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ABSTRACT

An abstract of the thestdf Joshua Andrews Heard for the Masié6cience in Geology

presented Mag™", 2012.

Title: Late Pleistocene and Humene aged Glacial and Climated®nstructions irthe

Goat Rocks Wilderness, Washington, United States

Eight glaciers, covering an area of 3.&m? reside on the northern and
northeastern slopes of the Goat Rocks tallest peake Cascades of central Washington.
At least hree glacial stands occad downstream from these glaciefsosest tanodern
glacier termini are.ittle Ice Age (LIA) moraineghat weredeposited between 1870 and
1899 AD, accordingo the lichenometric analysis. They are characterized by sharp,
minimally eroded crests, littleotno soil cover, and minimal vegetation cov@tacier
reconstrudbns indicate thatlA glaciers covered 8.29 kin76% more area thamodern
ice coverageThe average LIA equilibrium line altitude (ELA) of 1995 + 70 m is ~150 m
below the average modern Elof 2149 + 76 m. To satisfy climate conditions at the LIA
ELA, the winter snow accumulation must have b&ito 43 cm greater andnean
summer temperatures 0t@ 1.3 °C cooler than they are now. Late Pleistocene to early
Holocene (LPEH) aged moraines doeated between 100 and 400 m below the LIA
deposits. Theyhave degraded moraine crests, few surface boulders, and considerable
vegetation and soil cover. Volcanic ashes indicate LPEH moraines were deposited before

1480 AD while morphometric data suggespdsition during the late Pleistocene or early



Holocene. The average LPEH ELA of 1904 £ 110 m is ~ 240 m and ~90 m below the
modern and LIA ELAs, respectively. The climate change necessary to maintain a glacier
with an ELA at that elevation for LPEH condiis requires the winter accumulation to
increase byl7to 48 cm weq and the mean summer temperature to cool by 1.5 °C.

Last glacial maximum (LGM) moraines are located more than 30 km downstream from
modern glacial termini. They are characterized Haynmocky topography, rounded
moraine crests, complete vegetation cover, and well developed soil cover. Moraine
morphometry, soil characteristics, and distance from modern glacial termini indicate that
deposition occurred at least 15 ka BP during an expamreoling event, the last being

the LGM. The LGM ELA of 1230 m is ~920 m below the modern EIAe climate
change necessary to maintain a glacier with an ELA at that elevation for LGM conditions

requires the mean summer temperature to cool by 5.6 °Giwvithange in precipitation.
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CHAPTER 1: INTRODUCTION

Temperate mountain glaciers and their depositsnapertant sources for paleo
environmental information (Porter and Swanson, 2008). Responding sensitively to
climate variations, mountain glaciers can be indicators of both long andtestmort
climate fluctuations (Thackray et al., 2004). Reconstructidngr@existing mountain
glaciers have been used to determine temperature and precipitation conditions associated
with periods of glacial advances (Refsnider et al., 2008). Historically, the fluctuations of
alpine glaciers throughout western North Americarav suggested to be broadly
synchronous with North Americads continent
extreme cooling events, such as the Last Glacial Maximum (LGM) (Thackray, 2008).
While this may be the case, mounting data suggest thateafyacier systems also
fluctuate in response to more regional scale factors (Thackray, 2008; Refsnider et al.,
2008).

Air temperature and precipitation are the most dominant variables, among many,
that influence alpine glacier size (Leonard, 1989; Potit@r/). Further, air temperature
and precipitation patterns are uniquely influenced by regional orographic effects
(Licciardi et al., 2004), suchsthe cases of cold easterly winds flowing through the
Columbia River Gor ge an éwestareslopes af theGakcaded o w0
Mountains, respectively. While cooling and warming events of the global scale generate
evidence for coeval glacier advances and recessions, as seen in North America (Phillips
et al., 1996; Owen et al., 2003; Licciardi et, &004; Porter and Swanson, 2008;
Thackray, 2001; Licciardi and Pierce, 2008; Chadwick et al., 1997; Phillips et al., 1997;

Gosse et al.,, 1995), regional orograpkitects influence glaciers locally (Thackray,



2008). To explore the relationships betweesgional orography, orographically
influenced climate, and glacial fluctuations, we need to expand our understanding of
glacier fluctuations over broader aresisere little research has been conductedth as

the Goat Rocks Wildernes8y studying glaciefluctuations in the Goat Rocks, it may be
possible to deduce whether glaciers there synchronously or asynchronously fluctuated
with neighboring glaciers in Washington and Oregon. This, in turn, may provide insight
to future studies as to how much orograpdettings influence glacial fluctuations.

Little glacial mapping has been completed in the Goat Rocks Wilderness. Schasse
(1987) mapped glacial boulders and till as glacial terrain but investigated no further.
Heine (1997) mapped and dated possible merdeposits in the Goat Rocks, thought to
be Younger Dryas in age but provided no absolute age estimates. Bidlake (2007)
conducted a study on YGcentury ice loss of four of the glaciers in the Goat Rocks
Wilderness but did not investigate glacial demosithe lack of palegalimatic data in the
Goat Rocks confirms the region to be an important area of study.

The objectives of this thesis are to map glacial deposits in the Goat Rocks
Wilderness, to date material collected on those deposits, to cortieteste dates with
glacial activity elsewhere in the western United States, and to improve the record of

alpine glacier change during the late Pleistocene and Holocene.

1.1 Timing of relevant glacial advances
All uncalibrated radiocarbon agesxamined from other reports and discussed
herein were calibrated with the calibration program CALIB Rev 6.0.1 (in conjunction

with Stuiver and Reimer, 1993) using the 95% confidence limits of the calibrated ages.



