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a b s t r a c t

Neogene volcanism in the Fort Selkirk area began with eruptions in the Wolverine Creek basin ca. 4.3 Ma
and persisted to ca. 3.0 Ma filling the ancestral Yukon River valley with at least 40 m of lava flows.
Activity at the Ne Ch’e Ddhäwa eruptive center overlapped with the last stages of the Wolverine Creek
eruptive centers. Hyaloclastic tuff was erupted between ca. 3.21 and 3.05 Ma. This eruption caused or
was coincident with damming of Yukon River. The first demonstrable incursion of a Cordilleran ice sheet
into the Fort Selkirk area was coincident with a second eruption of the Ne Ch’e Ddhäwa eruptive center
ca. 2.1 Ma. The Ne Ch’e Ddhäwa subglacial mound was erupted beneath at least 300 m of glacial ice (Ne
Ch’e Ddhäwa Glaciation). The Eruption of the Fort Selkirk center occurred between the last eruption of
Ne Ch’e Ddhäwa and Fort Selkirk Glaciation (ca. 2.1e1.5 Ma). Till and outwash from Fort Selkirk Glaci-
ation are conformably overlain by nonglacial sediments that contain the Fort Selkirk tephra (fission track
dated at ca. 1.5 Ma). These nonglacial sediments also preserve a short magnetic reversal (reversed to
normal) identified as the Gilsá polarity excursion. Temporal control and sedimentology constrain Fort
Selkirk Glaciation and the Fort Selkirk Local Fauna to marine isotope stage 54. Rapid and extensive
eruption of the Pelly eruptive center filled the Yukon River valley with 70 m of lava which buried these
glacial and nonglacial sediments and dammed Yukon River. Local striations and erratic pebbles occur on
the last of these lava flows. They document a subsequent incursion of glacial ice during the last 500 ka of
the Matuyama Chron (Forks Glaciation). The last major eruption of mafic lava occurred in the middle
Pleistocene west of (early Holocene) Volcano Mountain in basin of Black Creek: lava flowed down the
valley presently occupied by Black Creek and dammed Yukon River in the area of the Black Creek
confluence. This eruption predated the middle Pleistocene Reid Glaciation. Minor volcanism has
continued in this area since the middle Pleistocene at Volcano Mountain.

� 2011 Elsevier Ltd and INQUA. All rights reserved.
1. Introduction

The eruptive history of mafic volcanic centers in the Fort Selkirk
area, Yukon Territory (Figs. 1 and 2), extends from the mid Pliocene
to the latest Pleistocene or early Holocene (Jackson et al., 2008;
Nelson et al., 2009). Lava flows, hyaloclastites and interstratified
.
sity of Otago, Dunedin 9054,

nd INQUA. All rights reserved.

., Jr.et al., Pliocene and Pleisto
, Fort Selkirk Volcanic Gro
sediments are collectively referred to as the Fort Selkirk Volcanic
Group (FSVG; Bostock, 1936). FSVG is situated within the western
limits of late Pliocene and early Pleistocene Cordilleran ice sheets.
Radiometric dating and investigation of the paleomagnetism of
volcanic rocks and interstratified glacial and nonglacial sediments
have constrained the ages of the most extensive late Pliocene and
early Pleistocene ice sheets that pressed into this region, and have
allowed glacial deposits to be correlated to the marine oxygen
isotopic record.

This paper adds additional and revised numerical ages for
eruption of FSVG and associated volcanic damming of the paleo-
Yukon River. It expands and refines the chronology of regional
cene volcanic interactionwith Cordilleran ice sheets, damming of the
up, west-central Yukon, Canada, Quaternary International (2011),

mailto:lijackso@nrcan.gc.ca
www.sciencedirect.com/science/journal/10406182
http://www.elsevier.com/locate/quaint
http://dx.doi.org/10.1016/j.quaint.2011.08.033
http://dx.doi.org/10.1016/j.quaint.2011.08.033
http://dx.doi.org/10.1016/j.quaint.2011.08.033


Fig. 1. Yukon Territory and adjacent Alaska, British Columbia, and Northwest Territories. Locations referred to in this paper are shown. Inset: Fort Selkirk area and Fort Selkirk
Volcanic Group and late Pliocene or early Pleistocene all-time-limit of glaciation and limit of glacial cover during Reid Glaciation (generalized from Bostock, 1966). Abbreviations:
DCdDawson City; RBCdarea of Rosebud Creek lava flow; STdShakwak Trench; TRdTanana River; TTdnorthwestern portion of Tintina Trench in Yukon; 40midarea of lava flow
near the village of Fortymile; WRdWhite River.
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Fig. 2. Eruptive centers of Fort Selkirk Volcanic Group and location of sections and other sites referred to in text and other figures. Inset: pre-volcanic valley of Yukon River and its
bedrock geology (Ryan et al., 2010); HCFdisolated lava flow at the mouth of Holbrook Creek.

L.E. Jackson Jr. et al. / Quaternary International xxx (2011) 1e18 3

Please cite this article in press as: Jackson, L.E., Jr.et al., Pliocene and Pleistocene volcanic interactionwith Cordilleran ice sheets, damming of the
Yukon River and vertebrate Palaeontology, Fort Selkirk Volcanic Group, west-central Yukon, Canada, Quaternary International (2011),
doi:10.1016/j.quaint.2011.08.033



L.E. Jackson Jr. et al. / Quaternary International xxx (2011) 1e184
glaciation in Yukon during the obliquity-driven glaciations of the
late Pliocene and early Pleistocene (Raymo and Huybers, 2008). The
age of an early Pleistocene vertebrate fossil assemblage, the Fort
Selkirk Local Fauna (FSLF) (Storer, 2003, 2004) is further con-
strained. Based upon the age of FSLF, paleontologic evidence is
presented to suggest that the Cape Deceit Fauna, which is among
the oldest recording cold adapted Arctic Ocean borderland biota in
North America, dates to the Olduvai subchron or an older normal
magnetic interval.

2. Background

2.1. Physiographic and geologic setting

The Fort Selkirk area (Figs. 1 and 2) lies within the Yukon
Plateaus (Mathews, 1986), a rolling incised upland with elevations
ranging from 430 m along Yukon River up to 1940 m. Total relief
seldom exceeds 600 m. The basement rocks in the eastern part of
the Fort Selkirk area are predominantly underlain by dacite to
andesite flows and volcanoclastic rocks of the Triassic Seminoff
Formation (uTrS) that are altered to greenstone in some areas
(Fig. 2). The western portion of the area is underlain by Jurassic
granodiorite and monzogranite of the Aishihk Suite (Ryan et al.,
2010). Both eastern and western basement rocks are discontinu-
ously overlain by remnants of late Cretaceous predominantly
andesitic flood lavas of the Carmacks Group (Grond et al., 1984). The
late Cenozoic Fort Selkirk Volcanic Group (FSVG) includes small
volcanic edifices, extensive mafic lava flows and hyaloclastite.
Flows and hyaloclastite fill valleys that are clearly graded to the
valley occupied by contemporary Yukon River. These lava flows
reach cumulative thicknesses of up to145 m and form impressive
palisades in the area of the confluence of the Yukon and Pelly rivers.
FSVG locally contains interstratified sediments (Owen, 1959a,b)
that include an early Pleistocene vertebrate fauna (Storer, 2003,
2004).

The fill of lava flows and hyaloclastite sediments delineate the
course and elevation of a paleo-Yukon River and its tributaries prior
to the eruption of FSVG (Fig. 2). The pre-volcanic width of the
Yukon River valley changes with bedrock lithology and is appar-
ently the product of differential lateral fluvial erosion: within the
recessive volcanic rocks of the Seminoff Formation, the pre-FSVG
Yukon River valley was 3e5 km wide but to the west (down-
stream) within the crystalline rocks of the Aishihk Suite its width
narrowed to 1e2 km.

Accurate mapping of FSVG away from the Yukon River valley is
hampered by the overlying covering of glacial sediments, loess and
extensive bog and fen deposits that contain discontinuous
permafrost and support a dense boreal forest cover. Recent high
resolution aeromagnetic mapping (e.g. Kiss and Coyle, 2009) has
been useful in identifying FSVG where it fills late Cenozoic valley
systems graded to Yukon River. However, the older Carmacks
Group and Seminoff Formation have similar magnetic properties.
Consequently, determination of exact location of eruptive vents of
FSVG is difficult in upland settings.

