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ARTICLE INFO ABSTRACT

Article history:

Loess accumulated on a Bull Lake outwash terrace of Marine Oxygen Isotope Stage 6 (MIS 6) age in southern
Jackson Hole, Wyoming. The 9 m section displays eight intervals of loess deposition (Loess 1 to Loess 8,
oldest), each followed by soil development. Our age-depth model is constrained by thermoluminescence,
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meteoric '°Be accumulation in soils, and cosmogenic °Be surface exposure ages. We use particle size,
geochemical, mineral-magnetic, and clay mineralogical data to interpret loess sources and pedogenesis.
Deposition of MIS 6 loess was followed by a tripartite soil/thin loess complex (Soils 8, 7, and 6) apparently
reflecting the large climatic oscillations of MIS 5. Soil 8 (MIS 5e) shows the strongest development. Loess 5
accumulated during a glacial interval (~76-69 ka; MIS 4) followed by soil development under conditions
wetter and probably colder than present. Deposition of thick Loess 3 (~43-51 ka, MIS 3) was followed by soil
development comparable with that observed in Soil 1. Loess 1 (MIS 2) accumulated during the Pinedale
glaciation and was followed by development of Soil 1 under a semiarid climate. This record of alternating loess
deposition and soil development is compatible with the history of Yellowstone vegetation and the glacial flour
record from the Sierra Nevada.

Jackson Hole

Published by Elsevier Inc. on behalf of University of Washington.

Introduction
Overview

Loess—paleosol sequences are now recognized as one of the most
complete terrestrial records of glacial-interglacial cycles of the
Quaternary Period (Porter, 2001; Muhs and Bettis, 2003). In the
contiguous U.S., loess is found in several broadly defined zones
(Fig. 1). Loess covers much of the Mississippi River Valley, where it is
derived from meltwater-transported silts of the Laurentide ice sheet
(Bettis et al., 2003). In the Great Plains, west of the Mississippi River
Valley, loess has both a glaciogenic and non-glaciogenic origin
(Aleinikoff et al., 1999, 2008). Farther west, loess is widely distributed
in southeastern Idaho (Lewis and Fosberg, 1982; Pierce et al., 1982;
Scott, 1982), although its origins are not well understood. In and near
southeastern Washington, loess of the Palouse region is glaciogenic,

* Corresponding author. Fax: 41 406 994 6556.
E-mail address: kpierce@usgs.gov (K.L. Pierce).

related to catastrophic flood deposits of proglacial Lake Missoula
(Busacca et al., 2004).

In addition to these large loess regions, there are more restricted
areas of loess in parts of North America. One of these, separated from
the Idaho loess by the Teton Range, is a remarkable accumulation of
loess along the upper Snake River in Jackson Hole, northwestern
Wyoming (Fig. 2). In southern Jackson Hole, loess locally more than
8 m thick is distributed along both sides of the Snake River. We
studied a thick section of loess and intercalated paleosols near
Porcupine Creek, on a high outwash terrace in southern Jackson Hole
(Figs. 3, 4). Collectively, the loess deposits and paleosols represent an
unusually detailed record of environmental and climatic change
spanning the last glacial-interglacial cycle (last 150 ka). Dated
records covering this time interval are rare for the Rocky Mountain
region, particularly the penultimate interglacial period and the earlier
part of the last glacial period. The detail preserved in the Porcupine
Creek section results from substantial loess deposition on a nearly
horizontal outwash terrace, where erosion by water and wind was
minimal due to low gradients and a probable dense vegetation cover.

The 9 m section has eight loess units separated by soils. The base of
the section is a Bull Lake terrace gravel correlated with Bull Lake

0033-5894/$ - see front matter. Published by Elsevier Inc. on behalf of University of Washington.
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Figure 1. Upper: map showing the distribution of loess in the U.S., outside of Alaska, and location of the Idaho loess province. Compiled from Bettis et al. (2003), Busacca et al. (2004),
and sources therein. Lower: map of the northwestern U.S., showing the Palouse loess province (redrawn from Busacca et al., 2004), Idaho loess province, and location of the Jackson

Hole area.

moraines on which glacial boulders have a median oldest boulder age
of 154 +5 '°Be ka (Licciardi and Pierce, 2008). From the surface to a
depth of 7 m, six stratigraphically consistent thermoluminescence
(TL) ages extend back to ~76 ka. The lowest 1.5 m of the section is
bracketed between ~154 ka and ~76 ka and consists of a buried loess
and soil complex (Units, 6, 7, and 8). The interpolation of ages for this
loess and soil complex is based on buildup through time of meteoric
10Be in these three units. In addition to the field description and
particle size distribution, we use geochemistry, mineral magnetic
analysis, and clay mineralogy to interpret loess and soil character
changes. The backhoe pits were sampled in 1994 and TL and '°Be
analysis done before 2000. Optically stimulated luminescence (OSL;
see review in Duller, 2004) is now preferred over TL for most eolian
sediments, but the samples are no longer available for analysis and re-
excavation of the site is not possible due to funding and access issues.

In this report, references to non-U.S. Department of Interior (DOI)
products do not constitute an endorsement by DOI. Supplements to
this report are: 1) Stratigraphy and soil horizons of the composite
Porcupine Creek loess section, southern Jackson Hole, Wyoming, and
2) Table of soil-loess horizons showing particle sizes (4), organic
carbon, calcium carbonate, major element oxides (10), trace elements
(6) and magnetic properties (4) of the Porcupine Creek loess section,
southern Jackson Hole, Wyoming,.

Study area: climate, vegetation, and soils

Jackson Hole is a north-south-trending valley in northwestern
Wyoming, situated between the Yellowstone Plateau to the north, the
Teton Range to the west, the Absaroka Range to the far northeast, the
Wind River Range to the far east, and the Gros Ventre Range to the
east (Figs. 2, 3). After exiting Jackson Lake, the Snake River flows
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Figure 2. Natural-color moderate-resolution imaging spectroradiometer (MODIS) image from the Terra satellite of northwestern Wyoming, southern Montana, and southeastern
Idaho, showing study area and other localities referred to in the text. The agricultural areas in southern Idaho, obvious as alternating tan and green speckled areas, represent the
loess-covered areas. Image taken August, 2001 and is used through the courtesy of Jacques Descloitres, MODIS Land Rapid Response Team at NASA GSFC.

south along the valley axis, which has an altitude of ~2100 m in its
northern part and ~1850 m in its southern part. Tributaries to the
Snake River drain Quaternary rhyolites and minor basalts from the
Yellowstone Plateau, Precambrian quartz monzonites and gneisses in
the Teton Range, Tertiary andesites from the Absaroka Range, and
Mesozoic sandstones and shales bordering the east side of Jackson
Hole.

The climate of Jackson Hole is continental, with cold winters and
warm summers. At the Porcupine Creek section (altitude 1926 m)
mean annual precipitation is estimated to be 53 cm (19.5in.) and
mean annual temperature is 4°C (Phil Farnes, Snowcap Hydrology,
formerly NRCS, written commun., 2002). Productive hay crops now
grow at the study site. At nearby sites northerly slopes have patchy
forests of conifers and aspens. A deep wetting cycle associated with
spring snow melt is an important factor in the growth of lush grass
and forbs, and also deep soil development with leaching and
redeposition of carbonate in the modern surface soil.

Vegetation in the Yellowstone-Grand Teton-Jackson Hole area
(Fig. 5) is strongly conditioned by elevation (Baker, 1986; Despain,
1990; Whitlock, 1993). On the floor of Jackson Hole, precipitation
increases both to the west and to the north. Below ~1800 m elevation,
vegetation is dominated by sagebrush (Artemisia spp.) and grass
(Gramineae) steppe. The vegetation at the Porcupine Creek loess section
is the habitat type “Artemisia vaseyana/Festuca idahoensis” (mountain big
sagebrush/Idaho fescue) (Hironaka et al., 1983). Other plant species
present are Artemisia tridenta ssp. tripartite (three tip sagebrush) and
Symphoricarpos occidentalis (snowberry). Forest is found above the
sagebrush-grassland steppe, and dominant tree species in five forest
zones are, at successively higher elevations: (1) limber pine (Pinus
flexilis); (2) Douglas fir (Pseudotsuga menziesii) with subordinate limber
pine and quaking aspen (Populus tremuloides); (3) lodgepole pine (Pinus
contorta), with Engelmann spruce (Picea engelmannii) and subalpine fir
(Abies lasiocarpa) in the upper part of this zone; (4) a mixture of
dominant spruce (P. engelmannii) and fir (A. lasiocarpa), with subordi-
nate whitebark pine (Pinus albicaulis) and lodgepole pine (P. contorta);

and finally (5) whitebark pine (P. albicaulis). Above the highest forest
zone at ~2900 m elevation, alpine tundra is dominated by grasses
(Gramineae), sedges (Cyperaceae), and rushes (Juncaceae).

Surface soils in the region are influenced by the dominant
vegetation (Young, 1982). Above treeline, soils under tundra are
Cryorthents or Haplocryolls with minimally developed profiles
(Fig. 5). At high elevations in the spruce-fir forest of the Teton
Range, the main soils on flat surfaces or gentle slopes are Cryorthents
or Inceptisols (Dystrochrepts) with O/E/Bw/C profiles. At lower
elevations in lodgepole pine forest of the Teton Range, soils on flat
areas or gentle slopes are Alfisols (Haplocryalfs) with O[A]/E/Bt/C
profiles or Inceptisols (Haplocryepts) with O/E/Bw/C[R] profiles.
Finally, at low elevations in Jackson Hole itself, under sagebrush-
grassland steppe, soils are Mollisols (Haplocryolls) with A/Bw/C or A/
Bw/Bk/C profiles: a Bt may be locally present (Argicryolls). The
modern surface soil at the top of the Porcupine Creek section is a
Mollisol (Argicryoll) with an A/Bt/Bk/C profile.

Idaho-western Wyoming loess province

Loess is extensive over much of southeastern Idaho and adjacent
parts of western Wyoming (Fig. 1). Loess in this region is important
for the irrigated and productive farms along and adjacent to the Snake
River Plain (Lewis and Fosberg, 1982). The age of loess extends well
back into the Quaternary and locally contains the 639 +2 ka Lava
Creek B ash (tephra) (Izett and Wilcox, 1982; Lamphere et al., 2002).
Loess occurs on the margins of and within the eastern Snake River
Plain and total thickness varies considerably, in part as a function of
the age of the substrate (Scott, 1982).

In a study of ten stratigraphic sections along the eastern Snake
River Plain, Pierce et al. (1982) informally divided the upper part of
the loess into loess unit A (younger) and loess unit B (older) separated
by a buried soil that is more strongly developed than the surface soil.
Based on dated volcanic rocks and glacial deposits, these workers
concluded that loess unit A was deposited between ~70 and 10 ka, the
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Figure 3. Map of the Jackson Hole area, showing distribution of loess (gray shaded areas; compiled from Young, 1982 and Glenn et al., 1983), and the location of the Porcupine Creek
loess section. Also shown are the locations of moraines that mark the limits of Bull Lake, Pinedale-1, and Pinedale-2 glacial advances from the Yellowstone Plateau-Absaroka Range
area (Pierce and Good, 1992; Love et al., 2007; Licciardi and Pierce, 2008). Much of the blank area is glacial outwash plain whose seasonal deflation generated Pleistocene loess
deposits. Black dashed/gray lines outline Pinedale end moraines deposited by valley glaciers from the Teton Range and Gros Ventre Range.

prominent buried soil formed between ~70 and 130 ka, and loess unit
B was deposited before ~130 ka.