Radiocarbon ages are presented in this document as both calibrated years before 1950
AD (i.e. 13.5 + 0.2 ka BP) and radiocarbon years before present (i.e. 11.7€ &4
BP). Terrestrial cosmogenic radionuclide (TCRN) dates{iBe and®*’Cl) are pesented
as cosmogenic years before present (i.e. ‘YBdka BP). Although the TCRN method is
continuously being calibrated by using sites with reliable independent age control and
known simple exposure history (Gosse and Phillips, 2001), | assume pgbaedages
have minimal uncertainties and are equivalent to calibrated years before present.

For my study, the Late Pleistocene concerns the period of time between ~25 ka
BP and the end of the Pleistocene epoch (~11.7 ka BP), including advances that
trangired during the global Last Glacial Maximum (LGM), the Heinrich 1 event (~17 ka
BP), and Younger Dryas (YD) Stade (~12 ka BP) (Heinrich, 1998; Heine, 1997). The
Holocene subsumes relevant advances that occurred from its beginning (~11.7 ka BP) to
the preent, including glacial resurgences just after the YD, during the 8.2 ka BP cooling
event and through the Neoglacial peribcch e peri od from AD 1450 tc

is termed the Little Ice Age (LIA).

1.2 Study Area
The Goat Rocks Wildernesacludes 427.4 kin(165 mf) of rugged terrain along
the crest of the Cascade Range in southwes
(Figure 1). This landscape contains peaks that rise higher than 245)s above sea
level (m asl) and valley floors resting below 900 m asl. The Goat Rocks have been carved
by glacial and fluvial activity since the early Pleistocene. At least seven large, radially

distributed glaciers once deeply carvedhaped valleysvhere theCispus River, North



and South Forks of the Tieton River, the K
Conrad Creek and the Upper Lake Creek now flow (Ellingson, 1968). Currently, eight
alpine glaciers (Packwood, McG&#l McCall-B, McCallC, Glissade, Tieton, Conrad,

and Meade) and multiple perennial snowfields forpatchy icecover on the north and

northeast slopes of the highest pedkgyre2). The Goat Rocks contain glacially eroded

valleys and cirques aselV as moraines that offer settings for the collection of proxy

climate indicators.
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Figure 1. Goat Rocks Wilderness and surrounding areain southwestern Washington State.The
white areas with blue boiders are modern glaciers Red triangles are prominent peaks and lhie yellow
rectangle depicts the main area of focus and expandedas Figure2.



The highest peaks of the Goat Rocks are remnants of theextovet 3650 m
Goat Rocks composite volcano (Ellingson, 1968). ZircondisBack ages for rhyolitic
tuff, flows, and breccias indicate that volcanism began ~ 3.2 million years ago (Ma)
(Clayton, 1983). Volcanic activity continued into the Pleistocene until the most recent
lava flows of ~ 0.5 Ma (Schasse, 1987; Wood and Kiel®90). During the volcanic
period highK,O pyroxene and hornblende andesites were erupted from vents along the
highest ridges in the study area. At ~ 1.0 Ma, the Tieton Andesite erupted and flowed
more than 80 km eastward down the Tieton River drainagking it the longest known
andesitic flow on Earth (Wood and Kienle, 1990).

In the core of the Goat Rocks, between Tieton, Curtis Gilbert, and Jopeasks
the andesites are interbedded with volcanic breccias and lahars (Swanson and Clayton,
1983). The adesitic lava flows of the Goat Rocks volcano were deposited on top of the
Oligoceneaged Ohanapecosh Formation, which consists of andesitic and dacitic
volcaniclastic rocks, altered basaléindesitic lithic breccia, tuff, and tuff breccia,
volcaniclasticsiltstone, sandstone, and conglomerate, and less common rhyolitic flows
and airfall and asflow tuffs (Fiske et al., 1963; Swanson and Clayton, 1983). This
formation is more than 2300 m thick and is commonly found as steep valley walls in the
Goat RockaVilderness. Prdertiary basement rocks of the Russell Ranch Formation rest
unconformably underneath the Ohanapecosh Formation. They include strongly deformed
graywacke and argillite, with less common pillow basalts, chert and thin tuffaceous beds
(Swansonand Clayton, 1983). Well preserved carbonaceous detritus and radiolarians

indicate that the Russell Ranch Formation was formed during the Cretaceous and Jurassic



(Schasse, 1987). Because the rocks of the Russell Ranch Formation are extremely altered

andhighly erdlible, it is unlikely that any glacial deposits still superimpose them.
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Figure 2: The Goat Rocks Wilderness highest peaks and glas. Much of the research and dia
collection for this project was collected in thisarea.



CHAPTER 2: METHODOLOGY

2.1 Methods for mapping of pro-glacial deposits and moderrglaciers
To prepare for &ld work, aerial photographs were examinethaspring of 2009
to identify thelikely locations for ancienpro-glacial depositsand modern glacial extents
This involved analyzing digital orthoquadrangle imagery (DOQs), digital elevation
models (DEMs)digital raster graphics (DRGs), and oblique aerial photos acquired in
2007 by John ScurlockiF{gure 3). Following remote imagery examinatiothe Goat
Rocks Wilderness was investigated extensively by foot during the field sezs»089
and 2010.
Field maps of pralacial depositend present glaciergere compiled on 1:24,000
scale USGS topographic maps during the summers of 2009 and 2010. Mapped deposits
include moraines and distinareas of glacial bouldethat were emplaceds glaciers
ablated Moraines and glacially deposited boulders were identified by notingeshap
lithology, and theirlocation tomodernglaciers. Field maps ahodernglacier extents
were also compiled on 1:24,000 scale USGS topographic maps duringntheesof
2009 updating 1955 limits shown on topographic maps map the current glacier
extents the perimeters were walked and located using a global positioning system (GPS).
Glacial ice and crevasses were used to distinguish glaciers from snowGdddser
edges deemed too dangerous to reach and | o
(National Agriculture Imagery Progranmages from 2000and aerial imagegJohn
Scurlock photos from 2000) n ESRI 6s Ar cGI S. Once field

weretransferred to a digital form using ArcGIS. The digital maps were used to digitize



modern and paleglacier extentsand areasField mapping and digitization methods
presented area uncertaintiésrror) using techniques discussed in Sitts et al (2010).
Glacier areas, the main variable needed to determine equilibrium line altitudeshevere
calculated at 100 m intervals (500 m interval for the recreated LGM glacier). This final

method is discussddrther inChapter 4

Figure 3: Aerial photo of the Tieton Glacier (front right) and Conrad Glacier (back left). The peaks
that the glaciers rest below are the highest peaks in the Goat Rockghoto by John Scurlock, 2007
(www.pbase.com/nolock)