Fort Selkirk is about 70 km downstream from the limit of the
last Cordilleran ice sheet (McConnell Glaciation: marine isotope
stage (MIS) 2) and 10 km downstream from the limit of the
Cordilleran ice sheet that formed during the penultimate MIS 6
Reid Glaciation (Ward et al., 2008) (Fig. 2). Erratics and glacial
meltwater features in the surrounding uplands indicate that all but
the highest ridges in the Fort Selkirk areawere glaciated prior to the
Reid Glaciation (Bostock, 1966; Jackson, 2000). Drift that lies
beyond the Reid glacial limit is eroded and discontinuous. It
represents at least seven glaciations based on the glacial record
reported from the Tintina Trench to the northwest (Fig. 1). These
Please cite this article in press as: Jackson, L.E., Jr.et al., Pliocene and Pleisto
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glaciations range in estimated age from as early as 2.6e2.9 Ma to
0.78 Ma (Froese et al., 2000; Duk-Rodkin et al., 2001, 2004, 2010).
Drift beyond the limit of ice cover during the Reid Glaciation has
been collectively referred to as ‘pre-Reid’. The all-time (pre-Reid)
limit of glaciation in the Yukon River valley is about 55 km to the
west of Fort Selkirk (Huscroft, 2002a,b). Extensive erosion of pre-
Reid glacial deposits and burial beneath cryoturbated middle and
late Pleistocene eolian and organic sediments generally precludes
subdivision of individual pre-Reid drift sheets in the Fort Selkirk
area.

Discrimination of individual pre-Reid glaciations inwest-central
Yukon has come largely as a result of the application of tephro- and
magnetostratigraphy. Tephras from the Wrangell and Aleutian
volcanic provinces have frequently fallen over west-central Yukon
during at least the last 3 Ma (e.g. Westgate et al., 2001, 2009). These
provide maximum or minimum ages to overlying or underlying
drift or paleosols where tephras can be dated numerically. Unfor-
tunately, most tephras in west-central Yukon are not suitable for
direct radiometric dating. However, they have proven to be
chemically or mineralogically distinct: they can establish relative
age of underlying glacial or nonglacial sediments. Paleomagnetic
investigations of tephras, paleosols, glacial and nonglacial fluvial
and lacustrine sediment, as well as till, have established a magne-
tostratigraphic record that can be related to the geomagnetic
polarity timescale (Cande and Kent, 1995).

Tephrochronology, magnetostratigraphy and paleosol charac-
teristics have been combined to broadly limit ages e.g. Froese et al.
(2000) whereas volcanic rocks can be dated radiometrically and are
also excellent recorders of earth’s magnetic field at the time of their
eruption. Where volcanic rocks are interstratified with glacial and
interglacial sediments or where they were erupted beneath or in
contact with glacial ice, they constrain the age and extent of
glaciations and interglaciations. The Fort Selkirk area offers many
such opportunities.

2.2. Previous work and rationale for revisiting the glacial and
volcanic chronology of the Fort Selkirk area

Jackson et al. (1996) and Jackson (2000) established a chro-
nology for eruptions and glaciations recorded at Fort Selkirk using
KeAr dating and paleomagnetism. Based upon their interpretation
of polarity data and reliable KeAr ages of the basalts, they
concluded that the eruptions most-likely were restricted to the
middle and late Matuyama Chron (1.77e0.99 Ma; Cande and Kent,
1995). They attributed what they perceived to be erroneously old
radiometric ages to suspected retention of mantle argonwithin the
dated rocks.

Subsequent investigations have shown that the FSVG was
erupted over a longer span of time and its stratigraphy was more
complicated than previously assumed by Jackson et al. (1996).
Westgate et al. (2001) attributed a magnetic polarity reversal
within sediments interstratified within FSVG to a brief reversal in
the middle part of Matuyama Chron. This magnetic polarity
reversal had been attributed to the Jaramillo or Cobb Mountain
subchrons (within the latter part of the Matuyama Chron) by
Jackson et al. (1996). Froese et al. (2001) referred this event to the
brief Gilsá excursion (ca. 1.5 Ma; Clement and Kent, 1987) based
upon isothermal plateau fission-track dating of overlying tephra
and AreAr dating of overlying basalt flows, respectively: the basalt
flows underlying the Fort Selkirk tephra and outwash sediments of
the Fort Selkirk Glaciation (Fig. 3, Mushroom section) have been
constrained by AreAr and KeAr ages to the 2.23e1.83 Ma range
(Nelson et al., 2009). The application of AreAr dating was partic-
ularly important because it dismissed concerns about inherited
mantle argon and indicated that the westerly bias in
cene volcanic interactionwith Cordilleran ice sheets, damming of the
up, west-central Yukon, Canada, Quaternary International (2011),



Fig. 3. Sections between Pelly Ranch and Fossil sections along Yukon and Pelly rivers. Granulometric abbreviations at base of sections apply to sediments therein; cdclay; stdsilt;
sdsand; gdgravel; bdboulder; dddiamicton.
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paleomagnetism noted by Jackson et al. (1996) was not an artefact
of eruption of FSVG over a short period of time.

Huscroft (2002a) and Huscroft et al. (2004) reported normal
polarity FSVG lavas from lava flows along Yukon River in the Black
Creek area (Figs. 2 and 3). They were radiometrically dated to the
middle Pleistocene. They also demonstrated that these flows
temporarily dammed the Yukon River.

This paper reports new or revised AreAr radiometric ages,
supplementary field work carried out over the past decade and
integrate them with magnetostratigraphy reported by Nelson et al.
(2009) to provide a more comprehensive picture of the late Plio-
cene to middle Pleistocene eruptive history of FSVG, its interaction
with successive early Quaternary ice sheets and Yukon River.

2.2.1. Radiometric dating methodology
New radiometric ages reported in this paper and those incor-

porated in Nelson et al. (2009) were produced using laser 40Ar/39Ar
step heating analysis carried out at the laboratories of the
Geological Survey of Canada, in Ottawa, Ontario following the
procedures detailed in Nelson et al. (2009). Details of data collec-
tion and analytical protocols are outlined in Villeneuve and
MacIntyre (1997) and Villeneuve et al. (2000). Error analysis on
Please cite this article in press as: Jackson, L.E., Jr.et al., Pliocene and Pleisto
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individual heating steps follows numerical error analysis routines
outlined in Scaillet (2000). All error values associated with AreAr
age determinations reported here for the first time and those in
Nelson et al. (2009) are 2 sigma.

3. Eruptive history of Fort Selkirk Volcanic Group

FSVG (Fig. 2) consists of assemblages of mafic lava flows, pillow
breccia, hyaloclastite tuff and volcanic edifices (Jackson, 1989;
Francis and Ludden, 1990; Jackson et al., 1996) related to five
eruptive centers. They include interstratified glacial and nonglacial
sediments (Figs. 3 and 4). These are addressed in order of age
(Table 1). Eruptive facies of these assemblages were described in
detail in Jackson et al. (1996), Huscroft et al. (2004) and Nelson
(2006). The reader is directed to those sources for comprehensive
details of eruptive facies. Specifics concerning eruptive environ-
ments and facies are addressed in this paper as they directly relate
to the glacial record and evolution of Yukon River. Examples are
presented in Fig. 5. Fig. 6 summarizes the paleomagnetism of
volcanic rocks by their respective eruptive center and interstratified
sediments by site. Fig. 7 plots radiometric ages of lavas and their
polarities (Cande and Kent, 1995) and the record of d18O variation in
cene volcanic interactionwith Cordilleran ice sheets, damming of the
up, west-central Yukon, Canada, Quaternary International (2011),



Fig. 4. Sections between Wolverine Creek and Ne Ch’e Ddhäwa (NCD) eruptive centers.
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benthic fauna from the Lisieki-Raymo composite stack of marine
cores (Lisiecki and Raymo, 2005). Chemical analysis of eruptive
sequences was carried out by Francis and Ludden (1990). These
analyses were used, and field research did not routinely determine
the chemistry of volcanic rocks which were sampled. Consequently,
field terms such as ‘olivine basalt’ or ‘mafic lapilli’ are used in
descriptions of volcanic successions rather than normative
classifications.

