochemistry

Whole-rock major and trace element geochemical compositions were measured for 26
samples by X-ray fluorescence (XRF) analyses of fused discs and by inductively coupled
plasma-mass spectroscopy (ICP-MS), respectively. Samples span all CM volcanic lithofacies
(1.e. dykes, sheet and pillow lavas, and juvenile vitric-lapilli). Representative compositions of
whole rocks and glasses are reported in Table 3; analytical uncertainties are based on replicate
analyses done by Acme Analytical Labs Ltd., Vancouver, BC, Canada. A subset of samples was
analysed for FeO volumetrically by ALS Canada Ltd., North Vancouver, BC, Canada. Appendix
A contains the full data set and additional analytical details.

Figure 10A illustrates the chemical diversity of CM samples after Le Bas et. al, 1986
classification of volcanic rocks. All CM samples are subalkaline (Irvine and Baragar, 1971) but
display moderate spread in Si0: (~47-51 wt.%) and Na,O-K-0 (~3-4 wt. %). The spread in
chemistry observed in Fig. 10A correlates with groups of samples having different phenocryst
contents. Samples that contain minor modal abundances of augite (in addition to olivine and
plagioclase) are typically higher in SiO> and Na,O-K>O wt. %. However, we find no significant

differences in mineralogy or chemical compositions that correlate with the stratigraphic position.

10
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Fig 10B shows Mg#s (molar MgO/ (MgO +FeO*)*100) of CM samples with relation to
S10: wt.%. Within the Cascade arc, volcanic rocks having Mg# > 60 are considered “primitive”
indicating limited crustal influence (Green and Harry, 1999; Mullen and Weis, 2013). Our results
show CM samples range from Mg# ~55-67 with the majority of samples (~80%) between 60-66.

Cracked Mountain rare earth elements (REE) shown in Fig. 10C normalized to chondrite
composition after Sun and McDonough (1989). There is little variation in trace element
concentrations between samples, including similar anomalies (i.e. positive Eu®"), suggesting a

similar mantle source for all CM deposits.

7. Geochronometry
7.1 Radiogenic *°Ar /*°Ar Results

Two CM samples (MH-19-055, 031) were selected for *°Ar /*°Ar radiometric dating at
the WiscAr Geochronology Labs, University of Wisconsin-Madison, USA. The holocrystalline
dyke sample (MH-19-031) proved to be non-measurable because of excess argon trapped in the
plagioclase minerals. This 1s a common issue with basaltic dykes (of young ages) (Brian Jicha,
pers. comm. 2021) and with subglacially erupted deposits of all compositions (Clay et al., 2015).
The second CM sample (MH-19-055) was collected from the radially jointed interior of a pillow
lava outcrop. This sample contained low radiogenic argon but the analysis was still possible
through twenty-four heating steps with moderate uncertainty. The results yielded a plateau age of
401.6 = 38.1 ka for crystallization of the groundmass (Fig. B1). Errors are quoted at a 26 (95%
confidence) level and are propagated from all sources except for mass spectrometer sensitivity
and the age of the flux monitor. Appendix B contains analytical procedures used and table B1

contains complete measured data for heating steps.

7.2 Paleomagnetic Methods and Results

A total of nine sites across the CM edifice were selected for the paleomagnetic study. The
sites were chosen to span the entire stratigraphic sequence (i.e. oldest to youngest) and one site
(Site 2) was replicated for field and lab reproducibility (Table C1). We preferentially sampled
units that cooled quickly, thus locking in the geomagnetic field orientation at the time of
emplacement (e.g., Johnson et al., 2008). Efforts were made to sample only intact outcrops

thereby avoiding areas suspected of post-emplacement movement. Approximately eight standard

11
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2.5-cm-diameter paleomagnetic cores were collected from each site and a minimum of three
cores from each outcrop. Each sample was oriented using a magnetic compass, and where
possible a sun compass was used in conjunction with magnetic orientations.