For the eastern Snake River Plain at the Idaho National Laboratory,
Forman et al. (1993) concluded that a clay-rich interval within dated
loess deposits was equivalent to the buried soil separating loess units
A and B of Pierce et al. (1982), and therefore that loess unit B dated
roughly to 70-80 ka. Dechert et al. (2006) argued that this clay-rich
interval was an alluvial deposit within loess unit A rather than a

buried Bt horizon 1.5 m thick. Scott (1982) mapped this low area as a
playa deposit, thus suggesting the presence of fine-grained alluvium.

Loess in the Jackson Hole area

Jackson Hole is adjacent to the extensive Idaho loess province that
extends to the west side of the Teton Range just west of Jackson Hole
(Fig. 1). Compared to Idaho, much less attention has been paid to loess
in western Wyoming, but some basic characteristics are known.
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calcic Bk horizon were observed near boundary of loess on Bull Lake gravel, including the diamond just left of lower middle where a cemented Bca horizon 1.1 m thick was observed.
Triangles and stars indicate Bull Lake outwash terrace and moraines, respectively. Bull's eye is the location of a glacial depression. The Snake River flows away from viewer. Three

dimensional image downloaded from Google.

Gently sloping landforms such as outwash terraces of pre-Pinedale
age commonly have thick loess deposits (Love et al., 1992). A north-
south transect of Jackson Hole by Glenn et al. (1983) shows that the
loess source was probably to the north, as indicated by southward
decrease in both mean particle size and sand content. Glenn et al.
(1983) also found the sand content of Jackson Hole loess to be higher
than that west of the Teton Range. This finding also supports a local
Jackson Hole outwash source. Modern winds in central Jackson Hole
are commonly from the south to south-southwest; winds are almost
as common but not as strong from the north (wind data are courtesy
of the Western Regional Climate Center, Desert Research Institute,
Reno, Nevada [http://www.raws.dri.edu/cgi-bin/rawMAIN.pl?wyW-
GRA; accessed on 19 January 2010]). Glenn et al. (1983) concluded
that in glacial times winds were from the north and most likely from
katabatic (cold air) winds descending from the greater Yellowstone
glacial system. Such an origin of loess via deflation of locally dry
outwash plains by katabatic winds probably also produced loess
deposits in southern Alaska (Rieger and Juve, 1961) and central Alaska
(Thorson and Bender, 1985; Muhs and Budahn, 2006).

Loess in Jackson Hole has mineralogy similar to loess found in other
regions. Glenn et al. (1983) reported that the dominant minerals in the
coarse silt fraction are, in decreasing order of abundance: K-feldspar (31-
43%), quartz, including chalcedony (18-40%), plagioclase (3-13%), and
calcite (1-13%). Vermiculite, muscovite, hornblende, chlorite, glass,
kyanite, pyroxene, and garnet were also identified in some samples, in
amounts of 5% or less.

We hypothesize that deposition of at least the thicker loess units at
the Porcupine Creek section is related to the glacial outwash history of
the area. During the last (Pinedale) glaciation, outlet glaciers from the
greater Yellowstone glacial system advanced first from the northeast
and then the north into Jackson Hole (Fig. 3). Meltwaters from these
ice bodies deposited extensive outwash covering most of the floor of
Jackson Hole (Love et al., 1992; Pierce and Good, 1992; Love et al.,
2007). Such outwash is the likely source of the silt that forms the bulk
of the Jackson Hole loess deposits (Fig. 3). Thus, as background for
testing the hypothesis of loess derivation from local glaciogenic
sources, we will review the glacial history of the area.

Glacial history

During the last two Rocky Mountain glaciations (Bull Lake and
Pinedale), glacial ice on the southern part of the greater Yellowstone
ice mass advanced into Jackson Hole (Fig. 3) where it was joined by
local mountain valley glaciers from the Teton Range and other ranges.
During the Bull Lake glaciation, a large glacier flowed south from

Yellowstone and occupied essentially all of Jackson Hole, terminating
about 4 km down-valley (south) of the Porcupine Creek section
(Fig. 3). The Pinedale glaciation was considerably more restricted in
this region, as indicated by terminal moraines that mark a Pinedale
maximum extent ~50 km up-valley (north) from the Bull Lake ice
limit in southern Jackson Hole (Pierce and Good, 1992).

The Bull Lake moraines of Jackson Hole have physical character-
istics that are consistent with Bull Lake moraines recognized
elsewhere in the Rocky Mountains. Boulders on the moraines exhibit
signs of weathering and the morainal ridge morphology can still be
recognized in places, but the rather thick loess cover in Jackson Hole
commonly subdues the ridge expression. In the northern reaches of
Jackson Hole, recessional Bull Lake deposits are characterized by a
thick loess mantle with a prominent reddish buried soil near the base
of the loess. In contrast, Pinedale deposits in the Jackson Hole area lack
a distinct loess cover (Young, 1982; Pierce and Good, 1992).

Inside the Bull Lake morainal loop at the southern end of Jackson
Hole is an outwash terrace ~120 m above the Snake River, upon which
the loess of the Porcupine Creek section accumulated (Fig. 3).
Subdued Bull Lake moraines occur down valley on the same high
terrace bench, supporting correlation of the outwash gravel at the
base of the Porcupine Creek section with the Bull Lake moraines
(Figs. 3, 4).

About 6-10 km west of the Porcupine Creek section, the Bull Lake
moraines are studded with large granitic boulders from the Teton Range
that are appropriate for cosmogenic nuclide dating (Licciardi and Pierce,
2008). Excluding one young outlier, 1°Be exposure ages of boulders on
these moraines have a mean age of 136 + 13 '°Be ka (n=7) and a median
“oldest boulder age” of 154+5 '°Be ka. These age constraints are
consistent with age estimates for Bull Lake moraines on the west side of
the greater Yellowstone glacial system near West Yellowstone, Montana
(Richmond, 1964), which have an age of ~140 ka based on combined
obsidian hydration and K-Ar methods (Pierce et al., 1976; Colman and
Pierce, 1981; Pierce, 2004). These ages all fall within the later part of
Marine Oxygen Isotope Stage 6 (MIS 6) which started ~190 ka and ended
~130 ka (Martinson et al., 1987). For comparison, we note that the MIS 6/5
boundary in the speleothem record at Devils Hole, Nevada, was
independently dated by Winograd et al. (1997) at ~140 ka.

Dating of deposits from the Bull Lake type area 130 km east of
Jackson Hole in the Wind River Range (Blackwelder, 1915; Fig. 2) also
suggests that Bull Lake deposits formed during MIS 6. Pedogenic
carbonate coats from two Bull Lake terraces yielded uranium series
ages of 16746 ka and 150 £ 8 ka (Sharp et al., 2003). These uranium
series ages are older than cosmogenic >Cl and '°Be data that indicate
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Figure 5. Map showing the distribution of major vegetation types and soils in the Jackson Hole area and surrounding mountains, compiled from Young (1982) and Wyoming

Geographic Information Science Center (2007) (http://www.wygisc.uwyo.edu/atlas/).

a minimum exposure age of >130 ka for older Bull Lake moraines and
amaximum age of 130-120 ka for younger moraines in the same type
Bull Lake glacial sequence (Chadwick et al., 1997; Phillips et al.,
1997); the cosmogenic ages at the type Bull Lake locality, especially
the 3°Cl ages, may be anomalously too young (Sharp et al., 2003;
Pierce, 2004).

The Pinedale glaciation is correlated with the last glacial period
(“Wisconsin” of the mid-continental U.S.) equivalent to MIS 2 of
Martinson et al. (1987). The start of the Pinedale is uncertain, and if
they were present, moraines of MIS 3 age and MIS 4 age might also be
classified as Pinedale in age.

Inside the Bull Lake glacial limit, Pinedale moraines of local valley
glaciers occur on both valley walls of Jackson Hole (Fig. 3). Farther
north, Pinedale moraines along the southern margin of the greater
Yellowstone glacial system define three glacial stands: (1) Pinedale-1
(Burned Ridge) advance by glacial lobes from the east and northeast,
but not from the north (i.e., not the Yellowstone Plateau area);
(2) Pinedale-2 (Hedrick Pond) advance by glacial lobes from the north
(Yellowstone Plateau) and the northeast; and (3) Pinedale 3 (Jackson
Lake) phase by a retreat from the Pinedale 2 position (Pierce and
Good, 1992; Love et al., 2007). The ages of Pinedale moraines and
outwash deposits in the Yellowstone-Teton-Jackson Hole-Wind
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River area have been estimated by a variety of methods, including
radiocarbon, uranium-series, obsidian hydration rind thicknesses,
weathering rind thicknesses, and cosmogenic nuclide surface expo-
sure dating (Pierce et al., 1976; Pierce, 1979; Colman and Pierce, 1981;
Chadwick et al., 1997; Phillips et al., 1997; Licciardi et al., 2001; Sharp
et al., 2003; Licciardi and Pierce, 2008). Weathering rind thicknesses
and U-series ages on gravels indicate that the earliest Pinedale
advance in other locations (McCall, Idaho and the Wind River Range,
Wyoming) could be as old as 50-70 ka and of early Wisconsin age
(Colman and Pierce, 1981, 1986; Sharp et al., 2003). However, all
workers in the region agree that the most recent ice advance of any
significant extent was the Pinedale advance of late-Wisconsin age.
Cosmogenic isotope measurements suggest that northern and
eastern outlet glaciers of the greater Yellowstone glacial system
reached their maximum positions at ~16-19 ka and began to retreat
shortly thereafter (Licciardi and Pierce, 2008). Pinedale moraines at
the mouth of one east-draining valley of the Teton Range are
somewhat younger than those of the northern and eastern outlet
glaciers of the Yellowstone ice cap. At Jenny Lake, for example
(Fig. 3), '°Be exposure ages of boulders on an outer moraine loop
have a mean of 14.6 + 0.7 '°Be ka (n= 10) whereas boulder ages on
an inner moraine enclosing the lake have amean of 13.5+ 1.1 1°Be ka
(n=9) (Licciardi and Pierce, 2008). The Pinedale moraines in the
Jackson Hole area lack a distinct loess cover (Young, 1982; Pierce and
Good, 1992).

Methods
Sampling

The loess deposits are divided into eight units (Fig. 6) based on
soils developed downward into each loess unit. A unit (i.e. 5) consists
of a loess (Loess 5) and a soil developed in it (Soil 5). In this report
these local terms (Unit, Loess, and Soil) are capitalized to make their
stratigraphic designation apparent (Fig. 7, see Supplement 1).