3.1. Wolverine sequence

Lava flows of the Wolverine sequence (Francis and Ludden,
1990) are the oldest of the FSVG. They change in composition
from basanite (BAS) in the oldest flows, to alkaline olivine basalt
(AOB) and hypersthene normative alkaline olivine basalt (HyN) in
the highest and youngest flows where the succession is complete.
The sequence was erupted from vents to the south of Wolverine
Creek and from a source in an upland area east from the confluence
of Wolverine Creek and Yukon River. This latter center will be
referred to as Wolverine east (WE). Where they are exposed in
section, Wolverine sequence lava flows are composed solely of
colonnade/entablature successions. Consequently, they have char-
acteristics of type 1 and type 2 lava flows in the classification
scheme of Long and Wood (1986). Curvicolumnar jointing is
occasionally seen and generally occurs between entablature and
vertically jointed colonnade successions. Such sequences are
consistent with subaerial lava flows where the isothermal gradient
parallels the surface slope of the flow. Long and Wood (1986) and
Please cite this article in press as: Jackson, L.E., Jr.et al., Pliocene and Pleisto
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Lyle (2000) concluded that the development of entablatures in
flows is associated with lava flows that traversed stream valleys:
the resulting derangement of drainage brought water into contact
with lava flows from above through joint systems which rapidly
quenched horizons within them. This scenario is consistent with
the Wolverine lava flows which followed ancestral valleys of
Wolverine Creek and the Yukon River.

Eruption of the Wolverine centers began ca. 4.3 Ma during the
Gilbert Reversed Chron between the Nunivak and Chochiti
(normal) subchrons (Fig. 7) based upon AreAr dating and reversed
polarity of the stratigraphically lowest flow found. Eruptions
occurred intermittently until ca. 2.98 Ma (Table 1).

Lava flows filled the broad, pre-volcanic canyon of Wolverine
Creek to a depth of up to 100 m and an elevation of approximately
550 m a.s.l (the present course of Wolverine Creek follows its
ancestral course). These flows extended from west to east and
flowed at least 7 km north to the confluence of the Yukon and Pelly
rivers (Fig. 2, NCD North). The original northern extent of these lava
flows is not known because they were subsequently truncated
erosionally by the Yukon and Pelly rivers. Lava flows from the
Wolverine eruptive centers eventually filled the Yukon River valley
to a cumulative depth of 80 m and an elevation of 520 m a.s.l in the
area of Ne Ch’e Ddhäwa (Fig. 4).

3.1.1. Synchronous eruptions elsewhere in Yukon
Mafic lava flows contemporaneous with the Wolverine erup-

tions have been documented at two other localities in west-central
Yukon. These include a grey, vesicular olivine basalt lava flow that is
cene volcanic interactionwith Cordilleran ice sheets, damming of the
up, west-central Yukon, Canada, Quaternary International (2011),



Table 1
Radiometric ages determined on Fort Selkirk Volcanic Group and Fort Selkirk tephra.

Age (Ma B.P.)a Eruptive sequence MP Method age and source Comments related to Figs. 3 and 4
(section underlined)

4.34� 0.06 Wolverine R AreAr, this study Wolverine Creek section: base
2.98� 0.05 Wolverine As above Wolverine Creek section: top
4.36� 0.07 Wolverine R AreAr this study Ne Ch’e Ddhäwa south, highest lava flow. Underlies

hyaloclastites from eruption of Ne Ch’e Ddhäwa. KAr

age mistakenly attributed to site 16 in Jackson et al., 1996.
3.921� 0.11 KeAr, Jackson et al., 1996

3.05� 0.07 Wolverine R AreAr, this study Ne Ch’e Ddhäwa north, highest lava flow. Underlies
pre-Reid till and overlies polagonized hyaloclastites from
oldest eruption of Ne Ch’e Ddhäwa.

2.362� 0.055 R KeAr, Jackson et al., 1996

3.25� 0.10 Wolverine R AreAr, Nelson, 2006 Ne Ch’e Ddhäwa north, middle lava flow. Overlain by a gravel
indicating that River flow was impeded or dammed sufficiently
to aggrade approximately 40 m above the lowest exposed basalt
flow in this area. Stratigraphically below palagonized tuff from
first eruption of Ne Ch’e Ddhäwa volcanic center (maximum age
for this eruption).

2.14� 0.14 Ne Ch’e R AreAr this study Ne Ch’e Ddhäwa summit section: ice contact flows and brecciasdKe
Ar age mistakenly listed as sample 260689R5 in Jackson et al., 1996
and attributed to site 18. Correct sample number 280689R5

2.078� 0.055 Ddhäwa R KeAr, Jackson et al., 1996

1.83� 0.03 (a) Fort Selkirk R AreAr, Nelson et al., 2009 Mushroom section: radially arrayed colonnade, pillows, hyalloclastite
tuff breccia (a) base of lava flows 1 m above lower mushroom gravel
(b) 6 m above base of exposure (c) base of lowest flow
(d) near base of flows

This study
1.83� 0.04 (b) N Westgate et al., 2001
2.32� 0.26 (c) e Westgate et al., 2001
1.60� 0.16 (d) R KeAr, Westgate, 1989
1.489� 0.063 Pelly R AreAr, this study Pelly Ranch Section: lowest exposed flow in 145 m thick succession

of basalt flows and breccias: statistically indistinguishable from age
of lowest basalt flow at base of Fossil section but this site is much
closer to the eruptive center.

1.33� 0.07 Pelly R AreAr, Nelson, 2006 Mushroom section: dates the youngest (uppermost) basalt flow
of the Pelly Sequence at. Error values overlap with 5 out of 6 KeAr
and AreAr ages for lava flows in stratigraphically similar positions
at site 12.

1.37� 0.05 Pelly R AreAr, Huscroft et al. ,2004 Cave section: Pelly volcanic center lava flows
1.276� 0.34 KeAr, Jackson et al., 1996
1.35� 0.08 KeAr, Westgate, 1989
1.35� 0.11 As above
1.47� 0.11 As above
1.08� 0.1 Naeser et al., 1982
1.41� 0.085 Pelly R AreAr, this study Fossil section: flow immediately above eolian sediments containing

Fort Selkirk Local Fauna
1.48� 0.11 R Weighted mean, isothermal

plateau fission-track ages on
felsic tephra (1 sigma)
(Westgate, 1989).

Cave section: Fort Selkirk tephra

0441� 0.76 Black Creek N AreAr, this study Tip section: previously calculated and reported as 0.311þ 0.032 Ma in
Huscroft et al., 2004

1.597� 0.074 Source not
identified

R AreAr Base of isolated lava flow near Holbrook Creek

a KeAr and AreAr ages error values at 2 sigma.
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overlain by pre-Reid drift along the canyon of Rosebud Creek in the
area of the confluence of Rosebud and Grand Valley creeks 70 km
north-northwest of Fort Selkirk (Fig. 1, RBC) and a lava flow at
Fortymile Bluff along Yukon River downstream from Dawson City
(Fig. 1, 40mi). The Rosebud Creek lava flow has normal polarity and
an AreAr age 2.95� 0.044 Ma (formerly reported as 3.23� 0.05 Ma
in Huscroft et al. (2001) but recalculated from the same analytical
data using an improved algorithm). Its age and normal magneti-
zation clearly refers this eruption to the Gauss Normal Chron,
between the (reversed) Mammoth and Kaena subchrons (Fig. 7).
The Fortymile Bluff flow has reversed polarity (Nelson et al., 2009)
and a KeAr date of 3.05� 0.22 Ma (Hunt and Roddick, 1992). It is
referred to the (reversed) Kaena subchronwithin the Gauss Normal
Chron (Fig. 7).