2.2 Methods for dating pro-glacial deposits

Because no single method of relative age dating is adequate to differentiate all
glacial deposits (Birkeland, 1973), numerous methods were uselistioguish the
deposits in the Goat Rocks Wilderness. The majority of the mapped deposiateste
using relative dating techniquescluding soil properties, moraine morphometry, and
volcanic ash deposits, whilendiocarbon dating and lichenometrric techngjweere
applied to acquire accurate absolute dates. Soil properties and moraine morphometry are
two characteristics that vary with age owing to paegpositional modifications and are
based on the assumption that weathering rates are temporally cons{Birkethnd et

al., 1979).

2.2.1 Morainemorphometry

Topographic morphometry can be used to differentiate the age of glacial deposits
(Ruhe, 1950)Moraines areypically deposited with sharp, narrow crests andstdepes
These sharp crests degranker time (Birkelancet al, 1979; Kaufman and Calkin, 1988).
| used this principle in the Goat Rocks to help determine relative ages for moraines. Of
the more than 40 moraines located in the Wilderness Area, mossitteated close to
modern glaciers and only 13 of the moraines, based on moraine crest corajpeigred
suitable for morphometric measurements.

Moraine morphometry was based on four variables: moraine crest width, moraine
height, and proximal and distalope angles. Measured with a GPS, the moraine crest
width is the distance between two points perpendicular to the crest axis and one tenth the

moraine height from the top (adapted from Colman and Pierce, 1986). The moraine



height was determined by usiagGPS and subtracting the moraines base elevation from
the moraines crest elevation. GPS elevation error was estimated toahdocensidered
consistent over shb distances of measuremeidoth slopes were measured at three
locations along the morainesidsection parallel to the crest axis using a straight edge
and a brunton compass (adapted from Colman and Pierce, Beé8@usalata fromthis
relative dating methodrelimited in the northwestern United Statdata fromthe Alpine
Creek type moraine@he youngest in the Alturas LaKealley glacial sequence of the
Sawtooth Mountains Idahg as well as the Pilgrim Covand Timber Ridge type
moraines the youngest and oldest sets found at Payette Lake NicCall, Idaho,
respectively)were used to assist relative age determination for Goat Rocks moraines.
Soil development, vegetation coy@and stratigraphic positipincluded for relative age
dating were alsoconsidered for morphometric compariséuirther, he emplacement of
glacial moraineswhich often results in obliteration of any older moraines that were
deposited by less extensive glacial advances (Gibbons et al., M@84Jsoused to help
determine relative moraine ages in relation to each other.

Moraine morphometry methods assume thataliaines are deposited in similar
form (Kaufman and Calkin, 1988). However, variables such as underlying terrain or the
presence of ice within the moraine can control the primary morphology. | have assumed,
for moraines residing near the current glaciemtei, the underlying bedrock is uniform
because andesitic rocks dominate the highest elevations in the Goat Rocks. | cannot make
this assumption for moraines that lie far from Goat Rocks volcanics where underlying
bedrock varies from diorites and andesite sandstones and shales (Campbell and Gusey,

1992). A second assumption is that all moraines are modified by the same weathering
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variables and at the same rate. Erosion rates can depend on stream incision, slope aspect,
vegetation coverage, precipitatioates, and moraine composition and size. However, as
difficult as it may be to distinguish moraines using morphometric methods that are
separated in age by a few decades or centuries, it is considerably easier to attain relative

ages of moraines that aseparated in age by millennia.

2.2.2 Soil development

Soils play an important role in dating surface deposits in alpine environments
throughout the western United States (Mahaney et al., 1981; Birkeland and Ea88g, 1
Birkeland et al., 2003). Soil chronosequences in the Front Range of Colorado and the
Sierra Nevada of California offer a detailed understanding of alpine soil development
(Birkeland et al., 2003; Berry, 1994). In the CascRBdageestablished chronogeences
are available, but are limitedd a few regions and by lack of dafastudy on Mt. Adams
(Mahaney et al.,, 1981), less than 40 km south of Goat Rocks, provides detailed
chronosequences of alpine soils that have proved useful for my work.

During the summer of 2010, 16 detailed sdéscriptionswere collected from
handdug pits located on the crests of three moraines, at the foot slope of one moraine, in
pro-glacial meadows, on paldake sediments and on an ancient landslide. Pit locations
were closen where recent erosional processes appeared minimal and where soils were
expected to provide insight about glacial activity. Foot sjojewere included because
theycanreflect different soil conditions than those found on moraine crests (Berry, 1994

Birkeland et al., 1991). An example is the process of moraine crest soil erosion followed
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by redeposition at moraine foot slopes. These pits sometimes provide more mature and
detailed chronosequences than do moraine crest pits.

