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Front cover, main photo. Oblique aerial view westward from below the surface elevation of an approximately 40 km2 
plateau immediately south of Capps Glacier (southwestern Tyonek Quadrangle). Volcaniclastic strata exposed along 
the margins of the plateau are the focus of this paper. Mount Spurr (3,374 m [11,070 ft]) is the conical, snow- and 
ice-covered peak (right skyline). Photograph by T.M. Herriott.

Upper inset. Oblique aerial view northeastward from above the volcaniclastic plateau’s surface. Part of the topo-
graphically distinct southwestern plateau margin is visible in the foreground. Foreground field of view is approximately 
1.5 km. Photograph by T.M. Herriott.

Lower inset. Outcrop-scale view of very-thick-bedded, boulder-bearing volcaniclastic strata of this study. Photograph 
by T.M. Herriott.
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GEOLOGIC CONTEXT, AGE CONSTRAINTS, AND SEDIMENTOLOGY OF A 
PLEISTOCENE VOLCANICLASTIC SUCCESSION NEAR MOUNT SPURR  
VOLCANO, SOUTH-CENTRAL ALASKA

Trystan M. Herriott1, Christopher J. Nye1, Richard D. Reger2, Marwan A. Wartes1, David L. LePain1, and Robert J. Gillis1

INTRODUCTION

Recent geologic studies in the Beluga, Chuitna, and 
Chakachatna rivers area of south-central Alaska were led by 
the Alaska Division of Geological & Geophysical Surveys 
(DGGS), in collaboration with the Alaska Division of Oil & 
Gas and the U.S. Geological Survey (USGS), and focused on 
the Cenozoic stratigraphy along Cook Inlet forearc basin’s 
northwestern margin (fig. 1). To elucidate locally complex 
and enigmatic structural and stratigraphic relations in the 
region, we conducted 1:63,360-scale geologic mapping of 
~2,220 km2 in the Tyonek Quadrangle (Gillis and others, in 
preparation; red box in fig. 1). Mapping was largely complet-
ed during the 2009 and 2010 field seasons, although the field 
program in this area was ongoing from 2007 through 2011. 

The map area, which lies ~60 km west of Anchorage, 
Alaska, extends from the northwestern coast of Cook Inlet 
near Tyonek, Alaska, westward to the axis of the modern 
volcanic arc along the southeastern flanks of the western 
Alaska Range (fig. 1). The uplands south of Capps Glacier 
(fig. 2) host a previously recognized but poorly understood 
package of volcaniclastic conglomerate, sandstone, and 
mudstone (map unit Qvc of this study). This volcaniclastic 
succession is readily mappable and comprises a physiographi-
cally prominent “volcanic plateau” (usage after Yehle and 
others, 1983); this feature is referred to in this study as the 
volcaniclastic plateau or, more simply, plateau (fig. 2). 

In this report, we describe the general characteristics of 
the volcaniclastic plateau, provide new age constraints for the 

ABSTRACT

A physiographically prominent, approximately 40 km2 plateau lies roughly 20 km east of Mount Spurr vol-
cano, northwestern Cook Inlet region, Alaska, and comprises the preserved remnant of a volcaniclastic succession, 
designated in this study as map unit Qvc. Although this readily mappable package of volcaniclastic rocks has been 
recognized in numerous studies during the past five decades, uncertainties regarding its age and origin have persisted. 
Qvc generally consists of structureless, thick-bedded, moderately indurated, subhorizontally dipping, matrix- to clast-
supported granule–boulder conglomerate, gravelly sandstone, and gravelly mudstone. Clasts and matrix are chiefly 
dense to vesicular intermediate(?) lava fragments and pumiceous to scoriaceous pyroclasts. The unit is thickest to 
the north, where an approximately 275-m-thick section discontinuously crops out south of Capps Glacier. Field rela-
tions and the mapped surface trace of a sub-Qvc angular unconformity suggest that marked topographic relief on a 
paleosurface—eroded into underlying Paleogene and Neogene-age strata—was established prior to deposition of the 
volcaniclastic succession. Several exposures of chaotically folded Qvc strata are associated with clastic dikes; these 
features are interpreted to record soft sediment deformation resulting from fluidization and/or liquefaction of water-
saturated sandy deposits in an environment subject to earthquake-induced shaking, high instantaneous sedimentation 
rates, or a combination thereof. 

U–Pb detrital zircon geochronology maximum depositional age determinations indicate the youngest sampled 
strata are unlikely to be older than 0.40 ± 0.09 Ma, but may be as young as or younger than 0.31 ± 0.14 Ma; the 
oldest sampled strata are unlikely to be older than 1.0 Ma, but may be no older than 0.48 ± 0.05 Ma. This study’s 
most statistically robust, precise, and conservative maximum depositional age is 0.45 ± 0.06 Ma, incorporating the 
youngest grain ages from all sampled strata that overlap at 2-sigma (n = 19). Moraines correlated to the Marine 
Isotope Stage (MIS) 4 penultimate glaciation interval locally onlap the eroded plateau, providing a minimum age 
of ~75 ka for the unit. In conjunction, these new age constraints chiefly limit Qvc sedimentation to middle and late 
Pleistocene time but prior to MIS 4, a considerable improvement over previous age estimates that ranged widely 
from Miocene through Holocene. 

We interpret Qvc to be a valley-fill succession that records sedimentation from volcanogenic debris flows and 
hyperconcentrated flows (lahars) at a low-gradient alluvial fan or floodplain depositional site. Texturally and compo-
sitionally similar laharic strata are reported elsewhere within several tens of kilometers of continental arc volcanoes, 
consistent with the plateau’s proximity to the modern volcanic arc of upper Cook Inlet. This lahar-prone, volcano-
proximal depositional system was evidently subsequently dismantled by extensive erosion during and/or after MIS 
4. The remaining volcaniclastic deposits persist in exposures along the margins of the plateau, with no recognized 
proximal or distal equivalents at this time; however, we propose that the source of volcaniclastic detritus for this unit 
was an arc volcano—possibly ancestral Mount Spurr—toward the west. 
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deposits, present lithofacies descriptions and interpretations 
of the volcaniclastic strata, and synthesize our observations 
and lithofacies analysis to propose an environment of trans-
port and deposition for the unit.

PREVIOUS STUDIES
Geologic studies in the northwestern Cook Inlet region 

were first conducted in 1927 and 1928 by the USGS, led by 
Stephen R. Capps. The Capps expeditions departed from 
Granite Point, approximately 15 km southwest of Tyonek, 
and traversed the uplands of the Chuitna River, southern 
aspects of Mount Spurr, and valleys north and west of 
Chakachamna Lake. During these expeditions, Capps (1935) 
mapped (1:250,000 scale) the southern volcaniclastic plateau 
as comprising both Quaternary glacial detritus and probable 
Kenai formation of Eocene age.

Following the early work by Capps, many subsequent 
geologic investigations in the Tyonek Quadrangle recog-
nized the plateau and its deposits as a unique and discretely 
mappable unit. Barnes (1966) published the first detailed 
(1:63,360-scale) geologic map that encompassed the plateau, 
which he mapped as unit Tv and described as comprising 
locally well-stratified, variably indurated pyroclastic rocks 
consisting of lapilli tuff and volcanic breccias. Unit Tv was 

suggested to be potentially as old as Miocene, with Barnes 
hypothesizing that conspicuously “steeply dipping” beds pre-
dated the most recent episode of tectonism. However, he also 
permitted that the uppermost strata of the volcaniclastic suc-
cession may be as young as Pleistocene or even Holocene. A 
subsequent 1:250,000-scale USGS compilation map of Cook 
Inlet (Magoon and others, 1976) largely adopted mapping 
of the plateau by Barnes, and the unit label Tv was retained.

Preliminary 1:63,360-scale surficial geologic mapping by 
Yehle and others (1983) also recognized the volcaniclastic 
plateau as comprising a uniquely mappable unit, v, consist-
ing of conglomeratic volcaniclastic deposits of Tertiary and 
Quaternary(?) age. Those authors also reported that the 
plateau surface is mantled by a ≥1.5-m-thick pyroclastic 
fall deposit of Pleistocene(?) and Holocene age; recent work 
by Reger and others (in preparation) similarly describes a 
1–2-m-thick mantling deposit of loess that primarily consists 
of “fine-grained Holocene tephras.” Yehle and others (1983) 
were the first to explicitly propose transport mechanisms for 
the volcaniclastic deposits, suggesting that the unit records 
sedimentation from “volcanic mudflow and (or) pyroclastic 
flow” in a paleovalley “having a southeasterly gradient.” 
This mapping also highlighted the nearly ubiquitous volcanic 
origin of the pebble–boulder-sized clasts, with only locally 
observed granitic or, rarely, other lithologies.

Figure 1. Shaded-relief location map of upper Cook Inlet. Recent DGGS-led geologic mapping (Gillis and others, in prepara-
tion) in the Tyonek–Capps Glacier area is outlined in red. See figure 2 (green outline) for detailed satellite imagery of the 
volcaniclastic plateau and surrounding area. See figure 3 (blue outline) for a geologic map of the volcaniclastic plateau. The 
shaded-relief base image is modified from the USGS’s National Elevation Data Set Shaded Relief of Alaska poster. (available 
for download at http://eros.usgs.gov/alaska-0). 

http://eros.usgs.gov/alaska-0
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Tyonek Quadrangle mapping published in the most re-
cent USGS 1:250,000-scale compilation map of Cook Inlet 
(Wilson and others, 2009, 2012) is largely adapted from 
Magoon and others (1976), although additional data were 
incorporated where applicable (for example, P.J. Haeussler 
and D.C. Bradley, USGS, unpublished data). Wilson and 
others (2009, 2012) reassigned the volcaniclastic plateau to 
their ridge-capping map unit Qhv, consisting of Holocene 
volcanic rocks (for example, andesite to basalt lava flows, 
sills, agglomerate, and lahar deposits) associated with 
regional eruptive centers. Furthermore, those authors also 
reattributed an outcrop belt north of the west-central portion 
of the northern plateau perimeter to the Paleocene and Eocene 
West Foreland Formation; these same exposures are mapped 
as Tv by Magoon and others (1976).

Although the volcaniclastic plateau and its deposits have 
been readily identified during the past five decades, the 
origin and age of these volcaniclastic strata have remained 
equivocal.

VOLCANICLASTIC PLATEAU—AN OVERVIEW

The volcaniclastic plateau, about 20 km east of Mount 
Spurr, has an approximately 40 km2 areal extent and, with 
a highest elevation of 946 m (labeled ‘3105’ on map for its 
elevation in feet, named ‘peak 3105’ here for brevity; figs. 
3 and 4A), is almost entirely above brush line. The northern 
edge of the plateau yields abruptly to steeply dissected terrain 

with north-trending gullies and ridges that terminate near the 
southern lateral moraine of Capps Glacier (fig. 4); some of 
these small drainages exhibit nearly 500 m of topographic 
relief across a north–south horizontal distance of ~2 km. 
Conversely, the eastern, southern, and western margins of 
the plateau typically consist of a topographic “shoulder” with 
approximately 25–75 m of relief and Qvc subcrop; the base 
of this shoulder is commonly between 670 m (2,200 ft) and 
730 m (2,400 ft) elevation. 