The ~9 m section of loess was exposed in three backhoe pits along
a transect extending from the upper flat terrace down across the top
edge of the terrace scarp. (Lower pit 43.37391°N, 110.73557°W;
upper pit 43.374235°N; 110.734825°W). A distinctive dark gray soil
horizon (mollic horizon?) in the upper part of Soil 5, at ~6 m depth,
served as a marker where it was exposed in the lower and middle pits
and encountered by shallow augering in the bottom of the upper pit.
The composite section described and sampled came entirely from the
upper and lower pits, with the middle pit serving as the best place to
obtain TL and radiocarbon ages from and just above dark gray A
horizon of Soil 5 (see Supplement 1).

Soil analyses

Soils were described using standard USDA-NRCS procedures (Soil
Survey Staff, 1993, 2010) and are described in Supplement 1. Soil
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isotope (MIS) timescale after Martinson et al. (1987).

analyses followed standard pedological methods which were used in
other loess studies by Muhs et al. (2003). Particle-size analyses of the
<2 mm fraction were done using sieve (53 um) and pipette after
removal of carbonates with HCl, destruction of organic matter with
H,0,, and dispersion with Na-pyrophosphate. Organic matter content
was determined by a modified Walkley-Black method and CaCOs
content was determined using a Chittick apparatus. Major and trace
element geochemistry was determined on bulk samples using
wavelength-dispersive X-ray fluorescence. Mineralogy of the clay
fraction was determined by X-ray diffraction (XRD) analysis. Prior to
XRD analyses, samples received the same pretreatments as for particle
size analyses. Clays were then separated by sedimentation and
mounted on slides for X-ray analysis in three conditions: air-dried,
glycolated, and heat-treated (550°C for one hour).

In addition to the meteoric '°Be accumulation, the degree of soil
development was used as a rough indicator of the magnitude of the
time spans involved, although changes in climate are also a factor.
The surface soil (Soil 1) on Loess 1 took about 12 ka to develop
based on the time since recession of Pinedale glaciers and cessation
of outwash (Pierce, 2004; Licciardi and Pierce, 2008). The surface
soil has a weak Bt horizon so it was judged that any buried soil
with a comparable, or stronger Bt horizon took at least 12 ka to
develop.

Magnetism measurements

For magnetic mineralogical analyses of soils and loesses, methods
followed those of Rosenbaum et al. (1996). Five magnetic mineral-
ogical parameters are presented: (1) magnetic susceptibility (MS)
measured at low frequency (600 Hz), essentially a measure of total
ferrimagnetic mineral content (i.e., magnetite and maghemite);
(2) anhysteretic remanent magnetization (ARM), also a measure of
ferrimagnetic mineral content but more highly sensitive to extremely
small (single-domain) grains (Dunlop and Ozdemir, 1997); (3) “hard”
isothermal remanent magnetization (HIRM), a measure of high-
coercivity magnetic minerals, such as hematite; (4) frequency-
dependent magnetic susceptibility (FDMS; the difference between
MS measured at 600 and 6000 Hz); and (5) the ratio of anhysteretic
remanent magnetization (ARM) to magnetic susceptibility (MS). The
FDMS and ARM/MS values are measures of magnetic grain size, where
higher values reflect higher proportions of ultra-fine (superparamag-
netic) and slightly larger (single domain) grains, respectively.

Thermoluminescence dating

The samples were analyzed at the USGS Luminescence Dating
Laboratory by Paula Maat (sample preparation and preliminary
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Table 1
Thermoluminescence data and ages for the Porcupine Creek loess section.

A. Dosimetry data for loess samples. Listed in stratigraphic sequence.

Sample Water? (%) K (%)° U (ppm)° Th (ppm)® Cosmic-ray component* Dose rate (Gy/ka)?
JHL-13 .10+£0.05 1.604+0.07 3.8440.54 8.3940.32 272 +0.03 4.7840.19
.2540.05 1.60+0.07 3.844+0.54 8.39+0.32 272 +£0.03 4.1240.16
JHL-5 .104+0.05 1.56+0.07 3.5240.51 8.04+0.31 .226+0.02 45040.18
25+£0.05 1.564+0.07 3.5240.51 8.044+0.31 226 +0.02 3.87+0.14
JHL-10 .104+0.05 1.70+£0.07 3.384+0.51 8.34+0.32 .204 +0.02 45940.18
.254+0.05 1.704+0.07 3.384+0.51 8.34+0.32 204 +£0.02 3.95+0.16
JHL-6 .10+£0.05 1.5640.07 3.934+0.51 7.52+£0.29 172 +£0.02 45740.18
25+£0.05 1.564-0.07 3.934+0.51 7.524+£0.29 172 +£0.02 3.92+0.15
JHL-7 .104+0.05 1.8540.08 4.1440.59 9.34+0.36 .150+0.02 5.18+£0.21
25+0.05 1.8540.08 4.1440.59 9.344+0.36 .150+£0.02 44440.18
JHL-2 .10+£0.05 1.864-0.08 3.68 £0.61 10.28 £0.39 .132+£0.01 5.08 +£0.21
.254+0.05 1.86+£0.08 3.68 +0.61 10.28 £0.39 .132+£0.01 43540.18
JHL-4 .104+0.05 2.00+0.08 3.734+0.62 10.56 £ 0.40 .130+£0.01 5.27+0.22
254+0.05 2.00+0.08 3.734+0.62 10.56 +0.40 .130+£0.01 4514+0.18
JHL-3 .104+0.05 1.99+0.08 3.86 +£0.59 9.63+0.37 122 +£0.01 5.19+0.21
.254+0.05 1.9940.08 3.86+0.59 9.63+0.37 .1224+£0.01 4.4540.18

B. TL data and ages for loess samples. Listed in stratigraphic order.

Samples® Preheat’ Bleach® D" (Gy) Temp./time' Age 10% water (ka)’ Age 25% water (ka)’ Total age range (ka)

JHL-13 140°C/7 h TB 84.0+19 340-380°C 176+1.6 204+1.9 16-22
140°C/7 h PB 84.1+4.6 330-390°C 176424 204 £2.8

JHL-5 124°C/64 h TBX 106 +2.1 360-410°C 235421 273+24 21-30

JHL-10 124°C/64 h TBX 159444 370-410°C 347+34 404440 31-44

JHL-6 124°C/64 h TB 208 +5.5 360-440°C 455+43 53.0+£5.1 41-58

JHL-7 140°C/7 h TB 237451 200-380°C 458 +4.2 534450 41-58
140°C/7 h PB 228 +8.2 200-390°C 440+4.7 513 £5.6

JHL-2 124°C/64 h TB 344412 300-440°C 67.7+73 79.1+8.6 60-88

JHL-4 124°C/64 h TB 306+ 14 200-380°C 581470 67.9+83 51-76

JHL-3 140°C/7 h TB 333411 240-350°C 64.1+6.7 74.8 +8.0' 57-82
140°C/7 h PB 315+13 230-350°C 60.6 +7.0' 70.7 +8.2'

@ Assumed ratio of weight of water/weight of dry sample, based on measured values as collected and saturation conditions. Uncertainties here and elsewhere are +1 sigma.
b Determined by in-situ gamma spectrometer, count times are approximately 30-35 min at sample site.

¢ Calculated from sample elevation and depth at time of collection as estimated from Prescott and Hutton (1994).

d

e

Assumed alpha efficiency value of 1.0 + 0.2 pGy/m? from Berger (1988). Gy = Grays.

The polymineral 4-11 pm size fraction was used for all measurements. For all runs, the heating rate was 5°C/s. TL was detected through Kopp 7-59 and Schott UG-11 filters on a

Daybreak Model 1100 Instrument.
' Chosen pre-readout annealing temperature and duration.

& TB = “total bleach” method from Singhvi et al. (1982) and PB = “partial bleach” method from Wintle and Huntley (1980) with protocol from Berger (1988). Samples run as
multiple aliquot additive dose (MAAD). All PB samples exposed to natural sunlight in Denver, CO for one hour before readout and TB residual signal from a 16 hour exposure to

natural sunlight in Denver, CO when skies were clear >75% of the exposure.

" A weighted saturating exponential regression model was employed for all samples.

! The readout temperature for which the Dy is calculated, “plateau” area.

' Ages +2 sigma. Total age range based on minimum with 10% water and maximum with 25% water.
k" A plateau was either not observed or proved ambiguous and the plateau temperature interval was limited (40-50°C), and begins at a relatively high temperature; thus the

corresponding Dg and age values may be only maximum estimates for these samples.
! Ages problematic from Bt soil horizons and considered minimum ages (see text).

analysis) and Shannon Mahan (sample analyses, dosimetry, and
reporting). TL analyses (Table 1) were undertaken on 4-11 um mixed
mineralogy samples following methods outlined by Aitken (1985), as
modified by Millard and Maat (1994) and Maat and Johnson (1996).
The protocols used were partial-bleach multiple-aliquot additive dose
(PB-MAAD) and total-bleach multiple-aliquot additive dose (TB-
MAAD). In situ concentrations of K, U, and Th were determined in the
field using a gamma spectrometer, with count times of approximately
30-35 min for each sample.

Water content by volume needs to be estimated to calculate the TL
age. For loess, water saturation is ~40-50%, field capacity is half that or
~20-25%, and wilt point is ~10% (Or and Wraith, 1999; John Wraith,
soil physicist, Montana State University, oral commun., July, 2002).
For comparison, estimates of average water content range from 25% in
loess in Belgium (Frechen et al., 2001), 10% in pristine loess, and 20%
in B horizons (Singhvi et al., 2001). For sites in Montana similar to the
Porcupine Creek section, soil moisture at 1 m is 10% or greater and
may average twice that (Farnes, 1978). For the uppermost four TL
samples (Table 1A and B) water content may have been closer to 10%
than 25% for this is consistent with soil drying indicated by the Bk

horizons. For the lowermost accepted two TL samples (Table 1) water
content may have averaged closer to ~25% because the soils were
mostly moist enough to not develop Bk horizons. We calculated and
plotted ages using both 10 £ 5% and 25 4 5% water by volume and two
standard deviations of the TL analysis (Table 1A and B; Figs. 6, 7).

Radiocarbon dating

Radiocarbon ages were obtained from two pits that exposed the
Soil 5 mollic A horizon to determine whether they would date near or
beyond the limit of '4C dating, as they would if consistent with the TL
ages of more than 60 ka. John McGeehin of the U.S. Geological Survey
Laboratory in Reston prepared the samples using the humic acid
extraction method of McGeehin et al. (2001). These extractions were
dated by AMS at the Lawrence Livermore accelerator laboratory.

