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ABSTRACT

The Wombat and Giraffe kimberlite pipes
in the Lac de Gras kimberlite field (64°N,
110°W) of the Northwest Territories, Can-
ada, preserve unique post-eruptive lacustrine
and paludal sedimentary records that offer
rare insight into high-latitude continental pa-
leoclimate. However, depositional timing—a
key datum for atmospheric CO, and paleo-
climatic proxy reconstructions—of these
maar infills remains ambiguous and requires
refinement because of the large range in the
age of kimberlites within the Lac de Gras
kimberlite field. Existing constraints for the
Giraffe pipe post-eruptive lacustrine and
paludal maar sedimentary facies include a
maximum Rb-Sr age of ca. 48 Ma (Ypresian,
Eocene) based on kimberlitic phlogopite and
a glass fission-track age of ca. 38 Ma (Barto-
nian, Eocene). The age of the Wombat pipe
lacustrine maar sediments remains unclear,
with unpublished pollen-based biostratigra-
phy suggesting deposition in the Paleocene
(6656 Ma). In this study, we examine distal
rhyolitic tephra beds recovered from explo-
ration drill cores intersecting the Wombat
and Giraffe maar facies. We integrate zir-
con U-Pb laser ablation—inductively coupled
plasma-mass spectrometry (LA-ICP-MS)
and chemical abrasion-isotope dilution—
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thermal ionization mass spectrometry (CA-
ID-TIMS) geochronology, glass fission-track
dating, palynology, and tephra glass geo-
chemistry to refine chronological frame-
works for these sedimentary deposits. The
Giraffe maar CA-ID-TIMS tephra zircon
U-Pb dating yielded a Bayesian model age of
47.995 + 0.082/0.087 Ma (Ypresian) for the
upper portion of the lacustrine sediments,
while a single zircon grain from tephra in the
lowermost lacustrine sediments had an age of
48.72 £ 0.29|0.30 Ma. The revised geochro-
nology for the Giraffe maar provides a work-
ing age model for the ~50 m record of lacus-
trine silt and indicates an age ~10 m.y. older
than previously thought. The Wombat maar
LA-ICP-MS zircon U-Pb dating yielded an
age of 80.9 = 1.0 Ma (Campanian), which
indicates deposition during the Late Cre-
taceous. This first radiometric age for the
Wombat maar deposits is substantially older
than earlier biostratigraphic inferences of
a Paleocene age. This new age suggests that
the Wombat maar sediments preserve evi-
dence of some of the oldest known freshwa-
ter diatoms and synurophytes and provide
key constraints for the paleogeography of
the Western Interior Seaway during the Late
Cretaceous.

1. INTRODUCTION
Kimberlites are CO,- and water-rich ultra-
mafic volcanic rocks that were emplaced dur-

ing highly volatile phreatomagmatic eruptions,
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leading to the formation of broadening diatremes
and—under exceptional circumstances—post-
eruptive craters and maar lakes (Nowicki et al.,
2004; Giuliani and Pearson, 2019). In a small but
relatively deep (>80 m) kimberlitic maar lake,
bottom-water anoxic conditions can develop to
facilitate preservation of sedimentary organic
matter and fossils. As a result, maar lake sedi-
ments can be excellent sources of paleoenviron-
mental records because they typically provide
continuous and well-preserved sedimentary
successions (e.g., Sabel et al., 2005; Hamblin,
2015; Smith et al., 2018; Siver and Lott, 2023).

Despite their potential for paleoenvironmen-
tal study, kimberlite maar lake sediments have
received relatively little attention. Notable kim-
berlite maar lake records include the Star in
Canada, Orapa in Botswana, Mwadui in Tan-
zania, and Mbuji Mayi in Congo (Edwards and
Howkins, 1966; Hawthorne, 1975; Nixon, 1995;
Field et al., 1995; Stiefenhofer and Farrow,
2003; Zonneveld et al., 2004). Some lamproite
pipes are also known to host post-eruptive maar
lake sediments, including the Argyle lamproite
pipe (Boxer et al., 1986) and the Calwynyardah
lamproite maars in Western Australia (Jaques
et al., 1986).

Kimberlite maar lake sediments are also pres-
ent in the Lac de Gras kimberlite field in northern
Canada (Nowicki et al., 2004). The most promi-
nent examples of maar lake deposits in this field
are associated with the Giraffe and Wombat kim-
berlite pipes (Fig. 1), although lacustrine facies
are also known from the Sue and A154N pipes
(Nassichuk and Dyck, 1998; Moss et al., 2008).
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Figure 1. (A) Map of the Wombat and Giraffe pipe localities and locations of other kimberlites in the Lac de Gras area, Northwest Ter-
ritories (NWT), Canada (adapted from Stasiuk et al., 2002). (B) Stratigraphic log summaries of Giraffe drill core BHP99-01 and Wombat
drill cores DDH00-5 and CH93-29. Sample locations of the tephra layers are marked with arrows. Depth in the dipping cores is expressed
as vertical equivalent depth with respect to the modern surface.

The Girafte kimberlite locality, which is the most
well-known of the Lac de Gras kimberlite maars,
hosts a unique lacustrine and paludal sedimen-
tary record deposited during the Eocene epoch
(e.g., Stasiuk et al., 2002; Hamblin et al., 2003;
Doria et al., 2011; Hamblin, 2015; Wolfe et al.,
2017). The Girafte maar sediments and peat pro-
vide a unique window into terrestrial paleoen-
vironments of the early Cenozoic greenhouse
world, in a region of subarctic Canada that is
otherwise largely devoid of pre-Quaternary sedi-
mentary cover. Additionally, an extensive array
of microfossils recovered from the Giraffe maar
lake deposits—including diatoms, chrysophytes,
synurophytes, euglyphids, heliozoans, and
sponges—provides further insight into paleoen-
vironmental conditions in the region (e.g., Barber
etal., 2013; Pisera et al., 2013; Siver, 2015; Siver
et al., 2019; Siver and Lott, 2023).

The geochronology of the Giraffe paleoenviron-
mental record remains uncertain. An Rb-Sr model
age of 47.8 £ 1.4 Ma from kimberlitic phlogopite
provides a maximum age for maar lake sedimen-

tation (Creaser et al., 2004). Four glass fission-
track age determinations on two rhyolitic tephra
horizons in the uppermost Giraffe maar lake sedi-
ments, using diameter-corrected and isothermal
plateau methods to correct for partial track fading
(Westgate, 2015), yielded an error-weighted mean
age of 37.8 = 4.0 Ma (20) for the transition from
maar lacustrine facies to paludal peat facies (Doria
etal., 2011; Wolfe et al., 2017). The ~10 m.y. dif-
ference between the Rb-Sr emplacement age and
the glass fission-track age constraint for lacustrine
sedimentation is problematic. Even allowing for a
substantial lag between kimberlite eruption and the
onset of lacustrine conditions in the maar, ~50 m
of lacustrine sediment and ~30 m of peat depos-
ited over ~5-10 m.y. implies implausibly low
sedimentation rates. In addition, the magnitude of
the glass fission-track corrections for partial track
fading (~10 m.y.; Wolfe et al., 2017) introduces
substantial uncertainty into the geochronology of
this deposit.

Similar kimberlite diatreme maar lake depos-
its are present at the Wombat locality, which is
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~40 km NW of the Giraffe pipe (Fig. 1). The
Wombat pipe post-eruptive sedimentary fill is
thick and homogenous; three exploration drill
cores intersect the pipe over 195 vertical-equiv-
alent (VE) meters and contain mostly laminated
lacustrine sediment. These sediments host excep-
tionally well-preserved microfossil and macro-
fossil remains (Siver et al., 2016; Siver, 2022;
Grande et al., 2022; Siver and Velez, 2023). The
Wombat maar sediments contain abundant sili-
ceous microfossils, including chrysophyte cysts,
scales representing synurophytes, chrysophytes,
and heliozoans, and a variety of pennate and
centric diatoms, all of which are indicative of a
freshwater lacustrine environment (Fig. 2; Siver
et al., 2016; Siver, 2022). In addition, a new
Gonorynchiform fossil fish species, Notogoneus
maarvelis, sp. nov., was recently described from
the Wombat maar lake fill (Grande et al., 2022),
with at least one additional fish taxon awaiting
detailed description.

As with the Giraffe maar sediments, there is
ambiguity concerning the age of the Wombat
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maar. Unpublished phlogopite Rb-Sr model
ages of ca. 2.5-1.8 Ga indicate contamination
from local country rock or detrital sourcing
(Siver et al., 2016). Siver et al. (2016), citing an
abstract by Hu et al. (2011), suggested a Paleo-
cene age for at least part of the Wombat lacus-
trine fill based on the absence of the Late Cre-
taceous pollen indicator taxa Aquilapollenites
and Wodehouseia; the presence of Ericaceio-
pollenites and Alnipollenites; and the absence
of Platycarya, an Eocene indicator taxon (Hu
et al., 2011). However, there is no published
radiometric age to substantiate biostratigraphic
age inferences.

The aim of this study is to provide a revised
geochronological framework for the Giraffe
and Wombat maars using U-Pb zircon dating
of distal rhyolitic tephra beds recovered from
exploration drill cores that intersected the maar
lake sediments. The dating techniques used were
laser ablation—inductively coupled plasma—mass
spectrometry (LA-ICP-MS) and chemical abra-
sion—isotope dilution—thermal ionization mass
spectrometry (CA-ID-TIMS). To support this
new geochronological framework for the Giraffe
maar sediments, we present new glass fission-
track results based on refined sample preparation
methods and glass geochemistry of the tephra
analyzed. We also present a revised, pollen-
based biostratigraphic analysis for the Wombat
maar sediment. Collectively, our results provide
arobust geochronological underpinning for rare,
high-latitude paleoenvironmental proxy records
from early Cenozoic kimberlite maars.