3.2. Ne Ch’e Ddhäwa eruptive center

The Ne Ch’e Ddhäwa edifice (Figs. 2 and 4)was built as a result of
two eruptions. The older eruption predated glaciation whereas the
younger was subglacial. The older event erupted at least 50 m of
Please cite this article in press as: Jackson, L.E., Jr.et al., Pliocene and Pleisto
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mafic hyaloclastite tuff that has been altered topalagonite (hereafter
referred to as the ‘lower tuff’). It filled a canyon cut into lava flows
from the Wolverine eruptive centers. The lower tuff is intercalated
between lavaflows along its northern (downstream)margin. It rests
on a magnetically reversed lava flow AreAr dated at 3.21�0.07
(Nelson et al., 2009) and is capped by a magnetically reversed lava
flow dated at 3.049� 0.072 Ma (this study). The paleomagnetism of
the lower tuff has not been determined due to its alteration but its
intercalationbetween thedated lavaflows indicates that its eruption
likely occurred during the normal polarity interval between the
Mammoth and Kaena subchrons (Fig. 7).

The age of the eruption between ca. 3.21 and 3.05 Ma clearly
predates known regional glaciation in the west-central Yukon
(Duk-Rodkin et al., 2010). Consequently, glacial damming can be
eliminated as a mechanism for the formation of the lake under
which this hyaloclastite was erupted. Landslides large and rapid
enough to dam large rivers are unlikely in a relatively low relief
physiographic setting. The simplest explanation for the creation of
this lake is by volcanic damming of the river. The lower tuff erupted
within a canyon cut into pre-existing fill of lava flows from the
cene volcanic interactionwith Cordilleran ice sheets, damming of the
up, west-central Yukon, Canada, Quaternary International (2011),



Fig. 5. Examples of volcanic rocks, and interstratified sediments in Fort Selkirk Volcanic Group. A e nested lava flows with radiating columns, lower Mushroom section. Cliffs are
approximately 40 m high; B e interstratified blocky jointed and columnar lava flows (lf) and pillow breccias (pb). These represent a succession of lava-fed deltas graded to
a succession of lava-dammed lake levels in the ancestral Pelly River canyon; C e peperite containing gravel, intraclasts of fine sediment and pillow fragments above sediments
containing Fort Selkirk tephra, base of upper part of Mushroom section; D e lava-fed delta succession at Nose section: blocky jointed lava flows overlie foreset-bedded pillow
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Wolverine eruptive centers (Fig. 4). This canyon may have been
dammed by lava flows not presently visible or by the eruption of
the tuff itself. By the end of the eruption of the lower tuff, the
ancestral Yukon River was temporary elevated at least 40 m above
the base of lava fill. River flow deposited a 1 m-thick polymictic
brecca. Lines indicate attitude of foreset bedding. Total section height approximately 80 m; E
in laminated, very fine sand and is succeeded by laminated resedimented tephra. Sediments
(N) Gilsá excursion in otherwise reversely magnetized (R) sediment; G e base of fossil sec
Selkirk Local Fauna. The lower part of the silt is magnetically reversed (R) and the upper is
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cobble and pebble gravel that lies between the 3.21 and 3.05 Ma
lava flows and at the same elevation as the top of the lower tuff
(Fig. 4). The gravel is composed of 80e90 percent basalt clasts
(Fig. 8). The remaining non-basalt fraction is composed of felsic
granitoid clasts and schist that occur in the immediate area (Fig. 2)
e Cave section; F e top of sediments in Cave section. Fort Selkirk tephra was deposited
above laminae are massive very fine sandy eolian silt that contains the normal polarity
tion with cemented lapilli and ash beds overlying light grey silt that contains the Fort
normal (N) and is referred to the Gilsá excursion.

cene volcanic interactionwith Cordilleran ice sheets, damming of the
up, west-central Yukon, Canada, Quaternary International (2011),
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and quartzite and chert. The latter two lithologies crop-out
extensively tens of kilometres to the east and south of the Fort
Selkirk area. A few amphibolite clasts are also present. The only
mapped source for amphibolite is about 3 km to the south of the
gravel’s exposure along Yukon River (Tempelman-Kluit, 1984). Thus
the setting and lithology of this gravel collectively documents a fill
of at least 40 m of hyaloclastite tuff and lava flows within Yukon
River valley at the time of the deposition of this gravel by an
ancestral river.

3.2.1. Subglacial eruption of Ne Ch’e Ddhäwa
A subsequent eruption built the Ne Ch’e Ddhäwa (NCD) volcanic

edifice upon the lower tuff and adjacent lava flows. NCD rises about
300 m above the present flood plain of Yukon River. An extensive
exposure along its western flank reveals a core of composed of
a chaotic melange of tuff and pillow tuff breccia (Fig. 4).
Surrounding margins are composed of bedded to massive pal-
agonized tuff. These volcaniclastic rocks (White and Houghton,
2006) are olivine nephelinite (NEPH) in composition. The summit
is comprised of pillow breccia and pillow tuff breccia that are BAS in
composition (Francis and Ludden, 1990). Prominent lherzolite
xenocrysts are found throughout the edifice (Sinclair et al., 1978) as
well as scattered exotic pebbles and local blocks of glaciogenic
diamicton (Fig. 6) (Jackson, 1989; Jackson et al., 1996). Pillows near
the summit of this isolated edifice are particularly noteworthy for
their content of exotic pebbles. Similar assemblages of volcani-
clastic rocks have been described in subglacial mafic and inter-
mediate volcanic edifices and lava flows elsewhere in the Canadian
Cordillera (Edwards and Russell, 2002; Kelman et al., 2002) and in
Iceland (Skilling, 2009). The content of exotic pebbles and glacio-
genic diamicton in NCD volcaniclastic rocks further support erup-
tion in an intraglacial environment where englacial debris came in
contact with magma. However, NCD lacks a mesa-like summit
characteristic of tuyas (volcanoes that emerged through a glacier
(Mathews, 1947)). Rather, it is a typical subglacial mound (SGM)
(Hickson et al., 1995; Hickson, 2000).

An AreAr age of 2.14� 0.14 Mawas determined onmagnetically
reversed glassy lava near the summit of NCD (Table 1). This
corroborates a previous KeAr age of 2.078� 0.055 Ma on the same
exposure (Jackson et al., 1996) (Hunt and Roddick,1992). These ages
date the presence of a glacier at least 300 m in thickness in Yukon
River valley. This glacier was undoubtedly a local extension of an
early northern Cordilleran Ice Sheet. Cordilleran ice sheets that
affected the Fort Selkirk area had their sources in the Pelly Moun-
tains of east-central Yukon (Fig. 1) (Jackson et al., 1991; Ward and
Jackson, 1992; Duk-Rodkin, 1999). The name Ne Ch’e Ddhäwa
Glaciation is proposed for the glaciation documented by the
subglacial eruption of NCD. The radiometric ages for this event and
the reversed polarity of the rocks place it within one of several
possible even numbered (cold) marine isotope stages (MIS) 88e78
inclusive. This is the oldest glaciation for which there is direct
evidence in the Fort Selkirk area. It cannot be determined if the
Cordilleran ice sheet reached the limit of glaciation 55 km to the
west along Yukon River during the Ne Ch’e Ddhäwa Glaciation.
Possible evidence of a glaciation predating NCD Glaciation is dis-
cussed below in regards to the gravel that underlies lava flows from
the Fort Selkirk eruptive center.

3.3. Fort Selkirk eruptive center

Francis and Ludden (1990) recognized evidence for a small,
predominantly NEPH series eruptive center along Yukon River 4 km
downstream of the confluence of Yukon and Pelly rivers where
a complex of lava flows and pillow tuff breccia is exposed along
about 500 m of cliff banks on the north side of the river (lower
Please cite this article in press as: Jackson, L.E., Jr.et al., Pliocene and Pleisto
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portion of the Mushroom section in Figs. 3 and 5A). An additional
erosional remnant also occurs immediately south of Fort Selkirk
town site (Fig. 2, star symbol). Francis and Ludden (1990) called this
the Fort Selkirk eruptive center (FSEC). They suggested that the
eruptive vent for FSEC was beneath the bed of Yukon River at the
time of the eruption: FSEC lava flows overlie a polymictic gravel
(here called the lower Mushroom gravel). This gravel is strongly
imbricated and indicates the same westerly flow direction for the
paleo-Yukon River along this part of its course as the contemporary
Yukon River (Jackson, 2000). The lithology of this gravel is similar to
gravel that is clearly glacial outwash higher in Mushroom section
and in Cave section (Fig. 8). The top of this unit is about 13 m above
the present flood plain of Yukon River (see below). Only the upper
two metres of the gravel are exposed: its total thickness is
unknown. The contact between lava flows and gravel is commonly
marked by peperite and pillow-rich flow breccia. This suggests lava
flow on or eruption within a wet gravel flood plain. FSEC lava flows
and breccia are unconformably overlain by outwash gravel depos-
ited following the retreat of glacial ice at the end of the subsequent
Fort Selkirk Glaciation (Westgate et al., 2001).