CM samples were analyzed at the paleomagnetic laboratory at the University of
Lethbridge, Alberta. Magnetic susceptibility was determined with a Sapphire Instruments (SI-
2B) susceptibility meter. The magnetization of each sample was measured with an AGICO JR-
6A spinner magnetometer before demagnetization and again after each level of stepwise
demagnetization. CM samples were held in magnetic shields following field collection and
between laboratory measurements. All samples were subjected to alternating field (AF)
demagnetization, performed using an ASC Scientific D-2000 demagnetizer with a three-axis
manual tumbler, and carried out at 10 milli-tesla (mT) steps (up to 200 mT). Thermal
demagnetization was carried out at 100, 200, 300, 400, 500, 525, 550, and 580 °C, using an ASC
Model TD48 dual-chamber thermal demagnetizer to confirm that alternating field
demagnetization was sufficient to resolve the primary remanence. Directions of characteristic
magnetization were determined for each sample by principal component analysis (Kirschvink,
1980) using Remasoft version 3.0 (Chadima and Hrouda, 2006). Mean directions of
characteristic magnetization were calculated for each site and an overall mean was also
calculated (Appendix C; Table C1). All samples were subject to stepwise AF demagnetization
and principal component analysis and mean directions were calculated from the AF data only.

All paleomagnetic samples are normally magnetized (Fig. 11A; Table C1). The mean
directions of sites are consistent for eight of nine sites, where all eight sites plot within the
uncertainty circle (oos) about the overall mean (N=8) with a declination of 347.3 "and inclination
of 76.6°, and Fisher precision factor of £ =351, aos = 3.0° (Fig. 11A). Typical, well-behaved
demagnetization characteristics are shown for samples from Lt; and Ld; respectively in Figs 11B
and C.

All paleomagnetic samples produced stable directions of magnetization following
stepwise demagnetization. Alternating field demagnetization, applied to all specimens, exhibited
linear decay to the origin on orthogonal projections (Fig. 11B and C). The median destructive
fields range from 20-80 mT and final directions are often stable up to 200 mT alternating field
demagnetization (see CMVOI15A, Fig. 11B) indicative of single-domain magnetite. Thermal

demagnetization showed complete demagnetization at 550 to 580 °C, typical of fine-grained

12
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(single domain) magnetite as the magnetic carrier (see CMV029, Fig. 11C). Note that single-
domain magnetite is the optimal magnetic mineral and grain size for producing reliable
paleomagnetic directions. The magnetic susceptibility values of CM volecanics range from 0.4-
1.0 x 10-3 SI (median value of 0.5 x 10-3 SI) for the flows composed of pyroclastic density
currents and 2.4-16.4 x 10-3 SI (median value of 4.5 x10-3 SI) for dykes. Mean natural remanent
magnetization for CM volcanics i1s 9.4 A/m (range 0.4-22.0 A/m).

The common pole direction obtained for all volcanic units, including the latest dykes,
implies a common eruption age indicating a monogenetic origin for the volcano. Furthermore,
the data from each site showed no indication of rotation or tilt as the mean direction is within the
expected paleosecular variation (see mean of sites 2-9 and GAD inclination for sampling
latitude, Fig. 11A, and Table C1). The sole exception was Site 1 (Table C1) where the seven
cores record a different mean pole direction compared to the other eight sites (2-9). Site 1 is a
lower elevation cliff-side exposure of pillow lava (Lp) on the SE margin of the edifice. Of the
seven cores, three can be ascribed to post-emplacement rotation and yield coherent results with a
mean declination and inclination of 34.4 "and 72.9 respectively. The rotation is likely due to
partial extensional collapse and, relative to the mean pole direction for the CM edifice, we
calculate a downslope rotation of ~12°E (Fig. C1). This rotation has a calculated maximum
crack width of ~20 m which accords well with the observed fissures found on the outer margins

of CM (e.g., Fig. 3B).

8. Discussion
8.1 Explosive Onset to Glaciovolcanic Eruption

The lapilli tuff deposits (e.g. Fig 9B-H) comprise coarse to fine ash (>100 pum) particles
that are commonly highly vesiculated (<60%). The abundance of fine ash in CM Lt deposits
suggests explosive magmatic and/or phreatomagmatic fragmentation (Zimanowski et al., 1991;
White and Valentine, 2016; Latutrie and Ross, 2020). The Lt deposits comprise both blocky ash
(e.g. Fig 9B) and micro-vesiculated cuspate ash (e.g. Fig 9D and F) suggesting that both
phreatomagmatic (external water) and magmatic (internal volatiles) drove the explosive
fragmentation processes. We note that blocky juveniles are dominant in Lt;.3 suggesting that
phreatomagmatic reactions involving glacial meltwater played the largest role in the explosive