2. GEOLOGICAL BACKGROUND

The Wombat (64.92°N, 110.45°W) and
Giraffe (64.73°N, 109.75°W) kimberlite maars
are situated in the Slave Craton within the Lac
de Gras kimberlite field of the Northwest Ter-
ritories, Canada (Fig. 1). The Slave Craton is an
Archean granite-greenstone terrane of Neoar-
chean metaturbidites with syn- to post-tectonic
granite, tonalite, and granodiorite plutons (ca.
2.63-2.58 Ga; Bowring and Williams, 1999;
Nowicki et al., 2004). Studies of sedimentary
xenoliths within kimberlite crater fills suggest
that the region was covered by Middle Devo-
nian strata and Cretaceous—Paleogene marine
mudstones at various times (Nassichuk and
Mclntyre, 1996; Cookenboo et al., 1998; Sweet
et al., 2003). Notably, xenoliths of Upper Cre-
taceous marine and Paleogene terrestrial sedi-
mentary cover rocks, together with Paleogene
post-eruptive maar sediments in the Lac de Gras
kimberlite field, suggest that the transition from
marine deposition in the Western Interior Sea-
way to deposition in isolated lacustrine settings
occurred at some point during the Late Creta-
ceous (Sweet et al., 2003; Stasiuk et al., 2003,
2006; Ault et al., 2013).

Exploration drill cores BHP99-01 and
BHP98-6 intersect the Giraffe diatreme. The
kimberlite-rich, lowermost section of the
BHP98-6 core is archived at Connecticut Col-
lege (New London, Connecticut, USA), and the
BHP99-01 core is archived at the Geological
Survey of Canada (Calgary). Exploration drill
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Figure 2. Siliceous microfos-
sils uncovered in rocks from
the Giraffe (A-C) and Wom-
bat cores (D, E). (A) Valve of
the diatom Actinella goodwinii
Siver, Bishop, Wolfe and Lott;
(B) synurophyte scale from
the genus Mallomonas Perty;
(C) chrysophyte cyst; (D) plate
belonging to the testate eug-
lyphid, Scutiglypha Foissner
and Schiller; and (E) synuro-
phyte scale from Mallomonas
schumachii Siver.

core BHP99-01, collared at 47°, reveals ~80
VE m of undisturbed, organic-rich sedimentary
fill comprising at least ~50 VE m of lacustrine
sediment overlain by ~30 VE m of wood- and
macrofossil-rich peat. The maximum thickness
of the lacustrine facies is unknown because the
base of the angled drill core intersected crys-
talline host rock. Detailed descriptions of the
stratigraphy, sedimentology, and organic geo-
chemistry of the Giraffe maar sedimentary fill
were provided by Stasiuk et al. (2006) and Ham-
blin (2015).

Four tephra layers were recovered from
drill core BHP99-01 and accessioned into the
University of Alberta Tephrochronology Col-
lection (Fig. 1; Table 1). The UA 1151/2842
(~5-cm-thick), 1152/2843 (~4-cm-thick), and
2845 (~4-cm-thick) tephra beds, which are
stratigraphically just below the lacustrine-peat
transition (Fig. 1), were light gray and finely
laminated, with some rare plant detritus pres-
ent. These samples are dominated by well-
preserved platy, cuspate, and vesicular glass
fragments. Due to stratigraphic proximity
within 1.2 VE m of core, these samples were
treated as a single sample, which is termed
UA2842/3 henceforth. At 37.5 VE m below
UA2842/3, tephra UA2844 (~10 cm thick) is
stratigraphically the lowermost known tephra
within the lacustrine section of the core. Tephra
UA2844, which is brownish-gray and visibly
more altered than the other samples, contains a
mix of partially devitrified and well-preserved
glass fragments.
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TABLE 1. GIRAFFE AND WOMBAT TEPHRA SAMPLE IDENTIFICATION (ID)
NUMBERS, CORE DEPTHS, THICKNESSES, AND WEIGHTS

Core ID Tephra ID Core depth Vertical equivalent depth Thickness Sample weight
(m) (m) (cm) )]

Giraffe

BHP99-01 UA2842 96.3 70.9 5 83.4

BHP99-02 UA2843 98.8 721 4 64.5

BHP99-03 UA2844 148.5 108.4 10 73.2

BHP99-04 UA2845 98.7 73.4 4 425

Wombat

DDHO00-5 UA3134 273.43 236.8 4 75.2

DDHO00-5 UA3135 270.1 233.9 7 120.7

Note: Samples are stored in the collections of the University of Alberta Department of Earth and

Atmospheric Science.

The Wombat kimberlite exploration efforts of
BHP Billiton Diamonds, Inc., recovered three
drill cores—CH93-29, DDHO00-5, and DDHOS5-
11 in 1993, 2000, and 2005, respectively. Most
of the CH93-29 core is archived at Connecticut
College, while DDHOO-5 is housed at the North-
west Territories Geological Survey core archive
in Yellowknife, Canada. A total of ~195 VE m
of maar lake facies was intersected by CH93-
29 and DDHO0-5, which were drilled at angles
of 45° and 60°, respectively. The upper ~180
VE m of the crater fill comprises dark, poorly
consolidated, clay-rich laminites with rare lithic
and country rock fragments. The lower ~15
VE m of the crater fill comprises gray lami-
nated to massive siltstone with common flat-
tened clay lenses, land plant detritus, and fully
articulated fish fossil remains (Grande et al.,
2022). Vivianite and siderite-goethite nodules
are unevenly present throughout the lake facies,
steadily increasing in abundance and size (up to
10 mm diameter) toward the top of the lacustrine
sediments. Two tephra layers were found and
sampled from each core at approximately the
same correlated depth intervals near the bottom
of the lacustrine succession, which indicates a
potential region of stratigraphic overlap between
the two cores (Fig. 1). Both tephra beds were
light gray and finely laminated, with rare dark
interlaminae. Zircon crystals for U-Pb dating
were extracted from two tephra layers sampled
from core DDHOO0-5 (Table 1; Buryak, 2020).
Sample UA3134, ~4 cm thick, was dominated
by well-preserved glass in the form of tricus-
pate and platy glass shards with rare, partially
altered glassy-clay aggregates. The ~7-cm-thick
UA3135 tephra, 2.9 m above UA3134, had a mix
of partially altered glass pseudomorphs, glassy-
clay aggregates, and unaltered glass shards with
generally platy morphologies.

3. MATERIALS AND METHODS
3.1. U-Pb Zircon Geochronology

Zircon crystals were extracted from the tephra
samples using conventional mineral separation

methods of sieving, high-density liquid density
separation, and microscopy. Individual zircon
grains were handpicked under a stereoscopic
microscope from the dense mineral fraction,
mounted in epoxy, and lightly polished to remove
adhered glass. Cathodoluminescence and back-
scattered-electron imaging of the zircon grains
was done using a ZEISS EVO LS15 extended
pressure—scanning electron microscope at the
University of Alberta. Due to the small sample
sizes (<120 g of tephra per sample) mandated
by the small-diameter drill core (NQ, 47.6 mm
core diameter), only a limited number of zircon
crystals could be recovered.

3.1.1. Multicollector (MC)-ICP-MS

U-Pb analysis of individual zircon grains from
the Wombat samples (UA3134 and UA3135)
was performed on a New Wave Research 213 nm
laser system coupled to a Nu Plasma I multicol-
lector (MC)-ICP-MS at the Canadian Centre for
Isotopic Microanalysis, University of Alberta.
The analytical procedure was described in detail
by Simonetti et al. (2005). Zircon crystals were
spot ablated for 40 s using a 30 pm beam at a
5 Hz repetition rate and ~3 J/cm? laser energy
at the sample surface. The primary reference
material GJ-1 (608.5 4+ 0.4 Ma; Jackson et al.,
2004) and secondary zircon reference materi-
als Plesovice (339.0 £ 2.6 Ma, this study; and
337.1 £ 0.4 Ma, Slama et al., 2008) and 94-35
(55.7 £ 0.9 Ma, this study; and 55.5 £ 1.5 Ma,
Klepeis et al., 1998) were analyzed before and
after each set of 10-20 unknowns to monitor
U-Pb fractionation, reproducibility, and instru-
mental drift. The 29Pb-238U ages generated for
the secondary reference materials are within 20
uncertainty of the literature values (Table S1'),
while mean square of weighted deviate
(MSWD) values for the entire suite of analyses

ISupplemental Material. LA-ICP-MS/CA-ID-
TIMS U-Pb zircon data, tephra glass geochemistry,
glass fission-track age data, and age modeling
results. Please visit https://doi.org/10.1130/GSAB
.S.25024565 to access the supplemental material, and
contact editing @ geosociety.org with any questions.
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are within the permissible range at the 95% con-
fidence level for a single population of replicated
analyses (Mahon, 1996). The 2Pb/?38U average
precision of these reference materials is ~2%
(20) for individual spot analyses. All data were
reduced offline using an in-house Microsoft
Excel spreadsheet with unknowns normalized
to the GJ-1 zircon primary reference standard.
The uncertainties of measured isotopic ratios are
a quadratic combination of the standard error of
the measured isotopic ratio and the long-term
excess scatter of the GJ-1 means. Common-Pb
correction was applied using the 2*’Pb method
(Williams, 1997) with initial Pb composition
(0.841) estimated from the Stacey and Kramers
(1975) Pb-evolution model.