Strata that constitute the plateau dominantly consist of 
moderately to weakly indurated, conglomeratic to sandy to 
muddy volcaniclastic deposits of our map unit Qvc. The 
preserved erosional remnant of this volcaniclastic succession 
is thickest to the north immediately south of Capps Glacier, 
where several hundred meters of stratigraphic section are 
discontinuously exposed along the steep northern plateau 
margin (figs. 2–4). Unit Qvc thins to zero preserved thick-
ness at its southernmost extent where the plateau is partially 
bifurcated by Nikolai Creek (fig. 3). Beyond portions of the 
eastern, western, and northern perimeters of the plateau, geo-
logic mapping indicates that Qvc strata overlie the Paleocene 
and Eocene West Foreland Formation, probable Oligocene 
Hemlock Conglomerate, and Oligocene and Miocene Tyo-
nek Formation (fig. 3; stratigraphic ages from Wilson and 
others, 2009, 2012). Exposures of these formations that are 
older than Qvc, which generally become younger from west 
to east, were not observed in the heavily vegetated region 
south of the plateau. 

Figure 2. Google Maps® satellite image portraying the physiographically distinct approximately 40 km2 volcaniclastic plateau 
of this study (at right of image). Qvc strata generally crop out at the perimeters of the plateau and along ridges and gul-
lies immediately south of Capps Glacier. See figure 3 (blue outline) for a geologic map of the volcaniclastic plateau. Base 
image ©2010 Google and TerraMetrics. 
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STRATIGRAPHIC THICKNESS
The volcaniclastic succession has undergone significant 

post-depositional erosion and its original thickness is not 
known. Neither the lowermost exposed interval (460 m eleva-
tion at station 09TMH345; fig. 4A) nor the stratigraphically 
uppermost preserved strata (946 m elevation at peak 3105) 
represent the depositional bottom (see Basal Unconformity, 
below) or top of the unit, respectively. The thickest remnant 
section is south of Capps Glacier, where a map-scale thick-
ness calculation3 suggests Qvc is approximately 275 m thick 
(fig. 4A). This estimate assumes a bedding dip of 6° north-

ward (see Bedding Orientations, below), but the thickness 
there may be greater if the dip amount is less than 6° (for 
example, a 0° dip would render a unit thickness of 486 m); a 
steeper dip would yield a smaller thickness estimate, although 
our field observations indicate this is unlikely. Regardless of 
the noted uncertainty of the unit’s greatest preserved remnant 
thickness, our work suggests that Qvc is many hundreds of 
meters thick and may have been thicker prior to extensive 
erosion that isolated the volcaniclastic succession within a 
local topographic high at the plateau. 

Figure 3. Simplified geologic map of the volcaniclastic plateau and surrounding area modified from Gillis and others (in 
preparation). Qvc overlies, with angular discordance, Eocene to Miocene-age strata of the West Foreland Formation 
(Twf), probable Hemlock Conglomerate (Th?), and Tyonek Formation (Tt). Elevations noted in red (marked with aster-
isks), observation station localities, and sampling sites for composited samples 09TMH323A and 09TMH342A (table 1) 
are discussed in this paper. 

3
The method employed is related to the tape–compass–clinometer technique 
of Compton (1985, p. 234–235), but is dependent on the precise distance 
between latitude and longitude coordinates rather than a tape measure.
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Figure 4. Field photographs exhibiting Qvc 
outcrop character, stratigraphic thickness, 
and basal unconformity. Photographs by T.M. 
Herriott.
A. Oblique aerial view southwestward of 

gray- to brown-colored volcaniclastic 
strata of Qvc that crop out in gullies and 
along ridges north of the plateau. Outcrop 
at toe of ridge (station locality 09TMH345; 
yellow arrow) consists of Qvc at 460 m 
elevation. An approximately 275-m-thick 
section of Qvc is exposed here. Rubble at 
photo lower right is within the southern 
lateral moraine of Capps Glacier. 

B. Oblique aerial view westward of a very-
thickly-bedded package of Qvc that dips 
approximately 5°–7° northward (at right 
of photo; dashed red lines approximate 
bedding traces). Capps Glacier is at upper 
right of photo and Mount Spurr is partly 
obscured by clouds along the skyline at 
left of photo. 

C. Oblique aerial view southeastward of 
gently-southwest-dipping (~12°–14°) 
strata of Qvc overlying poorly exposed 
Tyonek Formation (Tt); Tt locally dips 
gently east to southeast at 11°–12°. The 
unconformity here (dashed yellow line 
at 520 m elevation; see text and fig. 5) 
is obscured by slope wash beneath the 
prominent Qvc exposure and exhibits a 
relative angular discordance between Tt 
and Qvc on the order of approximately 
20°–25°. Dashed red lines approximate 
bedding traces. 
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BASAL UNCONFORMITY
Description

Geologic mapping demonstrates that Qvc overlies West 
Foreland and Tyonek Formations, as well as a probable 
intervening interval of Hemlock Conglomerate (fig. 3). Bed-
ding in Qvc is horizontal to dominantly subhorizontal, with 
notable exceptions discussed below, whereas West Foreland 
and Tyonek strata that crop out near the plateau chiefly dip 
gently (fig. 3). The sub-Qvc unconformity is well located 
but poorly exposed near its highest preserved elevation (900 
m) at station 09TMH310 (figs. 3 and 5); at this locality, 
horizontal Qvc strata crop out within several stratigraphic 
meters of, and with an angularly discordant relation to, the 
West Foreland Formation. The lowest observed exposure of 
Qvc lies near the southern margin of Capps Glacier at 460 m 
elevation (station 09TMH345; figs. 3, 4A, and 5); however, 
the lowest elevation at which the unconformity is observed 
is approximately 520 m, where Qvc strata dipping ~12°–14° 
southwestward are underlain by Tyonek Formation strata lo-
cally dipping 11°–12° eastward to southeastward (fig. 4C). 
Our mapping suggests that the unconformity is generally 
limited to a maximum elevation of 670–730 m along the 
eastern, southern, and western plateau margins, where Qvc 
outcrops and subcrops yield to sparsely vegetated uplands 

(fig. 5). In areas where the unconformity is not directly ob-
served, it is best constrained along the eastern and western 
plateau margins with exposures of West Foreland and Tyonek 
Formations locally providing minimum elevations for this 
surface at approximately 700 m (2,300 ft contour of fig. 3). 
The minimum elevation of the unconformity south of the 
volcaniclastic plateau is poorly resolved due to a dearth of 
exposures in the underlying units.

Interpretation
Qvc was deposited on a surface with apparently hundreds 

of meters of paleotopographic relief. This paleotopography is 
inferred from the varying present-day elevations of the basal 
unconformity that (1) descends from the 900 m elevation at 
09TMH310 to (2) below the 460 m elevation at 09TMH345, 
then (3) ascends through the 520 m elevation locality, and 
(4) continues upward to the 670–730 m maximum elevation 
contours along the eastern, southern, and western edges of 
the plateau (fig. 5). This evidence of paleotopography—most 
strikingly expressed in the ridges and gullies south of Capps 
Glacier—may have been what led Yehle and others (1983) 
to suggest the Qvc deposits comprise a fill succession in a 
paleovalley with “southeasterly gradient.” 

Figure 5. Oblique Google Earth® view southwestward of the volcaniclastic plateau. The sub-Qvc unconformity lies along 
or beneath the yellow outline, which is solid where directly observed and dashed along maximum elevation constraints 
(see text). Station locations and elevations labeled in orange are discussed in the text. Elevation labels in pink demarcate 
the general contour of the maximum elevation of the unconformity along the eastern, southern, and western plateau 
perimeters; the unconformity south of the plateau is poorly constrained. Substantial paleotopographic relief is recorded 
by the unconformity, most demonstrably along the dissected northern plateau margin south of Capps Glacier. Base image 
©2012 Google, TerraMetrics, and Digital Globe. 
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Although our observations and inferences regarding the 
unconformity strongly suggest marked paleotopography, 
we consider these data to be inadequate to precisely define 
a paleovalley orientation, given the undoubtedly complex, 
four-dimensional (time and space) nature of the sub-Qvc 
paleosurface. Cassel and Graham (2011) suggested that ob-
servations of stratigraphic unconformity locations at the base 
of paleovalley fill successions may be misleading if employed 
to reconstruct paleochannel gradients or profiles, because 
basal erosional surfaces may be diachronous and amalgam-
ated (Strong and Paola, 2008). Several observations help 
constrain the characteristics of the paleosurface, including: 
(1) a minimum of ~440 m of apparent paleotopographic relief 
is recorded between stations 09TMH310 and 09TMH345, 
and a probable oblique cross-sectional view of a paleovalley 
exists along the steeply eroded northern plateau margin; (2) 
the sub-Qvc unconformity is reasonably well located, and 
maintains a seemingly uniform elevation, along much of 
the eastern and western plateau margins; and (3) no reliable 
minimum elevation constraints for the unconformity south 
of the plateau can be determined, thus rendering a substantial 
“gap” in any potential paleotopographic reconstruction. 

The field evidence indicates that the volcaniclastic rocks 
of Qvc record depositional infilling of a paleovalley; however, 
details regarding the orientation or depositional gradient 
of such a paleogeographic feature remain unclear. Further 
caution is warranted when considering paleotopographic 
gradient or paleovalley orientation reconstructions in light 
of documented Pliocene and Quaternary deformation in parts 
of Cook Inlet (Haeussler and others, 2000), which may have 
modified the orientation and/or geometry of the sub-Qvc 
paleosurface/unconformity.

BEDDING ORIENTATIONS
Description 

The commonly crudely bedded conglomeratic to sandy to 
muddy volcaniclastic strata of Qvc typically preclude direct 
measurements of bedding orientation, but strata throughout 
most of the plateau exposures are generally horizontal to sub-
horizontal. Compass sightings south of Capps Glacier suggest 
some thick packages in Qvc dip up to ~5°–7° northward (fig. 
4B). Several observations along the northern plateau margin, 
however, indicate Qvc strata locally exhibit much greater 
bedding dips. Barnes (1966) estimated a 20° southwest dip 
~1.5 km northeast of peak 2780 (labeled ‘2780’ on map 
for its elevation in feet, here referred to as ‘peak 2780’); it 
seems probable that Barnes’ observation was made at or near 
the Qvc outcrop pictured in figure 4C. This locality is im-
mediately above the 520 m elevation angular unconformity 
constraint (figs. 3 and 5) and occurs along a steep and heavily 
vegetated slope, but our oblique aerial observations suggest 
the probable true dip of Qvc there is ~12°–14° toward the 
southwest. This component of Qvc may be up to several tens 
of meters thick and dips uniformly across a greater than 100 
m bedding-parallel extent. Yehle and others (1983) reported 
locally steeply dipping strata along the north-central to 
northeastern plateau perimeter, an area where we observed a 

conspicuously gently to steeply dipping, openly (70°–120° in-
terlimb angle) to closely(?) (30°–70° interlimb angle) folded 
package of Qvc that crops out discontinuously for at least 
~1.5 km along the plateau’s northern edge near peak 2780 
(figs. 3 and 6A and B); these folded exposures are notably 
associated with clastic sandstone dikes. Our reconnaissance 
of outcrop-scale structures near peak 2780 largely suggests 
the folds are non-cylindrical and may exhibit curviplanar 
axial surfaces. This seemingly chaotically deformed zone 
(fig. 3) is up to several tens of meters thick and overlies a 
lithologically similar package of the more characteristically 
subhorizontally dipping Qvc strata (fig. 6A). 