Soil pits were dugo the water table or large boulders. Once dug, the pit walls
were cleaned and smoothed for soil observation, measurement, and collection. Field
observation and measurements included horizon depth of weathering, structure, clay
films, gravel percentage, consiste, and textures following nomenclatures developed by
the Department of Agriculture (Soil Survey Division Staff, 1993). Structure was
determined by identifying individual aggregates (peds), if any, and describing their type,
grade, and size. Clay films weeidentified with a hand lens and described by recording
percentage in media, distinctness, and location (Birkeland, 1999). Gravel percentages
were calculated by estimating the volume of material greater than 2 mm (maximum
diameter for sand). The consiste of each soil was established by measuring the
adherence of the soil particles to the fingers, the cohesion of soil particles to one another,
and the resistance of the soil mass to deformation (Birkeland, 1999). The texture was
found by noting grittines and wet consistence for the fraction of each soil smaller than 2
mm. Field descriptions of wet colors were made by listing the dominant color and any
color variation of prominent mottles. After measurements were ma8l@0 grams of
each soil horizon wasollected and taken for further analysis. In the lab, dry colors were
determined using Munsell Color Charts and pH by glass elecisidg a 1:1 mixture of
soil and waterIn addition, many of the soil pits contained ash deposits that were also

collectedand discussed in detail below.
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2.2.3 Volcanic ash deposits

Volcanic ash deposits of known dates can be used to limit the ages of alpine
glacier advances (Beget, 8 Deposited at irregular intervals throughdbe late
Pleistocene and Holocene, ash layers have been located in numerous locations on and
around Mt. Rainier, Mt. Adams, and Mt. St. Helens (Heine, 1997; Mahaney et al, 1981;
Mullineaux, 1996). On Tumac Plateau, a fewn dharth of the Goat Rocks Wildeess,
Clayton (1983) located nine known layers of ash from Mt. Rainier (layers R, L, D, F, and
C), Mt. St. Helens (layers Y, P, W, and May"18980), and Mt. Mazama (layer O).
Some of these ash deposits, particularly those from Mt. St. Helens and Mimislaare
present in the Goat Rocks Wilderness. Since in situ and undisturbed ash deposits are
younger than the surface upon which they lie, they were used to help detebsohgte
ages of geomorphic deposits, such as moraine systems, in the Goat Rocks.

Every soil pit that was dug in the Goat Rocks was examined for ash layers. Any
identified ash deposits werllected and described by texture and color in the field. The
deepest and, hence, the oldest ash deposits were seatiaboratory of Nick &it in the

geology department &Vashington State University for electron microprobe analysis.

2.2.4 Lichenometry

Lichenometric dating was founded on the assumption that many lichen species
grow at a quassteady rate overpsans o f centuries to a few
Schoenenberger, 2003). Once a substrate is colonized, the general growth of lichen is
radially outward beginning with a rapid gr

proceeding into a linear phaseevh t he | i chendés growth i s un
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exponentially slowing growth rate wuntil t h
1985; Beget, 1994). Because of their reliable growth habits, the maximum diameters of
circular or nearly circulalichens can be used to date the time of stabilization of moraine
systems (Burbank, 1981). The lichen spe&é&szocarpongeographicums common in
the Cascad®angeand, because of its radial growth manner, has been widely adopted to
date Holocene glaciab e posi t s there (Bur bank, 1981,
Schoenenberger, 2003).

O06 Ne al (2005) measured | ichen on subst
Rainier, and Mt. Hood to determine growth rates and construct a growth curve depicting
a size vs. ge relationshigor the Pacific NorthwestFollowing measurement techniques
of Porter (1981b), OO0 Ne al used the Al ar ges
The Al argest | icheno method assumes that t
of the substrate bedtlowever, this methotlas beemriticized because of the uncertainty
that the largest lichen may not represent the whole population of lichen on a substrate and
t hat there I s a risk of measuring a coa
Schoenenberger, 2003)Vhile other method®f lichen measuremenmhay prove more
accurate,suchashe Af i ve | ar g e sraging thefiredangest thakgodh ni q u e
the Bayesian techniguénes, 1985; Jomelli et al., 2007), the Cascadian growtheis
based on the largest lichen method

Lichens chosen for collection were located amdesiticmoraine boulders that
appeared to be stationary since depositind free from excessive vegetatidiiglre4).
Using a caliperthe thalli (diameter) oRhizocarporgeographicumichen were measured,

involving the primary Aaxis (widest diameter), the secondara®s (perpendicular to
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A-axis) and averaging the two to attain the mean diameter. Given that lichen grow
radially outwad and are typically circular in shape, the length of the A and B axes are
usually similar. The measurements were then fit, using a linear regression equation, to a
growth curve that has been calibrated for the Cascade REiygee5). Calibrated ages

are presented as intervals of 95% confidence. For the age of surfaces between 20 and 145
years old, the 95%onfidence interval provides@ar r or r ange ofanfl 10 vy

Schoenenberger, 2003).

Figure 4: Moraine boulder with a community of R. geographicum lichens.
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Figure 5: Graph of Rhizocarpon gographicumlichen measurements and their respective ages. The
linear regression equation used to detr mi ne ages of I ichen in the Goat
and Schoenenberger, 2003).

2.2.5 Paleolake sediments
In the summer of 2010 paldake sediments were discovered in a circular basin
located ~35 kmdownstream from the Tieton Gl aci e
sedi ment s ar e exposed i n a cutbank of tt
superimposed by stream sediments and a well developegtisol recorded iBoil Pit 1
(SPD.
The paledake sedimets were reached by digging through the 280 cm thick
profile of SP1. Once the surface (most recently deposited) of the ancient lake sediments
was encounteredan aluminum core ~120 cm long and 10 cm in diameter was pounded

into the sediment using a rockrhmer and a 4x4 piece of woodlhe core tube was
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extracted using a car jack and rope. In the lab, the aluminum core was split with a radial
saw in order to examine the sediments. The sediments magnetic susceptibility was
determined using a Bartington Ingtrants Multisus magnetic swesatibility meter in Dr.
Doug CIl arWestern Washingtoa tUniversity. Organic debris (small twigs$

send into Beta Analytic for radiocarbon analysis (AMS) and calibrated using INTCALO4.