3.1.2. iCAP Quadrupole (Q)-ICP-MS

Zircon crystals from Giraffe samples UA2842
and UA2843 were analyzed at the Canadian
Centre for Isotopic Microanalysis ICP-MS facil-
ity (University of Alberta) on a Thermo Scien-
tific iCAP quadrupole (Q)-ICP-MS coupled to a
New Wave Research UP-213 LA system. Zircon
crystals were spot ablated for 40 s using a 30 pm
beam at a 5 Hz repetition rate and ~3 J/cm? of
laser energy at the sample surface. The primary
reference material GJ-1 (605.5 £+ 2.5 Ma;
608.5 4 0.4 Ma; Jackson et al., 2004) and sec-
ondary zircon reference materials PleSovice
(337.5 £ 2.7 Ma, this study; 337. £ 0.4 Ma,
Slama et al., 2008) and 94-35 (54.1 = 1.3 Ma,
this study; 55.5 & 1.5 Ma, Klepeis et al., 1998)
were analyzed before and after each set of 10-20
unknowns to monitor U-Pb fractionation, repro-
ducibility, and instrumental drift. The 2%Pb-
238U ages for reference materials are within 20
uncertainty of the established values (Table S2).
MSWD values for the entire suite of analyses
are within the permissible range at the 95% con-
fidence level for the single population of repli-
cated analyses (Mahon, 1996). The 20°Pb/?3U
average precision of secondary reference mate-
rials is 1%—3% (20) for individual spot analyses.
All data were processed using lolite v3 (Paton
et al., 2010, 2011) and the “VisualAge” data
reduction scheme (Petrus and Kamber, 2012).
For consistency, external uncertainties were
propagated manually in an Excel spreadsheet
in the same manner as the MC-ICP-MS data.
Common-Pb correction was applied using the
207Pb method (Williams, 1997) with initial Pb
composition (0.838) estimated from the Stacey
and Kramers (1975) Pb-evolution model.

3.1.3. CA-ID-TIMS

A subset of 10 Giraffe pipe zircon crystals
from UA2842 and UA2843, and two zircon
cyrstals from UA2844, were analyzed using
CA-ID-TIMS at the Département des sciences
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de la Terre, Université de Geneve. The young-
est crystals determined from the LA analysis of
UA2842 and UA2843 were removed from the
epoxy mounts for high-precision CA-ID-TIMS
U-Pb dating. Due to extremely poor zircon
recovery from the small sample of UA2844,
only two zircon crystals were dated from this
tephra. The extracted zircon crystals were first
annealed in a muffle furnace at 950 °C for 48 h
and then chemically abraded at 210 °C in con-
centrated hydrofluoric acid (HF) for 12 h fol-
lowing the approach of Widmann et al. (2019).
After chemical abrasion, the zircon crystals
were fluxed in 6N HCI overnight on a hot plate
at 80 °C, and then cleaned ultrasonically and
rinsed multiple times in 7N HNO;. Follow-
ing cleaning, crystals were loaded into indi-
vidual Savillex microcapsules with ~70 pul of
concentrated HF and ~5 mg of the EarthTime
ET535 tracer solution (Condon et al., 2015).
The microcapsules were then placed in a Teflon
jacket and in a steel Parr digestion vessel, which
was placed in the oven at 210 °C for 48 h for
zircon dissolution. The dissolved samples were
then dried on a hot plate at 80 °C, and three
drops of 6N HCI were added to each to con-
vert them to a chloride form, before they were
returned to the Teflon jacket and Parr digestion
vessel to be heated at 180 °C in the oven over-
night. After the HCI conversion, the samples
were loaded onto pre-cleaned anion exchange
micro columns, and the U and Pb fractions were
purified and collected in pre-cleaned Savillex
beakers following a modified, eluant reduced
version of the Krogh (1973) technique. After
column chemistry, the samples were combined
with silica gel and loaded onto outgassed, zone-
refined Re filaments and placed in a Thermo
Scientific Triton Plus MS for analysis follow-
ing a method similar to that of Schaltegger et al.
(2021). Pb isotopes were measured in dynamic
mode on a MasCom secondary electron multi-
plier, while U isotopes were analyzed as UO,
in static mode on Faraday cups with 102 ohm
resistors assuming an '30/'0 ratio of 0.00205.
The mass-dependent isotopic fractionation for
Pb was corrected using the long-term Pb frac-
tionation values measured using a Pb double
spike, which resulted in a Pb fractionation value
of 0.15 #+ 0.02 (%/amu). Uranium fractionation
was controlled using the ET535 23U/?U of
0.99506 and 28U/?%U of 137.818 £ 0.045
(20; Hiess et al., 2012). U-Pb data reduction
and uncertainty propagation were conducted
using Tripoli and U-Pb ET-Redux software,
both of which use the algorithms of McLean
etal. (2011). All 2°Pb/?38U ages were corrected
for initial Th disequilibrium assuming a parti-
tion coefficient relationship between the zircon
Th/U and the magma Th/U of 0.2. All common

Pb is assumed to be procedural blank and was
corrected using the long-term lab blank isotopic
composition of 20Pb/?%Pb = 17.102 + 0.21,
207Pp/24Ph = 15.40 + 0.11, and 2°8Pb/?%Pb =
36.17 & 0.25 (all 10 absolute). Data are sum-
marized in Table S3.

3.2. Glass Fission-Track Dating

As initially reported by Westgate and Bray
(2021), we used a slightly modified glass
fission-track method to redate Giraffe tephra
sample UT2115 from the University of Toronto
tephrochronology collection; this sample was
collected from the same tephra bed as UA2842
in core BHP99-01. We followed methods out-
lined in Wolfe et al. (2017) in all respects, with
one exception: glass shards were etched with
HF acid for an additional 15 s, thereby increas-
ing total acid etch time from 180 s to 195 s.
The glass fission-track age was calculated
using the zeta-approach, based on the Molda-
vite tektite and its most current “°Ar/>°Ar age
of 14.808 + 0.021 Ma (20; Schmieder et al.,
2018). The Huckleberry Ridge tephra, with a
4OAr/*Ar sanidine age of 2.003 &+ 0.014 Ma
(Gansecki et al., 1998), was used as a second-
ary reference material for assessing the accuracy
of the glass fission-track ages. The isothermal-
plateau method was used to correct for partial
track fading (Westgate, 1989). More detailed
descriptions of glass fission-track age calcula-
tion are provided in Westgate (1989) and Sandhu
and Westgate (1995). Glass fission-track data are
summarized in Table S4.

3.3. Tephra Glass Geochemistry

Single-shard glass major element geochem-
istry was determined by wavelength-dispersive
spectrometry on a JEOL 8900 or CAMECA
SX100 electron microprobe at the University
of Alberta using accelerating voltage of 15 keV,
beam current of 6 nA, and beam diameter of 10
pm. Some analyses used a beam of 5 um and
the software Probe for EPMA (Donovan et al.,
2015) to correct for any potential Na-loss using
time-dependent intensity corrections (e.g., Jen-
sen et al., 2021). Two secondary reference mate-
rials, Lipari obsidian (ID 3506) and Old Crow

tephra glass (Kuehn et al., 2011), were run con-
currently with all samples to assure proper cali-
bration. All data were normalized to 100% on a
water-free basis.

Trace element compositions were determined
by LA-ICP-MS using a RESOlution ArF 193 nm
excimer LA system coupled to a Thermo Scien-
tific Element XR sector field (SF)-ICP-MS at
the University of Alberta Arctic Resources Geo-
chemistry Laboratory. Individual glass shards
were analyzed with a beam of 10 pm or 23 pm in
diameter at 2.8 J/cm? energy density (measured
at the ablation site), with a 5 Hz repetition rate
and 20 s of ablation time. 2Si was used as an
internal standard, and the instrument was cali-
brated against National Institute of Standards
and Technology (NIST) SRM 612. NIST SRM
610, ATHO-G, and StHs 6/80-G were analyzed
as secondary standards and reference materials to
monitor accuracy and analytical reproducibility.
All major/minor oxides, trace elements, and ref-
erence materials are listed in Tables S5 and S6.

3.4. Palynology

Six samples of the Wombat kimberlite maar
sediments from cores DDH00-5 and CH93-95
were processed for palynological analyses fol-
lowing standard techniques (Traverse, 2007)
at Global GeoLab Ltd., Medicine Hat, Alberta
(Table 2). The samples were briefly subjected to
hot treatments of HCI and HF and oxidation with
Schulze’s solution and stained with safranin O.
Permanent mounts were made in liquid bioplas-
tic. Microscopy was conducted using an Olympus
BX61 transmitted light microscope at 400x and
1000 magnification under oil immersion. Quan-
titative analyses of palynomorphs were based
on counts of unsieved preparations with mostly
greater than 300 spores and pollen (median of
342, range of 206-556) from obligately terres-
trial parent plants. The relative abundance of each
taxon was based on this pollen sum. Non-terres-
trial palynomorphs—including dinocysts, algae,
acritarchs, and reworked palynomorphs—were
also enumerated but excluded from the pollen
and spore sum; their abundance is expressed as a
proportion of the terrestrial pollen and spore sum.
Palynological slides will be curated at the North-
west Territories Geological Survey.

TABLE 2. CORE SAMPLE IDENTIFICATION (ID) NUMBERS AND SAMPLING DEPTHS FOR
THE WOMBAT MAAR LAKE SEDIMENTS USED FOR PALYNOLOGICAL ANALYSES

Core ID Core sample ID GSC number Core depth Vertical equivalent depth

(m) (m)
DDHO00-5 5-24-3-3 C-638543 194.1 168.1
DDHO00-5 5-38-1-88 C-638544 262.7 2275
DDHO00-5 5-39-1-136_140 C-638545 2679 2321
DDHO00-5 5-39-3-39 C-638546 270.1 233.9
DDHO00-5 5-40-2-123_130 C-638547 273.7 2370
CH93-29 93-29-67-4-64 C-638548 391.8 27741

Note: GSC—Geological Survey of Canada.
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4. RESULTS
4.1. U-Pb Zircon Age Calculations

Tephra depositional ages were calculated
using the Bayesian modeling approach follow-
ing Keller et al. (2018). Bayesian depositional
age estimates were modeled assuming uni-
form, triangular distributions combined with
a MELTS zircon crystallization model (Keller
et al., 2018). The Bayesian model results we
present are relatively insensitive to the choice
of the prior. We prefer the triangular prior in
each sample and report those ages in the fol-
lowing sections based on the following criteria:
(1) since no closed-system zircon ages should
postdate the eruption (except within analyti-
cal uncertainty), we expect a sharply truncated
relative distribution of ages at the time of tephra
deposition, and (2) the age distributions in each
sample tend to take an approximately trian-
gular form.