Cosmogenic '°Be surface exposure dating

In prior work by Licciardi and Pierce (2008), eight boulders were
sampled near the Bull Lake glacial limit south of Jackson Hole (Fig. 3)
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for cosmogenic '°Be surface exposure dating. Excluding one young
outlier attributed to boulder rotation or exhumation, the results
(n=7) yield a mean age of 136+ 13 °Be ka (+1S.D.), as derived
using the CRONUS-Earth (Cosmic-Ray prOduced NUclide Systematics
on Earth) online '°Be exposure age calculator (http://hess.ess.
washington.edu/math) (Balco et al., 2008) when calculated with a
boulder surface erosion rate of 1 mm/1000 yr. See Licciardi and Pierce
(2008) for age-calculation details. It has been noted in several
previous exposure-age studies (e.g., Putkonen and Swanson, 2003;
Briner et al., 2005; Kaplan et al., 2005; Putkonen and O'Neil, 2006)
that true ages of moraines which have experienced degradation over
these timescales are most closely constrained by the oldest boulder
exposure ages in the distribution. The reasoning behind this
assessment is that most common geologic factors such as erosion,
exhumation, and past cover will lead to erroneously young exposure
ages, whereas isotope inheritance is comparatively rare. Notably, the
two oldest boulder exposure ages obtained from the Bull Lake ice limit
(151+2 and 15742 ka) are within ~6 ka of each other. With the
above considerations in mind, here we adopt the midpoint and range
of these two ages and their respective uncertainties, 154 4 5 ka, as the
best representation of the Bull Lake moraine age. The outwash gravel
at the base of the Porcupine Creek section is correlated with these Bull
Lake moraines; hence the age-depth model of the section is anchored
to 154+ 5ka at its base. We recognize that ongoing and future
refinements in cosmogenic '°Be production parameters will inevita-
bly improve the accuracy of the Bull Lake exposure ages, but these
future revisions are unlikely to affect the major conclusions of this

paper.
Meteoric '°Be analyses

Meteoric '°Be analyses were used to estimate the duration of
sedimentation and pedogenesis for loess—soil Units in the lower part
of the section that were not suitable for or are beyond the range of TL
dating. This method estimates the cumulative duration of sedimen-
tation and pedogenesis in a Quaternary stratigraphic section by
measuring the inventory of meteoric '°Be (atoms/cm?) delivered by
precipitation during pedogenesis (Curry and Pavich, 1996; Marke-
wich et al.,, 1998; 2011). Thus, soils that have longer residence times
beneath stable surfaces and have better-developed horizons will also
have higher concentrations (atom/g) and inventories (atom/cm?) of
10Be (see examples in Curry and Pavich, 1996; Markewich et al., 1998;
and Mubhs et al., 2003).

Extraction of meteoric '°Be from bulk soil and loess samples
followed the method outlined by Pavich et al. (1986). A calibrated,
dissolved spike of °Be was added to each ground sample, mixed with
NaCOs and heated to 1200°C in quartz crucibles. The resulting glass
beads were processed chemically to extract a purified BeO powder.
Ratios of '°Be/°Be in the BeO powders were measured by accelerator
mass spectrometry at Lawrence Livermore National Laboratory.

The residence time calculations require assumptions about the
delivery rate of '°Be by wet deposition and the concentration of
inherited '°Be deposited with the original loess. Soil residence times
(Table 3) were calculated by dividing inventories (corrected for
inherited '°Be delivered by dust and for radioactive decay) by a
delivery rate of 1x 10° atom/cm?/yr. This delivery rate, scaled to the
present mean annual precipitation, is based on the Maejima et al.
(2005) linear relation of meteoric '°Be deposition to rainfall, and the
assumption that soil formation in the past occurred under climates at
least as humid as the present in Jackson Hole. Because of the relatively
long half-life of '°Be (1.36 Ma; Nishiizumi et al., 2007), radioactive
decay over the probable time range of consideration (<160 ka)
constitutes a minor reduction in soil inventories.

We subtracted “background” concentrations of inherited meteoric
19Be prior to calculating inventories. Because there are few first-cycle
sediments on the Earth's surface, the probability is high that some of

the measured meteoric '°Be in loess is inherited from a previous
period of pedogenesis and surface accumulation. In China, for
example, modern dust has '°Be concentrations of 2.7 x 10% atoms/g
(Shen et al., 1992), reflecting recycling of '°Be from previous soils. In
Mlinois, Curry and Pavich (1996) reported possible background values
as high as 5.6 x 10% atoms/g for late Quaternary sediments. In central
Alaska, Muhs et al. (2003) used the lowest (~0.152x 108 atoms/g)
concentrations of '°Be in unaltered Holocene loess as a measure of the
inherited or “background” value for Pleistocene loess. We have
meteoric '°Be data only for the lower part of the loess section (Units
4-8; Table 3). We estimated what the background '°Be concentration
might be for the Porcupine Creek section at Jackson Hole by
examining the concentration of °Be in the lower part of Unit 4,
where only a weak Bw horizon has formed in loess. Because this Unit
represents a short period of loess deposition with only minimal soil
development, we consider that a value of 4.6 x 10® atoms/g, slightly
less than the measured concentration (4.82x10%atoms/g), is a
reasonable first approximation for “inherited” '°Be. For the mixed
gravel and silt (loess) at the base of the section we estimate inherited
19Be to decrease downward from 3.0 to 0.5 x 10® atoms/g as the gravel
content increased (Table 3). These values were subtracted from the
concentrations in all other horizons prior to calculating residence
times.

Results
Stratigraphy of the Porcupine Creek loess section

The base of the section consists of coarse outwash gravel (Fig. 6)
which is correlated on the basis of surficial geologic relationships with
Bull Lake moraines dated at 154+5 '°Be ka (Licciardi and Pierce,
2008). The loess-soil units occur as a series of eight packages above
this outwash gravel (Fig. 6). Unaltered loess is only found at the base
of Units 3 and 1; in all other packages, pedogenesis has extended
through the entire thickness of the loess.

We present here a brief description of each of the loess-soil units
that rest on the underlying terrace gravels (Fig. 6), from base to top
and described in more detail in Supplement 1 (Stratigraphy of the
Porcupine Creek loess section). The loamy part of Unit 8 is ~0.4 m
thick and accumulated on top of and mixed into the terrace gravels
below. The Bt horizon of the soil developed in this loess has
continuous moderate clay films and a dark brown (7.5YR 3/4 moist)
color. The bottom of the lower backhoe pit exposed only 20 cm of the
Soil 8 Bk horizon. But nearby, a cemented Bk horizon 110 cm thick is
exposed in a landslide headwall scarp in the top of Bull Lake outwash
gravel beneath thick loess. This scarp is only 0.6 km north of the
Porcupine Creek section and in the same terrace level and soil-
forming environment as the section (Fig. 4). On the margins of the
same terrace bench, several other exposures of a cemented Bk horizon
and/or soil carbonate coats were noted beneath thick loess. Thus, it is
apparent that a substantial Bk horizon is present at correlatives of the
Soil 8 Bk horizon at the base of the Porcupine Creek section. Because
the Bt horizons of Soils 8, 7, and 6 are so thin (total 133 cm), the Bk
horizon at the base Porcupine Creek section may be associated with all
three soils. Such a depth for a Bk horizon is shown by the modern soil
(Soil 1) where the Bk horizon extends from 110 to 200 cm below the
top of the soil.

A discontinuous pebble lag marks the contact between Unit 8 and
Unit 7. Unit 7 is ~38 cm thick and difficult to recognize as loess,
because pedogenesis has extended through its entire thickness. Soil 7
also has a well-developed Bt horizon with continuous moderate clay
films, and is dark yellowish-brown (10YR 3/4 moist) and has a
pebble-lag layer at the top of Unit 7 that marks its contact with Unit 6.
Unit 6 also has a soil developed throughout its 38 cm thickness and
has continuous thin clay films on ped surfaces and is dark yellowish-
brown (10YR 3/4 moist). Unlike the lower Units a pebble layer is
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Table 2
Age estimates based on soil development.
Soil Soil development Minimum age span’
5 Textural B with clay films >12
6 Textural B with clay films >12
7 Textural B with clay films >12
8 Textural B with clay films >15

and clay mineral alteration

! Based on comparison with surface soil that developed over the last ~12 ka and has a
marginal textural B horizon and having no clay films observed.

absent and its upper boundary is indicated by a less clay-rich and
pedogenic Bw horizon of Unit 5. Soils 8, 7, and 6 all lack recognizable A
horizons, which might be explained by truncation forming stone lines,
or obliteration as the loess accreted. In contrast, Soil 5, ~103 cm thick,
has a dark A horizon (10YR 2/2 moist) underlain by a Bt horizon
(10YR 4/3 moist) with clay films over a Bw horizon. The A horizon of
Soil 5 is the distinctive marker horizon that was used for correlation
between the three backhoe pits. It is dark enough that it may once
have qualified as a mollic epipedon. The dark A horizon of Soil 5
defines a clearly horizontal band in and between the lower and
middle pits and thus supports a “layer cake” eolian deposition for the
underlying Units, 5, 6, 7, and 8.

Unit 4 is 50 cm thick and has a generally weakly developed B
horizon throughout it. The upper interval of Unit 4 (548-558 cm) is
from an auger sample in the bottom of the upper pit and was

originally classified as Unit 3 in the field; we now place this at the top
of Unit 4 because the particle-size analysis shows a bulge in clay
content (Fig. 6). In the upper pit, Unit 3 is ~203 cm thick and is one of
only two units that contain relatively unaltered loess (C horizon) in its
lower part. This unaltered loess transitions upward into a Bk horizon,
which in turn grades upward into a Bt horizon (10YR 3/4 moist) with
thin continuous clay films on ped faces. Unit 2 is ~90 cm thick and has
an A/Bw soil profile. Finally, Unit 1 is 255 cm thick and contains, from
bottom to top, unaltered loess, a Bk horizon, a Bw horizon, a Bt
horizon (10YR 4/3 moist; clay films not observed), and a dark A
horizon. Soil 1 constitutes the modern surface soil in this area and is
considered to have developed in post-glacial time after about 12 ka. It
was originally classified as a Cryoboroll (Young, 1982), and would
now be classified as a Haplocryoll.

Chronology of the Porcupine Creek section

The chronology for the Porcupine Creek section (Fig. 7) is based
on: 1) the vertical stratigraphic sequence, 2) TL age estimates
(multiple aliquot total bleach; Table 1), 3) the median of ~154 +
51%Be ka for the two oldest boulders on Bull Lake moraines correlated
with the Bull Lake outwash gravel at the base of the section, 4) the
degree of soil development, particularly a Bt horizon, as calibrated by
the 12 ka age of deglaciation and the inferred start of development of
the surface soil (Table 2), and 5) for the interval from ~76 ka (TL) to
~154 ka (cosmogenic '°Be), the accumulation of meteoric '°Be in
Units 6, 7, and 8, (Table 3, Fig. 7).