FSEC lava flows are predominantly fan-columnar-jointed irreg-
ular bodies tens to a hundred metres in width and thickness.
Orientations of columns range from vertical to horizontal or over-
turned (Fig. 5A). The columns are abruptly bounded and nested
within other similar bodies. They are bounded along a nearly
vertical contact by pillow tuff breccia along the downstream limit of
the exposure. Fan-columnar jointing indicates a cooling history
involving non-horizontal isothermal surfaces surrounding a lava
flow. They have been attributed to flood water entering thick lava
flows or lava flows entering standing water (Long and Wood, 1986;
Lyle, 2000), and coolingwithin lava tubes (Lyle, 2000). They are also
common in subglacial eruptive environments (Skilling, 2009: his
facies lb; Roddick et al., 1977; Bergh, 1985; Bergh and Sigvaldason,
1991). Kelman (2005) and Smellie (2006) have shown that fan-
columnar jointing can be produced where subglacial eruption
occurs under thin, crevassed ice so that meltwater drains away and
prevents the generation of hyaloclastite tuffs and breccias.
However, unlike the NCD subglacial mound, exotic clasts or gla-
ciogenic diamictites have not been found within these lava flows. A
definitive explanation for the occurrence of the nested, fan-
columnar-jointed bodies in this area cannot be made based upon
their field relationships as they are presently understood.

3.3.1. Age of the Fort Selkirk eruptive center (lower part of
Mushroom section)

Determination of the age of eruption or eruptions of FSEC has
been problematic because of large error ranges of KeAr radiometric
ages, conflict between a single AreAr radiometric age and rema-
nent magnetic polarity (Table 1), and significant secular variation
among its flows (Nelson et al., 2009) (Fig. 6).

With regard to radiometric ages, Westgate et al. (2001) reported
a KeAr age of 2.32� 0.26 Ma (two sigma) on radially arrayed
columnar basalt immediately above the lower Mushroom gravel
(Fig. 3). Although remanent magnetismwas not determined for the
dated whole rock sample, the site was determined to have reversed
polarity by Jackson et al. (1996) and Nelson et al. (2009). The error
values span a range from 2.58 to ca. 2.06 Ma (Table 1 and Fig. 7).
This spans a period of reversed geopolarity during the lower part of
Matuyama Chron and prior to the normal polarity Olduvai sub-
chron. That age range includes the error ranges of the radiometric
ages determined on lava from the subglacial eruption of Ne Ch’e
Ddhäwa. However, Fort Selkirk lava flows from a similar strati-
graphic position produced an AreAr age of 1.83� 0.03 Ma (Nelson
et al., 2009). The two sigma error values of this age fall entirely
within the (normal polarity) Olduvai Subchron (1.95e1.77 Ma;
cene volcanic interactionwith Cordilleran ice sheets, damming of the
up, west-central Yukon, Canada, Quaternary International (2011),



L.E. Jackson Jr. et al. / Quaternary International xxx (2011) 1e18 13
Cande and Kent, 1995). Thus, this radiometric age is incompatible
with the polarity of the rock suggesting that this age may be
inaccurate at the two sigma error value.

Two additional KeAr radiometric ages have been determined on
lava flows higher within the nested lava flows from the Fort Selkirk
eruptive center. These are 1.83� 0.04 Ma and 1.60� 0.16 Ma (at
two sigma error values). The lava flow that yielded the former age
was reported to have normal polarity and the latter reversed
(Westgate et al., 2001). Nelson et al. (2009) made a concerted effort
to find and resample the site with normal polarity but they were
not able to corroborate it: all their measurements yielded reversed
polarity. Like the AreAr age described above, the error values for
the older KeAr age fall entirely within the normal polarity Olduvai
subchron. Thus, it too would appear to be inaccurate at two sigma
error value. There presently is no explanation for how the isotopic
systematics may have been disrupted in these rocks in order to
produce these inconsistencies. The error range for the 1.60 Ma lava
spans 1.76e1.44 Ma which was a period of reversed geopolarity
during the middle part of the Matuyama Chron. However, the
portion of the error value younger than ca. 1.5 Ma is clearly
incompatible with the well dated overlying sediments and lava
flows from the Pelly eruptive center and can be disregarded (see
below).

In addition to the wide range of radiometric ages on these lavas,
Nelson et al. (2009) found significant secular variation within FSEC
flows (Fig. 7). They suggested that the FSEC lava flows are the
product of several eruptions sufficiently separated in time to record
significant secular variation.

In summary, the age of eruption or perhaps two or more erup-
tions of FSEC is poorly constrained to periods of reversed
geomagnetic polarity over a range of from 2.58 to ca. 1.5 Ma.
3.4. Volcanic activity between the eruptions of Fort Selkirk and Pelly
volcanic centers

A single 1 km long remnant of a reversed polarity AOB flow
overlies terrace gravels 26 m above the north bank of the Yukon
River immediately upstream from the confluence with Holbrook
Creek (Fig. 2, HCF; Huscroft, 2002a,b; Huscroft et al., 2004). The
underlying terrace gravel is strongly imbricated and indicates
a westerly flow direction consistent with the contemporary Yukon
River. An AreAr age of 1.597� 0.074 Ma was determined on the
flow. This age is compatible with its reversed polarity (Fig. 7). The
eruptive source of this lava flow is unknown.
3.5. Pelly center eruptions, river damming, Fort Selkirk Glaciation
and Fort Selkirk Local Fauna

All lava flows from the Pelly eruptive center are magnetically
reversed (Jackson et al., 1996; Nelson et al., 2009) and they are
compositionally dominated by AOB (Francis and Ludden, 1990).
AreAr and KeAr ages bracket eruption of the Pelly eruptive center
between ca. 1.5 and ca. 1.3 Ma (Table 1). A single KeAr age of
1.08� 0.05 Ma (Naeser et al., 1982) indicates a more recent age for
a lava flow within the Pelly sequence but this age has not been
reproduced by subsequent dating and much of its error range
overlaps with Jaramillo (normal polarity) subchron (Fig. 7) which
brings its accuracy into question. Lava flows from the Pelly eruptive
center buried much of the pre-existing topography between Pelly
Ranch, Black Creek and Yukon River including lava flows and
breccias and of the Fort Selkirk eruptive center. Pelly flows are
separated from Fort Selkirk lava flows by till and outwash from the
Fort Selkirk Glaciation and interglacial lacustrine sediments and
loess (Jackson et al., 1996; Westgate et al., 2001).
Please cite this article in press as: Jackson, L.E., Jr.et al., Pliocene and Pleisto
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The exact location(s) of the Pelly eruptive center vents (Fig. 2) is
obscured by forest and muskeg north of the Yukon River. Recent
high resolution aeromagnetic surveys (e.g. Kiss and Coyle, 2009)
suggest an eruptive source in the upland immediately northwest of
Pelly Ranch. This is corroborated by thickening of Pelly lava flows
northward from the Yukon River from a cumulative thickness of
about 85 along the Yukon River (Cave, Fossil and Nose sections) to
a cumulative thickness of about 145 m near Pelly Ranch (Fig. 3).