Additionally, we used IsoplotR v. 3.8 (Ver-
meesch, 2018) to calculate the maximum likeli-
hood (Vermeesch, 2021) and the weighted mean
of the youngest analyses that overlap at 2o.
These methods yielded depositional ages that
are identical within a 95% confidence interval
to those calculated using Bayesian modeling
(Table S7). We prefer depositional ages based
on the Bayesian modeling because this method
decreases the impact of subjective interpre-
tational decisions and is least likely to under-
estimate the reported uncertainty (e.g., Keller
et al., 2018). All uncertainties are reported as
absolute 20 (95% confidence level). The CA-
ID-TIMS depositional age uncertainties are
shown as + YIZ, where Y is the measurement
and spike calibration uncertainty and Z is the
combined measurement, spike, and decay con-
stant uncertainties.
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4.1.1. Giraffe U-Pb and Glass Fission-Track
Age

Most of the Giraffe tephra zircon grains were
euhedral or partially broken fragments with a
diameter size of between 40 pm and 120 pm.
Additionally, zircon cathodoluminescence (CL)
imaging shows simple internal structures with
the majority of the crystals displaying oscillatory
zoning or no visible zoning.

A total of 17 zircon crystals from sample
UA2842 and nine grains from sample UA2843
were analyzed using iCAP-Q-ICP-MS (Fig. 3;
Table S2). The Q-ICP-MS 20Pb/23¥U dates
from this combined UA2842/UA2843 sample
yielded a distribution of dates ranging from
50.5 Ma to 41.7 Ma. Ten grains from UA2842/
UA2843 were dated using CA-ID-TIMS, yield-
ing a tight range of 20°Pb/?38U dates ranging
from 48.142 Ma to 48.02 Ma (Table S3). The
best estimate for the depositional age was cal-
culated using Bayesian modeling, yielding an
age of 47.995 %+ 0.08210.087 Ma (Ypresian,
Eocene) for the CA-ID-TIMS dates (Fig. 4).
The revised isothermal plateau glass fission-
track age of 54 & 11 Ma (Lutetian—Thanetian;
Eocene—Paleocene) (UT2115/UA2842; Table
S6) is ~16 m.y. older than the previous estimate
of 37.8 + 4.0 Ma (Bartonian—Priabonian; Doria
etal., 2011; Wolfe et al., 2017) and is consistent
within uncertainty with the zircon U-Pb results
(Fig. 4).

Only one of two dated zircon grains from
sample UA2844 yielded a meaningful CA-ID-
TIMS date of 48.72 + 0.2910.30 Ma (Ypresian).
Although the date was based on only one dated
grain, this estimate for the depositional age
of UA2844 is ~700 k.y. older than the age of
47.995 + 0.08210.087 Ma obtained from the
overlying UA2842/UA2843 tephra and is con-
sistent with the stratigraphic position of the
tephra samples.

Figure 3. (A) Concordia dia-
gram of all Giraffe tephra

207pp/206Ph
o
N
T

zircon U-Pb analyses. (B) En-
larged inset of chemical abra-
sion—isotope dilution—thermal
ionization mass spectrometry
zircon analyses only, marked
by dashed box in part A.
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4.1.2. Wombat U-Pb Age

From the Wombat kimberlite pipe, 34 zircon
grains from tephra sample UA3135 and three
zircon grains from tephra sample UA3134 were
analyzed using MC-LA-ICP-MS. Most zircon
grains were euhedral to subhedral, or partially
broken fragments, with an average diameter of
<60 pm. The CL imaging in both samples shows
that oscillatory zoning is the predominant type
of internal texture, though some grains exhibit
no visible zoning. Several grains from sample
UA3135 had glass rims, which suggests that
they interacted with melt during the eruption.
The common Pb-corrected 2°Pb/238U dates
from sample UA3134 were not coherent. Two
zircon grains gave ages of ca. 190 Ma, and one
grain was dated at ca. 1370 Ma. These new
ages are not consistent with the known timing
of kimberlite magmatism on the Slave craton
(Creaser et al., 2004; Sarkar et al., 2015), sug-
gesting contamination by xenocrysts or detrital
material during the eruption from volcanic and/
or crustal sources.

In contrast, common Pb-corrected 20°Pb/238U
dates from sample UA3135 yielded a tighter age
range from 99.1 Ma to 72.9 Ma. The Bayesian
model gave a 2%Pb/?38U age of 80.9 + 1.0 Ma
(Campanian; Figs. 5A and 5B). One zircon grain
produced an age of 72.9 + 1.5 Ma (39-3-39-12;
Table S1), which is much younger than the main
population, and thus it was considered an out-
lier and excluded from the age calculation. We
interpret this young apparent age as the result of
radiogenic Pb loss from the zircon supported by
the decrease in measured 2°Pb/>*8U as a func-
tion of increasing depth/time during ablation
(Fig. S4). Normally, the opposite Pb/U laser-
induced fractionation trend is observed dur-
ing U-Pb zircon analysis. Thus, we prefer the
Bayesian model age of 80.9 &= 1.0 Ma and report
it henceforth.

4.2. Tephra Glass Characterization and
Geochemistry

4.2.1. Giraffe Results

Glass shards from all Giraffe tephra samples
(UA1151/2842, UA1152/2843, UA2844, and
UA2845) are relatively homogenous high-
silica rhyolites ranging from ~76.5 wt% to
77.6 wt% (Fig. 6). The Na,O and K,O wt%
values suggest that much of the glass is at least
minimally altered, with evidence for Na-loss and
K-enrichment (and loss in more extreme cases),
occasionally leading to overly high SiO, values
(>78 wt%). However, despite this, each sample
contains a proportion of glass that remains geo-
chemically coherent, including oxides such as
MgO and CaO that may become highly vari-
able with increased weathering (e.g., Fisher and
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Figure 4. 206Pb/238U chemical abrasion—isotope dilution-thermal ionization mass spectrom-
etry (CA-ID-TIMS) and laser ablation-inductively coupled plasma-mass spectrometry
(LA-ICP-MS) point ages and Bayesian modeling results for Giraffe tephra zircon and com-
parison of glass fission-track ages of samples UT2115/UA2843 using increased hydrofluoric

acid (HF) etch time.

Schmincke, 1984; Jensen et al., 2021; Table
S5). When the most egregiously weathered
glass analyses are removed, all four tephra
beds share some similarities, including higher
alkali contents (K,O + Na,O = ~7-8 wt%)
and lower CaO wt% (~0.85-0.25 wt%), with
samples UA1151/2842 and UA1152/2843 being

virtually identical (Fig. 7). Samples UA2844 and
UA2845 are distinguished based on Al,O;, FeOt,
and CaO wt%, with UA2844 having low FeOt
(~0.50 wt%) and UA2845 having very low CaO
(~0.25 wt%; Fig. 7; Table SS5).
Chondrite-normalized rare earth element
patterns of glass from samples UA1151/2842
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and UA1152/2843 show only subtle differences
between the two samples (Fig. 8; Table S6).
Specifically, light rare earth element (LREE)
patterns overlap, and both are enriched in
heavy rare earth elements (HREEs; UA2842
Lay/Yby =7.7; UA2843 Lay/Yby = 8.3),
with a distinct negative europium anomaly
(UA 2842 Eu/Eu*y = 0.46; UA2843 Eu/
Eu*y = 0.45). In contrast, the glass composi-
tion from sample UA2845 displays higher trace
element abundances, except for Sr, Cs, and
Ba, which are depleted. Overall the glass rare
earth element (REE) pattern of sample UA2845
shows LREE enrichment in the REE ratio (Lay/
Yby = 4.7) with a negative europium anomaly,
Eu/Eu*y = 0.36. Trace element glass data from
sample UA2844 is inconclusive since only a
limited number of analyses could be performed
due to the small size of glass fragments and
devitrification. However, initial data suggest a
trace element pattern more comparable to those
of samples UA1151/2842 and UA1152/2843
(Table S6).

4.2.2. Wombat Results

Glass samples from Wombat tephra are also
rhyolites but with lower SiO, wt% composi-
tions than the Giraffe tephra, ranging between
~73 wt% and 74 wt% (Fig. 6). The glass major/
minor element analyses of sample UA3134
contain a surprisingly unweathered population
of glass (given its age) that may be a good rep-
resentation of its original composition (Fig. 7;
Table S5). In contrast, sample UA3135 contains
fewer intact glass shards, and all analyses have
distinctly low Na,0O wt% (~<1.8 wt%), which
is indicative of alteration. Interestingly, the other
oxides remain relatively homogenous and are
not dissimilar to UA3134, but only notably dif-
ferent in Al,O; wt%.

No significant variability is observed in the
range of trace element concentrations despite
the weathered conditions of many shards
in these two samples. Sample UA3134 has
average values (£1SD) of 56.3 + 2.7 ppm
Rb, 1879 +5.5ppm Sr, 37.0 £ 1.6 ppm
Y, 209.9 £ 4.5 ppm Zr, 5.5+ 1.0 ppm Nb,
951.4 + 24.8 ppm Ba, and 14.2 £ 0.7 ppm La.
The LREE are enriched relative to HREE, with
Lay/Yby = 2.7 £ 0.7, and there is a negative
europium anomaly (Eu/Eu*y = 0.58) (Fig. 8;
Table S6). Sample UA3135 has average values
(£1SD) 0f 95.0 £+ 5.2 ppmRb, 109.2 + 2.2 ppm
Sr, 23.0 £09 ppm Y, 126.7 = 5.2 ppm Zr,
3.8+ 0.4 ppm Nb, 1041.8 &+ 36.4 ppm Ba,
and 14.8 = 0.5 ppm La (Table S6). The sample
UA3135 glass LREESs are slightly more enriched
(Lay/Yby = 3.9 £ 0.3), with a more distinct
negative Eu anomaly (Eu/Eu*y = 0.77) than that
of sample UA3134 (Fig. 8; Table S6).
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Figure 6. Total alkali-versus-
silica plot, after LeBas et al.
(1986), for the Wombat and Gi-
raffe tephra glass analyses.
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4.3. Palynology

Recovery from the six palynological samples
ranged from poor to good, and preservation of
palynomorphs ranged from fair to exceptional
(Fig. 9). All samples yielded a thermal alterna-

tion index of O (Staplin, 1969; Pearson, 1984).
Complete details of pollen results are provided
in Galloway et al. (2022).