17



CHAPTER 3: RESULTS

3.1Modern and historic glacier extents

The eight glaciersnapped in 200%eside on the north and northeast slopes of the
highest peaks in thBoat Rocksand cover a total area of 1.63 KrtTable1). The glacier
cover in 1955, based on the date of imagery acquisition on USGS topographic maps,
covered a total area of 3.56 knirhus,the Goat Rocks glacierscollectivdy, have
decreased bymaaverage area of ~54@3and a weighted average area of ~53.6% since
1955 The range of percent area change may be caused by glacier size, orientation, rock
cover or the accuracy of 1955 USGS coverdggble 1). These results assume that the
1955mapping representeglacies and notseasonasnowfields. This is probably a valid
assumptiorbased on photographs taken on OctoBépfl1958, when there was little

remaining of the pr evnaaru985)figured).er 60 s snowpac

Table 1: Glacier areas (knf) for the Goat Rocks damd?2gtheand i n
approximate area percentage each glacier lost from 1955 to 2009 and frometh.IA to 2009,
respectively.

Year Packwood McCall -A McCall-B  McCall-C Glissade Tieton Conrad Meade

2009 0.07+.04 030+.09 0.06+.02 032+.05 0.05+.01 033+.05 0.30+.07 0.21+.05

1955 0.30+.07 0.60+.08 0.19+.03 0.71+.06 0.08+.01 045+.06 0.62+.08 0.61%*.09
@ % 759+.08 50.6+.12 70.8+.04 55.1+.08 30.6+.01 28.0+.08 52.2+.11 65.8+.10

LIA 0.84+.08 1.20+.08 0.66+.07 1.37+.08 - 092+.09 092+.06 0.74+.07
® "™ 91.5+.09 75.1+.12 91.5+.07 76.7+.09 - 64.3+.10 67.9+.09 71.8+.09

Based on glacial deposits, the teittle Ice Age LIA) glacierscovered a total
area 0f8.29 km? at the peak of the LIA. Modern glaciers that created LIA deposits,

collectively, have decreased by @verage area of ~77% and a weighted averageea
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of ~76.3 %,sincethe LIA (Tablel). Area uncertainties arise from glacier positioning,
digitizing, photographic interpretation, and GPS error. The main sources of uncertainty

were the GPS error (15 m) on the modern and dlbciers and positional uncertainties

(= 12.2 m) for 1955 glacier extent estimates.

Figure 6: Conrad Glacier in the Goat Rocks Wilderness, WA. Note the glacier recession from
Conrad Lake between the wo photographs. 1958 photo from Molenaar, 1985. 2007 photem John
Scurlock.

In the Goat Rocks the relationship of soil development to the age of surface
deposits has been complicated because of the deposition of volcanic ash from Mt. St.
Helens, Mt. Rinier and ancient Mt. Mazama [~6850 years BP (Crater Lake)]. Light
colored and buried volcanic ash deposits can resemble albic E horizons and buried A
horizons from certain B horizons (Birkeland, 1999). Nevertheless, key characteristics,
such as clay coant, depth to and thickness of B horizons, and soil chemistry proved
valuable in finding relative ages of alpine deposits in the Goat RoRkesults of soil

profile descriptions and stratigraphic cross sections are found in Appendix A.
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Morphometric measements, vegetative coverage percentages, and soil
accumulation thicknesses collected on moraines are recordeabie8 (Appendix B.

Moraine degradation with timeasa primarymethodfor determining the relative age of
moraines As discussed below, proximal slopes angles of moraines proved useful for
determining relative moraine ages. Moraine distal slope angles, heights and crest widths
were less usefuh determining relative ages of moraines in the Goat Rdokseases in
vegetative coverage and soil thicknesses correlated well with moraine degradation.
Obliterative overlap also assisted in setting relative moraine ages, as a moraine set further
from its source areamust be older than one closer to the same termibichen
measurements are summariZeable9 (Appendix Q.

B horizons were an important part of determining relative ages of the surface
deposits. Measurements such as the depth to and thickness of the B horizon, the base
depth of alteratin/oxidation and depth of rubification have been utilized to separate
deposits into relative age groups (Borgert, 1999; Mahaney et al., 1981; Berry, 1994).
Because three soil pits lacked B horizons and the bottoms of another three failed to reach
a base ddp of oxidation, | applied the depth to weathering (B or Cox horizons) method
(Borgert, 1999). Given that volcanic deposits regenerate soil development by acting as
newly established parent material, the deepest of the weathered horizons, when volcanic

deposits are present, is recorded.

3.2 Pro-glacial deposits

Proglacial deposits are located on the north and northeast exposures of the

highest peaks and more than 25 km downstream to the nortRease(/, 8). Deposits
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of primary focusare found inrPackwood Glacier basin, McCa Glacier basin, the Four
Glaciers basin, Conrad Glacier basin, Conrad basin, Meade Glacier basin, Snowgrass

Flats basin, Goat Lake basin, Walupt edlasin an@round Rimrock Lake

—
__
||

. PreLIA deposits

2
ut
-

g‘h

% 35

* 27 Glacier coverage
Snowfield coverage

Figure 7: Glacial moraines downstream from modern and extinct glaciers near the Goat Rocks
highest peaksPhoto base is NAIP imagery.SeeFigure 1 for larger scale location.
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Figure 8: Glacial moraines and drift downstream ~ 25 km northeast of source area Photo base is
NAIP imagery. SeeFigure 1 for larger scale location.
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3.2.1 Packwood Glacier Basin

The Packwood Glacier Basin contains glacial deposits including four right lateral
moraines (M21, M22, M23, and M29) and one hummocky end moraine (FARQI¢€9).
MorainesM2 2 and M23 are nearest to the Packwoc
in appearance. Steep proximal slope angles (average of 36.8°) and minimal vegetation
cover and soil thickness suggest that M22 and M23 are relativelygy Table 8,
Appendix B. Lichenometric dating of the two right lateral moraines (lichen sites L18 and
L19, respectively) suggests that the Packwood Glacier reached a maximum extent during
the LIA between 100 anti32 years BPTable9, AppendixC).