Exposures of Pelly center volcanic rocks along the Yukon River
are dominated by irregularly jointed entablatures with secondary
vertically jointed colonnades. However, in the area of the conflu-
ence of the Yukon and Pelly rivers, eruptive faces consist of at least
50 m of foreset-bedded pillow breccia succeeded by flows with
a colonnade-entablature internal structure (Fig. 3, Nose section).
Two successions of thick pillow breccias and lava flows occur at the
Pelly Ranch section. Jackson et al. (1996) suggested the succession
at the confluence of the Pelly and Yukon rivers was created by lava
flows entering a deep lake. This type of succession has come to be
recognized as indicative of a lava-fed delta (Skilling, 2002). Alter-
nating flows and pillow breccias in the Pelly Ranch section
presumably marks a succession of lava-fed deltas that entered
a successive stands of a lake or lakes created by volcanic damming
of the ancestral canyon of Pelly River.

The Pelly eruptive center lavas buried successions of glacial and
nonglacial sediments that are of glacial-chronologic and bio-
chronologic significance. These are detailed below.

3.5.1. Cave section: volcanic damming of the Yukon River
The Cave section contains the most complete succession of

sediments from the Fort Selkirk Glaciation. It also records the
deposition of lacustrine sediments as a result of the initial
damming of the Yukon River by lava flows from the Pelly eruptive
center.

The reversed polarity Fort Selkirk till (Figs. 3 and 6) directly
overlies Triassic age greenstone at the base of Cave section. Till is
overlain by magnetically reversed polymictic outwash gravel
(Nelson et al., 2009). This grades upward into finely bedded sand
and silt which includes the Fort Selkirk tephra. The sediments show
no evidence of soils, cryoturbation or other indications of pro-
tracted breaks in sedimentation. The top of this fining-upward
sequence is about 35 m above the flood plain of the present Yukon
River. A similar succession, but without till, is present at the
Mushroom section. Maximum limiting ages for the till, outwash
and succeeding stratified sand and silt come from the underlying
Fort Selkirk eruptive center lava flows in the Mushroom section
with radiometric ages as young as ca.1.6 Ma. Minimum ages for this
sequence are limited by fission-track ages on the Fort Selkirk tephra
(weighted mean, isothermal plateau fission-track ages
1.48� 0.11 Ma Westgate et al. 2001) and radiometric ages of over-
lying Pelly eruptive center lava flows.

Equally significant, a magnetic reversal (reversed to normal)
occurs within the upper 1 m of sediment in Cave and Mushroom
sections. Themagnetic reversal is underlain in these sections by the
magnetically reversed Fort Selkirk tephra and overlain by
magnetically reversed lava flows with ages of 1.37� 0.05,
1.276� 0.34, 1.35� 0.16, 1.35� 0.22, and 1.47� 0.22 Ma (Table 1).
This magnetic reversal has been assigned to the short lived Gilsá
polarity excursion (Clement and Kent, 1987; Udagawa et al., 1999)
on the basis of this radiometric age control (Froese et al., 2001;
Nelson et al., 2009). This will be referred simply as the Gilsá
excursion.

The fining-upward sedimentary sequence (including the Fort
Selkirk tephra) at Cave section is overlain by up to a metre of
a mixture of vesicular basalt fragments, non-volcanic pebbly sand
and pebble gravel, and charred fossil wood (Westgate et al., 2001;
cene volcanic interactionwith Cordilleran ice sheets, damming of the
up, west-central Yukon, Canada, Quaternary International (2011),
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Huscroft, 2002a,b). At Mushroom section, the contact is a consoli-
dated, chaotic mixture of sand and fluvial gravel intraclasts, and
pillow fragments in a matrix of fine volcanoclastic lapilli which is
up to 3 m in thickness.

Intermixtures of volcanoclastic and non-volcanic clastic sedi-
ments are typically formed by fragmentation of magma as a result
of effusion and intermingling of wet sediment and are referred to as
peperite (Williams and McBirney, 1979; Skilling, 2002; White and
Houghton, 2006). At Cave section, the peperite appears to be
locally mixed with lapilli and ash similar to that at the base of Fossil
section (see discussion of Fossil section below). At Cave and
Mushroom, peperite is succeeded by pillow breccia, followed by up
to 45 m of subaerial basalt flows from the Pelly eruptive center.

The stratigraphic sequence of outwash gravel succeeded by
slack water sediments, peperite, and pillow breccia suggests that
local base level in the Yukon valley immediately downstream from
the Cave section was progressively rising following retreat of ice
from the area. This culminated with slack water conditions devel-
oping 35 m above the contemporary flood plain of the Yukon River
rather than incision of the glacial sedimentary fill that would be
expected following the retreat of a valley glacier. Lava flows from
the Pelly eruptive center entered this slack water and mingled with
saturated sediments to form peperite and overlying pillow breccia
at Cave section.

The mechanism of base level rise was apparently filling and
damming of the Yukon valley by lava flows from the Pelly eruptive
center immediately downstream from the Cave section. The lava
flow and pillow breccia at the base of Fossil section 200 m down-
stream (see below) were a part of this lava fill. Lava flows from the
Pelly center eventually inundated the areas of the Fossil, Cave and
Mushroom sections and finally reached the area of the present
confluence of Yukon and Pelly rivers (Fig. 3 Nose section). The
resulting lake would have flooded an extensive reach of the Yukon
River valley upstream: assuming the 42 cm/km gradient that
characterises the modern Yukon River (Shimamura et al., 2000),
a lava dam 70 m high at Nose section would have created a lake
extending about 170 km to the south.

The Victoria Rock area, immediately downstream from the Fort
Selkirk town site (Fig. 2), marks the narrowest width of the Yukon
River valley between country rock to south and basaltic palisades to
the north. The narrows between cliff banks marks the site of the
breached lava dam created by the Pelly eruptive center’s eruptions
at the time of cessation of Pelly volcanism ca. 1.3 Ma ago.

3.5.2. Refinement of the age of Fort Selkirk Glaciation
Nelson et al. (2009) concluded that the Fort Selkirk Glaciation

occurred between the end of the Olduvai Subchron and the Gilsá
excursion on the basis of bracketing radiometric ages and reverse
remanent magnetism of the Fort Selkirk till and overlying sandy
sediments. Therefore, the Cave section sediments can be correlated
to MIS 54 (1.585e1.570 Ma) of the conservatively tuned LR04
benthic d18O stack of 57 marine cores (Lisiecki and Raymo, 2005):
the Gilsá excursion is well dated to MIS 54 based upon marine
stratigraphy in the North Atlantic Ocean and loess/soil stratigraphy
in northern China (Channell et al., 2002; Yang et al., 2007). The
sediments that record the Gilsá excursion at Cave section are at the
top of a conformable vertical succession from till to outwash to
slack water sediments. Based upon this, the Fort Selkirk Glaciation
is referred to MIS 54 as well: there is no evidence of any hiatus in
deposition within Cave section significant enough to place the Fort
Selkirk Till within an earlier cold peak of the MIS record.

The Fort Selkirk Glaciation clearly occurred during ca. 41 ka
warm/cold global climatic cycles that characterized the late Plio-
cene and early Pleistocene (Lisiecki and Raymo, 2007) prior to the
establishment of the orbital eccentricity-dominated (100 ky)
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climatic cycles that have dominated approximately the last 1 Ma
(Ashkenazy and Tziperman, 2004). Had the Fort Selkirk Glaciation
occurred during a preceding cold peak preceding MIS 54, the time
for erosion, pedogenesis or other processes to affect these erodible
sediments would have been at least 50 ka or longer. There is no
evidence of a break in sedimentation of such duration within this
erodible fining-upward succession.

These findings corroborate the suggested age of the Fort Selkirk
Glaciation at ca. 1.5 Ma by Westgate et al. (2001) based upon their
correlation of outwash that closely underlies the 1.45� 0.14 Ma
Mosquito Creek tephra at the Midnight Dome terrace near Dawson
City to the Fort Selkirk till.

3.5.3. Fossil Section: age of Fort Selkirk Local Fauna and
implications for the age of Cape Deceit Fauna (Alaska)

An 8 m thick reversed polarity vesicular basaltic lava flow
(1.41�0.085 Ma) occurs at the base of Fossil section (Fig. 3). The
lava flow and 50 cm of flow breccia overlie 2 m of bedded (2e10 cm
in thickness) mafic vesicular lapilli and ash partially lithified by
a ferruginous cementation. Individual spindle-shaped vesicular
pyroclasts are present within lapilli beds. Ash and lapilli beds
contain syndepositional slump structures where they accumulated
from air-fall on steep irregular bedrock topography. Thus, this
bedded mafic tephra records a pyroclastic eruption that preceded
the inundation of the area by lava flows from the Pelly eruptive
center.