The uppermost five samples (C-638543
through C-638547, spanning 168.1-237.0 VE m
core depth, Table 2) have broadly similar pollen

assemblages. Cupressaceae-Taxacaeae (49%—
70%) and Pinuspollenites (11%—21%) domi-
nate the pollen assemblages (Fig. 10). Carya-
pollenites is a dominant angiosperm pollen,
representing 2%—5% of the assemblages. Meta-
sequoia and Cycadopites pollen are commonly
present, at proportions of 3%—8% and 2%—5%,
respectively. Equisetum, Quercoidites, and Bet-
ulaceoipollenites pollen are also present at low
abundances (<5%; Fig. 10). Spores are rare to
absent, and dinocysts are absent. In this suite of
samples, C-638546 (233.9 VE depth) is notable
because it was collected from the same tephra
bed that was dated by zircon U-Pb methods.
The stratigraphically lowest sample
(C-638548, 277.1 VE m depth) yielded an
assemblage that is distinct from the other prepa-
rations. Cupressaceae-Taxaceae pollen (18%)
is less abundant than in the other preparations,
although Pinuspollenites (11%) and Cycadop-
ites (4%) pollen are similar in abundance to
samples from younger strata in the lacustrine
successions, and Caryapollenites (4%) and Bet-
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Figure 7. Bivariate plots detailing the major and minor element compositions of the Wombat and Giraffe maar sediment tephra glass samples.
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Figure 8. Chondrite-normal-
ized (Sun and McDonough,
1989) rare earth element spider
diagram for laser ablation—in-
ductively coupled plasma—mass
spectrometry results from Gi-
raffe and Wombat maar sedi-
ment tephra glass.
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ulaceoipollenites (3%) pollen are similar. Pol-
len taxa unique to this sample include Perino-
pollenites elatoides (5%), Laricoidites magnus
(4%), and Rugubivesiculites. The proportion of
spores and their diversity is highest in this sam-
ple and includes Baculatisporites comaumensis
(6%), Deltoidospora hallei (5%), Osmundaci-
dites wellmannii (3%), and Laevigatosporites
ovatus (2%) (Fig. 10). Notable absences from
all of the Wombat palynology samples are the
Eocene indicator taxon Platycarya (see Hu et al.,
2011) and Agquilapollenities, and Wodehousiea,
which are common in the Late Cretaceous in
western North America (see discussion in Gal-
loway et al., 2022).

The basal sample contains abundant and
diverse (30%) dinocysts with 31 cyst taxa iden-
tified across 22 genera, including 22 taxa identi-
fied at the species level (M. Bringué in Galloway
etal., 2022). Notable dinocyst taxa in this sample
include Alterbidinium acutulum, Isabelidinium
cooksoniae, Trithyrodinium rhomboideum, and
Trithyrodinium singhii, and taxa with important
biostratigraphic significance, such as Bourkidin-
ium psilatum, Dorocysta litotes, Florentinia ver-
dieri, Luxadinium propatulum, Pervosphaerid-
ium cf. cenomaniense, Tanyosphaeridium sp. C
(Brideaux and MclIntyre, 1975), Tenua scabrosa,
and Wallodinium luna (M. Bringué in Galloway
et al., 2022).

5. DISCUSSION

5.1. Timing of the Giraffe Maar
Sedimentation and Its Implications

5.1.1. The Giraffe Maar Zircon U-Pb Age

The CA-ID-TIMS zircon U-Pb dates pro-
vide the most accurate and precise constraints
on the timing of Giraffe maar sedimenta-
tion. The sample UA2842/3 Bayesian age of
47.995 + 0.08210.087 Ma provides a precise
chronological marker for the uppermost sec-
tion of the lacustrine sediments in the drill

core, and the transition to peat deposition in the
maar basin. The sample UA2844 single-grain
206pp/238U age of 48.72 £ 0.2910.30 Ma pro-
vides the first direct geochronological data for
the lower section of the lacustrine strata, which
enables construction of a simple, preliminary
age-depth model for future paleoenvironmental
proxy analyses of the ~50-m-thick lacustrine
succession. This single grain age could represent
one or more earlier stages of zircon growth pre-
dating the timing of eruption and tephra deposi-
tion (i.e., antecryst), and is best interpreted as a
maximum age estimate for the deposition of this
tephra horizon. The individual LA U-Pb zircon
ages from sample UA2842/3 are younger (up
to ~8%) than the CA-ID-TIMS result and the
Rb-Sr phlogopite kimberlite emplacement age
from the same samples. This apparent age oft-
set is likely due to minor lead loss associated
with damage to zircon crystal lattice as a result
of U decay and potentially more errors associ-
ated with primary reference materials that are
much older than the samples. The zircon crys-
tals analyzed by TIMS were chemically abraded
prior to analysis to remove the effects of Pb loss
and therefore produced older—and likely more
accurate—ages (Widmann et al., 2019). The
CA-ID-TIMS results overlap with the diatreme
Rb-Sr emplacement age of 47.8 + 1.4 Ma,
and also the revised sample UA2842 glass
fission-track age of 53 £ 11 Ma. Though the
substantially lower precision of the Rb-Sr and
glass fission-track ages makes it difficult to
infer details of maar sedimentation, the overlap
within dating uncertainty between Rb-Sr—dated
kimberlite emplacement and the CA-ID-TIMS
age for tephra deposition at the lacustrine/peat
transition suggests that the maar lake formed
directly after eruption.

A major implication of our tephra zircon U-Pb
dating is the ~10 m.y. difference between the ca.
48 Ma ages reported here and the 37.8 4+ 4.0 Ma
glass fission-track age for the same tephra, as
reported by Doria et al. (2011) and Wolfe et al.
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(2017). The only difference in sample treat-
ment was an additional 15 s of HF acid etch-
ing for the ca. 48 Ma age reported here, which
suggests that longer etch times are required for
glass fission-track analyses of early Cenozoic
glasses (e.g., Westgate and Bray, 2021). The
annealing temperature for glass is low, leading to
fission-track fading even under ambient surface
temperatures. Thus, it is likely that the original
HF etch time applied in Doria et al. (2011) and
Wolfe et al. (2017) was insufficient to reveal all
of the annealed fission tracks, leading to lower
measured spontaneous track density and, in turn,
a younger calculated fission-track age. Under-
etching is also a known concern for fission-track
dating of young zircon (e.g., Kohn et al., 1992;
Seward and Kohn, 1997), and we demonstrate
here that under-etching can also yield substantial
inaccuracy when dating older glasses.

5.1.2. Giraffe Maar Tephra Geochemistry and
Potential Source Regions

The location of the source volcano(s) that pro-
duced the Giraffe tephra deposits is not known.
Glass shards from samples UA 1151/2842 and
UA1152/2843 have similar trace and major ele-
ment compositions and are enriched in Ba (1300—
1600 ppm). UA2845 is very different from the
other samples, including those from Wombat,
with lower Ba (~225 ppm), very depleted Sr
(~2.5 ppm), and enriched concentrations of Nb
and all LREEs except Eu. Sample UA2844 has
too few trace element analyses for any firm con-
clusions, but the major and trace element data
suggest it is more like the upper Giraffe tephra
than sample UA2845. Using the tectonic dis-
crimination diagrams of Schandl and Gorton
(2002), glass data for all of the tephra samples
broadly plot in the active continental margin field
or the margin with oceanic arc fields (Fig. 11).
Classifications on these discrimination diagrams
can be misleading as they are based on whole-
rock analyses; however, comparing these data to
those available in the literature for tephra glasses
shows them to be within the compositional range
of typical arc volcanics. The one partial outlier is
sample UA2845, with its exceptionally depleted
Sr, low Ba, very low CaO wt%, and high K,O
wt%. This geochemical pattern was observed in
numerous Neogene volcanic glasses from intra-
plate volcanic regions including (but not limited
to) various centers around the Long Valley Cal-
dera, such as Glass Mountain and the Mono-
Inyo craters in California, USA, South Mountain
Rhyolite of the Valles Caldera, New Mexico,
USA, and the High Rock Caldera complex of
Nevada, USA (e.g., Noble etal., 1972, 1979; Ren
et al., 2003; Coble and Mahood, 2016; Jensen
et al., 2021). There are also some examples of
compositionally similar tephra from arc-related
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Figure 9. Photographs of selected pollen, spores, and non-pollen palynomorphs preserved in preparations of samples from drill cores
CH93-29 and DDH00-5. Microscopy conducted with an Olympus BX-53 transmitted light microscope at 400x magnification under oil
immersion. Photos were captured using an Olympus SC50 camera and Olympus cellSens imaging software. Some specimens were pho-
tographed during post-enumeration scanning and are therefore not necessarily represented in Figure 8. Information for samples detailed
below include taxon name, taxonomical authority where applicable, sample, depth (m, vertical equivalent, VE), run number (“R” number),
GSC Curation number (“‘C”’-number), and England Finder coordinates. See Galloway et al. (2022) for full details on palynological analyses.
(1) Piceapollenites sp., sample 5-40-2-123_30, 237.0 VE m, R3830-5, C-638547, X27/2; (2) Rugubivesiculites cf. R. multisaccus Singh 1983
(left) and undifferentiated bisaccate pollen (right), sample 5-38-1-88, 227.5 VE m, R3830-2, C-638544, S27/3; (3) undifferentiated bisaccate
pollen, sample 5-40-2-123_130, 237.0 VE m, R3830-5, C-638547, Y29/1; (4) Podocarpaceae sample 5-39-1-136_140, 232.1 VE m, R3830-3,
C-638545, S36-2; (5) Cycadopites follicularis Wilson and Webster 1946, sample 5-40-2-123_130, 237.0 VE m, R3830-5, C-638547, W27/3; (6)
Cupressaceae-Taxaceae, sample 5-39-1-136_140, 232.1 VE m, R3830-3, C-638545, T35/2; (7) Metasequoia sp., sample 5-38-1-88, 227.5 VE
m, R3830-2, C-638544, X26/2; (8) Cerebropollenites mesozoicus (Couper 1958) Nilsson 1958, sample 5-40-2-123_130, 237.0 VE m, R3830-5,
C-638547, 017/1; (9) Alnipollenites sp., sample 5-24-3-3,168.1 VE m, R3830-1, C-638543, Q29/4; (10) Paraalnipollenites alterniporus (Simp-
son) Srivastava 1978, sample 5-39-1-136_140, 232.1 VE m, R3830-3, C-638545, U35/4; (11) Coryluspollenites sp., sample 93-29-67-4-64,277.1
VE m, R3830-6, C-638548, N26/1; (12) Momipites sp., sample 5-40-2-123_130, 237.0 VE m, R3830-5, C-638547, S41/4; (13) Caryapollenites
sp., sample 5-40-2-123_130 R3830-5, C-638547, S28/3; (14) Ulmipollenites sp., sample 5-40-2-123_130, 237.0 VE m, R3830-5, C-638547,
Q29/3; (15) Cretacaeiporites sp., sample 93-29-67-4-64, 277.1 VE m, R3830-6, C-638548, R23/3; (16) Liliacidites sp., sample 5-38-1-88, 227.5
VE m, R3830-2, C-638548, X27/2; (17) Quercoidites sp., sample 5-40-2-123_130, 237.0 VE m, R3830-5, C-638547, Y29/1; (18) Retricol-
pites sp., sample 5-40-2-123_130, 237.0 VE m, R3830-5, C-638547, U38/4; (19) Salixpollenites sp., sample 5-24-3-3, 168.1 VE m, R3830-1,
C-638543, Q29/4; (20) Retitriletes austroclavatidites (Cookson 1953) Doring et al. in Krutzsch 1963, sample 5-39-3-39, 233.9 VE m, R3830-3,
C-638546, X21/2; (21) Stereisporites antiquasporites Dettmann 1963, sample 93-29-67-4-64, 277.1 VE m, R3830-6, C-638548, R39/3; (22) Os-
mundacidites wellmannii Couper 1953, sample 5-39-3-39, 233.9 VE m, R3830-4 C-638546, W37/2; (23) Baculatisporites comaumensis Potonié
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1953, sample 5-38-1-88, 277.5 VE m, R3830-2, C-638544, S36/2; (24) Laevigatosporites ovatus Wilson and Webster 1946, sample 5-39-3-39,
233.9 VE m, R3830-4, C-638546 (tephra horizon), P17/2; (25) Cyathidites australis Couper 1953, sample 5-39-3-39, 233.9 VE m, R3830-4,
C-638546 (tephra horizon), Z39/2; (26) unidentified acritarch, sample 93-29-67-4-64, 277.1 m VE, R3830-6, C-638548, no England Finder
coordinates; (27) Pediastrum Meyen 1829, sample 5-40-2-123_130, 237.0 m VE, R3830-5, C-638547, S26/2; (28) unidentified dinoflagellate