The fold-associated clastic dikes are centimeters to 
several decimeters wide and have variable orientations, al-
though they typically truncate bedding at moderate to high 
angles and exhibit tabular (figs. 6C and D) to irregular (fig. 
6E) geometries. Stratigraphic separation across the dikes 
is negligible to several decimeters. These clastic intrusions 
commonly have moderate to steep dips and do not appear to 
be folded. Muddy linings several millimeters to 1 cm thick 
are common along dike margins (figs. 6C–F). The clastic 
intrusion in figures 6C and D exhibits well developed internal 
stratification that is largely parallel to the dike walls, whereas 
some dikes are structureless to complexly stratified (fig. 6E). 
Thin (<5 cm) and irregularly shaped, structureless sandstone 
dikes with well developed muddy linings locally cross-cut 
subhorizontally dipping strata (fig. 6F). The dikes generally 
comprise poorly sorted, medium- to coarse-grained volcani-
clastic sand and subordinate granules that are lithologically 
indistinguishable from the sand and granule components of 
the Qvc host strata. 

Interpretations
The horizontal to subhorizontal bedding typical of Qvc 

may reflect primary depositional dips, although the deposi-
tional settings likely to yield such relatively large primary 
dips are limited (for example, alluvial fans; Nilsen, 1982). 
Alternatively, the subhorizontal beds, in conjunction with 
locally observed gently dipping beds of figure 4C may in 
part result from tectonic deformation (also Barnes, 1966). As 
noted above, Haeussler and others (2000) documented Plio-
cene and younger deformation in upper Cook Inlet, with one 
seismically interpreted growth fold near the Beluga River ~30 
km east of the plateau. Thus, subtle, kilometer-scale, gentle 
folding or tilting of Qvc is plausible, remaining consistent 
with our observations. In fact, barring a steep onlap relation of 
Qvc onto a buttress unconformity, such tectonic deformation 
may be required to account for the local ~12°–14° dips of 
figure 4C. However, the chaotically folded section associated 
with clastic dikes has clearly undergone substantial deforma-
tion, but the overall context and strain recorded by these rocks 
do not appear to be consistent with tectonic deformation (see 
Soft Sediment Deformation, below). We do not regard any 
bedding orientations reported in this study to be affected by 
post-lithification mass wasting, although landslide deposits 
in the region have been observed and documented (Yehle and 
others, 1983; Reger and others, in preparation). 
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Soft Sediment Deformation
The chaotic geometry and association of the folds near 

peak 2780 with clastic dikes are consistent with a soft sedi-
ment deformation origin for the observed strain (for example, 
Oomkens, 1966; Lowe, 1975; Farrell and Eaton, 1987). Clas-
tic dikes may form in several ways, including: (1) intrusion of 
fluidized or liquefied sediment in grossly tabular geometries, 
and (2) infilling of open fissures or fractures from above (for 
example, Oomkens, 1966; Obermeier, 1996; Montenat and 

others, 2007; Morreti and Sabato, 2007). The observed Qvc 
clastic dike fabrics, particularly margin-parallel and steeply 
dipping stratification, are inconsistent with passive infilling 
of open fissures or fractures by overlying sediment sources 
or dike walls. We suggest the observed clastic dikes likely 
record rapid water and sediment escape from an underlying 
Qvc source, with the margin-parallel-laminated to struc-
tureless clastic dikes reflecting turbulent to laminar flow of 
escaping sediment–water slurries, respectively (Lowe, 1975). 
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Figure 6. Field photographs of deformed Qvc strata and as-
sociated clastic dikes. Photographs by T.M. Herriott.
A. View eastward along the northern margin of the volca-

niclastic plateau. Subhorizontal to subvertical bedding 
in folded Qvc strata crop out in the midground at left 
and right of photo, respectively, and similarly deformed 
strata are faintly evident in the background beneath 
peak 2780. Dashed red line marks the approximate base 
of the deformed zone, below which Qvc strata more 
characteristically dip subhorizontally. 

B. View eastward, similar to A, highlights steeply dipping 
beds (foreground) in the deformed- and clastic-dike-
intruded package of Qvc. 

C. Sandstone dike is several decimeters thick, internally 
stratified, and cuts at high angles to folded bedding. This 
dike is subparallel to the shovel’s blade; dashed yellow 
lines approximate dike margins. Bedding is subvertical 
and approximately parallel to the shovel’s handle (45 
cm long); dashed red lines approximate bedding traces. 

D. Detailed view of dike pictured in C. Red arrows mark 
dike-margin-parallel, lighter-colored, mud-rich layers 
in the larger dike body. Dashed yellow and red lines 
approximate dike margins and bedding traces, respec-
tively. Dike and bedding are obscured by slope wash at 
lower right of photo. Shovel is 45 cm long. 

E. Sedimentary dike with irregular geometry that cuts at 
high angles to folded bedding. This dike exhibits complex 
internal organization and is in part structureless (right 
arrow) but is locally observed to be millimeter-scale 
laminated (lamina terminate at dike margins; left ar-
row). Pencil is 14 cm long. 

F. Mud-lined dike with irregular geometry is approximately 
2–4 cm thick and has a structureless, poorly sorted, 
granule-bearing, medium- to coarse-grained sandstone 
fill; mud lining is lighter-colored, clay-rich, and relatively 
thick (~1 cm). This dike occurs in an undeformed, sub-
horizontal package of Qvc. Pencil is 14 cm long. 

Mobilization of sediment transport in this proposed scenario 
may be attributable to both fluidization and liquefaction (see 
appendix A). Fluidization and liquefaction are commonly 
genetically linked, with pore water and sediment sourced 
from liquefied sediment bodies creating zones of escaping, 
fluidized to liquefied sediment along discrete escape paths 
(Lowe, 1975). 

Mud-rich dike margins in Qvc (for example, fig. 6F) may 
be related to elutriation and winnowing of fines from dike 
bodies (Lowe and Guy, 2000), possibly during waning stages 
of dike emplacement (Walsh and others, 1995). Further, 
margin-parallel stratified dikes that exhibit many internal 
muddy linings may be the record of several pulses of fluid-
ized sediment that intruded as discrete dikes sequentially 
emplaced along a coincident sediment–water escape path 
(Obermeier, 1996; Montenat and others, 2007).The complex 
fabric exhibited in the dike of figure 6E may record rapidly 
changing flow parameters (laminar to turbulent?) during 
sediment–water slurry escape and dike emplacement.

Regardless of the exact mean(s) of the chaotic Qvc 
deformation and clastic dike intrusion, our observations are 
consistent with sediment–water slurry escape along discrete, 
tabular paths that formed clastic dikes in plastically folded/
slumped—or contemporaneously folded/slumped?—vol-
caniclastic strata. Triggering mechanisms for the proposed 
deformation and intrusion of liquefied and/or fluidized sedi-
ment include, but are not limited to: (1) earthquake ground 
motion and (2) rapid or instantaneous deposition of a thick 
sediment body on a saturated substrate (see summaries in 
Lowe, 1975; Owen, 1987). Regional seismicity has likely 
been common throughout the evolution of the Cook Inlet 
forearc basin, and south-central Alaska has hosted one of the 
world’s largest historic earthquakes (for example, Hansen and 
others, 1966; Plafker, 1969). In fact, extensive liquefaction 
(including clastic dike formation) occurred in the Cook Inlet 
region as a result of the Good Friday earthquake of 1964 
(Foster and Karlstrom, 1967; Walsh and others, 1995). Ad-
ditionally, rapid deposition of very thick beds of sand and 
gravel were likely commonplace during deposition of Qvc 
(see Sedimentology, below); geologically instantaneous 
application of such an overburden may have liquefied under-
lying, saturated, sand-rich horizons. Although it is unknown 
whether the depositional gradient during Qvc sedimentation 
was, by itself, sufficiently steep to promote gravity-driven 
mass wasting, liquefaction of a buried sediment body could 
have been capable of instantaneously forming a detachment, 
allowing overlying non-liquefied strata to slump, deform 
plastically, and be intruded by clastic dikes sourced from the 
underlying liquefied sediment body. 

Further study of the Qvc fold geometries near peak 2780 
may shed additional light on the origin of these structures, 
but invoking fluidization/liquefaction of sand-rich sediment 
remains consistent with our observations, and contemporane-
ous triggering mechanisms were likely common.

AGE OF UNIT QVC

Previous maximum age constraints for Qvc were set by 
the Oligocene and Miocene age of the underlying Tyonek 
Formation. However, it has been suggested that the volca-
niclastic succession may in part be as young as Holocene 
(Barnes, 1966; Wilson and others, 2009, 2012) or, more 
generally, Quaternary (Magoon and others, 1976; Yehle and 
others, 1983). We are not aware of any previously published 
minimum age constraints for Qvc, although a concurrent 
study reports a latest Pleistocene minimum age based on 
cross-cutting relations of glacial deposits (Reger and others, 
in preparation; summarized below). 

Directly dating volcaniclastic successions that lack 
unequivocally contemporaneous pyroclastic deposits or 
intercalated lavas is challenging due to the likelihood of 
significant incorporation of pre-existing detrital material into 
sedimentation units either during eruption events or by later 
reworking. However, geologically significant radioisotopic 
age constraints for such a volcaniclastic succession can be 
attained by maximum age determinations of the youngest 
population of individual grain ages within a sample. This 
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approach typically requires analysis of tens to about 100 
detrital grains (Dodson, 1988; Vermeesch, 2004) of, for ex-
ample, zircon, apatite, or potassium-bearing mineral phases. 
Although Qvc detritus is dominantly volcanogenic, primary 
volcanic deposits (such as ash fall tuff) without a significant 
detrital component were not observed during this study. We 
employed U–Pb geochronology of detrital zircons to establish 
a maximum depositional age for Qvc. 