The bedded tephra overlies and preserves a structureless eolian
silt that contains the Fort Selkirk Local Fauna (FSLF) (Storer, 2003,
2004). The fossiliferous silt comprises a lens up to 1.5 m thick and
about 5 m long (Fig. 5). It accumulated on greenstone bedrock and
contains angular talus fragments up to 20 cm long. The silt lens fills
a depression at the base of a greenstone cliff (nowburied under lava
flows). Degraded plant fragments andwood occur along the contact
between mafic lapilli and eolian silt. This and the presence of bat
remains in FSLF infer that the area was within the northern limit of
forest (Parker et al., 1997) at the time of deposition of the eolian silt.

The lower half of the silt is reversely magnetized while the
upper half is normal (Jackson et al., 1996; Fig. 6). FSLF includes
abundant cheek teeth of the fossil vole Microtis deceitensis, whose
anteriormost lower molar is characterized by a four-triangle dental
crown pattern. The type sample of M. deceitensis is from the
extensively studied Cape Deceit Fauna (CDF) in Alaska (Guthrie and
Matthews, 1971; Matthews, 1974) which contains one of the oldest
records of cold adapted Arctic Ocean borderland biota in North
America. CDF was previously assigned to the late Pliocene or early
Pleistocene, and lies within normal polarity sediment (Brigham-
Grette and Hopkins, 1991). Storer (2003) maintained that
M. deceitensis at Fossil section was significantly younger than
M. deceitensis in CDF due to its relatively more complex dentition.
Furthermore, a single tooth of Microtus sp. of the “North American
clade” (Bell and Bever, 2006), whose anterior lower molars have
a five triangle crown pattern, was recovered at Fossil section: its
appearance post dates CDF in the fossil record and is the earliest
known occurrence of the group in eastern Beringia (the fossil is
shown in Storer, 2003, Fig. 4, No.11). Themagnetic reversal at Fossil
section is assigned to the Gilsá excursion based upon the radio-
metric age and reversed polarity of the overlying mafic lava flow
and similar stratigraphic succession of normally magnetized sedi-
ments preserved at the base of lava flows from the Pelly eruptive
center at the Cave (200 m east and at about the same elevation) and
Mushroom sections (see above). Although the Fort Selkirk tephra,
which occurs at the Cave andMushroom sections, does not occur at
Fossil section, there is paleontological evidence that supports the
correlation of sediments at Fossil section to those at the top of the
sediments in Cave section: scattered teeth originally referred to
cene volcanic interactionwith Cordilleran ice sheets, damming of the
up, west-central Yukon, Canada, Quaternary International (2011),
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Lasiopodomys sp. were found in the sediments at Cave (Jackson
et al., 1996). That designation by R. Harington of the Canadian
Museum of Nature followed the taxonomy of Repenning and
Brouwers (1992), who assigned M. deceitensis to the genus Lasio-
podomys. This is in agreement with the conclusion of Storer (2003)
that the normally magnetized sediments that host the CDF are
older that those at Fossil. This assigns CDF to the Olduvai subchron
or an older period of normal geomagnetic polarity. It further
eliminates the possibility that CDF dates to the younger Jaramillo
subchron in the latter part of the Matuyama Chron as was favoured
by Brigham-Grette and Hopkins (1991).

3.6. Forks Glaciation

One or more advances of glacial ice into or beyond the Fort
Selkirk area occurred after the cessation of volcanism from the
Pelly eruptive center. Bostock (1966, p. 5) described drift over-
lying lava flows northwest of Fort Selkirk. Drift cover was noted
in this area: a discontinuous veneer of polymictic gravel at the
top of Nose Section and erratic pebbles including chert pebbles
from the Selwyn basin directly north of Fort Selkirk. Further-
more, fluting and striations on basalt flows were recorded by
Bostock (1966, p. 5) near Pelly Ranch (ca. UTM 380350 N,
6967950 E). Unfortunately, orientations of striations and flutes
were not reported by him. The name ‘Forks Glaciation’ is
assigned to one or more glacial advances into or beyond the Fort
Selkirk area following the termination of eruptions from the Pelly
volcanic center and prior to the middle Pleistocene Reid Glacia-
tion (Huscroft et al., 2004; Ward et al., 2008). The name ‘Forks’ is
eponymous from the historic name ‘the forks’ given to the
confluence of Yukon and Pelly rivers by Hudson Bay Company
explorer and trader, Robert Campbell who built the original Fort
Selkirk there in 1848.

A till with reversed magnetic polarity caps the Ne Ch’e Ddhäwa
north section (NCDN) immediately south of the confluence of
Yukon and Pelly rivers (Nelson, 2006; Nelson et al., 2009) (Figs. 4
and 6). Jackson (2000) had referred this till to the middle Pleisto-
cene Reid Glaciation. On this basis, he concluded that glacier ice
reached the confluence of the Yukon and Pelly rivers during Reid
Glaciation. The subsequent discovery that this till has reversed
polarity indicates that the limit of ice during Reid Glaciation (which
clearly occurred during the present Brunhes Chron) was farther
upstream. The local limit of glacial ice during Reid Glaciation is near
the mouth of Wolverine Creek as initially suggested by Bostock
(1966) (Fig. 2).

The till capping NCDN documents the last glacier to reach the
confluence of the Yukon and Pelly rivers. This occurred during the
Matuyama Chron based upon its magnetic polarity and field rela-
tionships with the radiometrically dated underlying basalt flows
and the Ne Ch’e Ddhäwa subglacial mound. The preservation of
reversed magnetism in this till precludes overrunning of it by
glaciers during the subsequent Bruhnes Chron. A glacial advance
extensive enough to deposit the till at NCDN would likely have
reached the Pelly flows at the Nose Section or have been respon-
sible for the deposition of proglacial gravel that caps that section.
Further, based on glacial flow patterns reconstructed from subse-
quent glaciations, valley glaciers descending the Yukon River valley
from past Cordilleran ice sheets would be as extensive as those
descending the Pelly River valley. Consequently, it would be
unlikely that a valley glacier descending the Pelly River would
inundate Pelly Center lava flows without a glacier from the Yukon
River valley affecting them as well. Thus, the Forks Glaciation is
assigned to an interval of the late Matuyama Chron after the
termination of the eruption Pelly eruptive center ca. 1.3 Ma and
prior to Matuyama/Brunhes magnetic reversal ca. 0.78 Ma (Fig. 7).
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3.7. Damming of the Yukon River by the middle Pleistocene Black
Creek eruption

Francis and Ludden (1990) included the AOB flows downstream
from the confluence of Black Creek and Yukon River within the
Pelly eruptive center lava flows. However, Huscroft (2002a,b) and
Huscroft et al. (2004) determined that they were the product of
a significantly younger period of eruption based upon their normal
remanent magnetization and an AreAr age of 311�32 ka. This age
has subsequently been recalculated from the same analytical data
to 441�76 ka (MIS 13e10). Outwash overlies the lower reaches of
this lava flow. This outwash can be traced upstream to the area of to
the terminus of the valley glacier that descended Yukon River valley
from the margin of a cordilleran ice sheet during Reid Glaciation.
Consequently, this radiometric age is a maximum age for Reid
Glaciation (Huscroft et al., 2004). The source of these flows has not
been precisely located but its general location was west of present
day Volcano Mountain (Jackson and Stevens, 1992) in the basin of
Black Creek: lava flowed down the valley presently occupied by
Black Creek from this area. The outpouring of lava was sufficiently
rapid and voluminous to dam the Yukon River in the area of the
Black Creek confluence. The distribution of subaerial lava flows and
pillow breccia is asymmetric with respect to the Black Creek/Yukon
River confluence. A lava-fed-delta-sequence of flows over a pillow
breccia complex is exposed immediately upstream from the Black
Creek confluence (Fig. 3: Pillow Point) but subaerial flows extend
7 km downstream from this area (Figs. 2 and 3: Angel and Tip
sections). This is analogous to the asymmetric pattern between lava
dam facies and downstream subaerial lava flow extent within the
Pelly lavas at the confluence of Pelly River with Yukon River. It is
also analogous to volcanic facies seen in former lava dams along the
Colorado and Nass rivers (Hamblin, 1994; Hickson and Edwards,
2001; Fenton et al., 2002).