eruptive style.
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Based on the overall bedform and textures found in Lt deposits, we assert that the
depositional environment was wet and probably (shallow) subaqueous. The massive character
and moderate to poor sorting of Lt; suggest continuous deposition from a sustained column,
rather than periodic explosive pulses which would generate moderately sorted and bedded
deposits via elutriation (e.g., White, 1996, 2000). The lack of welding, compaction, or clast
imbrication is also consistent with a water-rich intergranular phase (rather than gas) for these
pyroclastic density currents (White, 2000; Brand and Clarke, 2009).

The thinly bedded, moderate to well sorted, and weakly normally graded Lt> is indicative
of deposition from dilute pyroclastic density currents (i.e. pyroclastic surge; Fisher and Waters,
1970; Brand and Clarke, 2009). These deposits reflect phreatomagmatic explosive pulses that
dispersed highly fragmented ash laterally and elutriated through the water column. The shallow
dipping cross-bedding preserved in some Lt; outcrops (Fig. 4B) is consistent with subaqueous
pyroclastic deposits (Moorhouse and White, 2016). The overall lack of well-sorted beds of fine
ash, characteristic of thick water column elutriation, makes a shallow subaqueous setting most
plausible.

Lt: contains moderate volumes (20-40 %) of non-welded spatter within moderately to
well-sorted ash and lapilli matrix (Fig. 4C). We propose that the Lt; deposits record periods of
increased magma flux, volatility, and/or a decreased water supply (at the vent), where a
strombolian style burst ejected largely vesiculated and fluidal clasts (Latutrie and Ross, 2020).
We find that the overall characteristics of the Ltz deposits indicate a shallow aqueous to
emergent depositional environment. This assertion is based on a lack of bomb sags within these
deposits and chilled but not quenched (or pillowed) spatter clasts. The two outcrops of Lts are
located at upper elevations of CM, and not observed within lower to middle stratigraphy. Our
interpretation is Lt; represents localized magmatic generated fallout mixed with
phreatomagmatically generated pyroclastic density currents in shallow aqueous to locally drained
regions of CM.

Explosively derived Lt deposits are present at all elevations of CM (Fig. 2) and comprise
~30% of the entire edifice (Table 1), and excluding intrusions, are closer to 60% of the volcano
volume. Our findings indicate that not only was the onset of the CM eruptions explosive but that
explosivity was sustained throughout most of the eruption. This explosive-styled eruption makes

CM unique within the GVB, being only one of five other identified tephra-dominated
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glaciovolcanic landforms (Wilson and Russell, 2018). We speculate that explosive onsets to

glaciovolcanic eruptions may be significantly more common than recognized and underestimated

because tephra-dominated landforms are highly susceptible to erosion. We suggest CM’s
transitional eruptive history, which produced intrusive and effusive coherent lavas, helped create

a stronger structure more resistant to glacial erosion.

The investigation of Cracked Mountain deposits records a complex sequence of events
beyond the initially explosive onset. Our analysis suggests the following conceptual model for
the evolution of the CM eruption (Fig. 12):

1. An explosive, Surtseyan phase dominated the initial CM eruption, producing a subaqueous
tephra cone comprising Lt; (Fig. 12A). Our interpretation of this initial phase is detailed
above.

2. A transition from explosive to effusive (and intrusive) activity (Fig. 12B) i1s expressed by
peperitic dykes (Ldi) and bodies (Lpi). These intrusions inflate the edifice endogenously and
dykes that pierce the margins of the tephra pile form stacks of pillow lavas (Lp) at the
margins of the volcano.

3. Late-stage intrusions and effusions produce effusive lavas (Ls) and dykes (Ld>) and
associated breccias (Tb), (Fig. 12C). The culmination of the CM eruption is marked by late-
stage dyke activity (Ld:) that cut through all other lithofacies. The paleomagnetic signatures
of all CM deposits overlap within one paleomagnetic moment. Thus, the CM eruption taking
place from stages 1-3 can be thought of as more or less continuous.