U–PB DETRITAL ZIRCON GEOCHRONOLOGY—
QVC MAXIMUM DEPOSITIONAL AGE

Detrital zircon geochronology can yield meaningful max-
imum depositional ages for sedimentary rocks—especially 
in basins with contemporaneous regional volcanism—with 
several studies achieving good to excellent agreement be-
tween stratal age and the youngest detrital zircon ages (for 
example, Nelson, 2001; Dickinson and Gehrels, 2009a). 
The use of detrital zircon maximum depositional ages has 
become increasingly common in stratigraphic and tectonic 
studies where rocks of suitable composition or lithology for 
event dating are otherwise lacking, or when additional age 
constraints are necessary (for example, Fildani and others, 
2003; Surpless and others, 2006; DeCelles and others, 2007; 
Bradley and others, 2009). Nevertheless, interpreting the 
geologic significance of detrital zircon ages in the context 
of maximum depositional age constraints requires careful 
consideration of the individual grain ages and the statistics 
of any population of ages (Dickinson and Gehrels, 2009a).

Sampling
We collected two detrital zircon samples from sand-rich 

volcaniclastic strata of Qvc. Samples 09TMH323A and 
09TMH342A (table 1) were composited from material col-
lected at seven and three field localities, respectively, with 
the former collected from the uppermost horizons of Qvc 
that crop out along the northern plateau edge and the latter 

collected from the lowermost strata exposed immediately 
south of the Capps Glacier moraine (fig. 3). An approxi-
mately 200-m-thick section of Qvc strata lies between the 
two sampled intervals. Sample names are adopted after the 
first field locality where composite sampling began for that 
stratigraphic interval (for example, 09TMH323). Several 
kilograms of medium- to coarse-grained sand were collected 
for each composited sample. Samples were collected with a 
rock hammer and a small folding shovel, taking care to avoid 
incorporating modern sediment. 

Methods, Filtering, and Data Presentation
Detrital zircon samples were analyzed for U–Pb 

geochronology by Apatite to Zircon, Inc., via laser abla-
tion–inductively coupled plasma–mass spectrometry 
(LA–ICP–MS; for example, Chang and others, 2006) at 
Washington State University in Pullman, Washington. See 
Hults and others (2013) for analytical methods. One hundred 
eight zircons were analyzed from sample 09TMH323A, 
yielding 62 concordant ages; three pre-Proterozoic age 
grains were discarded due to exceedingly large errors 
(200%). One hundred ten zircons were analyzed from sample 
09TMH342A, yielding 95 concordant ages. See appendix 
B for detailed U–Pb analytical results, including grain ages 
and isotopic data. 

The degree to which 206Pb/238U and 206Pb/207Pb ages from 
a single analyzed zircon are discordant4 is commonly cal-
culated and used to filter reported ages, which are generally 
the 206Pb/238U results for grains younger than 0.8–1.0 Ga (see 
review by Gehrels, 2012; also Gehrels, 2000; Bradley and 
others, 2009; Dickinson and Gehrels, 2009b). However, Geh-
rels (2012) discouraged the use of discordance-based filtering 
of zircon ages younger than 100 Ma due to the difficulty 
in determining reliable 206Pb/207Pb ages for these “young” 
grains. Similarly, Bradley and others (2009) did not apply 
a discordance filter for detrital zircon samples dominantly 
consisting of ages younger than ~200 Ma. During the current 
study, only nine individual zircons yielded ages older than 
200 Ma (disregarding the three pre-Proterozoic grains noted 
above) and we do not apply a discordance filter to any of 
the data. All results are plotted using Isoplot 4.15 (Ludwig, 
2008), and errors are reported at 2-sigma.

Detrital Zircon Results
Detrital zircon ages from sample 09TMH323A range 

from Proterozoic to Pleistocene; grain-age distribution is: 
Proterozoic (5), Paleozoic (3), Jurassic (5), Cretaceous (15), 
Paleocene (6), Eocene (1), Pliocene (1), and Pleistocene (23) 
(n = 59 of 62 concordant ages) (figs. 7A and B; appendix 
B). Sample 09TMH342A yielded detrital zircon ages that 
similarly range from Proterozoic to Pleistocene; grain-age 
distribution is: Proterozoic (1), Cretaceous (32), Paleocene 
(60), and Pleistocene (2) (n = 95 of 95 concordant ages) (figs. 
7C and D; appendix B). The two samples largely exhibit lat-
est Early Cretaceous through Pleistocene zircon ages from 

4
Discordance = 100 – (100 × [(

206
Pb/

238
U age) ÷ (

206
Pb/

207
Pb age)]) (after 

Gehrels, 2012).

Table 1. Sample station localities. Samples 
09TM¬H323A (stratigraphically uppermost strata) 
and 09TMH342A (stratigraphically lowermost 
strata) were composited from material collected 
at the stations recorded in the right column. See 
figure 3 for sampling site locations.

Sample Station

09TMH323A

09TMH323

09TMH324

09TMH326

09TMH328

09TMH330

09TMH332

09TMH333

09TMH342A

09TMH342

09TMH344

09TMH345
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seemingly similar populations, although the number of grains 
per population—and thus magnitude of correlative age prob-
ability peaks—vary notably between the two samples (figs. 
7B and D). Dominant probability peaks for 09TMH323A 
and 09TMH342A occur at 1.2 and 62 Ma, respectively 
(figs. 7A–D). The Pleistocene probability peak at 1.0 Ma in 
09TMH342A is minor but significant to this study (fig. 7D).

Regional Context
The latest Early Cretaceous through Pliocene rela-

tive probability curve exhibited by a digitally composited 
09TMH323A + 09TMH342A sample (figs. 7E and F) is 
strikingly similar to a detrital zircon relative probability curve 
published by Finzel and others (2011; plotted on fig. 7F). 
The Finzel and others (2011) curve comprises seven digitally 
composited samples from Paleogene and Neogene Cook 
Inlet basin-fill strata of the West Foreland Formation and 
Kenai Group5, and is thus ostensibly incapable of exhibiting 
a Pleistocene-age relative probability peak comparable to the 
dominant peak of 09TMH323A because the youngest strata 
those authors sampled are of probable Pliocene age. However, 
this comparison suggests that the significant pre-Qvc detrital 
component of the volcaniclastic deposits were potentially 
recycled, at least in part, from the underlying Paleogene and 
Neogene stratigraphy. The diminished number of Cretaceous 
and Paleocene ages from 09TMH342A to 09TMH323A (n 
= 92 and n = 21, respectively)—and increased number of 
Pleistocene grains (n = 2 and n = 23, respectively)—likely 
reflects a maturing of the Qvc depositional system, with an 
upsection reduction in recycled West Foreland Formation 
and Kenai Group sediments and a relative(?) increase in a 
contemporaneous volcaniclastic detritus component. These 
trends may record local progressive burial of the underlying 
stratigraphy as the Qvc depositional system evolved. 

Maximum Depositional Age of Qvc
We employed three methods (adapted from Dickinson and 

Gehrels, 2009a) for determining maximum depositional ages 
from the detrital zircon results: (1) youngest single grain age, 
(2) youngest relative probability curve peak age (n ≥ 2; picked 
graphically in Microsoft Excel®), and (3) weighted mean age 
of the youngest grain cluster (n ≥ 3) with ages that overlap 
at 2-sigma. The maximum depositional age determinations 
yielded by these methods are listed in table 2 in order (left 
to right) of an increasing minimum number of grains (n) re-
quired for the result; larger n populations may serve as a proxy 
for probable increasing reproducibility. Additionally, these 
results are listed (left to right) by their increasing statistical 
rigor, increasing likelihood of results to be compatible with 
depositional age, and decreasing likelihood of results to be 
coincident with depositional age (Dickinson and Gehrels, 
2009a).The farther right a result is in table 2, the more “con-
servative” that maximum depositional age can be considered.

Sample 09TMH323A (the stratigraphically higher 
sample) yielded a youngest single grain age of 0.31 ± 0.14 
Ma, whereas sample 09TMH342A (the stratigraphically 
lower sample) yielded a 0.48 ± 0.05 Ma youngest single 
grain age; however, the reproducibility of these ages may 
be relatively low, especially in 09TMH342A, which yielded 
only two Pleistocene-age grains. The youngest probability 
peaks for 09TMH323A and 09TMH342A occur at 1.2 and 
1.0 Ma, respectively, with the former result yielding little 
to no additional insight into the maximum depositional age 
of the uppermost sampled strata because a younger, yet 
more statistically robust and conservative, determination is 
provided by the youngest 2-sigma cluster method (see be-
low). However, the youngest probability peak of 1.0 Ma for 
09TMH342A is the most statistically robust and conservative 
result (while remaining contextually meaningful) yielded by 
this study and is thus notable . The most robust and conserva-
tive maximum depositional age determination for a single 

5
Kenai Group consists of the Hemlock Conglomerate and Tyonek, Beluga, 
and Sterling Formations (Magoon and others, 1976; Wilson and others, 
2012).

Table 2. Maximum depositional ages as determined from detrital zircon data presented in this study. Meth-
ods and trends listed below are modeled after Dickinson and Gehrels (2009a).

Sample

Youngest Single Grain 
(n = 1)

Youngest Probability 
Peak (n ≥ 2)

Youngest 2σ Cluster        
(n ≥ 3)

→ Increasingly statistically robust →

→ Increasingly likely to yield result compatible with stratal age →

→ Decreasingly likely to yield result coincident with stratal age →

09TMH323A 0.31 ± 0.14 Ma 1.2 Ma 0.40 ± 0.09 (n = 18)

09TMH342A 0.48 ± 0.05 Ma 1.0 Ma 58.29 ± 0.53 (n = 11)*

09TMH323A + 
09TMH342A

0.31 ± 0.14 Ma 1.2 Ma 0.45 ± 0.06 (n = 19)

*geologically insignificant determination
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Qvc sample is the youngest 2-sigma cluster result of 0.40 ± 
0.09 Ma from 09TMH323A; sample 09TMH342A did not 
yield a geologically significant youngest 2-sigma cluster age 
because the Pleistocene zircon population (n = 2) does not 
meet the minimum cluster size (n ≥ 3). (Qvc is unequivo-
cally younger than Paleocene because the unit overlies the 
Oligocene and Miocene Tyonek Formation.) The 0.45 ± 0.06 
Ma youngest 2-sigma cluster determination for 09TMH323A 
+ 09TMH342A is the most statistically rigorous, precise, 
and conservative maximum age determination yielded by 
this study. 

In summary, the stratigraphically higher sampled interval 
(09TMH323A) is unlikely to be older than 0.40 ± 0.09 Ma, 
but may be as young as or younger than 0.31 ± 0.14 Ma. The 
stratigraphically lower sampled interval (09TMH342A) is 
unlikely to be older than 1.0 Ma, but may be no older than 
0.48 ± 0.05 Ma. 