Beyond Pack wsuggeste@lA aexdanteliesbassmall snowfield; the
remains of a glacier (Lower Packwood Glacier) that deposited a large right lateral
moraine (M21) Figure9). Lichendata(L12) suggest that M21 was deposited between
129 and 149 years BP, during the LIBAaple 9, Appendix Q. The elevation of lichen
(L12) collected on M21 fits those elevations of lichefiected for the Cascadian growth

curve well.
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Figure 9: Aerial image of the Packwood Glacier Basin. Downstream from Packwood Glacier rest
moraines crests and associated deposits (including their ages) as well as the locatidnsicben
measurement collectionPhoto base is NAIP imagery. Sekigure 2 for larger scale location.

Resting downstream fromnorainesM22 and M23,| believe morainesmM29 and
M30 were depositedby an olderpalecglacier, based omstratigraphic position. M29
contains lichens too large to fit to the Cascade growth curve accurately but, if

extrapolated along the linear regression line, would be ~175 years old. However, the
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lichens are probably older (~2D0 years old) since the gvth rate of lichen beyond
l45yearsinagex ponentially sl ows (OO0Neal, 2005) .
thus, the application of linear extrapolation to such extdusaineM29 is characterized

by proximal slope angles averaging 22.3° and veigatabver of greater than 75%. High
degradation, soil thickness, and e&gion cover indicate that moraink®9 and M30

were deposited after the Packwood Glacier reached a maximum position during a cold

periodat leasthundreds of years before the LIA.

3.2.2 McCall-A Glacier Basin

Two terminal moraines (M15 and M16) and a nested moraine (M17) were
deposited by the extinct Upper McCall Gladierthe east of Packwood Glacier and the
Cascade divideHigure 10). Lichen populating moraines M16 and M17 (lichen sites L2
and L6) suggest that the Upper McCall Glacier reached a maximum extent between 94
and 117 years BPTable 9, Appendix Q. Moreover,lichen growing onmoraineM15
(lichen site L1) indicate that it was deposited 65 to 85 years BP. The lichenometric dates
for morainesM15, M16, and M17 are used here as minimum ages because they rest at
high elevation and are covered by excessive snowrage for much of the year.

A prominent terminal moraine (M2) lacking a lichen population was deposited by
McCall GlacierA (Figure 11). M2 contains an average slope of 30.8°, less than 10%
vegetation cover, an@ss than five cm of soilf@ble8, Appendix B. This suggests that
it was probably deposited during the LIA. Notably, it is possible that the Upper McCall

Glacier, that deposited moraines M15, M16, and M17, coatewith McCall GlacieA
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at the height of the LIA. Thus, it may be that moraine M2 was deposited at nearly the

same time as moraines M15 and M16.

Key

Moraine crests
Lichen sites

Soil pits

LIA deposits
LPEH deposits
Glacier coverage
Snowfield coverage

McCall
Glacier-A

Figure 10: Aerial image of the McCall-A Glacier basin. Glacially deposited leftiateral and terminal
moraines and their associated deposits (including their ages; the age of M1 is LPEH), the locations of
lichen measurement collection and soil pit sites rest downstream from McCall Glacigk. Notice the
two terminal moraines located drectly downstream from McCall Glacier-A. Terminal moraines are
sparse in the Goat Rocks WildernessPhoto base is NAIP imagery. Se€igure 2 for larger scale
location.
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Figure 11 Terminal LIA moraine (M2) located downstream from the McCaltA Glacier. Note the
lack of vegetation and soil cover suggesting recent deposition.

A large terminal morainéM1), downstream frommoraineM2, is characterized
by an average proximal slope angle of 24.4°, grethimm 75% vegetation cover, and
greater than 50 cm of sofrigure12, Table8, Appendix B)These characteristics suggest
the moraine is relatively oldwo soil pits (SP2rd SP5) were dug intmoraineM1, one
in the crest and one in the upstream felope. The shallow depth of weathering (Bw)
and the lack of an A horizon in SP5, moraineM1, indicate that eolian processes may
be responsible for removing much of the aod soil Figure48, Appendix A). SP2 has a
deeper depth to weathering because it rests in a position of higher material accumulation
(Figure 45, Appendix A). The lek of surface boulders prohibiteithen measuremesnt

Downstream from M1, soil pit SP3 contains volcanic tephra that superimposes glacial
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outwash from M1 and is dated as MSH W (1480 ADalle 10, Appendix D). This

implies thatM1 was deposited before the Little Ice Age.

Figure 12 Terminal LPEH moraine (M1) located downstream from the McCallA Glacier. This
moraine typifies physical characteristics of an early Holocene or YD deposit. Notidke degraded
and rounded crest, abundant vegetation cover and lack of surface boulders indicating soil
accumulation.

3.2.3 Four Glaciers Basin

The Four Glaciers Basin contains two valleys that merge togeth&km below
modern glacier termini. The McCdll Glacier, Glissade Glacier, and the Tieton Glacier
reside in the one vallegndthe McCallB Glacier is contained in the othéfigure13). A
medial moraine (M7kvolves into a rightdteral moraine along a ridge separating the
adjacent valleysHigure 13, 14). AbovemoraineM7 (greater than 2170 m) it appears that

McCall-B Glacier and McCalC Glacier were unified in the past. Below that elevation,
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which marksthe start of the medial moraine, the two glaciers became separate flowing
into different valleys.Moraine M7 has a sharp crest and minimal vegetation and soil
cover. Its surfacecontains lichen (lichen site L17) which, according to lichen analysis,
suggess it was deposited by McCall Glaci® between 84 and 104 years BPaljle 9,

Appendix Q. Thus, M7 is probably a late LIA deposit.
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Glacier coverage
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Figure 13 Aerial image of the Four Glaciers basin. Glacially depated left lateral, right lateral,
terminal, and medial moraines and their associated deposits (including their ages) as well as the
locations of lichen measurement collection rest downstream from McCall GlacidB, McCall Glacier-

C, Glissade Glacier and Ti#gon Glacier. Notice that McCall Glacier-C, Glissade Glacier, and Tieton
Glacier are currently seaparateglaciers; however, appear to have coalesced as one glacier during
maximum LIA extension. Photo base is NAIP imagery. SeEigure 2 for larger scale location.
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Figure 14: The medial moraine (M7) evolves to a right lateral moraine and separates McCaB
Glacier from McCall -C Glacier. Notice the lack of vegetation, sharp crest, and minimal soil
accumulation. This suggests the moraine is relatively young.