The final stage (4) in the CM formation was non-eruptive and characterized by glacial erosion

and edifice collapse (Fig. 12D). The timing of glacial retreat is unclear, but the present-day

surface features bedrock erratics and scour marks indicating post-eruptive glaciation. The
widespread distribution of large extensional fissures and cracks results from the retreat of the
enclosing ice sheet which originally buttressed the steep-walled edifice. Glacial erratics are not
found within these fissures which may suggest that the edifice was mainly enclosed (and

buttressed) by regional and local ice until the Last Glacial Period (i.e. <115 -120 ka).

8.2 Paleoenvironmental implications
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Our mapping and analysis suggest CM 1s a monogenetic edifice with no evidence for
significant time gaps during the eruption. The results of paleomagnetic analyses concur with our
field observations that the varying lithofacies were emplaced in one paleomagnetic moment (<

1,000 years; Turner, 1987; Barletta et al., 2010; Lisé-Pronovost et al., 2013) at 401 + 38 ka
(Fig. B1).

The CM lithofacies (i.e. pillow lavas, palagonitized tuffs, and peperites) indicate a
subaqueous eruptive paleoenvironment, however, the edifice is situated at a high elevation in a
high relief environment and surrounded by steep-sided deep (~800 m) valleys (Fig. 3). We
suggest a glaciovolcanic eruption into a sustained englacial lake of meltwater enclosed by a
substantial ice sheet on the basis that there are no obvious physical barriers (i.e. mountains or
ridges) to allow for a conventional paleo-lake. The volcanic lithofacies suggest that the englacial
lake was sustained throughout the eruption and that the lake surface elevation continued to rise
with the growth of the edifice. The CM volcano 1s best described as a transitional, tephra-
dominated, tuya after the descriptive classification of Russell et al., (2014) and its lithofacies
associations make it distinct from the classical mafic tuya model (e.g., pillow effusion,
hyaloclastites, lava-fed deltas, and capping lava) (Smellie, 2007; Jakobsson and Gudmundsson,
2008; Edwards et al., 2015).

The CM volcanic succession is ~250 m thick and rests on basement rocks at ~1,250 m
a.s.] (Fig. 2A). Subaqueous lithofacies outcrop at elevations as high as ~1,650 m a.s.] where they
have relief of ~800 m above the major drainages. At the highest elevations of CM (~1,600-1650
m a.s.l), we find small remnant subaerial sheet lavas (Ls) although the abundance of Ls lithics
within the thick succession of Tb deposits may suggest that there was much more subaerial lava
originally. There are, at least, two scenarios that would explain subaerial capping lavas within
the englacial lake environment. The most likely scenarios are that, either, 1) the edifice grew and
became emergent above the paleolake level to form a classic passage zone defining a maximum
lake level (Jones, 1970; Smellie, 2006; Russell et al., 2013; Edwards et al., 2015) or 11) the level
of the englacial lake decreased due to subglacial drainage creating a “dry” subaerial
environment. In the latter case, post-draining subaerial lavas overlapping the subaqueous
lithofacies establish a minimum level of the englacial lake (Smellie, 2006; Skilling. 2009;
Russell et al., 2013).
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There 1s no direct evidence for a passage zone relationship (i.e. beds of pillow lava
breccias or lava fed deltas) so we favour the second scenario involving overlap lavas wherein the
elevation of Ls at ~1,650 m defines a minimum level and, thus, a minimum depth of ~250 m for
the paleo-englacial lake (Fig 13B). We have used the shape and size of the CM edifice and the
surrounding topography to constrain the maximum dimensions and volume of the paleo-
englacial lake. The paleo-topography beneath the CM edifice (Figs. 3, 13A) limits the size of the
syn-eruptive englacial lake. Relative to the present-day edifice we estimate the lake may have
extended <100 m to the south and <300 m to the east but been limited to < 50 m to the north and
west by very steep drainages. Assuming an asymmetric shape of 1.800 m long and 1,300 m wide
and a maximum depth of 250 m (Fig. 13B) yields a maximum lake volume at ~0.36 km’. The
present-day (i.e. minimum) volume of the CM volcano is ~0.18 km? such that the lake could
only store < 0.18 km® of water (i.e. maximum lake volume — edifice volume). This strongly
suggests that throughout the eruption the englacial lake was never fully sealed but was a leaky
system where meltwater production and sub-ice drainage were nearly matched (cf. Russell et al.
2014). As the eruption waned, melting of the enclosing ice became less efficient and drainage
became dominant, leading to a lowering of the lake level to allow for subaerial eruption of lavas
(Fig. 12C).