CROSS-CUTTING GLACIAL DEPOSITS— 
QVC MINIMUM DEPOSITIONAL AGE
A recent study of the surficial geology in the Tyonek–

Capps Glacier area by Reger and others (in preparation) 
was conducted concurrently with this work. The authors 
observed granitic, volcanic, and metasedimentary erratics 
along the volcaniclastic plateau’s eroded margins and they 
associated these glacial deposits with the Upper Chuitna 
drift of the penultimate glaciation of Marine Isotope Stage 
(MIS) 4. Therefore, Qvc sedimentation must pre-date glacial 
advance of MIS 4, which commenced ca. 75 ka (Briner and 
others, 2005; Matmon and others, 2010). Reger and others (in 
preparation) also reported field observations and cross-cutting 
relations indicating that most of the plateau surface was not 
glaciated during the penultimate glaciation, and was even 
farther beyond ice limits during the Last Glacial Maximum 
(associated with MIS 2). The modern plateau margins were 
thus likely largely established by ice scouring during MIS 4 
and subsequently have been further modified by non-glacial 
surficial processes of latest Pleistocene and Holocene time. 

AGE CONSTRAINTS SUMMARY
New U–Pb zircon ages reported here strongly suggest a 

Pleistocene age for Qvc, which may be no older than 0.48 ± 
0.05 Ma. These geochronologic results, in conjunction with 
field observations of cross-cutting glacial relations, constrain 
Qvc sedimentation to the middle to late Pleistocene but prior 
to the beginning of MIS 4 ca. 75 ka. 

SEDIMENTOLOGY

Qvc deposits comprise volcaniclastic detritus, which 
is defined as volcanogenic clastic material of pyroclastic, 
autoclastic, and/or epiclastic origin(s) that is transported by 
any medium or process, deposited by any mechanism, and 
with or without a subordinate non-volcanogenic clastic com-
ponent (definition adapted from Fisher, 1961; see summary 
by Manville and others, 2009). Qvc strata largely consist of 
thickly and crudely bedded, moderately indurated, clast- to 
matrix-supported, boulder-bearing sandy conglomerate and 

gravelly sandstone as well as pebbly mudstone. Sand- and 
gravel-sized clasts are dominantly intermediate(?) compo-
sition, dense to vesicular lava fragments and pumiceous to 
scoriaceous pyroclasts. We describe below four observation-
based lithofacies followed by interpreted sediment transport 
mechanism(s) and depositional environment that reflect a 
continuum of sedimentologic processes largely dependent 
on relative concentrations of sediment and water, as well as 
sediment character (for example, cohesive vs. non-cohesive).

LITHOFACIES DESCRIPTIONS
Lithofacies 1—Matrix-Supported Structureless 

Sandy Conglomerate
Description

The matrix-supported, structureless, granule–boulder, 
sandy conglomerate of lithofacies 1 (fig. 8) is typically me-
dium to dark gray to gray–brown (wet) to light gray (dry), 
very thick bedded, poorly sorted, and moderately to well 
indurated. The supporting matrix is chiefly moderately to 
poorly sorted, subangular to angular, medium- to very-coarse-
grained sandstone with a minor mud component (fig. 8B). 
The gravel fraction consists of subangular to subrounded 
granules, pebbles, cobbles, and boulders, with the largest 
observed in situ clast measuring 3.7 m (apparent long dimen-
sion; fig. 8C). Clasts chiefly comprise dense intermediate(?) 
volcanic rock fragments, although a notable portion of the 
granule- to pebble-sized clasts are vesicular. This lithofacies 
generally comprises the best exposures of Qvc, commonly 
forming steep to overhanging outcrops with precariously 
perched meter-sized boulders (figs. 8A, D, and E). Oblique 
aerial views and outcrop-scale observations suggest strata 
of this lithofacies typically exhibit tabular bed geometries 
that are commonly 5–10 m thick and laterally continuous to 
more than 100 m.

Interpretation
We interpret deposits of lithofacies 1 as recording de-

position from cohesionless debris flows (Vallance, 2005); 
non-cohesive flows typically have less than 5 percent clay 
fraction in the matrix (Crandell, 1971; Scott and others, 
1995). Lithofacies 1 beds up to 10 m in apparent thickness 
may record sedimentation from a single debris flow. Alterna-
tively, Major (1997) demonstrated both experimentally and 
via observation of natural debris flows that massively thick 
and structureless deposits may record amalgamated debris 
flows, or flow pulses during a single event, with indistin-
guishable amalgamation surfaces. Sedimentologically similar 
cohesionless volcaniclastic debris-flow deposits commonly 
lie within many tens of kilometers of continental arc volca-
noes. Volcaniclastic deposits comparable to lithofacies 1 have 
been (1) inferred in the geologic record (for example, Smith, 
1986, 1991; Scott, 1989; Major and others, 2005; Zernack 
and others, 2009), (2) generated during historical debris-flow 
events (for example, Pierson and Scott, 1985; Scott, 1988; 
Pierson and others, 1990; Major and others, 2005), and (3) 
reproduced in large-scale flume experiments (for example, 
Iverson, 1997; Major, 1997).
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Lithofacies 2—Clast-Supported Structureless to 
Crudely Organized Conglomerate

Description
The clast-supported, structureless to crudely organized 

granule–cobble conglomerate of lithofacies 2 (fig. 9) is 
typically medium to dark gray with locally conspicuous red–
brown-weathering clasts, thick to very thick bedded, poorly 
to moderately sorted, and moderately indurated. Clasts are 
dominantly subangular to subrounded pebbles and cobbles 

(fig. 9A) comprising dense to vesicular to (subordinate) pumi-
ceous/scoriaceous volcanic rock fragments; morphologically 
and lithologically similar boulders to greater than 1 m are 
locally observed in channel-fill deposits (figs. 9B–D). The 
matrix consists of poorly sorted, subangular to angular, me-
dium- to very-coarse-grained sandstone that is lithologically 
and texturally similar to the matrix of lithofacies 1. Outcrop-
based observations along exposures extending laterally for 
tens of meters indicate lithofacies 2 commonly exhibits 
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deposits from dilute debris flows or sediment-rich hypercon-
centrated flows. Our interpretations of channelized debris 
flow and probable associated overbank mass flow for lithofa-
cies 2 are generally consistent with those made by Zernack 
and others (2009) for lithologically and texturally similar 
volcaniclastic facies at Mount Taranaki (Egmont volcano), 
New Zealand (also Scott, 1988; Major and others, 2005). 

Lithofacies 3—Faintly Horizontally Stratified  
Gravelly Sandstone

Description
The faintly horizontally stratified gravelly sandstone of 

lithofacies 3 (fig. 10) is typically medium to dark gray to 
dark gray–brown (wet) to medium gray (dry), thick to very 
thick bedded (fig. 10A), moderately to poorly sorted, and 
moderately indurated. The dominant sand fraction is angu-
lar to subangular and medium to very coarse grained (fig. 
10B), with subordinate granules consisting of subangular to 
subrounded pumiceous and scoriaceous detritus and dense 
to vesicular lava fragments. Conspicuous bedding-parallel 
stringers of orange–yellow-weathering pumiceous granules 
(figs. 10C and D) and minor variability in vertical distribu-
tion of grain size along subtly expressed bedding-parallel 
horizons (figs. 10A and C–F)—in addition to silty partings 
that are locally observed in thinner-bedded intervals of this 
lithofacies (fig. 10E)—serve to impart the faint horizontal 
stratification in lithofacies 3. Furthermore, “floating” suban-
gular to subrounded pebbles (fig. 10C) and cobbles locally 
create discontinuous, bedding-parallel gravelly horizons that 
further establish faint intra-bed stratification. Decimeter-
scale, pebble-rich lenses are also locally noted (fig. 10F). Our 
observations indicate that this lithofacies generally exhibits 
tabular bed geometries along bedding-parallel outcrops 
extending for tens of meters, but is locally observed to have 
eroded tops with channels that are infilled with lithofacies 2 
deposits (figs. 9B–D and F).

Interpretation
We interpret deposits of lithofacies 3 as recording 

deposition from hyperconcentrated flows (Beverage and 
Culbertson, 1964; Pierson, 2005), exhibiting characteristics 
consistent with hyperconcentrated-flow deposits described 
by, for example, Pierson and Scott (1985), Smith, (1986), 
Scott (1988), Pierson and others (1990, 2009), Smith and 
Lowe (1991), Cronin and others (2000), Procter and others 
(2009), and Zernack and others (2009). Hyperconcentrated 
flows have been suggested to be particularly efficient at 
transporting sand-sized particles (Pierson and Scott, 1985; 
Pierson, 2005), producing thick, structureless to faintly 
stratified, coarse-grained sandstone to gravelly sandstone. 
Furthermore, “pumice trains” (fig. 10D) are reported by 
Zernack and others (2009) in association with deposits of 
interpreted hyperconcentrated flow origin that form thickly 
bedded, broad depositional sheets up to 2.5 km in lateral 
extent at Mount Taranaki. Vallance (2000) suggested silty 
partings (fig. 10E) in otherwise massive sandstone of prob-
able hyperconcentrated flow origin reflects post-deposition 
dewatering, and field observations of active flows by Cronin 

Figure 8. Field photographs of lithofacies 1 (matrix-sup-
ported, structureless, sandy conglomerate). Photographs 
by T.M. Herriott.
A. Approximately 10-m-thick, boulder-bearing bed with 

1.6 m (apparent long axis) boulder (circled in red) near 
the deposit’s base and several boulders larger than 1 
m cropping out precariously along the photo skyline 
at right. 

B. Float block depicting representative sandstone matrix 
and subangular to subrounded, dense to vesicular, 
lava pebble-size fraction. Shovel is 45 cm long. 

C. Boulder at base of conglomerate bed is 3.7 m × 1.3 m. 
This is the largest boulder observed in place during 
this study, but several larger boulders (although the 
same order of magnitude in linear dimensions) occur 
in slope debris at the base of similar outcrop belts 
along the plateau perimeter. Faint horizontal stratifi-
cation in the underlying thick-bedded, coarse-grained 
sandstone (lithofacies 3) is apparently deflected 
(concave up) by the overlying boulder, which likely 
exceeds 15,000 kg. Shovel is 45 cm long. 

D. View eastward of tens-of-meters-thick succession 
of predominantly lithofacies 1 strata exposed along 
the northern rim of the volcaniclastic plateau. Depo-
sitional units of this lithofacies commonly appear to 
be 5–10 m thick. Boulder (circled in red for scale) is 
approximately 1.5 m (apparent long axis) and the 
dark gray deposit in which it lies is approximately 7 
m thick; this same boulder is circled in E. 

E. Outcrop-scale view of lithofacies 1 deposit along the 
northern plateau edge (same boulder as circled in D). 

scoured basal contacts and forms fill deposits in typically 
low-aspect-ratio, decimeter-scale relief scours and channels 
(figs. 9B–D and F). The fill deposits locally transition later-
ally into thinner, finer-grained, and somewhat-better-sorted 
deposits immediately beyond scours and channels (figs. 9D 
and F). A somewhat weakly developed alignment of clasts in 
pebble- to cobble-rich lithofacies 2 exposures locally yields 
crude bedding-parallel organization (fig. 9E), but it is unclear 
whether all such deposits represent lateral correlatives of 
the disorganized scour and channel fills. Several exposures 
also indicate this lithofacies locally transitions laterally and 
upsection into lithofacies 1 (figs. 9B, C, and F). 