Two of the youngest moraines in the Goat Rocks, moraines M11 and M12,
contain lichen that suggest deposition at 26 to 46 and 46 to 66 years BP, respectively
(Figure13; Table9, Appendix Q. The close proximity that moraine M11 has to current
terminus of McCaHlC Glacier suggests that this moraine was recently vacated by glacial
ice and does not represent a maximum LIA position. Moraine M12, the tefalla
moraine down slope of Glissade Glacier, was probably created by a sradilamice
after the LI A. This is |Iikely as moraine
extent and evidence downstream suggests that Glissade Glacier probaddgembalith

the Tieton Glacier and McCall Glaci€rto form one glacier during the LIA.
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Moraines M9, M13, and M14 reside down slope from Mc@all Glacier.
Lichenometric analysis indicates that they were deposited 67 to 87, 115 to 135, and 69 to
89 years BPrespectivelyTwo left lateral moraines (M9 and M13) and a medial moraine
(M14) probably represent LIA deposits. Moriane M9 (lichen site L5) is a nested left
lateral moraine that was deposited at nearly the same time as a nested moraine (M15)
below theextinct Upper McCall GlacierHgure 13). Moraine M13 (lichen site L8),
emplaced 115 to 135 years BP according to lichen analysis, probably represents the LIA
maximum position for McCall GlacieB.

The Tieton Glacier, lying furéer east but in the same drainage, created the longest
and tallest moraine (M4) in the Goat Rocks, probably during the T upper portion
of this moraine is similar in appearance to many other young moraines in the Goat Rocks
(Figure 15). Howevey its particularly sharp crest and steep slopeswn morainehave
prevented substrate (moraine till and boulder) stabilization and, hence, lichen
accumulation(Figure 16). NeverthelessnoraineM4 rests at an el/ation very similar to
that of M8 and M13 (across the drainage), suggesting that a large glacier, created by the
McCall-C Glacier, Glissade Glacier, and Tieton Glacier, once occupied that drainage

(Figurel3).
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Figure 15: Large right lateral moraine (M4) downstream from the Tieton Glacier. This moraine
represents the typical physical characteristics of a Little Ice Age moraine. Notice the lack of
vegetation, sharp crest, and very little soil accumulatio.
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Figurel6: At op the Tieton GI avi4)dookingdownstgedint northwarde r a | mor ai
Note the distinct crestal sharpness.

Glacial melt from the McCalB Glacier, McCalC Glacier, Glissade Glacier, and
Tieton Ghcier creates the headwaters of the North Fork Tieton Rivdive km
downstreanfrom glacial termini the headwaters reach a bowl shaped basin \plaéze
lake sediments resid&igurel?). Thesesediments were recovered to a ithepf 108 cm.

The first 13 cm of the core is composed of brownish orange (Munsell color 10YR 5/6)
fine grained and oxidized sand and silt sized sediméigsre44, Appendix A). The rest

of the core, from 13 to 108 cm, is compdsof alternating silt and clay sized laminated
sediments that may be varved. The laminated sediments range in color from light grayish

brown to grayish brown (10YR: 4/1, 5/1, 5/2, 5/3, 6/1 and 6/2). Over 330 laminations,
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varying from 0.1 to 1.1 cm thickyere countedRigure18; Figure44, Appendix A. The
uninterrupted continuity of these laminations and their thicknesses commonly represent
sediments found on the bottom of deep, long lasting lakes (&k Qlers. comm.).
However, it is not known exactly how deep the lake was or how long the lake existed
because its base level was undetermined and the oldest and deepest lake sediments were
not discovered.

To determine if the sediments are varved two alisadges (typically determined
by radiocarbon dating organics) are required so that the number of varves between those
ages can be counted. Because only one absolute age was attained from the core,
establishing that the core sediments are varved was sibpm Nevertheless, if the
sediments are varved the core represents ~332 years of lake deposits. Generally, the
shallowest lake sediments were sandy silts which altered with depth to silts and clayey
silts. Woody debris, collected at 61 cm (341 total degp, was radiocarbon dated at
14.1 to 13.9 ka Cal BP (Beta Lab3®0558. Since the woody debris settled in the
shallowest sediments of the ancient lake bottom, the radiocarbon age likely represents the

| ate stages of the | akeds existence.
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Figure 17: Geomorphic map of paleelake in McCall Area. Located downstream from McCall
Glacier-B, McCall Glacier-C, Glissade Glacier, and Tieton Glacier (Inset) is the site of SP1
containing paleclake laminated sediments. The elevation dhe potential lake shoreline is ~1390 m.
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Figure 18 Outcrop of paleolake sediments located downstream from the Tieton Glacier on the
north fork of the Tieton River. For scale, the outcrop is~ 3 m in height. The inset in the upper corner
shows the beginning stages of extracting the lake sediments at the bottom of SP1. The inset in the
lower corner shows a closeip of the laminated sediments.

The circular basin, in which the lake sediments were degahdies just upstream
from a steep and narrowanyon through which the north fork of the Tieton River
currently drainsKigure 17). Both sides of the canyon are steep walls that rise more than
75 m above th@resent river levelGlacial erratics reside near the top of the northern
canyon wall. While it is unknown how deep the pdike sediments extent below
currentriver level | estimate, based on the elevation of glacial erratics (i.e. elevation of
terminal moraine), that thiake could have been up to 100 m deep. Since the lake
sediments are located just upstream from the narrow canyon it is likely that the entrance

to the canyon was dammed at some point at the end of the Pleistocene. The dam was

36



likely created by a large gieer either during late stages of ablation as a recessional
moraine or when a glacier reached its maximum extension as a terminal moraine. Both
cases would create a moraine dammed lake.