Table 3
Age interval estimates for older part of Porcupine Creek section based on meteoric '°Be inventory.
Soil # and Thickness Concentration Inherited Excess!'Be Bulk Excess x bulk Soil packet Soil
horizon (cm) 10Be atom/g x 10Be atom/g x atom/g x 10° density density x excess '°B residence time
108 108 (=concentration- g/em’® thickness ("Be atom/ (1000 yr) at 1.0 x 10°
5 10 2 8 *
inherited) estimated ( Be ator;ﬂ/ cm? x 10%) atoms (cmz/yr)
cm“x 10°)
4Bw 19 4.82 4.6 0.22 14 5.9 (#4)
4Bw 17 5.78 4.6 118 14 281 "
Subtotal 339 33
5A1 1 6.76 4.6 2.16 14 333 (#5)
5A2 1 5.46 4.6 0.86 14 13.2 "
5Bt1 11 5.26 4.6 0.66 1.5 10.9
5Bt1 11 52 4.6 0.6 15 9.9
5Bt2 13 5.12 46 0.52 15 10.1 "
5Bt2 13 5.47 4.6 0.87 15 17.0 "
5Bt2 12 5.8 4.6 1.2 1.5 21.6 "
5Bw 1 5.71 4.6 11 14 171 l
Subtotal 133.1 13.35
6Bt 10 5.76 4.6 1.16 1.5 174 (#6)
6Bt 13 7.25 4.6 2.65 1.5 517 "
6Bt 12 8.27 4.6 3.67 1.5 66.1 "
6Bt 13 9.38 4.6 4.78 1.5 93.2 l
0 Subtotals 2283 2294
7Bt 12 7.89 4.6 3.29 1.5 59.2 (#7)
7Bt 13 7.8 4.6 3.2 1.5 62.4 "
7Bt 13 9.8 4.6 5.2 1.5 1014 L
Subtotal 223.0 22.41
8Bt1 21 11.29 4.6 6.69 1.5 210.7 (#*8)
8Bt2 20 4.56 3 1.56 1.6 49.9 "
8Bt3 16 3.06 2 1.06 1.7 28.8 "
8BC 17 1.26 1 0.06 1.8 1.8 "
8Bk 20 1 1 0 19 0.0 "
8C 5 1.53 0.5 1.03 19 9.8 "
8C 20 0.54 0.5 0.04 1.9 1.5 l
Subtotal 302.6 30.49

Inherited'°Be decreases over transition into sandy gravel.
Bulk density increases over transition into gravel.

* corrected for radioactive decay of "°Be, . =5.1x 10-%yr 1.

Total age span, Units 6,78  75.84




130 K.L. Pierce et al. / Quaternary Research 76 (2011) 119-141

We accept the upper six TL ages (total bleach) because they: 1) are
from only slightly weathered soil horizons (C, Bk or Bw), 2) are
stratigraphically consistent, and 3) have reasonable TL systematics.
Samples from Units 4 and 3 have analytically indistinguishable ages
(age range 41-58 and 42-58 ka), but the unaltered loess at the base of
loess 3 indicates that deposition rates may have been relatively rapid
during this period. Thus, we tentatively accept these two age
determinations because the TL age uncertainties (416 and 417 ka)
are consistent with the known stratigraphic sequence.

Age problems are apparent in the TL analyses of Bt horizons in
Units 6 and 7 (Fig. 7). For TL age sampling, loess from Bt horizons was
avoided where possible, but the only material available for these two
units was from Bt horizons. Unit 8 was not analyzed for TL dating due
to its high degree of alteration and weathering. Total-bleach TL ages
on Bt horizons in loess-soil Units 6 and 7 (Table 1; Fig. 7) are
considered minimum ages. TL age reversals in Pleistocene loess
sections, especially loess samples older than ~70 ka, have been
reported from other localities as well, including Germany (Frechen,
1999), the Czech Republic (Musson and Wintle, 1994; Frechen et al.,
1999), and Hungary (Frechen et al., 1997).

In addition to the general challenge of dating pedogenically
modified horizons older than ~70 ka, we suggest another possibility
as to why the TL ages from the Bt horizons of Units 6 and 7 might be
erroneously young. Animal burrows are common in the Porcupine
Creek section, sometimes to a depth of a meter or more below the
modern soil or top of a buried soil. The typical animal burrow
(krotovina) is filled with soil material from above and thus introduces
younger material into a deeper horizon. Although we avoided all
recognizable krotovinas, burrows would not be recognized and could
have been sampled if: (1) they were filled with material from above
by material similar to the surrounding material, or (2) enough soil
development occurred after the krotovina filling to obscure original
differences. Either of these processes could cause the two lowest TL
ages to be too young. The deepest two ages are roughly equivalent to
the age of sediment that would come from stratigraphic horizons 0.7
to 1.5 m higher in the loess section (Fig. 7). In sum, we accept, with
caution, TL ages in the upper ~7 m, but reject the TL ages for Units 6
and 7.

For Units 6, 7, and 8 we interpolate between the ~76 ka TL age for
the base of Unit 5 (Fig. 7) and the 154 '°Be ka for Bull Lake outwash
gravels using residence times based on meteoric '°Be inventories. The
residence time calculations are presented in Table 3.

The total residence time of 76 ka calculated for units 6, 7, and
8 (Table 3) is essentially equivalent to the 78 ka interval based on the
independently determined age span between the ~76 TL age for the
base of Loess 5 and the 154 '°Be ka age for the Bull Lake outwash
gravel. The close correspondence between the correlated °Be age of
the Bull Lake outwash gravel and the projected age of the section base
from meteoric '°Be residence time may be fortuitous given the
respective uncertainties in these two independent chronologic
methods as well as the ~76 ka TL age determination. However, we
consider the concordance of independently derived age constraints
from the cosmogenic and meteoric '°Be data to suggest that our age-
depth model for the lower part of the Porcupine Creek section is well-
supported and reasonable.

While the non-recognition of A horizons for soils in the lower part
of the section may indicate a hiatus, the similarity of age-interval
estimates suggests little record is missing and that loess deposited
between Bull Lake time and the end of late Wisconsin time is well-
preserved at this site. The high degree of preservation makes this an
important site for paleoenvironmental reconstruction.

Little carbon is preserved in the buried soils, except for the dark
mollic A horizon in Soil 5 (see Supplement 2). Radiocarbon ages on
humic acid from this horizon of Unit 5 provide a useful test of the TL
results. The dark mollic horizon is at the same level in the middle and
lower pits, but because of the slope between the two pits, the dark

mollic horizon in the lower pit is only half the depth below the
ground surface (2.1 m) asitisin the middle pit (4.1 mand 4.2 m). The
sample from the shallowest depth (2.1 m, lower pit) yielded an age of
35,730 £ 390 '“C yr BP. Samples from the middle pit where depth
below surface was twice as deep yielded '“C ages of 39,910 4 580 4C
yr BP (4.1 m) and of 39,860 -+ 560 'C yr BP (4.2 m). These ages are
near, at, or beyond the upper limit for '*C dating of humic acid in soil.
The sample from the shallowest depth (2.1 m) is likely to be the most
contaminated, and yielded the youngest age. Because such ages could
readily be affected by younger carbon additions of only a fraction of
one percent (including humic acid and old roots), we interpret these
14C results as minimum or actual ages. The oldest radiocarbon age
(39,910 'C yr BP converts to a calibrated age of more than 44 cal ka
BP (Fairbanks et al., 2005). Fig. 7 (bar and arrow in top of Unit 5)
shows the compatibility of TL ages JHL 6, 7, and 2 relative to this
minimum-age control. The age-depth plot shows the top of Soil 5 is
57 ka, compatible with a radiocarbon age of more than 44 cal ka BP
(Fig. 7).

Sources of loess

Overview

A useful step in any interpretation of paleoenvironmental records
in loess-soil sequences is the identification of the source or sources of
the sediment. In some cases, loess bodies have clear links to major
fluvial sources, such as the Missouri, Mississippi, Illinois, and Ohio
rivers in the mid-continent (Bettis et al., 2003; Muhs and Bettis,
2003). Nevertheless, even in the mid-continent there is sometimes
evidence of more than one loess source (see Grimley, 2000, for good
examples from Illinois). Loess can be derived from glacial or non-
glacial sources, and source regions can either be highly localized or
distant (reviewed in Muhs and Bettis, 2003). Particle-size and trace-
element geochemical data allow some inferences about potential
loess sources at the Porcupine Creek section. Because fine-grained
loess can travel tens or even hundreds of kilometers, potential sources
include distal loess from Idaho (Figs. 1, 2), as well as local glacial
outwash sources from the Yellowstone Plateau, the Absaroka
Mountains, the Teton Range, or some combination of these sources.
For the lower 1 m of section, the older thinner Loesses 6, 7, and 8 may
be from more distal sites.

Sedimentological evidence of loess sources

An earlier study showed that Jackson Hole loess could have been
derived from local sources by strong katabatic winds from the north
(Glenn et al., 1983). This conclusion was based on southward-fining
loess along a north-to-south transect in Jackson Hole. In this transect
the ratio of coarse (50-20 pm)-to-fine (20-2 pum) silt ranges from
about 3.0 in the north to about 1.5 in the south, although the
logarithmic trend explains only about a third of the variation. At the
Porcupine Creek section, silt content throughout is high, between 55
and 80% (Fig. 6). Ratios of coarse silt (in our analyses, 53-20 pm) to
fine silt at Porcupine Creek range from about 1.4 to 3.4, which spans
a slightly greater range than loess in the transect of Glenn et al.
(1983).

Relative amounts of coarse and fine silt in loess have been used in
two ways by sedimentologists. One approach has been to utilize the
ratio of coarse-to-fine silt as a measure of wind strength. This
technique has been used at single sites to infer relative wind strengths
through time in Europe (Vandenberghe et al., 1998; Rousseau et al.,
2002) and China (Nugteren et al., 2004). These workers show that
coarse-to-fine silt ratios are highest in unaltered loess (when
sedimentation rates are also considered to be highest) and are lowest
in altered loess or paleosols (when sedimentation rates are considered
to be low or nil). Other workers have used abundances of coarse and
fine silt to infer loess sources, along transects going away from
hypothesized valleys that might have provided silt supplies. Muhs and
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Figure 8. Plots of coarse-to-fine silt in loess as a function downwind from the
Matanuska River, Alaska, and the Missouri River, lowa, showing downwind decrease in
particle size. Also shown for comparison on both plots is the range in coarse-to-fine-silt
(53-20 um to 20-2 pm) in the Porcupine Creek section at Jackson Hole (shaded area).
Note slight difference in particle size for coarse silt in the lowa data. Alaska data from
Mubhs et al. (2004); lowa data from Muhs and Bettis (2003). Compared to these studies,
Wyoming data is compatible with near source (within 10 km).

Bettis (2003) and Mubhs et al. (2004) show that coarse silt decreases
and fine silt increases with distance from hypothesized source valleys,
such as the Missouri and Matanuska Rivers in lowa and Alaska,
respectively (Fig. 8).

Comparison of coarse-to-fine-silt ratios in loess at the Porcupine
Creek section with similar data from Iowa and Alaska suggests that
loess in Jackson Hole is probably locally derived (Fig. 8). The down-
section variability in coarse-to-fine-silt appears to be rather large
(Fig. 6), but when viewed from the perspective of distance-decay
functions from lowa and Alaska, the variability is actually not large. In
fact, the ratios of coarse-to-fine-silt at Porcupine Creek, which range
from about 1.4 to 3.4, are consistent with those for loess that has been
transported less than ~10 km from the Matanuska River in Alaska or
the Missouri River in lowa (Fig. 8). We interpret these observations to
mean that loess at the Porcupine Creek section was dominantly locally
derived, and is not likely to be the distal component of loess from the
Palouse region of eastern Washington or perhaps even the Snake
River Plain of Idaho (Figs. 1, 2). The ~10 coarse/fine silt peaks (Fig. 6)
may represent times of stronger winds.