To sustain a lake level of 250 m requires a rate of leakage less than the rate of meltwater
accumulation and also requires an ice thickness above ~280-300 m to counterbalance the
hydrostatic lake pressure (e.g., Tweed and Russell, 1999; Smellie, 2006; Edwards et al., 2015).
The surrounding topography features steep drainages with valley floors at ~ 800 m a.s.1. (i.e.
Meager Creek and Elaho valley; Figs. 3 and 13). This suggests that the enclosing ice sheet, an
earlier (paleo-) incarnation of the Cordilleran Ice Sheet (CIS) at 401 = 38 ka, was at least 880 m
thick. This minimum ice thickness has implications for the distribution of the paleo-CIS and
suggests that most of the surrounding landscape was under ice except at the highest elevations
(Fig. 13A and C: Clague, 2009; Wilson et al., 2020).

The CM age of 401 = 38 ka coincides with the waning of marine 'O isotope stage
(MIS) 12 glacial period (~470-425 ka) and the warming period of MIS 11 (~420-375 ka)
(Lisiecki and Raymo, 2005) (Fig. 14). The shift in global 5'%0 associated with the MIS 12 to 11
transition is the largest of all the Pleistocene cycles and signifies rapid global warming (e.g. Fig

14; Lisiecki and Raymo, 2005). The ~850 m (or thicker) thickness of the paleo-CIS enclosing the
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Cracked Mountain volcano is inconsistent with the mid-point of MIS 11 at 400 ka. However, if
we accept a slightly older *°Ar °°Ar age of ~425 ka (still within the analytical uncertainty)
(Table B1) for the eruption of Cracked Mountain, the age accords well with the global ice period
MIS 12 (Lisiecki and Raymo, 2005; Batchelor et al., 2019). Eruption ages for other volcanoes in
the GVB are sparse, however, Wilson and Russell (2018) report glaciovolcanic eruptions during
MIS 12 within the Mount Cayley volcanic field (Ember Ridge, unpublished age), as well as,
subaerial lavas erupting in the Salal glacier field during MIS 11 (Nichols Valley at 405 ka).
These additional age constraints, although limited, do support the eruption of Cracked Mountain
into an early (late-Pleistocene) incarnation of the CIS within SW British Columbia at ~ 425 ka.
We also speculate that at this time, there may have been a large-scale decompression
effect on the Earth’s crust driven by rapid deglaciation at the end of MIS 12. The link between
volcanism and crustal unloading during periods of deglaciation has been modeled throughout the
GVB (e.g., Wilson and Russell, 2020) and explored in Icelandic and Andean glaciovolcanic
fields (e.g., Carrivick et al., 2009; Guillot and Ponce, 2021). We, therefore. find it entirely
feasible that the CIS retreat in SW British Columbia would have triggered magmatic ascent
through the unloaded crust, leading to the eruption of the Cracked Mountain volcano (as well as
others). Lastly, since records of older glaciation cycles tend to be obscured by younger waxing
and waning of ice sheets, our findings at CM provide useful temporal and physical constraints

for the CIS extent in SW British Columbia during the mid-Pleistocene.

9. Summary

The Garibaldi Volcanic Belt contains many Quaternary glaciovolcanic centres. The study of
these volcanoes provides paleoclimatic evidence at the time of the eruptions and contributes to
the understanding of magma, ice, and water interactions more generally. Here, we present the
first physical volcanological study of Cracked Mountain, a transitional, tephra-dominated tuya.
Our findings indicate an initially explosive eruption that later transitioned into intrusive and
effusive activity. We characterize the explosivity as dominantly phreatomagmatic, manifested as
Surtseyan style eruption in a shallow englacial lake. Peperitic intrusions and pillow lava
effusions are the largest coherent units by volume, indicating that subaqueous conditions
persisted through the middle and later stages of the eruption. Small remnants of subaerially

erupted lavas are preserved at the highest elevations, suggesting that the lake drained periodically
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in the later stages of the eruption. This claim is supported by our modeling of paleolake
dimensions and volumetric capacities. Lastly, our temporal investigation of the eruption
concludes that CM was monogenetic, erupting ~425 ka between MIS 11 and 12. We model the
localized, mid-Pleistocene CIS as having a minimum thickness of ~850 m, reaching elevations of