cyst, sample 93-29-67-4-64, 277.1 m VE, R3830-6, C-638548, V32/4.

<

<

volcanoes, such as Uzon Caldera and Bolshoi
Semiachik, Kamchatka (Portnyagin et al., 2020),
and several tephras associated with calderas in
Central America, although these tend to have
higher BaO (e.g., Mixta Pumice, Guatemala; e.g.,
Schindlbeck et al., 2018). This does raise the pos-
sibility that some of these tephra may be inter-
continental rather than arc-related. Also notable
is that this geochemical signature appears to be
strongly associated with calderas.

Recently, Westgate and Bray (2021) proposed
that the most likely candidate for the source of
the UA2842/43 Giraffe tephra could be located
~1500 km west of Lac de Gras in east-central
Alaska, USA, where a thick pile of Paleocene
(57.8 £ 1.7 Ma; K-Ar) rhyolitic-welded ignim-
brites was found (site EC; Bacon et al., 1990).
This tentative source attribution was based on
the distinctive high Ba concentration in sample
UA2842/43 and other volcanic rocks in the pro-
posed source area. However, there are no known
chemical analyses for the 57.8 Ma welded
ignimbrites, and their existing K-Ar geochronol-
ogy is inconsistent with the younger U-Pb ages
reported here for the Giraffe tephra.

5.1.3. Timing of the Giraffe Maar Lake
Sedimentation

Previously, based on palynological exami-
nation of xenoliths from volcaniclastics in the
Hardy Lake kimberlites, Scott Smith and McKin-

lay (2002) and Scott Smith (2008) suggested that
some kimberlite post-eruptive craters in the Lac
de Gras field could have infilled slowly follow-
ing a long period (possibly millions of years) of
no sedimentation. In contrast, Moss et al. (2008)
suggested rapid onset of sedimentation in the
post-eruption crater, based on examination of
crater-facies deposits and pipe geometry of the
A154N kimberlite pipe.

The U-Pb date of 48.72 + 0.2910.30 Ma for
the lower lacustrine facies in the Giraffe maar, in
conjunction with the Rb-Srage of 47.8 &+ 1.4 Ma
for kimberlite emplacement (Creaser et al.,
2004), suggest that water infilled the post-erup-
tive crater nearly instantaneously. Assuming
this single zircon age accurately constrains the
timing of initial lacustrine sedimentation, the
U-Pb age of 47.995 =+ 0.08210.087 Ma from the
upper section of the lake succession indicates
that the lake infilled with sediment relatively
slowly over ~700 k.y., at a sedimentation rate
of ~0.06 £+ 0.04 mm/yr). This estimate for the
duration and rate of lacustrine sedimentation is
hampered by the low precision of the U-Pb date
for the lower tephra (UA2845) and the lack of
intermediate dated horizons to corroborate the
core age-depth model. Nevertheless, the data
suggest that Lac de Gras maar lakes were rela-
tively short-lived water bodies with sedimenta-
tion beginning directly after kimberlite emplace-
ment, which is consistent with the assessment
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of Moss et al. (2008). Slow sedimentation rates
of ~0.1 mm/yr for the Giraffe maar are broadly
consistent with the sedimentation rate estimates
from other maar lake localities, including the
Eocene Eckfeld maar (~0.4 mm/yr; Mingram,
1998) and Messel maar (~0.15 mm/yr; Lenz
et al., 2015). This sedimentation rate is also
consistent with Holocene sedimentation rates of
lakes on the Canadian Shield in the Northwest
Territories (Crann et al., 2015) but is lower than
mean sedimentation rates of lakes in mid-lati-
tude (1.0 mm/yr) and southeastern (2.2 mm/yr)
North America over the past 150 years (Brothers
et al., 2008).

5.1.4. Implications for Early Eocene CO,
Reconstruction and Paleoclimate

The early Eocene was marked by short-lived
hyperthermal events that culminated in the Early
Eocene Climatic Optimum (EECO), which was
a sustained hyperthermal interval with a global
mean surface temperature that was ~13 °C
warmer than at present (Inglis et al., 2020).
Cooling that began in the middle Eocene (e.g.,
Zachos et al., 2008) marks the terminal interval
of the Paleogene greenhouse world, with the
onset of ice-sheet glaciation on Antarctica by
the earliest Oligocene (e.g., Pagani et al., 2011).

Previous multi-proxy paleoclimatic recon-
structions from the Giraffe maar lacustrine sedi-
ments and peat indicate that the region supported
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Figure 10. Stratigraphic diagram showing the relative abundance of pollen, spores, and non-pollen palynomorphs enumerated in prep-
arations of samples from drill cores CH93-29 and DDHO00-5 of the Wombat kimberlite, Northwest Territories, Canada. Plotted using
TiliaGraph (Grimm, 1993). VE—vertical equivalent.
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a humid-temperate forest ecosystem under only
modestly higher-than-present radiative forc-
ing from atmospheric CO, (Wolfe et al., 2017).
Wolfe et al. (2017) used a previous glass fission-
track age of 37.8 4= 4.0 Ma (Doria et al., 2011)
to propose a latest middle Eocene age for the
fossil-bearing horizons that conformably overlie
the maar lake sediments, which showed that the
Canadian subarctic was ~17 °C warmer (mean
annual temperature) and about four times wet-
ter (mean annual precipitation) than at present.
Stomatal index and gas-exchange model stud-
ies of Metasequoia foliage, from the same sedi-
ments used to reconstruct paleoclimate, yielded
a mean reconstructed atmospheric CO, concen-
tration of ~490 ppm (380-780 ppm at 1o; Doria
et al., 2011; Wolfe et al., 2017). This estimate
of atmospheric CO, concentration is likely an

0.5 0.6

underestimate by <100 ppm, based on a forth-
coming revision of the gas-exchange modeling
from new carbon isotopic and stomatal geom-
etry measurements of Metasequoia foliage using
methodological improvements following Liang
et al. (2022).

The revised ca. 48 Ma age (Ypresian, early
Eocene) of the Giraffe maar sediments places
this record at a time of higher atmospheric CO,
concentration. Although there is substantial vari-
ability in the current estimate of atmospheric
CO, during the latter part of the early Eocene at
ca. 48 Ma (e.g., Anagnostou et al., 2020; Wong
etal., 2021; Ring et al., 2022), the stomata-based
CO, reconstruction from the Giraffe maar fill
remains on the low end of the range of proxy
estimates. The pollen-based mean annual tem-
perature of 14.5 + 2.6 °C for the Giraffe site (20;
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Wolfe et al., 2017) is consistent with available
terrestrial paleoclimatic reconstructions (within
dating uncertainty) of ca. 48 Ma from the north-
ern high latitudes (e.g., Eldrett et al., 2009;
Greenwood et al., 2010; Suan et al., 2017). The
Giraffe record thus provides an important proxy
constraint for model-data comparisons of green-
house paleoclimate, such as recent simulations
with an improved ability to simulate the extreme
high-latitude warming under CO, conditions that
are more consistent with available proxy data
(e.g., Zhu et al., 2019).