Geochemical evidence of loess sources

Loess sources can sometimes be identified by mineralogical,
isotopic, or geochemical “fingerprinting.” Sun (2002a, 2002b) used
this approach in identifying loess sources in both the Taklimakan
Desert and the Chinese Loess Plateau. Muhs and Budahn (2006) and
Muhs and Benedict (2006) used the relative abundance of high-field-
strength elements (Ti, Zr, Nb, Y, Cr, Th, and the rare earth elements) in
identifying loess sources in Alaska and eolian silt additions to alpine
soils in Colorado, respectively. High-field-strength elements are
advantageous because they are the least mobile elements in low-
temperature, near-surface environments. Thus, even with chemical
weathering and pedogenesis, relative abundances of these elements
should be affected minimally, if at all. Use of Ti-Zr-Y ternary diagrams
to discriminate rock types has a long tradition in igneous petrology,

beginning with Pearce and Cann (1973), and has been proven an
effective way to discriminate loesses derived from different source
sediments (Gallet et al., 1996, 1998; Graham et al., 2001).

To demonstrate the utility of the trace-element fingerprinting
approach, we present relative abundances of Ti, Zr, and Y from loess
bodies in different regions (Figs. 1, 2, 9). New Zealand loess is
probably derived largely from mafic volcanic sources and plots near
the Ti apex. Loesses from China, Argentina and Svalbard are derived
from somewhat more felsic sources and therefore have somewhat
lower Ti and slightly higher Zr. Loess from central Alaska has source
sediments that drain metavolcanic rocks with relatively high Ti. In
contrast, Nebraska loess is derived from very silicic volcaniclastic
rocks and loess from Illinois is derived from Precambrian crystalline
rocks and Paleozoic sedimentary rocks. Thus, Nebraska and Illinois
loesses have low Ti and high Zr compared to Alaskan loess. These
comparisons show that Ti-Zr-Y plots are an effective way to
discriminate loesses derived from different source sediments.

Glenn et al. (1983) pointed out that the mineralogy of loess in
Idaho is similar to that of loess in Jackson Hole, although they also
inferred a local source for Jackson Hole based on particle size data. U-
Pb age spectra of detrital zircons from Idaho loess indicate that
sources of loess are complex and range from Proterozoic to Tertiary-
aged rocks (Link et al., 2005). Furthermore, late Pleistocene and
Holocene loesses in Idaho appear to have different sources.

One Ti-Zr-Y comparison we can make is between the Porcupine
Creek section and the Tule Island loess section 225 km to the
southwest. The Tule Island loess section was exposed in roadcuts
before completion of Interstate 86 (42.6156°N, 113.1453°W; Power
County, Idaho, Section 26, T9S, R28E). Two overlapping sections were
sampled in the roadcut: an upper section ~10 m thick and a lower
section ~6.6 m thick. Results indicate that the Tule Island loess section
has a Ti-Zr-Y composition intermediate between mafic and felsic
rocks (Fig. 9), consistent with the U-Pb zircon data that indicate
derivation from a variety of sources. Although Jackson Hole loess also
shows a Ti-Zr-Y composition that is intermediate between mafic and
felsic rocks, it is distinct from Tule Island loess section (Fig. 9). For
both these sections the Ti-Zr-Y plots are for all the soil horizons
sampled.

A more likely source for the bulk of the Jackson Hole loess is local
glaciogenic silt from the Snake River outwash plains of Jackson Hole,
in turn derived from glaciers flowing from the northeast, north, and
northwest. Glacial ice from the Yellowstone Plateau and the Absaroka
Range traversed volcanic rocks that are distinct in their mineralogy
and geochemistry. Rhyolites, which constitute the main rock type in
the Yellowstone Plateau (Christiansen, 2001), are relatively enriched
in Zr and Y, whereas andesites of the Absaroka Range (Feeley, 2003)
are relatively enriched in Ti and Zr, and are depleted in Y. On a Ti-Zr-Y
plot, the difference in composition between these two rock types is
readily apparent (Fig. 9). However, loess from the Porcupine Creek
section falls between the range of values for Absaroka Range andesites
and Yellowstone rhyolites. Additional glaciated sources are the Teton
Range which is rich in granitic rocks similar to rhyolite, and Mesozoic
sedimentary rocks along the east side of Jackson Hole, which are
immature and might be similar to the Absaroka andesites. Ice in
Jackson Hole came from both the Buffalo Fork and Pacific Creek glacial
lobes that traversed Absaroka andesite and Mesozoic sandstone and
shale terrain and from the Snake River lobe, which would have
traversed Yellowstone Plateau rhyolite terrain (Pierce and Good,
1992; Love et al.,, 2007). Loess from the upper Snake River Plain
remains a possible source.

Evidence of pedogenic alteration
Overview

Particle-size, mineralogical, geochemical, and mineral magnetic
data can be used to interpret processes of pedogenic alteration and
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environments of soil formation in the Porcupine Creek loess section.
We summarize these data here and interpret past environments of
soil formation in the context of modern processes of soil formation
related to current climate and vegetation in the Jackson Hole-Teton
Range-Yellowstone Plateau area (Fig. 5).

Soil morphology

One commonly used measure of pedogenesis is the degree of Bt
horizon development (Birkeland, 1999). Under climates where there
is sufficient rainfall to do so, clay migration can take place when
flocculating bivalent cations (Ca®>* and Mg?™) have been leached. At
the Porcupine Creek section, field evidence of Bt horizon formation is
observed in Units 8, 7, 6, 5, 3, and 1 (Fig. 6). This observation is
supported by measurements of clay content, which show maxima in
nearly all these Bt horizons, but are highest (20-24%) in the Bt
horizons of Soils 8, 7, and 3. Bt horizons in Soils 6 and 5 also have clay
films, but do not have as distinctive or dramatic a clay “bulge” in the
depth profile. Indeed, the Bt horizon in Soil 6 has a low clay content
despite field evidence of clay coatings on ped faces.

Because loss of bivalent cations (Ca>* and Mg?™) is normally a
prerequisite for clay migration, we would expect to see little evidence
of carbonate retained in Bt horizons. Calcium carbonate (CaCO3) was
almost certainly a component of the thicker loess units in the
Porcupine Creek section at the time of initial deposition of each
successive sediment package, because the underlying outwash
contains limestone sand and gravel. We measured CaCO3 content in
the upper part of the section and CaO and MgO contents in the whole
section (Fig. 10). All three geochemical parameters track each other

fairly closely. As expected, carbonate content is absent or low in the
well developed Bt horizons, although some secondary carbonate was
observed on ped faces inferred to have been introduced after soil
burial.

As discussed earlier, although for Soil 8 only a Bk horizon only a
20 cm thick was exposed in the bottom of the lower pit, a cemented
Bk horizon ~1.1 m thick (petrocalcic horizon) is noted beneath thick
loess at the top of Bull Lake gravel 0.6 km to the north (Fig. 4). In a
truncated exposure in an abandoned roadcut about 50 m from the
lower pit a non-cemented Bk horizon 77 cm thick occurs at the top of
the Bull Lake gravel. Consequently, a Soil 8 Bk horizon about 1 m thick
in the top of the gravel is correlated in to the base of the section.

In addition to the Bk horizon in the Bull Lake gravels, Soils 3 and 1
have notable zones of pedogenic carbonate accumulation, or Bk
horizons below Bt horizons (Fig. 10). These relations suggest that
precipitation at the time of soil formation in Soils 3 and 1 was
sufficient to leach carbonates out of the upper meter or so of the soil
profiles, but insufficient to leach carbonates completely. In contrast,
profiles developed in Soils 5 and 4 have little evidence of pedogenic
carbonate accumulation or significant amount of original detrital
carbonate (Fig. 10), suggesting development under conditions of
greater effective moisture. In the Bt horizons of Soils 6 and 7, there are
scattered tubular concretions, but the bulk of the Bt horizons do not
effervesce and have a very low CaO/TiO,, ratio (Fig. 10).

Major element geochemistry
Major element geochemistry can be a precise method for assessing
the degree of depletion of the main rock-forming minerals in a soil
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due to pedogenesis and weathering. In loess—-paleosol sequences such
as those in Jackson Hole, it is useful to normalize the potentially
mobile elements to an element of minimal mobility, such as Ti or Zr
(Fig. 11). Following the methods used by Muhs et al. (2001, 2008) for
loess—-paleosol sequences in the Mississippi River Valley and Alaska,
we use Ti as an index element for the more-mobile elements K, Na,
and P. The major carriers of these minerals are K-feldspar and mica
(K), plagioclase and hornblende (Na), and apatite (P). K,O/TiO, does
not show depletions that correspond with the best-developed soils. If
K-bearing minerals were being depleted in soils, then K,0/TiO, should
be lowest in soils and highest in unaltered loess. In fact, the range in
variability of this ratio in soils is not much different from the range of
variability within unaltered loess, as seen in the basal portion of Unit 3
(Fig. 11). We interpret this to mean that the variability in K,0/TiO,
throughout the section mostly reflects variability in the original
composition of loess. If there is depletion of K-bearing minerals in the
soils, it is masked by the amount of compositional variability in the
loess itself. Because both plagioclase and hornblende are susceptible
to chemical weathering, we also examined trends of Na,O/TiO; as a
function of depth in the section. Depletion in Na is apparent in the
lower Bt horizon of Soil 8, lesser depletion of Na in the Bt of Soil 3, and
perhaps (only one data point) for the Bw horizon in Soil 2.

For the 2.5 m thick Loess 1, the SiO,/TiO, ratios nearly double from
the lower to upper half of Loess 1 (Fig. 11). This is consistent with the
change from Pinedale-1 to Pinedale-2 time when a major glacial lobe
from the siliceous Yellowstone area was added to the glacial sources
for the outwash on the floor of Jackson Hole. The highest SiO,/TiO,
ratios in the loess section occur in Loess 5, which also has the highest
sand content.

Apatite is the principal carrier of P and of the primary rock-forming
minerals; it is second only to olivine in its susceptibility to weathering.
Runge et al. (1974), who studied P distribution in loess-paleosol
sequences in New Zealand, found that P has a very systematic depth
distribution in soils and paleosols as a function of its mobility.
Concentrations of P are highest in the upper horizons of soils, where
plant cycling has enriched them; lowest in middle-depth soil horizons,
where P is depleted either by plant uptake or by downward leaching;
and high again in the lowermost soil horizons or uppermost parent
material, where neither leaching nor plant uptake have affected the
sediment or soil, or where there has been enrichment by leaching from
shallower depths. Runge et al. (1974) offered this “high-low-high”
pattern of P distribution as a means by which to identify paleosols in
loess sections. Muhs et al. (2003) applied the method with some
success to verify the presence of paleosols in loess sections of central
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Alaska. In the Jackson Hole loess section (Fig. 11), the modern soil (Soil
1) shows a “high-low-high” pattern of P,0s/TiO, that is very much
like that described by Runge et al. (1974) for soils in loess of New
Zealand. A similar pattern is seen with the Unit 3, and possibly a “high-
low” pattern in paleosol 4 where there is no Bk horizon. The paleosol in
Unit 2 and those in Units 5, 6, 7, and 8 do not show such a clear pattern
of P enrichment and depletion.