Interpretation
We interpret deposits of lithofacies 2 as recording deposi-

tion from cohesionless pebble- and cobble-rich channelized 
to overbank debris flows. We suspect the crudely organized 
deposits of lithofacies 2 that are not directly observed to be 
associated with the channelized deposits may represent lateral 
equivalents to the channel fill, potentially recording either 
deposition along debris-flow margins where coarse clasts 
(such as cobbles) are commonly concentrated, producing 
matrix-poor, and potentially better sorted and organized de-
posits when compared to flow interiors (Major, 1997, 1998; 
Vallance, 2000, 2005), or more broad, sheet-like overbank 
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and others (2000) are in agreement (also Pierson and oth-
ers, 2009). Finally, Pierson and Scott (1985) reported small, 
gravelly lenses in recently emplaced hyperconcentrated-flow 
deposits at Mount St. Helens, once again similar to observa-
tions made during this study (fig. 9F). 

Lithofacies 4—Structureless Pebbly Mudstone
Description

The structureless pebbly mudstone of lithofacies 4 
(fig. 11) is typically orange–tan to light gray–brown (figs. 

11A and B), thick to very thick bedded (fig. 11B), weakly 
indurated, and dry exposures exhibit hackly fracturing (figs. 
11C and D). The muddy matrix component of this lithofa-
cies is commonly very clay rich (figs. 11C–E), and in some 
exposures clay-sized material likely comprises the bulk of 
the deposits (figs. 11C and D). However, some lithofacies 4 
exposures exhibit a prominent, albeit subordinate, pebble-
sized clast component chiefly comprising subangular to 
subrounded, dense to vesicular lava fragments (fig. 11E). 
Subrounded to rounded granitic and metavolcanic pebbles, 
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cobbles, and boulders to ~75 cm (apparent long dimension; 
figs. 11B and F) are locally observed in lithofacies 4 and are 
unique in being the only non-volcanic clasts observed in 
Qvc during this study. Tabular bed geometries are observed 
along bedding-parallel outcrops extending more than 100 
m. Additionally, we only observed this mudstone facies in 
the northwestern part of the volcaniclastic plateau, and the 
apparently tens-of-meters-thick package of clayey strata in 
figure 11A may not be laterally continuous for more than 
several kilometers in east–west extent; however, generally 
poor exposure to the east hampers efforts to definitively 
determine the lateral distribution of this lithofacies.

Interpretation
We interpret deposits of lithofacies 4 as recording de-

position from cohesive debris flows (Vallance, 2005). The 
relatively high clay content of the flows evidently rendered a 
matrix yield strength capable of transporting large boulders 
via suspension (fig. 11F) (Pierson, 2005). The metavolcanic 
and granitic clasts are unique to this lithofacies and provide 
the record of a source for non-volcanic detritus that was en-
trained during transport. Similar lithofacies in both modern 
and ancient continental margin volcanic arc settings have 
been interpreted by other workers as recording deposition 
from cohesive debris flows that commonly transform from 
debris avalanches (for example, Glicken, 1986; Carrasco-
Nuñez and others, 1993; Scott and others, 1995; Vallance 

and Scott, 1997; Waythomas, 2007; Zernack and others, 
2009). This lithofacies—although fundamentally different in 
many respects from the three clay-poor lithofacies described 
above—remains consistent with mass-flow sedimentation in 
an arc setting, with deposition at a site likely lying within 
tens of kilometers of a volcanic edifice.

SEDIMENTOLOGY DISCUSSION 
Volcanogenic Sediment-Laden Flows—Lithofacies 

1–4 as Lahar Deposits
Lithofacies recognized in Qvc are, in this study, chiefly 

attributed to laharic transportation and depositional processes 
(fig. 12). Lithologically, texturally, and stratigraphically simi-
lar deposits have been observed throughout the world near 
stratovolcanoes at modern, convergent continental margin arc 
settings (for example, Pierson and others, 1990; Cronin and 
others, 2000; Major and others, 2005) and are also inferred 
in the Cenozoic rock record (for example, Smith, 1986, 1991; 
Scott, 1989; Herriott, 2006; Zernack and others 2009). We 
underscore that lahars: (1) comprise sediment-laden flows 
that span part of a sediment–water flow type continuum, (2) 
are generated by a variety of mechanisms that are common 
in continental volcanic arc environments, (3) commonly 
undergo flow transformations during transport if cohesion-
less, and (4) generate deposits with sedimentologic features 
remarkably similar to those observed during this study (see 
fig. 12 and Possible Modern Depositional Site Analogues). 
Ultimately, laharic processes provide a framework that ties 
our observations and lithofacies interpretations of Qvc strata 
into a geologic context characterized by proximity to explo-
sive arc volcanism and recurring hyperconcentrated- and 
debris-flow events. We include a brief introduction to lahars 
and lahar processes in appendix C, and also refer readers to 
reviews of lahars and associated volcaniclastic processes: 
Smith (1986, 1991), Smith and Lowe (1991), Vallance (2000, 
2005), Pierson (2005), and Manville and others (2009). 

In this general context of laharic processes in continen-
tal arc settings, the geographic proximity and documented 
Pleistocene eruptive activity of the Spurr volcanic complex 
(Nye and Turner, 1990) ~20–25 km west of the volcaniclastic 
plateau suggests a genetic relation, although the Holocene 
eruptive vents of modern Mount Spurr volcano are ostensi-
bly too young to have produced the volcaniclastic material 
of Qvc. However, these young vents at Spurr lie within the 
caldera of an ancestral Mount Spurr (Nye and Turner, 1990); 
the growth cycle of this stratovolcano, as reported by Nye 
and Turner, began prior to 0.255 ± 0.052 Ma (40K–40Ar age), 
continued through 0.058 ± 0.018 Ma (40K–40Ar age), and 
was terminated by a caldera-forming sector collapse event 
likely occurring in latest Pleistocene to earliest Holocene 
time (Waythomas, 2007). Therefore, the documented eruptive 
history of ancestral Mount Spurr may in part overlap with 
deposition of Qvc (see Age of Qvc, above). Further, volca-
nism in the area likely extends well into the early Pleistocene, 
as indicated by a lava flow lying ~5 km northeast of Mount 
Spurr that yielded a ≥2.08 ± 0.20 Ma 40K–40Ar age (Nye and 
Turner, 1990). We preliminarily suggest that ancestral Mount 
Spurr may have been a source for the volcaniclastic material 

Figure 9. Field photographs of lithofacies 2 (clast-supported, 
structureless to crudely organized conglomerate). Photo-
graphs by T.M. Herriott.
A. Commonly observed texture and fabric of nonchannel-

ized lithofacies 2. Shovel is 45 cm long. 
B. Outcrop-scale exposure of boulder-bearing lithofacies 

2 (red circle) that lies in a low-aspect-ratio scour and 
transitions laterally and upsection into matrix-supported 
lithofacies 1. Sandstone and pebbly sandstone of 
lithofacies 3 crop out between the vegetated slope 
(foreground) and the shovel’s handle (45 cm long). 

C. Detailed view of lithofacies 2 scour fill, with shovel (45 
cm long) propped on the same boulder as in B. 

D. Exposure of poorly sorted, boulder-bearing lithofacies 
2, which is underlain by lithofacies 3. This low-relief 
fill deposit grades laterally into a non-boulder-bearing 
deposit of lithofacies 2 toward left of photo, and may 
be the record of an obstacle-related scour. Shovel is 45 
cm long. 

E. Lithofacies 2 exposure that exhibits a somewhat greater 
degree of sorting and crude bedding-parallel organiza-
tion. Hammer is 38 cm long. 

F. Channel scour (immediately above 14-cm-long pencil) 
overlain by lithofacies 2 pebble and cobble conglomer-
ate fill that grades upsection into a pebbly variety of 
probable lithofacies 1 and laterally into thinner and 
somewhat-finer-grained lithofacies 2. Once again, 
similar to the scours of B, C, and D, lithofacies 2 here is 
underlain by faintly horizontally stratified sandstone of 
lithofacies 3. 
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comprising Qvc; however; further investigation is warranted 
if a definitive link, rather than a chiefly geographically and 
temporally circumstantial one, between Qvc and ancestral 
Mount Spurr is to be established.

The Qvc depositional system was likely prone to flashy 
discharge of water floods in a catchment headed at or near 
a stratovolcano replete with abundant, unconsolidated 
volcaniclastic detritus readily susceptible to transport to a 

depositional site that likely persisted for several hundred 
thousand years at what is now the volcaniclastic plateau. 
Lithofacies 1–3 are attributed to bulking of water floods 
to hyperconcentrated and debris flows; clay-rich cohe-
sive debris flows (lithofacies 4) also occurred, but are not 
nearly as ubiquitous as the non-cohesive deposits, and may 
record volcano-hydrologic event(s) of profound and fun-
damentally different origins (for example, sector collapse; 
see appendix C). 
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Lithofacies 1–3 of this study are compatible with, but not 
necessarily limited to, being distal–proximal–lateral facies 
variations of non-cohesive lahars that have a propensity to 
bulk or dilute in time and space during a single flow event 
(Cronin and others, 2000). We also suspect that normal stream 
flow, and thus classic fluvial processes and associated depos-
its, were likely more common throughout Qvc time than our 
field observations suggest. Many potential modern analogues 
to the Qvc depositional system are principally characterized 
by background fluvial processes (Manville and others, 2009). 
The Qvc depositional system may have been similarly sub-
jected to brief episodes of volcanism and lahar generation 
with longer-lived inter-eruptive periods when background 
sedimentation rates and styles were reestablished and low-
flow fluvial processes dominated (Smith, 1991; Major and 
others, 2000). The apparent dearth of fluvial deposits in Qvc 
may reflect poor preservation potential due to removal by 
relatively erosive hyperconcentrated flows and/or are simply 
underrepresented due to their probable thinner-bedded and 
better-sorted character that results in a potentially diminished 
propensity to crop out. Further study of the succession may 
highlight a greater occurrence of fluvial deposits, and we 
suspect that some of the chaotically deformed strata near 
and southwest of peak 2780 may be of more typical fluvial 
(dilute stream flow) origin.

Although we confidently interpret lithofacies 4 as re-
cording deposition of cohesive debris flows, such deposits 
in volcanic environments are commonly sourced from 

hydrothermally altered volcanic edifice rocks mobilized 
during sector collapse (Vallance and Scott, 1997; appendix 
C); cohesive lahars typically record a first-order event in the 
growth cycle of stratovolcanoes (Zernack and others, 2009). 
Because of the profound implications of sector-collapse-
related debris avalanches and associated cohesive lahars at 
stratovolcanoes, we suggest further investigation would be 
necessary to better understand the context and significance 
of the clayey debris-flow deposits of lithofacies 4.