1,680 m a.s.l or higher.
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Figure Captions

Figure 1: Location and geologic setting of Cracked Mountain volcano. A) Map of the Cascade
volcanic arc in the USA and Canada (i.e. Garibaldi volcanic belt (GVB)) (modified from Mullen
and Weis, 2013; Wilson and Russell, 2017). B) Undivided geological map of MMVC
distribution of Mt. Meager volcanic deposits (MV), basement (Bu) throughout the region
(Woodsworth, 1977; Read, 1979; Harris and Russell, 2021). The youngest MMVC eruption,
2350 B.P. Pebble Creek Formation (PcF) (Hickson et al., 1999: Stewart et al., 2008) is
differentiated from other MMVC volcanics. Cracked Mountain (CM) is situated south of the
main MMVC (Wilson and Russell, 2018; Harris and Russell, 2021). Map projection based on
Universal Transverse Mercator, Zone 10U North American Datum 1983.

Figure 2: Geology of Cracked Mountain. A) Geologic map showing the distribution of CM
volcanic lithofacies. Dyke location and orientations are shown in red; extensional cracks are
shown in black. The volcanic edifice unconformably overlies basement granodiorites (Bg) and
mica-schists (Bs). White-numbered dots show locations of representative stratigraphic logs (B,
C). B) Graphic logs showing volcanic stratigraphy at various locations and elevations within the
map area (depicted in Figs. 2A). Lithologies are depicted with various patterns and symbols
while corresponding map units are shown in the same colours as Fig. 2A. Red lines shown in
map units represent intruding dykes observed within the lithologies of the graphic logs. Map
projection based on Universal Transverse Mercator, Zone 10U North American Datum 1983.

Figure 3: Physiographic setting of Cracked Mountain volcano. A) NE-SW oriented Google
Earth imagery of Cracked Mountain showing the location of volcanic deposits overlying
basement rocks (white-arrows). B) N-S oriented Google Earth imagery of Cracked Mountain
(outlined in white), highlighting visible cracks parallel the steep drainages. C) South-West facing
DEM hillshade map showing CM volcanics (red shaded outline) situated above present-day
Meager Creek and Elaho Valleys.

Figure 4: Field photos displaying bedform structures of CM lapilli tuffs: A) Field photo showing
~2 m thick exposure of massive, moderately sorted ash and lapilli tuff underlying poorly sorted
tuff breccia (Tb). Half metre hammer (white arrow) for scale. B) Field photo displaying a ~0.5m
thick exposure of thinly bedded, well-sorted, ash, and a lapilli tuff (Lt>) interbedded within
massive lapilli tuff (Lt;). One metre hammer for scale. C) Field photo showing ~10 m wide and
~4 m thick exposure of moderately to poorly sorted, locally spatter dominated, lapilli tuff (Lt3).
One metre hammer for scale. The white box shows the location of the inset displaying fluidal
clast surrounded by a vitric ash matrix.

Figure 5: Field photos illustrating the association of pillowed lava (Lp1), peperitic dykes (Ld:),

and enclosing lapilli tuff (Lt;): A) Photomosaic of ~30 m wide by~ 4 m thick exposure of
pillowed lava (Lpi) mingled with massive lapilli tuff (Lt:). Inset (white box) shows pillowed
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lobes with a lens of Lt;. One metre hammer (white arrow) for scale. B) Annotated version of SA.
Note preserved lenses of Lt; within extensive Lpi deposits. C) Field photo showing ~5 m wide
and ~4 m deep exposure of “blooming” pillowed lava (Lpi) within massive lapilli tuff (Lt;). Note
a feeder dyke (Ld:) (white arrow) is visible through the coherent Lpi body. Inset (white box)
shows pillowed lava in contact with a lens of Lt;. D) Annotated version of 5C.