The pollen assemblage reported by Wolfe
et al. (2017) preserved in the Giraffe kimberlite
pipe is broadly similar to the composition of
assemblages preserved in the upper five sam-
ples of the Wombat kimberlite pipe, in particular
that Cupressaceac dominates the gymnosperm
pollen, and fagalean types (Quercoidites and
Corylus) are important angiosperm elements.
Notable differences are that Wolfe et al. (2017)
reported the presence of the Eocene indica-
tor Platycarya swasticoides pollen, and in the
Giraffe material, angiosperm pollen are more
abundant than gymnosperm pollen (53%—74%
of the assemblage). In the Wombat material,
gymnosperm pollen ranges from 78% to 94% of
the assemblage, angiosperm pollen comprises
only 5%-19% of the assemblage, and spores
from ferns and allies comprise between <1%
and 2% of the assemblage. The basal sample
(C-638548) is distinct in that the preparation
contains 54% gymnosperm pollen, 13% angio-
sperm pollen, and 24% of taxa with affinities to
ferns and allies.

5.2. Timing of the Wombat Maar
Sedimentation and Its Implications

5.2.1. The Wombat Maar Zircon U-Pb Age

We interpret the UA3135 zircon U-Pb
weighted mean age of 80.9 = 1.0 Ma (Campa-
nian) to be the best maximum age estimate for
the onset of Wombat maar lacustrine sedimen-
tation. On this basis, we place the start of the
lake infilling around the early Campanian dur-
ing the Late Cretaceous (following Gale et al.,
2020). The Wombat kimberlite does not have
an established emplacement age, with previous
attempts using phlogopite Rb-Sr model ages (R.
Creaser, 2016, personal commun., cited in Siver
et al., 2016) and U-Pb rutile (C. Sarkar, 2019,
personal commun.) that yielded inconclusive
data. However, a spatially broad comparison of
the Wombat tephra zircon ages with the known
radiometric emplacement ages from the Lac de
Gras and Hardy Lake kimberlite fields shows
that there is a consistent temporal correlation.
The oldest Cretaceous kimberlites with known
emplacement ages (Heaman et al., 2004; Sarkar
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et al., 2015; Tovey et al., 2021) in the Lac de
Gras kimberlite field include the Darkwing
(75.2 &£ 21.6 Ma), Kudu (73.7 £ 7.4 Ma), C13
(73.9 £+ 2.6 Ma), Jaeger (71.4 = 7.8 Ma), and
Hardy Lake kimberlites (73-71 Ma), all of
which are slightly younger (Campanian—Maas-
trichtian) than the Wombat maar lacustrine
sediment age inferred from the tephra zircon
U-Pb age.

5.2.2. The Wombat Maar Tephra
Geochemistry and Potential Source Regions

The volcanic source(s) of the tephra recov-
ered from the Wombat maar cores are unknown.
Wombat tephra samples UA3135 and UA3134
are very fine rhyolites with trace element compo-
sitions pointing to an origin in an active continen-
tal margin or oceanic arc (Fig. 11). The Okhotsk-
Chukotka Volcanic Belt is a subduction-related
magmatic province in NE Eurasia that is located
on the western coast of the Sea of Okhotsk to the
east of the Chukchi Peninsula. The belt is char-
acterized by voluminous high-silica magmatism
(SiO, > 80 vol%), with the most recent erup-
tions occurring at ca. 8279 Ma (Campanian;
Tikhomirov et al., 2012; Pease et al., 2018). The
zircon U-Pb ages of the rhyolitic ignimbrites of
the western Okhotsk flank zone of the Okhotsk-
Chukotka Volcanic Belt suggest the occurrence
of volcanism from the Coniacian (89.8 Ma)
to the Campanian—Maastrichtian boundary
(72.1 Ma; Tikhomirov et al., 2012), which is
contemporaneous with the Wombat tephra zir-
con U-Pb ages. The Okhotsk-Chukotka Volca-
nic Belt is presently located >2500 km NW of
the Wombat locality and requires very intense,
large-scale Plinian-type volcanism for tephra to
reach the Lac de Gras region. Prevailing winds
would plausibly transport a tephra plume from
the Okhotsk-Chukotka Volcanic Belt eastward
toward the Lac de Gras region in northern North
America, which is consistent with the lack of
Okhotsk-Chukotka Volcanic Belt tephra deposits
west of the source region (Spicer and Herman,
2010). Based on their geochemistry, the distal
nature of the glass, and paleo-wind inferences,
it is possible that the eruption source area for the
Wombat tephra beds is the Okhotsk-Chukotka
Volcanic Belt, although other sources (e.g.,
Coast arc, Kluane arc, Idaho batholiths, and
Hansen Point Volcanic Complex) cannot be dis-
counted. The sparse availability of reliable geo-
chemical and geochronological data for Upper
Cretaceous tephra deposits in northern North
Anmerica is a major hurdle for reliable correlation
of these distal tephra beds, despite their potential
applicability as tephrostratigraphic marker hori-
zons, for example, in the Cretaceous strata of
the Western Canadian Sedimentary Basin (e.g.,
Lerbekmo, 1968).

5.2.3. Implications for Arctic Pollen-Based
Biostratigraphy

Given the Late Cretaceous (early Campa-
nian) age of lacustrine sedimentation in the
Wombat pipe maar sediments reported here,
it is notable that Aquilapollenites and Wode-
houseia are absent from Wombat palynologi-
cal samples. These taxa are typical elements
in Upper Cretaceous strata situated within the
Agquilapollenites floral province that occupied
the northern and western parts of North America,
from at least northern New Mexico northward
to the Arctic islands and Alaska (Batten, 1984).
Similarly, some taxa in the Wombat lacustrine
sediments (e.g., Alnipollenites and Ericaceiopol-
lenites) are commonly associated with Cenozoic
strata, which is seemingly inconsistent with the
80.9 £ 1.0 Ma early Campanian, tephra-based
age constraint for the Wombat maar.

The occurrence of Aquilapollenites pollen is
diachronous in North America. In the Western
Canadian Sedimentary Basin, this taxon appears
in the Santonian (Braman and Sweet, 2012),
and is later represented by a diversity of forms
in the Campanian and Maastrichtian, even at
high northern latitudes (Stanley, 1970; Batten,
1984). Diachroneity of its occurrence is noted
within strata of western Canada (e.g., Braman,
2001). Aquilapolienites, for example, is rare in
the Upper Santonian to lower Campanian Milk
River Formation in southern Alberta (Braman,
2001), and absent from correlative strata in the
Rocky Mountain region in the United States
(Nichols, 1994). In southern Alberta, species
of Aquilapollenites pollen do not become com-
mon until within the fully marine Campanian
Pakowki Formation and younger units, where
Aquilapollenites becomes characteristic of the
Pakowki and Foremost formations across much
of the Western Interior Basin (Braman, 2001,
2018). At other localities in the Western Cana-
dian Sedimentary Basin, Aquilapollenites taxa
are present in Coniacian (A. rombicus, A. species
1 of Braman and Sweet, 2012) and Santonian-
aged strata (A. senonicus; Braman and Sweet,
2012). Aquilapollenites spp. are part of the Early
Loranthaceous Palynofioral suite of Norris et al.
(1975), and present in strata of likely Santonian
to Late Campanian age (Lea Park Formation;
Amoco B-1 Youngstown well, Alberta).

The diachroneity of Aquilapollenites occur-
rences inhibits correlation within the Aquilapol-
lenites Floral Province of Canada, eastern Rus-
sian, and northern China for the Late Cretaceous
(Braman, 2001). In contrast, Wodehousiea pol-
len, another Upper Cretaceous indicator, is
typically confined to the Maastrichtian in North
America and eastern Asia (Nichols and Jacob-
son, 1982, and references therein; Nichols et al.,
2010), but rare occurrences in the Campanian
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are noted. For example, Wodehouseia pollen
(W. avita and W. spinata) occurs in uppermost
Maastrichtian strata in the Canadian Western
Interior Sedimentary Basin, and as W. fimbriata,
W. spinulosus, W. gracile, and W. jacutense in
strata of Maastrichtian age in the Horton River
area of the Northwest Territories (above 170 ft
in section CR16B; Mclntyre, 1974). Both Wode-
houseia and Aquilapollenties pollen occur in
strata of Maastrichtian age in the Yukon Terri-
tory (Sweet, 1978), and are dominant elements
in Maastrichtian strata on the Ellef Ringnes
and Amund Ringnes islands in the Canadian
Arctic Archipelago (Hopkins, 1973). However,
W. edmontonicola is also documented in strata
dated to ca. 73 Ma (Campanian; Braman and
Sweet, 2012), and W. gracile is documented in
rocks of uppermost Campanian age (ca. 73 Ma)
in southern Alberta (Braman, 2018). The occur-
rence of Alnipollenites and Ericaceiopollenites
pollen is typically indicative of a Paleocene
age; however, both are known to occur in the
Cretaceous (e.g., Takahashi, 1974; Miki, 1977;
Hickey et al., 1983; Crane and Stockey, 1987).
Therefore, the absence of Aquilapollenites and
Wodehousiea pollen in samples processed from
the DDHO00-5 and CH93-95 cores from the
Wombat kimberlite maar sediments accom-
modates a Campanian age determination based
on the U-Pb age determination of the tephra at
233.9 VE m depth in core DDHO00-5.

5.2.4. Implications for Late Cretaceous
Paleogeography of the Western Interior
Seaway

During most of the Cretaceous, the West-
ern Interior Seaway covered a vast portion of
North America (Fig. 12), spanning more than
6000 km from the Gulf of Mexico to the Arctic
Ocean with a width of >1600 km at its maxi-
mum extent (Leckie et al., 1991; Hay, 1995).
Broad swaths of the western Canadian Shield,
such as the Lac de Gras region, are devoid of
known Phanerozoic sedimentary rocks (Ault
et al., 2013), which makes it difficult to infer the
extent of the Western Interior Seaway in those
areas. Though Phanerozoic rocks were recov-
ered as xenoliths reworked into kimberlite (e.g.,
Sweet et al., 2003; Stasiuk et al., 2003, 2006),
the Wombat maar sediments represent the only
intact Upper Cretaceous sedimentary record in
the Lac de Gras region, which makes it a most
valuable record for this time period.