POSSIBLE MODERN DEPOSITIONAL SITE  
ANALOGUES

Many lahar-prone depositional sites that occur in con-
tinental margin volcanic arc settings lie along broad river 
valley floodplains or on more areally extensive alluvial plains 
(compare Smith, 1987), despite the common preponder-
ance of lithofacies that are more typical of alluvial fans in 
non-volcanic settings. However, some sites prone to laharic 
sedimentation likely meet the morphological criteria that 
define more proximal but still relatively-low-gradient alluvial 
fans (fan-shaped in plan-view, concave-up radial profile, 
convex-up transverse profile; Nilsen, 1982). Pierson (1995) 
noted that observations of historic debris flows at snow-clad 
volcanoes indicate that initial wholesale deposition of large 
volumes of lahar-transported sediment occurs ~15–75 km 
from the source volcano along reaches characterized by 
relatively-low-gradient fans or channels of less than 0.010 
(0.57°) but ranging up to 0.020 (1.15°). Rapid deposition of 
sediment from debris flows often yields hyperconcentrated 
flows that travel well beyond associated debris-flow deposits, 
extensively inundating floodplains along more distal channel 
reaches (Scott, 1988).

Several lahar-prone depositional sites associated with 
eruptions of the past several decades may represent modern 
analogues for Qvc, including: (1) the Armero “debris fan” 
at Nevado del Ruiz volcano, Columbia (fig. 29 of Pierson 
and others, 1990), (2) Bamban and Pasig–Potrero rivers al-
luvial fans at Mount Pinatubo volcano, Philippines (fig. 18 
of Pierson and others, 1996), (3) South Fork Toutle River 
valley floodplain at Mount Saint Helens volcano, Washington 
(fig. 27.5A of Major and others, 2005), and (4) Drift River 
valley floodplain at Redoubt Volcano (figs. 26 and 28 of 
Schaefer, 2012; figs. 6A, 9, and 12 of Waythomas and oth-
ers, 2012). The first two examples comprise low-gradient 
fans and the latter two are relatively broad (kilometer-scale) 
floodplains hosted in mountainous regions characterized by 
moderate to steep topographic relief. 

Lithofacies, site scale, and overall geologic context of the 
lahar-prone Armero “debris fan” (Lowe and others, 1986; 
Naranjo and others, 1986; Pierson and others, 1990) likely 
render it an especially relevant analogue in the context of this 
paper. On November 13, 1985, a relatively small eruption of 
hot pyroclastic material melted snow and ice near the summit 
of Nevado del Ruiz, creating a series of lahars that bulked 
as they surged down deeply incised channels draining the 
flanks of the volcano. The Armero site has a depositional 
gradient of 0.011 (0.63°) (at the village of Armero; Pierson, 
1995) and the fan head lies at the mouth of the confined Rio 

Figure 10. Field photographs of lithofacies 3 (faintly hori-
zontally stratified, gravelly sandstone). Photographs by T.M. 
Herriott.
A. Commonly observed texture and fabric of lithofacies 3. 

Shovel (45 cm long) is placed on boulder in overlying 
deposit of lithofacies 2. 

B. Detailed view of sorting and angular to subangular grain 
morphology of sand-sized grains of lithofacies 3 sand-
stone. Orange–yellow-weathering sand and granules 
are likely weathered pumice. Pencil is 11 mm wide. 

C. Pebble-bearing lithofacies 3 deposit exhibiting faint 
horizontal stratification; bedding is parallel to the 
pebble-rich cleft at photo’s upper right. 

D. Conspicuous stringers of orange–yellow-weathering 
pumiceous granules and sand commonly define faint 
horizontal stratification in lithofacies 3.Indistinct, seem-
ingly low angle cross-stratification occur here as well, 
potentially recording transitional flow conditions. Pencil 
is 14 cm long. 

E. Thinner-bedded lithofacies 3 at center of photo exhibits 
several thin, silty partings and overlies clast-supported 
pebble conglomerate of lithofacies 2. The overlying 
conglomeratic sandstone is lithologically transitional, 
but may be a coarser-grained and less-well-organized 
example of lithofacies 3. Low-angle cross-lamination 
may be preserved ~10 cm to the right of the pencil im-
mediately above the pebble conglomerate. 

F. Pebble-rich, gravelly lenses are encased in a larger body 
of faintly stratified sandstone. 
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Figure 11. Field photographs of lithofacies 4 (structureless, pebbly mudstone). Photographs by T.M. Herriott.
A. The apparently more-than-10-m-thick orange–tan-colored interval below the photo’s centerline comprises lithofacies 

4 and is notably clay rich. 
B. A typical exposure of very-thick-bedded, boulder-bearing clayey mudstone. Red arrows point to two subrounded 

boulders with a >50 cm diameter. 
C. Hackly fracturing character was commonly observed in gravel-poor occurrences of this lithofacies. Hammer is 38 cm 

long. 
D. Detailed view of hackly fracturing style in very-well-sorted exposure of lithofacies 4. Pencil is 14 cm long. 
E. Poorly sorted, pebbly, clay-rich deposit with seep-water flowing over the outcrop surface. Marker is 14 cm long. 
F. A metavolcanic boulder, in addition to more abundant cobble- and pebble-sized clasts (some of granitic lithologies) 

is suspended in a mudstone matrix. Our observations suggest non-volcanic lithologies are limited to this lithofacies. 
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Figure 12. Sediment–water continuum flow diagram modified from Smith and Lowe (1991). Water flow, or dilute stream 
flow, behavior is dominated by water that acts as a Newtonian fluid with no yield strength and sediment is suspended by 
fluid turbulence (Pierson, 2005). Increasing sediment concentration ultimately produces hyperconcentrated-flow behavior 
that is also dominated by a turbulent, although somewhat dampened, fluid phase with the lower transition threshold 
occurring when water plus fines begins to act as a non-Newtonian fluid (that is, it has a yield strength; Pierson and Costa, 
1987). Pierson (2005) also notes that this is the point along the sediment–water continuum where sand concentrations in 
a flow begin to increase dramatically, allowing hyperconcentrated flows to transport, in suspension, copious quantities of 
sand. Transition across the lower threshold of debris flow occurs where solid mechanical phenomena (such as grain-on-
grain interactions) begin to play a prominent role in sediment suspension of gravel-sized particles, but fluid mechanical 
phenomena remain active (Iverson, 2005); turbulence is muted or absent and debris flows typically exhibit laminar flow 
(Pierson, 1995; Procter and others, 2009). Finally, debris avalanches undergo transport largely via solid mechanical phe-
nomena with little to no contribution from the subordinate or entirely lacking fluid phase (Iverson, 2005). Note that once 
flow character is established within a cohesive lahar, flow transformations along this continuum are relatively uncommon 
(Vallance, 2005; also appendix C).

Azufrado/Lagunillas canyon, where the eruption-triggered 
lahars debouched and inundated an area of ~34 km2 (Pier-
son and others, 1990). Debris- and hyperconcentrated-flow 
deposits lithologically similar to those observed during this 
study aggraded to an estimated average thickness of 1.5 m 
(Lowe and others, 1986). Tragically, within hours of the erup-
tion, these lahars inundated the town of Armero with flow 
depths up to 5 m, and more than 20,000 of the village’s nearly 
29,000 residents lost their lives (Pierson and others, 1990). 

Two lahar events larger than the 1985 flows occurred in 1595 
and 1845 (Thouret and others, 1990), suggesting that sub-
stantial, episodic sedimentation events and centennial-scale 
lahar recurrence intervals at the Armero fan may represent 
the rule rather than the exception. 

Although the Armero site is seemingly analogous to 
the Qvc depositional system, it remains unclear whether 
Qvc strata are the record of alluvial fan versus floodplain 
deposition. Alluvial depositional systems are inherently 
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complex and define a continuum of processes (Collinson, 
1996), and thus distinguishing among alluvial depositional 
environments in the rock record may in many cases be rather 
difficult (Nilsen, 1982). Moreover, these distinctions may 
be further complicated where voluminous, unconsolidated 
juvenile volcaniclastic material is transported via processes 
(such as hyperconcentrated and debris flows) that more com-
monly dominate fan settings in non-volcanic environments 
but frequently travel many tens of kilometers beyond fans 
and onto broad floodplains in volcanic environments. Thus, 
despite the abundance of boulder-bearing debris-flow depos-
its and associated hyperconcentrated-flow facies in Qvc that 
may suggest alluvial fan deposition in non-volcanic settings, 
these observations are less uniquely compelling for such 
a conclusion within the context of Qvc. We are, however, 
skeptical that the largest boulders of lithofacies 1 (up to 3.7 m 
apparent long dimension; fig. 8C) would be transported more 
than several kilometers beyond the limits of confined, highly 
channelized flow (compare to Pierson and others, 1990) 
that characterize the more proximal depositional reaches of 
volcaniclastic-sediment-dominated alluvial systems. The sub-
Qvc unconformity also indicates that the volcaniclastic strata 
of this study began aggrading in a paleovalley that had been 
incised into the underlying Paleogene and Neogene Cook In-
let forearc basin stratigraphy. These relations suggest that, at 
a minimum, the volcaniclastic sediments infilled pre-existing 
topographic relief during establishment of the Qvc deposi-
tional system and thus did not accumulate along a regionally 
extensive basin floor. Additionally, the volcaniclastic deposits 
of Qvc at the plateau locality must record only a limited part 
of a depositional system and resultant volcaniclastic succes-
sion, both of which were once presumably much greater in 
original areal extent. Much of the Qvc depositional system 
has undoubtedly been removed by latest Pleistocene and Ho-
locene erosion (predominantly glacial?), and we are unaware 
of any correlative strata or associated paleogeographic ele-
ments—with the noted possible exception of ancestral Mount 
Spurr itself—beyond the volcaniclastic plateau of this study. 
Thus, the limited geographic distribution of Qvc presents ad-
ditional challenges in determining the overall context of the 
former depositional site. Nevertheless, our observations and 
interpretations of Qvc—placed in the context of potentially 
analogous modern depositional systems—suggest this unit 
aggraded on a relatively low-gradient alluvial fan or flood-
plain in an area exhibiting hundreds of meters of topographic 
relief, and likely within tens of kilometers of the uppermost 
reaches of a volcaniclastic detritus-rich source catchment(s).