Figure 6: Field photos illustrating the association of pillowed lava (Lpi1) with peperites (P1) and
peperitic textures present at Cracked Mountain: A) Photomosaic of ~10 m wide and ~4 m thick
exposure volcaniclastic peperite (Pi) formed along the margins of coherent bodies of pillowed
lava (Lp1). Tape measure (white arrow) and human for scale. Inset (white box) shows quench-
fragmented peperite bounding Lpi. Marker for scale. B) Annotated version of 6A. C) Example of
globular (fluidal) peperite (Pi1) texture. Pen for scale. D) Example of blocky peperite (P1) texture.
Pen for scale.

Figure 7: Field photos illustrating the structure and variable clast types found in Cracked
Mountain tuff breccias (Tb). A) Massive, ~1.5 m thick, tuff breccia (Tb) dominated by
subrounded to blocky lava. overlying massive lapilli tuff (Lt;). Hammer (1 m) for scale. B)
Massive, tuff breccia (Tb) dominated by subrounded to blocky lava, with minor, block-sized
lapilli tuff lithics (Lt1) (white arrows). C) Rare lithic of pahoehoe (Ls) entrained within tuff
breccia (Tb). Hammer (1 m) for scale.

Figure 8: Field photos illustrating pillow and subaerial lavas from Cracked Mountain. A)
Stacked sequence of pillow lavas (Lp) (view looking NW at SE base of CM), ~150 m wide and
~40 m thick. White arrows mark approximate edifice basement contact at 1500 m a.s.1. B) Wall
of pillow lava (Lp), ~10 m high, exposed on the S margin of the volcano. C) Coherent bulbous
pillow lobes (Lp) up to ~0.5 m in diameter. One metre hammer (white arrow) for scale. D)
Remnant flow-top of jointed sheet lava (Ls) near the summit of the volcano (~1.600 m a.s.1).
Black arrows show granitic erratics and scour marks covering the surface of the lava. Hammer (1
m) for scale.

Figure 9: Photomicrographs showing textures of CM volcaniclastic lithofacies. A-C, E, G, and
H are plane-polarized images at 4x magnification with a 2 mm scale. D and F are from Scanning
Electron microscopy (SEM), shown with a 300 pum scale bar. A) Photomicrograph of interstitial
pillow lava sediment (Lp) composed of coarse, jig-saw fractured, weakly vesiculated glass. B)
Photomicrograph of massive, ash, and lapilli tuff (Lt;) showing fine-grain juvenile clasts
including microlitic (MIt), blocky (BI), and highly vesiculated (Vsc) vitric clasts. The matrix
contains a small proportion of intact to fragmented olivine (Ol) and plagioclase crystals. C)
Photomicrograph of massive lapilli tuff (Lt1) showing size range of juvenile vitric clasts and
shapes (i.e. blocky and cuspate). D) SEM photomicrograph of 9C showing both blocky and
highly cuspate vesiculated shapes of fine ash fraction (~ 100 pm). E) Photomicrograph of
massive lapilli tuff (Lt;) showing coarse to fine juvenile clasts and fragmental crystals olivine
and plagioclase. Highly vesiculated vitric clasts are abundant. F) SEM photomicrograph of 9E
showing a highly vesiculated (50-60%) coarse vitric juvenile clast. G) Photomicrograph of thinly
bedded lapilli tuff (Lt>) showing layers of ultra-fine ash separating layers of coarser, blocky (BI),
and vesiculated (Vsc) vitric clasts. H) Photomicrograph of matrix material supporting spatter
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dominated lapilli tuff (Lts) showing a highly vesiculated, vitric juvenile lapilli clast within an ash
and fine lapilli-sized vitric matrix.

Figure 10: Major (XRF) and trace elemental (ICP-MS) compositions for whole-rock samples
(white) and glasses (black) from Cracked Mountain. A) Total alkali (Na,O + K»0) vs Silica
(S10:) wt. % (TAS) with the classification of Le Bas et. al. (1986) and Irvine and Baragar
(1971). B) Mg# (molar MgO/ (MgO +FeO*)+100) vs Silica (S102) wt. % for Cracked Mountain
volcanics. CM samples not measured with ferric titration use the mean value of Fe 2+/ X Fe
=0.7228 (N=7) for CM basalts that were determined. C) Rare Earth Trace Element (REE)
compositions of Cracked Mountain volcanics, normalized to a Chondrite after Sun and
McDonough (1989).