Vitrinite reflectance and apatite (U-Th)/He
thermochronometry suggest that the Lac de
Gras region was covered by Cretaceous strata
ranging between 1.4 km and 2.7 km thick (Sta-
siuk et al., 2002; Ault et al., 2013). Palyno-
logical investigation of sedimentary xenoliths
recovered from kimberlite crater-facies in other
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Lac de Gras kimberlites provides further con-
text regarding the inferred stratigraphic order
in the region. Between ca. 105 Ma and 90 Ma,
palynomorph assemblages and kerogen types
in kimberlite sedimentary xenoliths indicate a
marine or marginal marine depositional environ-
ment, which suggests that the Lac de Gras area
was near sea level at this time (Nassichuk and
Mclntyre, 1996; McKinlay et al., 1998; Stasiuk
et al., 2002; Sweet et al., 2003). Sedimentary
xenoliths dating between ca. 90 Ma and 80 Ma
are only encountered in Hardy Lake kimberlites,
which contain terrestrial Type III kerogen, but
likely with significant reworking and recycling
of organic matter (Stasiuk et al., 2002). During
this time, Sweet et al. (2003) suggested a signifi-
cant hiatus in deposition due to the absence of
age-indicative pollen assemblages.

The Wombat lacustrine fill indicates that dur-
ing the early Campanian, the Western Interior
Seaway regressed, and the Lac de Gras area
was above sea level. Organic petrological, geo-
chemical, and palynological data from sample
EG130-1 and Hardy Lake kimberlite xenoliths
suggest that the Western Interior Seaway likely
transgressed again during the Late Campanian,
submerging the Lac de Gras region and caus-
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ing marine conditions, followed by a hiatus
between ca. 73 Ma and 69 Ma (McKinlay et al.,
1998; Stasiuk et al., 2002; Sweet et al., 2003).
Xenoliths from kimberlites EG130-1, AB2, and
T14, and post-eruptive sedimentary fills from
the Panda, Sue, and KB-3 pipes suggest that
nonmarine conditions then occurred between
ca. 69 Ma and 45 Ma, with a gap in the record
between ca. 61 Ma and 56 Ma (McKinlay et al.,
1998; Stasiuk et al., 2002; Hamblin et al., 2003;
Sweet et al., 2003; Wolfe et al., 2012). This is
consistent with the revised chronological frame-
work for the Giraffe maar sediments, which
indicates nonmarine conditions in Lac de Gras at
ca. 48 Ma. At some point after ca. 45 Ma, most
of the Cretaceous strata must have been eroded
away by river systems (Bell, 1895; Duk-Rod-
kin and Hughes, 1994) or were preserved only
locally as xenoliths in kimberlite or kimberlitic
maar lake fills.

Regional correlation of marine and nonma-
rine sedimentation between contemporaneous
units along the Manitoba Escarpment, Brack-
ett Basin, and Sverdrup Basin, together with
inferred stratigraphy in the Lac de Gras area,
provide a broader perspective on the paleo-
geography of the Western Interior Seaway
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(Fig. 12). The Brackett Basin, ~650 km WNW
of the Wombat locality, is the closest terrestrial
sedimentary succession to the Lac de Gras area
(Sweet et al., 1989). The Little Bear Formation
in the Brackett Basin was interpreted as a series
of delta-front or propagating shoreface deposits,
and it contains both marine and nonmarine strata
and is roughly contemporaneous to the Wombat
maar sedimentary fill (Dixon, 1999). The under-
lying and overlying Slate River/Trevor (Ceno-
manian—Turonian) and East Fork (Campanian—
Maastrichtian) formations are characterized as
marine deposits, which suggests a Turonian
regression of the Western Interior Seaway and
transgression sometime in the Late Campanian
(Yorath and Cook, 1981).

The Manitoba Escarpment is a mostly marine
Cretaceous sedimentary succession located
~1300 km SE of the Lac de Gras region
(Fig. 12), roughly along depositional strike. The
Cenomanian to upper Campanian formations
in the Manitoba Escarpment were deposited in
a marine setting near the eastern margin of the
Western Canada Sedimentary Basin (Schroder-
Adams et al., 2001). The Upper Maastrichtian to
Paleocene Boissevain Court and Turtle Moun-
tain formations are mainly nonmarine and rep-
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resent final regression of the Western Interior
Seaway in the region.

The Sverdrup Basin is a rift basin located
among the Queen Elizabeth Islands and inter-
island channels ~1500 km NE of the Lac de
Gras region (Fig. 12; Miall, 1991; Ricketts,
1994). The Cretaceous strata of the Bastion
Ridge Formation (where it occurs), the Kanguk
Formation, and the Mount Lawson and lower
section of the terrestrial Eureka Sound Group
combined Margaret formations (= Strand Bay
Formation) are predominantly marine in origin
and together span the Cenomanian to early/mid-
dle Paleocene, which suggests the region was
below sea level for most of the Late Cretaceous
(Miall, 1991; Ricketts, 1994; Embry and Beau-
champ, 2019). By the middle/late Paleocene, the
area had uplifted and was predominately nonma-
rine, as indicated by numerous well-preserved
plant fossils in the Mount Moore Formation and
Margaret Formation (= Iceberg Bay Formation)
within the Eureka Sound Group on Ellesmere
Island (West et al., 2019).

The ages and depositional environments of
stratigraphic successions in the Brackett Basin,
Manitoba Escarpment, and Sverdrup Basin,
together with the xenolith and kimberlite sedi-
mentary records from the Lac de Gras area,
make it possible to infer patterns of regression-
transgression of the northern reaches of the West-
ern Interior Seaway shoreline (Fig. 12). Marine
conditions persisted at all of the localities from
Cenomanian to at least middle Turonian time,
followed by hiatuses in the Brackett Basin and
Lac de Gras that lasted at least until the Late
Santonian. A lower Campanian section of the
Little Bear Formation and the Wombat maar lake
sediments both contain terrestrial sedimentary
and palynological terrestrial indicators that sug-
gest at least a regional narrowing of the Western
Interior Seaway and a shift to a nonmarine envi-
ronment at the Lac de Gras site, while the Mani-
toba Escarpment likely experienced a hiatus in
deposition, and Sverdrup Basin remained below
sea level. The subsequent middle Late Campan-
ian transgression of the Western Interior Seaway
reversed conditions back to the full/marginal
marine environment in the Lac de Gras region
and the Brackett Basin. The timing of the final
shift from marine to permanent terrestrial setting
in the Lac de Gras region is unclear but probably
occurred sometime in the Late Maastrichtian to
early Paleocene.

6. CONCLUSION

The combination of CA-ID-TIMS and LA-
ICP-MS U-Pb zircon dating of tephra was
used to determine the timing of the Giraffe
maar lacustrine sediments, yielding age esti-

mates of 47.995 £ 0.08210.087 Ma and
48.72 £+ 0.2910.30 Ma for the upper and lower
lacustrine successions, respectively. Taken
together with the Rb-Sr phlogopite emplacement
age of 47.8 = 1.4 Ma, the radiometric geochro-
nology suggests that the Giraffe maar infill was
deposited at the end of the early Eocene (Ypre-
sian). The existing paleoclimatic and atmo-
spheric CO, proxy reconstructions from the
Giraffe maar sediments are thus ~10 m.y. older
than previously thought.

The geochronology of the Wombat maar sedi-
ments, as determined by zircon LA-ICP-MS
U-Pb dating of a distal rhyolitic tephra bed found
near the base of the lacustrine succession, yields
a close minimum age for the onset of deposition
at 80.9 & 1.0 Ma (early Campanian). No esti-
mate of the eruption age of the Wombat kimber-
lite is currently available. Pollen biostratigraphy
of the Wombat maar fill is complicated by the
heterochronicity of standard Late Cretaceous
and Paleocene indicator taxa; nevertheless, the
biostratigraphic constraints do not contradict
the ca. 81 Ma early Campanian age based on
tephra zircon U-Pb dating. The Wombat maar
sediments are the only record of the early Cam-
panian terrestrial strata in Lac de Gras. They pro-
vide a paleoenvironmental snapshot that supple-
ments the limited information from xenoliths of
now-eroded Mesozoic cover rock in the Lac de
Gras kimberlites. Together with sediments from
basins elsewhere in mid-continental Canada, the
Wombat maar sediment provides new insight
into the Late Cretaceous and Paleogene paleo-
geography of a data-poor region of the Western
Interior Seaway.

The eruptive source of the Giraffe and Wom-
bat tephra beds is unclear, with the glass geo-
chemistry being compatible with an origin in
an active continental margin or oceanic arc, but
sample UA2845 suggests that an intracontinen-
tal system cannot be ruled out. Potential tephra
sources include the Late Cretaceous Okhotsk-
Chukotka Volcanic Belt for the Wombat maar
sediments and the Paleocene rhyolitic-welded
ignimbrites in east-central Alaska for the Giraffe
maar locality.

Both the early Eocene Giraffe and Upper
Cretaceous Wombat post-eruptive maar lake
sediments preserve a diversity of fossil and sedi-
mentary data that provide a window into sub-
arctic environments during past globally warm
climatic intervals (Siver and Lott, 2023). With
hundreds of known kimberlite pipes in the Lac
de Gras field, most of which are latest Creta-
ceous or Paleogene in age, it is likely that there
are other kimberlite maar sedimentary records
of subarctic greenhouse paleoenvironments.
The refined chronological framework provided
in this study is a required first step for the devel-
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opment of proxy paleoclimatic records from the
long, continuous sedimentary records of these
high-latitude kimberlite maars. In turn, the new
geochronology will enhance the utility of these
paleoclimatic data for proxy-model compari-
son, for constraining, pole-to-equator climatic
gradients, and for elucidating the function of
the greenhouse climatic system in deep time at
higher latitudes.
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