If a terminal moraine created the idammed lake, it is unclear whet this event
occurred prior to the YD or after. If the canyon dam was glacially created, it may be that
the LGM glacier, which advanced to Rimrock
(Figure 25). Alpine glaciers in westn North America began to withdraw no later than
~16 ka BP and were rapidly retreating by tBelling Transition (14.67 ka BP)
(Severinghaus and Brook, 1999), and it is possible that glaciers in the Goat Rocks also
retreated at that time. This hypotheisisupported by the radiocarbon age of the woody
debris collected in the lake sediments, which suggests the lake emptied near the time of
the Bglling Transition Thus, the paletake would have existed after theGM
culminated from 14.1 to 13.9 ka Cal BPthe lake sediments are varved, which would
represent ~330 years of deposits, lake existence could have begun as early as ~14.5 ka yr
BP. The dam may have failed as a result of a warming climate before the Younger Dryas,
which would have increased melater raising lake level and overtopping the moraine
dam.

An alternatehypothesis suggests that the lake was created after the Younger
Dryas. If the canyon dam was a terminal moraine dam created as a glacier reached its
maximum extent, it may have been thdvancing Younger Dryas glacier that was
responsible for its creation. This hypothesis suggests that the lake existed after the ~YD
aged glaciers reached their maximum extents, which, according to Heine (1997),

occurred between 13.2 and 9.9 ka BP on Miniea Since the woody debris from the
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sediment core is aged at ~14 ka BP, this alternative hypothesis requires the woody debris
to be incorporated into the Younger Dryas glacier before the glacier reached its max
extent and then released from the gladmrg after the lake began to form. This
hypothesis is supported by hummocky topography found near and just upstream from the
paleclake sediments. The hummocky topography may represennhaldine deposits,
however, no clear evidence of till was discoverddtably, Heine (1997) mapped two
terminal moraines nearby as Younger Dryas deposits. Unfortunately, with much effort,
neither of these moraines was successfully located. Subsequent dam failure follows a

similar breaching scenario but at a later date.

3.2.4 ConradA Basin
The ConradA basin, m t he eastern side of ,the Goc
containstwo left lateral moraines (M18 and M1#)at were deposited by the Conrad
Glacier fFigurel19). Lichen analysis on these moraines indicate that they were deposited
between 22 and 32 years BP and between 87 and 107 years BP, respédiviel9, (
Appendix Q. M18, like the medial morainéM11) below the McCalC Glacier, isin
close proximity tot h e  gslteanunusgeontains a sharp crest 5% vegetationcover,
no soil coverandwas probably recently vacated of glacier iggraineM19, deposited
below Conrad Lakeis similar in appeance to moraine M18 but because it contains
larger lichen probablyepresents a left lateral maximum positiorirefLIA advance.
The Meade basimn t he south side of ,cdmanssGoat R
terminal moraine (M27, site of L13) that wdseposited by the Meade Glacier between

102 and 122 years BP according to lichenometric analysgure 19 and Table 9,
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Appendix Q. These young moraines, probably LIA dsjts, are characterized by
unconsolidated sediments ranging from coarse grained silt (0.05 mm) to
angular/subangular boulders (<2.5 m), sharp crests, minimal soil accumulation, and

sparse vegetation cover.

LPEH deposits
Glacier coverage
Snowfield coverage

100 meters

0 0.25

Figure 19: Aerial image of the Conrad and Meade Glacier Basins. Shown are glacially deposited left
lateral and terminal moraines and their associated deposits (including their agedhe locations of
lichen measurement collection and soil pit sites resting downstream from Crad and Meade glaciers.
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Two terminal moraines (M26 and M28), just beyond M27, contain lichen too
large to accurately date using the Cascadian growth curve. In addition, the muted
morphology, increased amount (50%) of vegetation cover and soil cover@Qec(x) of
M26 and M28 indicate that they were deposited before theddd probably near the

same time as M1 in the McCall Glacier basir(Table8, Appendix B)

3.2.5 ConradB Basin

The ConraeB basin is located ~7 km downstream from the Conrad Glacier.
According to Heine (1997), glacial deposits (YD aged) are located in the CBrivasin.
Hummocky topographyindicative of degraded morainesas foundat the locatia of
Heineds (1997) ma. pquresdil pite wereadugijuwst upstean, sito, tarsd
downstream of the hummocKgigure 20). However, no evidence of glacial till was
discovered in any of the pits. Instead, SP12 and SétdSsified a€ntisols, are poorly
developed soils caused by high rates of erostogu(e 55 & Figure 56; Appendix A).
Further, my observation of boulders piled up against the upstream side of treeatndnks
a looseand unstable face @indesitic brecciated tuff suggesitat the hummocky terrain
was formed by numerous debris flowddure 20). The undeveloped entisols have loose
sandy and gravelly parent material supporting fiyisothesis. SP14 and SP16 wdtg
near the hummocky terrain in a meadow and on a cutbank of a stream running through a
meadow respectively These locations have experienced fresh accumulation of material
and horizon development suggesting that the ddlows have not affected deeareas

recently. Neither SP12, SP13, SP14, nor SP16 contain glacial till.
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Figure 20: Aerial photo of valley downstream from the Conrad Glacier. Shown are four soil pits
downstream from a unstable face of andesitic brecciated tuf{circled in red). Photo base is NAIP
imagery.

3.2.6 Snowgrass Flats and Goat Lake Basins

One moraine (M44) wacatedin the SnowrassFlats area on the southern
slopes of the Goat Rocks pealksglre 21). Moraine M44 is characterized by minimal
vegetation cover and < 5 csoil cover when presentThe largestithers were beyond
constraintsfor dating usig the Cascadigrowth curve Table 9, Appendix Q. It is
speculated thamoraineM44 may have been deposited during a small cirque glacier

advance during the Holocene (i.e. Garda Age, 8.2 event) or as part of a larger advance
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