SUMMARY

Previous studies in the Capps Glacier area of the Tyonek 
Quadrangle recognized a distinctly mappable unit comprising 
the conglomeratic to sandy to clay-rich strata of Qvc that crop 
out along the margins of the volcaniclastic plateau, but age 
constraints and detailed facies descriptions were lacking until 
now. An angular unconformity underlies the ~275-m-thick 
Qvc (maximum exposed stratal thickness), and the mapped 
trace of this unconformity suggests hundreds of meters of 

paleotopographic relief. Although the bulk of observed bed-
ding dips are horizontal to subhorizontal, possibly reflecting 
primary dips, locally gently dipping panels of Qvc may be 
tectonically deformed. Some of the volcaniclastic deposits 
were susceptible to post-depositional liquefaction and/or 
fluidization as evidenced by clastic intrusions hosted in cha-
otically folded Qvc strata; inferred soft sediment deformation 
processes may have been triggered by regional seismicity 
and/or depositional loading related to high instantaneous 
rates of sedimentation. New U–Pb detrital zircon results, 
in conjunction with glacial deposit age assessments and 
cross-cutting relations, bracket deposition of Qvc to middle 
to late Pleistocene but prior to MIS 4. Our observations and 
interpretations suggest that Qvc strata dominantly record 
sedimentation from hyperconcentrated flows and debris 
flows (lahars) in a volcaniclastic-sediment-choked alluvial 
system, likely at a site comprising a low-gradient alluvial 
fan or floodplain. The clay-rich deposits described in this 
report may record sector-collapse-related debris avalanche(s) 
that transformed into clayey debris flows. Age constraints 
reported in this study partly overlap available 40K–40Ar ages 
for ancestral Mount Spurr eruptive products; this ancestral 
stratovolcano, which comprises the caldera rim surrounding 
modern Mount Spurr volcano, may have been the source of 
some, or possibly all, of the juvenile volcanogenic material 
in Qvc. Although the Qvc depositional system was undoubt-
edly well developed during middle to late Pleistocene time, 
any stratigraphic vestige of this system beyond the modern 
volcaniclastic plateau has been subsequently dismantled by 
erosion or has yet to be recognized. 
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Appendix A

A Brief Introduction to Fluidization and Liquefaction

Fluidization occurs as pore-water velocity through sediment exerts sufficient drag on framework 
grains such that particle weight is overcome and the sediment loses its internal strength (Lowe, 1975; 
also Owen, 1987). When the minimum fluidization velocity is exceeded, sediment transport, typi-
cally turbulent, takes place. Liquefaction, which only acts on saturated sediments (Obermeier, 1996), 
occurs when pore-water pressure is equal to overburden pressure and a formerly framework-grain-
supported sediment body can act as a viscous fluid with little to no shear strength (Seed and Lee, 
1966; Youd, 1973; Lowe, 1975; Owen, 1987; Obermeier, 1996). Liquefaction-susceptible sediments 
(in the sense of Obermeier and others, 2002) are typically cohesionless, fine to medium (Lowe, 
1975) or coarse (Obermeier and others, 2002) sand, but the degree to which finer-grained sediment 
(such as silt) affects the susceptibility of a sediment body to liquefy is not yet thoroughly understood 
(Obermeier and others, 2002). Walsh and others (1995) also demonstrated that liquefied medium- to 
coarse-grained sand may contain significant fractions of granule- and pebble-sized material. Lique-
fied sediments that are deformed generally undergo laminar flow with relatively negligible pore-
water velocities; turbulent suspension (or elutriation of finer-grained material) of all but the finest 
grain-size fraction does not occur and only the largest and heaviest particles differentially settle in a 
liquefied sediment (Lowe, 1975; also Owen, 1987). 
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Appendix B

U–Pb Detrital Zircon Geochronology Results

Data table B1, presented below, is re-tabulated from Microsoft Excel® spreadsheets of U–Pb 
LA–ICP–MS analytical results provided by A to Z, Inc. We do not include grains 109833_100, 
109833_104, and 109833_75 (sample 09TMH323A; see strike-through) in plots presented in the 
paper (fig. 7) due to their exceedingly large 2-sigma errors.
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Table B1.	Laboratory	analytical	results	for	detrital	zircon	samples	09TMH323A	and	09TMH342A.	
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Appendix C

A Brief introduction to Lahars and Lahar Processes

The term “lahar” was once considered by some workers to be ambiguous and its use in the volcani-
clastic sedimentology and volcanology literature ostensibly lacked utility (Smith, 1986). However, 
a working definition proposed by Smith and Fritz (1989) is now widely adopted and use of the term 
has remained ubiquitous. As summarized by Vallance (2005), lahar is “a general term for a rapidly 
flowing, gravity-driven mixture of rock debris and water (other than normal streamflow) from a 
volcano,” explicitly referring to a process and not a deposit. Furthermore, volcaniclastic sedimen-
tologists generally limit use of lahar solely to encompass hyperconcentrated- and debris-flow pro-
cesses (Cronin and others, 1999; Rodolfo, 2000; Vallance, 2000, 2005; Pierson, 2005). It is broadly 
recognized, however, that lahars are commonly genetically related to other volcanogenic processes 
that are not included in this narrowed definition—for example, debris avalanche, primary pyroclastic 
flow, and water flow. 

Lahars are typically temporally and sedimentologically punctuated, relatively high discharge 
volcano-hydrologic events (in the sense of Smith and Lowe, 1991) sourced from high-relief, volca-
niclastic-detritus-rich volcanic environments. Such events comprise flowing mixtures of water and 
sediment, with hyperconcentrated flows likened to “dirty motor oil” (Pierson, 1995) or appearing to 
be “viscous and oily” (Cronin and others, 2000), whereas debris flows are more similar to “liquefied 
slurr[ies]…resembling wet concrete” (Pierson, 1995). Lahar deposits commonly record very large 
sedimentologic events, as is indicated by these observed and inferred lahar-flow parameters: (1) 
flow velocities on the order of up to 40 m/s (Pierson, 1995; Rodolfo, 2000), (2) total flow volumes 
from tens of thousands to greater than one billion m3 (Major and others, 2005; Vallance, 2005), (3) 
discharge of thousands to several hundreds of thousands of cubic meters per second (Pierson, 1985, 
1995; Major and others, 2005), (4) channelized flow depths to many tens of meters (Scott, 1989; 
Pierson and others, 1990), (5) unconfined flow depths to 5 m (Pierson and others, 1990), and (6) run-
out distances of many tens of kilometers to nearly 100 km (Waitt and others, 1983; Pierson, 1985; 
Scott, 1989; Cronin and others, 1999, 2000; Zernack and others, 2009). An especially large clay-
rich, cohesive lahar (the so-called Osceola Mudflow) was generated during a sector collapse event at 
Mount Rainier ca. 5.6 ka, with flow depths to 100 m, flow velocities up to ~19 m/s, peak discharge 
of 2,500,000 m3/s, a run-out distance of 120 km, and resultant lahar deposits up to 25 m thick (Cran-
dell, 1971; Vallance and Scott, 1997). 
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Sediment–Water Continuum

Flowing mixtures of water and sediment lie along a sediment–water continuum, with relatively 
dilute water flow serving as one endmember flow type and relatively fluid-poor, solids-dominated 
flow—commonly referred to as debris avalanche in volcanic environments—as the other (Smith and 
Lowe, 1991); lahar flow types (such as hyperconcentrated and debris flow) occur along the middle 
of this spectrum (fig. 12). Hyperconcentrated and debris flows each encompass different flow rhe-
ologies, dominant sediment-transport mechanisms, and deposit characteristics, which are broadly 
summarized in figure 12. 

Lahar Generation
Lahars commonly occur in continental volcanic arcs, a setting well suited to prolific generation of 
unconsolidated volcaniclastic detritus, which is typically a key lahar ingredient. Explosive volca-
nic eruptions can nearly instantaneously mantle a landscape with enormous volumes (many cubic 
kilometers) of pyroclastic material, and post-eruption sediment yields can be several orders of 
magnitude greater than pre-eruption yields (Major and others, 2000). Bulking of water floods with 
easily erodible and loose volcaniclastic sediment readily available for transport is an especially 
common means of generating clay-poor, cohesionless lahars (for example, see summary by Val-
lance, 2000). Several processes in a continental arc setting can result in volumetrically substantial 
water floods—either syn- or post-eruptively—including: (1) sudden melting of snow and ice result-
ing from interaction with hot pyroclastic material (for example, Waitt and others, 1983; Major and 
Newhall, 1989; Waitt, 1989; Pierson and others, 1990; Thouret, 1990; Pierson, 1995, 1999); (2) 
catastrophic discharge of naturally dammed lakes (Neall, 1976; Waitt and others, 1983; Glicken and 
others, 1989; Waythomas and others, 1996); and (3) torrential rainfall (Rodolfo and others, 1989; 
Rodolfo and Arguden, 1991; Pierson and others, 1996; Rodolfo and others, 1996; Scott and others, 
1996). Debris-avalanche-related lahars (Glicken, 1991, 1996; Palmer and others, 1991; Scott and 
others, 1995; Procter and others, 2009; Zernack and others, 2009) are commonly clay-rich and can 
form astoundingly large cohesive debris flows.

Flow Transformations and Distinguishing Criteria
It is widely recognized that clay-poor lahars are prone to flow transformations (in the sense of 
Pierson, 1999; see summaries by Pierson, 2005; and Vallance, 2005; also Fisher, 1983). Flow trans-
formations are a consequence of flow rheology, which influences sediment transport and deposi-
tion mechanisms such that various flow types commonly yield distinguishable deposits. Tabulated 
criteria to aid in distinguishing among deposit types of various volcaniclastic sediment–water flows 
have been published (table 1 in Smith, 1986; figure 10 in Scott, 1988; table 1 in Procter and others, 
2009; table 3 in Zernack and others, 2009), and we include a subset of these criteria in figure 12.
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The dashed lines in figure 12 represent flow-type transitions and are placed at 10 percent, 50 per-
cent, and 70 percent sediment concentration by volume, which are typical thresholds in volcanic 
settings (Pierson and others, 2009). However, Pierson (1995; also Pierson and Costa, 1987) noted 
that grain size distribution and clay content—more so than overall sediment fraction (weight or vol-
ume percent)—greatly influence where these flow transitions occur in the continuum. Therefore, no 
uniquely definable sediment:water ratios can be ascribed to effectively predict exactly where along 
the flow continuum transformations will occur during natural flow events (Vallance, 2005; Pierson 
2005). 

Flow transformations of cohesionless lahars are generally attributable to bulking—addition of sedi-
ment to a flow (Scott, 1988)—or dilution due to either incorporation of surface water into a flow 
(Pierson and Scott, 1985) or release of sediment from the flow (Smith and Lowe, 1991; Cronin and 
others, 2000). A typical life cycle of a non-cohesive lahar may involve rapid bulking of sediment 
from low concentrations associated with dilute stream flow to high concentrations characteristic 
of debris flows with, undoubtedly, a potentially unrecorded and rapid transition through hypercon-
centrated flow and followed by downstream dilution through hyperconcentrated flow to water flow 
(Pierson and Scott, 1985; Pierson and others, 1990; Cronin and others, 1999). Contrary to the com-
mon bulking- and dilution-related flow transformations typical in non-cohesive mass flows, clay-
rich debris flows tend to retain their flow character throughout a lahar event, resisting downslope 
flow transformations to more dilute flow types (Vallance, 2005). As briefly discussed above, clay-
rich, cohesive lahars commonly originate as debris avalanches at hydrothermally altered volcanic 
edifices that contain sufficient water at the time of flank failure to transform to debris flows (Val-
lance, 2005) that can flow for up to 100 km or farther (for example, Scott and others, 1995; Vallance 
and Scott, 1997).
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