Mineral magnetic analysis

Mineral magnetic analysis has been applied extensively to
Quaternary loess—paleosol sequences especially as a way to recognize
the presence of extremely fine-grained ferrimagnetic minerals
produced during pedogenesis (see Singer and Verosub, 2007, for a
review). In the Porcupine Creek section, variations in magnetic
properties (Fig. 12) arise from a variety of factors including dilution by
calcite, changes in provenance, and the formation of pedogenic
magnetic material. MS and ARM reflect content of ferrimagnetic
minerals (i.e., magnetite, titanomagnetite and maghemite) and HIRM
largely reflects content of high coercivity magnetic minerals (e.g.,
hematite). The effects of dilution can be readily observed by
comparing the uncorrected values of these parameters to those
calculated on a carbonate-free basis (Fig. 12; see Fig. 10 for carbonate
percent in upper 6 m). Some of the features in the carbonate-free
curves of MS and ARM can be attributed to formation of pedogenic
magnetite or maghemite. The most prominent features are the
upward increases in MS and ARM in Soil 1. These trends coincide
with increases in the presence of superparamagnetic and single-
domain ferrimagnetic minerals, indicated by FDMS and ARM/MS,

respectively. Such fine-grained ferrimagnetic material is commonly
produced by pedogenic processes. Similarly, pedogenic magnetic
minerals probably occur in other intervals with elevated values of
FDMS and/or ARM/MS (Fig. 12, Soils 1, 3, 5, 6, and 8).

Comparison of carbonate-free magnetic properties to Ti content in
zones lacking evidence of pedogenic magnetic minerals (Fig. 13)
shows that some variations are due to changes in the mixture of
detrital components. Both MS and ARM are highly correlated with Ti-
content, with the best-fit line intercepting the Ti axes at 1600 to
1700 ppm. These relations indicate varying mixtures of one compo-
nent with relatively high contents of ferrimagnetic minerals and Ti
and a second component with very low ferrimagnetic mineral content
and lower, but significant, Ti content. The first component is probably
derived from volcanic rocks of the Yellowstone Plateau and Absaroka
Range. The origin of the second component is unknown.

Clay mineralogy

Clay mineralogy is useful in pedologic studies because clay
minerals are very sensitive to climatic conditions, vegetation, and
duration of pedogenesis (Birkeland, 1999). In the Porcupine Creek
loess section, we examined clay minerals in all horizons of the modern
soil (Fig. 14) and in the Bt horizons (or Soil 2 Bw horizon) of all the
paleosols (Fig. 15). Unaltered loess (Fig. 14; the C horizon of the
modern soil) contains abundant smectite, as indicated by a strong
peak at 17 A when glycolated. Upon heating (550°C), this peak
disappears and the height of the 10 A peak increases. Mica is identified
by 10 A and 5 A peaks (air-dried and glycolated) that remain after
heat treatment. The presence of kaolinite is demonstrated by a peak at
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7.1 A (air-dried and glycolated) that disappears after heat treatment,
suggesting that the peak at 7.1 A does not represent chlorite. Clay-
sized quartz is also present, as revealed by peaks at 20.0° and 26.6°
two-theta; both peaks are unaffected by heat treatment.

In the modern soil (Soil 1), the clay mineralogy in both the Bt and
Bw horizons differs little from that of the C horizon, suggesting little
pedogenic alteration of the original clay mineral assemblage (Fig. 14).

4000

Qualitatively, the same is true for the Bw and Bt horizons of Soils 2 and
3, respectively, (Fig. 15), as smectite, mica, kaolinite, and quartz are all
found in these horizons as well. In addition, the relative proportions of
these minerals do not look much different from those in the C horizon
of the modern soil. In the Bt horizons of Soils 5 and 6, however, the
smectite peaks are much broader, shorter, and more asymmetric than
those in the younger paleosols, and the kaolinite peaks are relatively
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Figure 13. MS (magnetic susceptibility) and ARM (anhysteretic remanent magnetization) versus Ti content. Open symbols indicate samples interpreted to have significant
concentrations of pedogenic ferrimagnetic minerals (see Fig. 12), which were not included in calculation of best-fit line.
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higher than Soil 1. These observations suggest possible alteration of
smectite to kaolinite or some kind of mixed-layer clay. The Bt horizon
of Soil 7, however, has a more prominent smectite peak than in Soils 5
and 6, but a lower smectite peak than the Bt horizons of Soils1, 2, and
3, suggesting minor clay mineral alteration. Finally, the Bt horizon of
Soil 8 has the most subdued smectite peak of all suggesting it has the
greatest amount of smectite alteration of the entire sequence.

Discussion
Glacial history

The loess—paleosol section at Porcupine Creek contains an
unusually complete record of geomorphic events of the past two
glacial-interglacial cycles back to ~154 ka (Fig. 16). Outwash at the
base of the section is almost certainly of Bull Lake and MIS 6 age,
based on its geomorphic position and cosmogenic '°Be surface
exposure age of the associated glaciation (Licciardi and Pierce,
2008). Loess 8 is likely a late-stage eolian silt accumulation that was
associated with the waning stages of Bull Lake glaciation. Loesses 7
and 6, like Loess 8, are thin, but appear to be discrete accumulations
documenting eolian silt deposition, because the paleosols developed
in them are distinguishable from each other and are capped by
unconformities (Unit 6/5 boundary) as well as stone lines at the
boundaries of Units 8/7 and 7/6. If the meteoric '°Be-fallout
chronology is reliable, the sequence suggests that Loess 7 and
Loess 6 were deposited within the middle and latter part of the last
interglacial period (sensu lato), possibly correlative with MIS stages
5d and 5b (Fig. 16). Although the thin silts that form Units 6-8 might
be from the Snake River Plain, their inclusion in the tight cluster of
Ti-Zr-Y-compositions (Fig. 9) with the thicker loesses (Loesses 1-5)
is compatible with having roughly the same source as other loesses
in the section. Thus, the possibility exists that there may have been
periods of minor ice growth in the Yellowstone area during MIS
substages 5d and 5b, or alternatively, conditions that were simply
more favorable for non-glacial loess deposition. It is not known
whether Pleistocene conditions were sufficient to generate katabatic
winds from the Yellowstone Plateau, although such winds are not
strong under present conditions. In any case, stratigraphic position
between ~154 4 5 '°Be ka Bull Lake outwash gravel and the deepest
accepted TL age (roughly 76 ka), as well as the duration intervals
indicated by meteoric '°Be buildup, support correlation of the
paleosols in Loesses 8, 7, and 6 with the last interglacial period (MIS
5, sensu lato).

In particular relevance to Loess 5 and Loess 3, a persistent question
in studies of western U.S. glacial history concerns evidence of an
earlier Pinedale (i.e., early Wisconsin) ice advance, equivalent in age
to MIS 4 and/or early MIS 3 (Colman and Pierce, 1981, 1986;
Richmond, 1986; Colman and Pierce,1992; Gillespie and Molnar,
1995; Bischoff and Cummins, 2001; Sharp et al., 2003; Pierce, 2004;
Thackray, 2001, 2008). Records bearing on this question include
(Fig. 16): 1) the Sierran record of glacial flour during MIS 4 and 3
(Bischoff and Cummins, 2001); 2) glacial flour in a core from Upper
Klamath Lake in southern Oregon that extends from the ~37 ka at the
base of the core to ~15 ka (Rosenbaum and Reynolds, 2004); 3) the
glacial sequence of the Olympic Mountains, Washington, which yields
radiocarbon ages in MIS 4? and 3 (Thackray, 2001, 2008); and 4) the
glacial sequence near McCall, Idaho, where evidence from weathering
rind thicknesses indicates morainal ages correlative with MIS 4
(Colman and Pierce, 1992). Eighty km east of Jackson Hole, pedogenic
carbonate on a Wind River outwash terrace started accumulating 55 &+
8.6 ka (Sharp et al., 2003). Based on TL and other age information,
Forman et al. (1993) dated an interval of loess deposition on the Snake
River Plain between 60 and 80 ka, 150 km west of Jackson Hole. Also
to the west near Idaho Falls at a depth of ~5 m down in loess and
beneath a weak paleosol, Phillips et al. (2009) obtained an OSL age of
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Figure 16. Comparison of several climate records over the last 150 ka. From left to right: 1) Glacial maxima for the Olympic Mountains, WA, (Thackray, 2008)and NW Idaho
glaciation (Colman and Pierce, 1986, 1992); 2) Sierran glacial flour (Bischoff and Cummins, 2001), 3) Marine oxygen isotope stages from Martinson et al. (1987); 4) intervals of loess
deposition and soil development (this study); 5) comments on loess and soil intervals, and 6) Yellowstone vegetation changes from pollen and plant macrofossils (Baker, 1986).
Numbers at changes between loess and soil are ages (in ka) from Fig. 7; these numbers are included for reference only, the actual age uncertainty is probably thousands of years.
Loess deposition correlative with MIS 2 and 4 is expectable, but significant and apparently rapid loess deposition at about 40-50 ka, early in MIS 3, is novel. Jackson Hole loess
deposition also correlates with Sierran glacial flour during MIS 2 and 4, but during MIS 3 loess deposition dates early and late in MIS 3 whereas Sierran flour dates to the middle of MIS
3. For Yellowstone vegetation, forest intervals tend to correspond to intervals of soil development in the loess section with Douglas fir (the warmest) correlating with Soil 8.
Vegetation intervals of tundra or no record generally correlate with loess deposition at the Porcupine Creek section.

75.3 £5.2 ka. The Porcupine Creek loess section provides the Loess 5 is a meter thick and topped by the distinctive mollic A
following evidence of loess deposition and possible glaciation during horizon. If our combined TL, cosmogenic °Be, and meteoric °Be age
both MIS 4 and 3. estimates are reliable, then Loess 5 was deposited in the ~76 to ~69 ka
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range and correlates with MIS 4 (Figs. 7, 16). Loess 5 has the highest
sand content (~25%), but such coarsening is not reflected in the high
coarse-fine silt ratio (Fig. 6). High SiO,/TiO, ratios suggest derivation
of Loess 5 from a more siliceous source, most likely either: 1) loess
derived from outwash from glaciation of the siliceous Yellowstone
rhyolite Plateau, or 2) eruptions of ash associated with rhyolite eruptions
~70 ka (Christiansen, 2001).

Loess 4 is 50 cm thick with a weakly to moderately developed soil,
and may represent loess deposition combined with soil development.
It is treated here as a separate unit, particularly because of a
systematic increase in clay to 12.5% at its top.