Figure 11. Stereographic plots of paleomagnetic remanence directions for Cracked Mountain
volcano and examples of typical, well-behaved demagnetization data. A) Stereographic plot of
mean data from CM Sites 2-9 and their aos (p = 0.05) confidence circles (see Table C1). The
mean of sites 2-9 is shown in red. Geocentric Axial Dipole (GAD) field inclination for sampling
latitude is shown with a filled square (see Table C1). Present Earth's Field direction (PEF) is
shown with a filled star (see table C1). Site 1 is excluded as it is an outlier (see details in
Appendix C) that appears to represent rotation associated with extensional collapse. B)
Stereographic plots (left) show magnetization directions after stepwise AF and thermal
demagnetization of the Lt; sample from Site 2 (CMVO015A/B), where the filled circles lie on the
lower hemisphere. Precision values, given as the maximum angle of deviation (MAD) are
included. Orthogonal plots (right) show horizontal projections as filled circles and vertical
projections as open circles. Natural remanent magnetization is shown with a circle and cross.
Units are in amperes per metre. Note that AF demagnetization for sample CMVO0I15A produces
more coherent results than does thermal demagnetization. C) Well-behaved stepwise
demagnetization data for a dyke (Ld;) sample collected at Site 6 (CMV029A/B), layout,
symbols, and units as 12B. Note, this sample shows identical results for AF and thermal
demagnetizations. Based on the results of detailed AF and thermal demagnetization of pilot
specimens from each site, AF demagnetization is the preferred treatment.

Figure 12: Schematic model (2x V.E) of volcanic evolution of CM. Stage 1: Explosive
phreatomagmatic eruptions, building a subaqueous tephra cone. Stage 2: The sustained intrusion
of lava into unconsolidated sediments, and endogenous growth of the edifice. Dykes that
breached the margins of the volcanic pile produced pillowed lavas within the englacial lake.
Stage 3: Involves the buildup of CM to the level of the englacial lake (or above) and subaerial
eruption of lava as well as syn-eruptive debris flows forming deposits of massive tuff breccia.
Schematic drainage channels are shown forming through the ice sheet. Stage 4: Post-eruptive,
glacial retreat, where the top of the edifice 1s scoured off. Additionally, the removal of glacially
confined margins causes extensional, gravity-driven stress on of the overs steeped volcanic
successions, causing cracks to form and partial edifice collapse.

Figure 13: Paleoclimate glacial reconstruction at the time of Cracked Mountain eruption, ~401
ka. A) Hillshade DEM for CM map area overlain showing the dispersal of glacial ice. We use the
approximate summit of CM (~1650 m a.s.l) as the minimum height at which glacial ice is
reached. All regions below 1650 m are shown in light blue (i.e. ice) and all regions above 1650
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m are shown in brown. CM edifice is shown in green within a schematic englacial lake. B)
Undivided N-S (A-A’) and E-W (B’-B) cross-sections for CM, shown at no VE. Volcanic rocks
(green) overlie basement (pink) above steep valleys to the N (Meager Creek) and W (Elaho
Valley). Schematic glacier ice 1s shown confining CM with an englacial lake forming around the
volcano. The minimum thickness of the englacial lake 1s ~250 m estimated from the total
thickness of the edifice. C) Schematic 3D DEM is shown for the CM map area. The same
colours and symbols were used in 13A. Glacial ice is shown reaching minimum elevations of
1650 m a.s.l. with a minimum thickness of ~850 m based on the elevation of Meager Creek.
Schematic drainage channels are shown based on the physiographic setting of the edifice.

Figure 14: Mid to late Pleistocene Marine 820 (%40) isotope record (MIS), modified from
Lisiecki and Raymo (2005) showing fluctuations (and numbered stages) in global ice from,
where higher 6'%0 represents periods of more global ice and lower 3'*0 represents periods of
lower global ice. The vertical axis is a record of time (ka) with magnetic pole orientations shown
through the Pleistocene. Dark bars are times of normal polarity and white bars are times of pole
reversal. The dashed box indicates the blow-up portion of the MIS from 250-600 ka. The
Cracked Mountain plateau age of 401.6 + 38.1 ka is plotted (grey shaded) on the blow-up MIS
portion, representing times from the waning of MIS 12 through MIS 11. The preferred age of
Cracked Mountain is indicated with a dashed line at ~425 ka.
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