Sporadic volcanism continued in the Black Creek basin at
Volcano Mountain as recently as ca. the Pleistocene/Holocene
boundary based on radiocarbon dating of organic material in piston
cores from lava-dammed lakes and the presence of Holocene Bru-
nisols developed on lapilli (Jackson and Stevens, 1992; Sanborn,
2010).

4. Comparison of the glacial record in the Fort Selkirk area to
the Dawson City and adjacent Tintina Trench

A periglacial climate was established in west-central Yukon as
early as 3 Ma based upon the fission-track dating of the Quartz
Creek tephra which partly fills an ice-wedge pseudomorph in the
valley of its eponymous creek (Sandhu et al., 2001; Westgate and
Froese, 2005). The oldest glacial outwash in west-central Yukon
(Klondike Gravel) was reported by Froese et al. (2000) near the
confluence of Yukon and Klondike rivers near Dawson City. They
assigned the most extensive glaciation of the region to the Gauss
Chron (ca. 2.9e2.7 Ma; MIS G20 to G-2). Duk-Rodkin et al. (2001,
2004, 2010) found analogous evidence for the most extensive
glaciation of that region within complexes of graben-filling sedi-
ments in Tintina Trench to the northwest of Dawson City which
they have named ‘West Tintina Trench Allogroup’. These sediments
were deposited by valley glaciers from the Olgilvie Mountains and
early cordilleran ice sheets. The oldest deposits were referred to the
initial and apparently most extensive glaciation to impact the area,
which they assigned to the Gauss Chron (ca. 2.7 Ma) based on their
normal remanent magnetism, interstratified paleosols, palynology,
and resulting reorganization of drainage with the ancestral Yukon
River basin.

The absence of unequivocal evidence for glaciations older than
Ne Ch’e Ddhäwa Glaciation in the Fort Selkirk area, is likely due to
cene volcanic interactionwith Cordilleran ice sheets, damming of the
up, west-central Yukon, Canada, Quaternary International (2011),
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lack of preservation of glacial sediments by lava flows: there was an
apparent hiatus in volcanism between ca. 3.0 and 2.3 Ma, so that
erosion likely removed any glacial deposits laid down during that
time period. Only the polymictic nature of the lower Mushroom
gravel described above suggests that a regional glaciation may have
predated Ne Ch’e Ddhäwa Glaciation.

5. Summary and conclusions

The volcanic and glacial stratigraphy of the Fort Selkirk area is
revised through incorporation of new and revised AreAr ages
determined on mafic volcanic rocks assigned to the geomagnetic
polarity timescale. Glacial and nonglacial sediments are bracketed
by dated lava flows, tephrochronology and magnetostratigraphy,
and they are assigned to the LR 04 composite marine isotopic
record.

Neogene volcanism around the Fort Selkirk area began in the
Wolverine Creek area ca. 4.3 Ma and persisted to ca. 3.0 Ma.
Subaerial lava flows descended into an ancestral valley which
flowed in the same direction as the present day Yukon River. At
least 40 m of lava flows accumulated within the valley. Activity at
the Ne Ch’e Ddhäwa eruptive center overlappedwith the last stages
of the Wolverine Creek eruptive centers. It began with
a subaqueous eruption of hyaloclastic tuff between 3.21 and
3.05 Ma. This eruption caused or was coincident with volcanic
damming of the paleo-Yukon River.

The first clearly demonstrable incursion of a cordilleran ice
sheet into the Fort Selkirk area (Ne Ch’e Ddhäwa Glaciation) was
coincident with a second eruption of the Ne Ch’e Ddhäwa eruptive
center ca. 2.1 Ma. This eruption built the Ne Ch’e Ddhäwa subglacial
mound within at least 300 m of glacial ice.

The age of the eruption(s) of nested, radially jointed lavas from
the Fort Selkirk eruptive center is poorly constrained due to
contradictory radiometric ages of lava flows, and discrepancies
between radiometric ages and polarity data. The Fort Selkirk center
erupted during a period or periods of reversed geomagnetic
polarity between ca. 2.5 and 1.5 Ma.

Incursion of glacial ice into the Fort Selkirk area during the
subsequent Fort Selkirk Glaciation is documented by till and
outwash preserved between complexes of magnetically reversed
and radiometrically dated lava flows. Sediments deposited during
Fort Selkirk Glaciation grade upward into lacustrine and eolian
sediments that contain Fort Selkirk tephra (fission track dated at ca.
1.5 Ma). These nonglacial sediments also preserve a short magnetic
polarity reversal (reversed to normal) identified as the Gilsá
polarity excursion. These temporal controls constrain the Fort
Selkirk Glaciation to MIS 54. The Fort Selkirk Local Fauna, among
the oldest assemblages of cold adapted Arctic Ocean borderland
fauna in North America, was also coincident with the Gilsá excur-
sion. Evolutionary changes noted within microtine rodent teeth
present in the Fort Selkirk Local fauna indicate it to be younger than
the Cape Deceit Fauna in Alaska.

Rapid and extensive eruption of the Pelly eruptive center filled
the Yukon River valley with 70 m of lava flows and dammed the
Yukon River. A lava-fed deltawas built into this lake. Local striations
and erratic pebbles occur on top of this lava fill. They and a till along
the northern end of Ne Ch’e Ddhäwa document a subsequent
incursion of glacial ice. The name ‘Forks Glaciation’ is proposed for
this event. It is assigned to the last 500 ka of the Matuyama Chron
(excluding the Jaramillo normal subchron) based upon the radio-
metric age of ca. 1.3 Ma for Pelly eruptive center and a reversely
magnetized till associated with this glaciation.

The last major eruption occurred in the middle Pleistocene west
of present day Volcano Mountain in the basin of Black Creek: lava
flowed down the valley presently occupied by Black Creek from this
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area. The outpouring of lava was sufficiently rapid and voluminous
to dam the Yukon River in the area of the Black Creek confluence.
This eruption predated Reid Glaciation. Subsequent minor erup-
tions have occurred at Volcano Mountain as recently as ca. the
Pleistocene/Holocene boundary.
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Appendix 1. Lower Mushroom gravel

The polymictic lower Mushroom gravel (LMG) underlies the
basal lava flow at Mushroom section. Only the upper 1 m of this
gravel is exposed. Its contact with the overlying lava flow is about
13 m above the contemporary flood plain of the Yukon River (the
base of unit is not visible). LMG has a strongly imbricated fabric that
indicates a westerly flow (the same as present at this location) for
Yukon River (Jackson, 2000). Collectively, it documents that the
contemporary flow direction of Yukon existed at the time of its
deposition and that no more than 20 m of net incision by Yukon
River since that time.

Lithologies of the clasts composing the lower Mushroom gravel
(Fig. 8, histograms B and C) are similar to those found in till,
outwash gravel and hyaloclastite of the Ne Ch’e Ddhäwa, Fort Sel-
kirk and Forks glaciations in the Fort Selkirk area (Fig. 7, histograms
D to H). It is dominated by quartzite, sandstone, siltstone, chert and
cherty clastics, from the Selwyn Basin and felsic volcanics origi-
nating along the Tintina Trench at least 80 km to the east and
northeast (Jackson et al., 1986): it contains only a secondary content
of local lithologies such as felsic and intermediate plutonic rocks,
schist and greenstone, Ice sheets that have advanced into the Fort
Selkirk area habitually traverse much of southern Yukon from the
same source areas (Duk-Rodkin, 1999). This gravel is interpreted as
glacial or paraglacial i.e. reflecting erosion of a previously glaciated
landscape (Church and Ryder, 1972). It differs markedly from true
pre-glacial gravel in west-central Yukon, such as the auriferous
White Channel gravel near Dawson City (Froese et al., 2000) that
reflect erosion of a deeply weathered landscape and are dominated
by quartzose and local lithologies resistant to chemical weathering.
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