Loess 3 was deposited ~51-43 ka based the TL ages and soil
development (Fig. 7), and thus indicates correlation with an earlier
part of MIS 3 (Fig. 16). Loess 3 is about as thick as Loess 1 and appears
to represent a significant glacial interval. If glaciation occurred at this
time, associated moraines probably have been overridden and
obliterated by ensuing Pinedale advances.

Loess 2 was deposited from ~35-30 ka (Fig. 7), and may represent
an interval of combined loess deposition and soil development,
apparently in the later part of MIS 3.

Loess 1 at Porcupine Creek (~25-12ka) correlates well with
Pinedale ice advances in Greater Yellowstone, and the Teton and Wind
River Ranges, particularly in light of cosmogenic nuclide ages of
Pinedale end moraines (Gosse et al., 1995; Phillips et al., 1997; Licciardi
and Pierce, 2008). This age is similar to dating of the upper loess unit
further west. About 100 km to the west near Idaho Falls, Phillips et al.
(2009) bracketed upper loess deposition by OSL dating between
~24 ka and ~16 ka. And west of Idaho Falls near the middle of the
Snake River Plain, Forman et al. (1993) obtained TL ages of 25 + 3 ka
and 28 + 3 ka on the middle part of the upper loess unit. Finally, the
modern soil in Loess 1 records a significant period of stability in post-
glacial time, and probably includes all of the Holocene.

In summary, by their similarity with a Pinedale age for Loess 1, we
conclude that both Loess 3 and Loess 5 probably represent “earlier
Pinedale” glacial episodes. Our TL ages indicate that Loess 3 could be
as old as ~60 ka. However, even with this maximum limiting age, the
chronology suggests that a glacial episode represented by Loess 3
would have occurred during the equivalent of MIS 3, rather than MIS
4, according to the SPECMAP chronology (Fig. 16). If this interpreta-
tion is correct, then the sequence at Porcupine Creek would be an
example of the asynchronous history of mountain glaciers in the
western U.S. compared to large continental ice sheets (Gillespie and
Molnar, 1995). The marine oxygen isotope record, such as SPECMAP
(Martinson et al., 1987) is primarily a chronology of continental ice
volume. Thus, by this line of reasoning, global ice volume was greater
in MIS 4 than it was in MIS 3, whereas mountain glaciers in Jackson
Hole were likely larger in MIS 3 than in MIS 4. In addition, the
relationship between loess thickness and glaciation is uncertain;
other factors such as vegetation, winds, and dryness are probably
involved.

Soil and other paleoenvironmental interpretations

The nature of both the paleosols as well as the loess deposits
discussed above in the Porcupine Creek section allow some
inferences to be made about paleoclimates in the Jackson Hole
region over the course of the past two glacial-interglacial cycles. A
useful analog is how modern soils of the area vary as a function of
climate and vegetation (Fig. 5). Modern soils in the area that formed
under grassland and sagebrush are Agricryolls or Haplocryolls with
weakly developed Bt or Bw horizons in their upper parts and Bk
horizons in their lower parts. In contrast, soils that formed under
forest are Haplocryalfs or Glossocryalfs with better-developed Bt
horizons and no Bk horizons.

In the Porcupine Creek section, the modern soil developed in Loess
1 is a good example of a soil that developed under grassland and

sagebrush vegetation. Although clay films are not observed in the Bt
horizon of this soil, a modest increase in clay content occurs compared
to the A or C horizons (Fig. 6). Snowmelt is sufficient to have leached
carbonates to depths of a meter or so, a prerequisite for clay migration
and pedogenic carbonates have accumulated below this depth and
show considerable enrichment (Fig. 10). Thus, the main expression of
pedogenesis in the semiarid climate with deep snowmelt wetting that
characterizes grasslands in Jackson Hole is deep leaching and
concomitant carbonate accumulation at depth.

Soil 2 has more carbonate than in the Bw or Bt horizons of the
modern soil (see Fig. 10). This may be explained by either: 1) leaching
that was inhibited by loess deposition and limited soil development
duration; or 2) carbonate in 2Bw that is associated with Soil 1. There is
an overall decrease in carbonate from 1 to 4.1 m and the carbonate in
the Bw horizon of Soil 2 and the upper part of the Bt horizon of Soil 3
may indicate carbonate from Soil 1 and possibly Soil 2 is being
translocated into the B horizons of Soils 2 and 3. Soil 3 looks very
similar to Soil 1 with a Bt horizon that is mostly carbonate-free, but
with a well-developed Bk horizon in its lower part (Figs. 7, 10). As a
consequence, we interpret this paleosol to have formed under a
vegetation cover other than forest, most likely grassland/sagebrush or
possibly a dry tundra. Unfortunately, the vegetation record (Baker,
1986) is incomplete through this time period, but does in part include
tundra.

Soil 5 has a dark mollic A horizon and a textural Bt horizon with
continuous moderate clay films. Soil 5 has no associated Bk horizon.
The Bk horizon of Soil 8 is 2.5 m below the top of Soil 5, well below the
depth of carbonate accumulation which is about 1 m in Soils 1 and 3.
Soil 5 is the only buried soil with a dark, mollic (?) A horizon which
suggests a non-forested, grassland or tundra vegetation. Because it is
the only buried soil that now displays a dark A horizon, Soil 5 may
indicate an unusual environment such as tundra.

Paleosols 5, 6, 7 and 8, have well-expressed Bt horizons and show
evidence of pedogenic clay accumulation (Fig. 6, Supplement 1). With
the exception of Soil 8, however, these older paleosols show only
modest evidence of chemical weathering based on major element
composition (Fig. 11). Nevertheless, clay mineralogical analyses show
that the Soils 5, 6, and 8 have likely undergone significant depletion of
smectite (Fig. 15), and mineral magnetic analyses show that the older
paleosols have, in general, more evidence of enrichment of pedogenic
ferrimagnetic minerals (Fig. 12).

Although excavation of the gravel in the lower pit was only deep
enough to show 20 cm of Bk horizon in the Bull Lake gravel (8Bk),
exposures of this horizon 0.6 km to the north (Fig. 4) document the
presence of a cemented Bk horizon about 1 m thick. This exposure and
at least six other localities (some shown in Fig. 4) of a Bk horizon in
Bull Lake gravel beneath loess indicate a calcic soil is common in this
stratigraphic position in the area of the Porcupine Creek section and
support interpretation of a soil forming environment similar to the
present for Soil 8. Our interpretation of these results is that the Soil
8 and possibly Soil 7 and Soil 6 developed under grassland vegetation.

The chronology we have developed for Soils 6, 7, and 8 permits
correlation of the buried soils with the last interglacial period in its
broadest sense, i.e., all of MIS 5 (Fig. 16). This period of time could
have encompassed as much as ~75 ka of pedogenesis, allowing for
the formation of a complex of well-developed soils. During this
interval, carbonate was leached, three textural B horizons devel-
oped, as well as alteration of clay minerals such as smectite, and
formation of secondary products possibly including ferrimagmatic
minerals.

The series of paleoenvironmental changes sketched above has
generally close agreement with Baker's (1986) reconstruction of
vegetation changes over the past two glacial-interglacial cycles in the
Yellowstone area (Fig. 16). His reconstruction was based on plant
macrofossil and pollen data from a series of sections with lake
sediments; chronology was based on K-Ar ages of volcanic materials,
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radiocarbon ages, and stratigraphic relations with Bull Lake and
Pinedale tills. According to Baker (1986), the last interglaciation was
complex, with a warmer-than-present period during the peak of the
last interglaciation (~125 ka?), followed by a somewhat cooler period,
and in turn followed by another relatively warm period (~ 80 ka?).
Under these alternations of vegetation and climate, Soils 8, 7, and 6 in
Jackson Hole might have formed. Baker (1986) considered the period
from ~70 ka to 50 ka to be relatively cold, with a dominance of tundra
vegetation. Unit 5 apparently developed during this time. Soil 5 with
its mollic A horizon, Bt horizon morphology, and lack of carbonate is
compatible with a moist tundra environment. There is no record of
vegetation in the Yellowstone or Jackson Hole areas between about
50 ka and 30ka (Baker, 1986) and our chronology allows for an
interpretation of Loess 3 being deposited during this interval. Lack of
any vegetation records in the Yellowstone area at this time may mean
that the area was covered by earlier Pinedale ice, which would be
consistent with our interpretation of Loess 3 as glaciogenic. A brief
interstadial period, represented by Soil 2 and Soil 3, might indicate
glacial recession, followed by the last-glacial maximum (later Pine-
dale). Baker (1986) also reported no vegetation records in Yellow-
stone 20-15 thousand years ago, when the Pinedale ice cap covered
the Yellowstone area and valley glaciers occupied the Teton Range
(Fig. 3). Our TL ages indicate that Loess 1 was deposited at this time,
and it is likely that conditions in Jackson Hole were cold and windy,
with glacial outwash plains that were sparsely vegetated. At the close
of late Pinedale time, the modern soil in Loess 1 started to form,
perhaps briefly under a coniferous forest that changed about 10 ka to
a climate as warm and dry as present, based on pollen studies in
northern Jackson Hole by Whitlock (1993). The modern sagebrush/
grassland environment at the Porcupine Creek site produced the Bk
horizon lower in the modern soil profile under conditions of deep
snowmelt wetting.

Conclusions

The Porcupine Creek loess section records a history of loess
deposition and soil development after Bull Lake glaciers retreated
from southern Jackson Hole about 150 ka (Fig. 16). At the end of the
last glacial (MIS 6) and during the last interglaciation (sensu lato, MIS
5), thin loess accumulated and weathered over three episodes (Units
8, 7, and 6) spanning an interval of ~75,000 years. The greatest
weathering occurred in Soil 8 (MIS 5e?), as indicated by clay mineral
and formation of pedogenic magnetic minerals.

Following formation of Soil 6, about 1 m of sandy Loess 5
accumulated, probably correlative with MIS 4, and possibly associated
with nearby glaciation. Soil 5 developed on Loess 5 and produced a
mollic A and Bt horizon but not a Bk horizon, possibly in a cold,
relatively moist tundra environment. After a short loess-soil interval
(Unit 4), about 2.2 m of Loess 3 accumulated, most likely associated
with mountain glaciation. Loess 3 accumulated ~51-43 ka early in
MIS 3. Glaciation in the mountains of the western U.S. during MIS 3 is
supported (Fig. 16) by the glacial flour record from the Sierra Nevada
(Bischoff and Cummins, 2001), and by radiocarbon-dated glacial
advances in the Olympic Mountains (Thackray, 2008). The SPECMAP
80 marine record is more than ~60% of the amplitude from full
interglacial to full glacial conditions at this time, so significant
mountain glaciation is reasonable. About 12-25 ka, ~2.5 m of loess
deposition occurred during a time correlative with the main Pinedale
glaciation. After ~12 ka, a soil developed in this loess with A, Bt and Bk
horizons, but with little evidence of clay alteration under semi arid
sagebrush-grassland vegetation. Figure 16 summarizes this unusually
detailed record of eight cycles of loess deposition and soil develop-
ment over the last 150 ka.

Supplementary materials related to this article can be found online
at doi:10.1016/j.yqres.2011.03.006.
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