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ABSTRACT 

 

An abstract of the thesis of Joshua Andrews Heard for the Master of Science in Geology 

presented May 8
th
, 2012. 

 

Title: Late Pleistocene and Holocene aged Glacial and Climate Reconstructions in the 

Goat Rocks Wilderness, Washington, United States 

 

 Eight glaciers, covering an area of 1.63 km
2
, reside on the northern and 

northeastern slopes of the Goat Rocks tallest peaks in the Cascades of central Washington. 

At least three glacial stands occurred downstream from these glaciers. Closest to modern 

glacier termini are Little Ice Age (LIA) moraines that were deposited between 1870 and 

1899 AD, according to the lichenometric analysis. They are characterized by sharp, 

minimally eroded crests, little to no soil cover, and minimal vegetation cover. Glacier 

reconstructions indicate that LIA glaciers covered 8.29 km
2
, 76% more area than modern 

ice coverage. The average LIA equilibrium line altitude (ELA) of 1995 ± 70 m is ~150 m 

below the average modern ELA of 2149 ± 76 m. To satisfy climate conditions at the LIA 

ELA, the winter snow accumulation must have been 8 to 43 cm greater and mean 

summer temperatures 0.2 to 1.3 ºC cooler than they are now. Late Pleistocene to early 

Holocene (LPEH) aged moraines are located between 100 and 400 m below the LIA 

deposits. They have 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 suggest deposition during the late Pleistocene or early 
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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 conditions requires the winter accumulation to 

increase by 47 to 48 cm weq and the mean summer temperature to cool by 1.4 to 1.5 ºC. 

Last glacial maximum (LGM) moraines are located more than 30 km downstream from 

modern glacial termini. They are characterized by hummocky 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 expansive cooling event, the last being 

the LGM. The LGM ELA of 1230 m is ~920 m below the modern ELA. The 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 ºC with no change in precipitation. 
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CHAPTER 1: INTRODUCTION  

Temperate mountain glaciers and their deposits are important sources for paleo-

environmental information (Porter and Swanson, 2008). Responding sensitively to 

climate variations, mountain glaciers can be indicators of both long and short-term 

climate fluctuations (Thackray et al., 2004). Reconstructions of pre-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 America were suggested to be broadly 

synchronous with North Americaôs continental ice sheets and with each other, induced by 

extreme cooling events, such as the Last Glacial Maximum (LGM) (Thackray, 2008). 

While this may be the case, mounting data suggest that alpine glacier 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; Porter, 1977). Further, air temperature 

and precipitation patterns are uniquely influenced by regional orographic effects 

(Licciardi et al., 2004), such as the cases of cold easterly winds flowing through the 

Columbia River Gorge and the ñrainshadowò effect on the western slopes of the Cascade 

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 al., 2004; Porter and Swanson, 2008; 

Thackray, 2001; Licciardi and Pierce, 2008; Chadwick et al., 1997; Phillips et al., 1997; 

Gosse et al., 1995), regional orographic effects influence glaciers locally (Thackray, 
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2008). To explore the relationships between regional orography, orographically 

influenced climate, and glacial fluctuations, we need to expand our understanding of 

glacier fluctuations over broader areas where little research has been conducted, such as 

the Goat Rocks Wilderness. By studying glacier fluctuations 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 orographic settings 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 moraine deposits in the Goat Rocks, thought to 

be Younger Dryas in age but provided no absolute age estimates. Bidlake (2007) 

conducted a study on 20
th
 century ice loss of four of the glaciers in the Goat Rocks 

Wilderness but did not investigate glacial deposits. The lack of paleo-climatic 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 correlate those 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 ages examined 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.  
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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 ± 0.1 
14

C ka 

BP). Terrestrial cosmogenic radionuclide (TCRN) dates (i.e. 
10

Be and 
36

Cl) are presented 

as cosmogenic years before present (i.e. 14.4 
10

Be ka 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), I assume that reported ages 

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 

transpired 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 present, including glacial resurgences just after the YD, during the 8.2 ka BP cooling 

event and through the Neoglacial period. The period from AD 1450 to the late AD 1800ôs 

is termed the Little Ice Age (LIA). 

 

1.2 Study Area 

The Goat Rocks Wilderness includes 427.4 km
2
 (165 mi

2
) of rugged terrain along 

the crest of the Cascade Range in southwestern Washington (46Ü29ô52ò N, 121Ü25ô51ò W) 

(Figure 1). This landscape contains peaks that rise higher than 2450 meters 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 carved U-shaped valleys where the Cispus River, North 
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and South Forks of the Tieton River, the Klickitat River, the Clear Fork ñCowlitzò River, 

Conrad Creek and the Upper Lake Creek now flow (Ellingson, 1968). Currently, eight 

alpine glaciers (Packwood, McCall-A, McCall-B, McCall-C, Glissade, Tieton, Conrad, 

and Meade) and multiple perennial snowfields form a patchy ice cover on the north and 

northeast slopes of the highest peaks (Figure 2). The Goat Rocks contain glacially eroded 

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

climate indicators.  

 

Figure 1: Goat Rocks Wilderness and surrounding area in southwestern Washington State. The 

white areas with blue borders are modern glaciers. Red triangles are prominent peaks and the yellow 

rectangle depicts the main area of focus and is expanded as Figure 2.  
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The highest peaks of the Goat Rocks are remnants of the now-extinct 3650 m 

Goat Rocks composite volcano (Ellingson, 1968).  Zircon fission-track 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 Kienle, 1990). During the volcanic 

period high-K2O 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 drainage, making it the longest known 

andesitic flow on Earth (Wood and Kienle, 1990). 

In the core of the Goat Rocks, between Tieton, Curtis Gilbert, and Johnson peaks, 

the andesites are interbedded with volcanic breccias and lahars (Swanson and Clayton, 

1983). The andesitic lava flows of the Goat Rocks volcano were deposited on top of the 

Oligocene-aged Ohanapecosh Formation, which consists of andesitic and dacitic 

volcaniclastic rocks, altered basaltic-andesitic lithic breccia, tuff, and tuff breccia, 

volcaniclastic siltstone, sandstone, and conglomerate, and less common rhyolitic flows 

and airfall and ash-flow 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 Rocks Wilderness. Pre-Tertiary 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 

(Swanson and Clayton, 1983). Well preserved carbonaceous detritus and radiolarians 

indicate that the Russell Ranch Formation was formed during the Cretaceous and Jurassic 
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(Schasse, 1987).  Because the rocks of the Russell Ranch Formation are extremely altered 

and highly erodible, it is unlikely that any glacial deposits still superimpose them.  

 

 
 
Figure 2: The Goat Rocks Wilderness highest peaks and glaciers. Much of the research and data 

collection for this project was collected in this area.  
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CHAPTER 2: METHODOLOGY  

 

2.1 Methods for mapping of pro-glacial deposits and modern glaciers  

To prepare for field work, aerial photographs were examined in the spring of 2009 

to identify the likely locations for ancient pro-glacial deposits and 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 Scurlock (Figure 3). Following remote imagery examination, the Goat 

Rocks Wilderness was investigated extensively by foot during the field seasons of 2009 

and 2010.  

Field maps of pro-glacial deposits and present glaciers were compiled on 1:24,000 

scale USGS topographic maps during the summers of 2009 and 2010. Mapped deposits 

include moraines and distinct areas of glacial boulders that were emplaced as glaciers 

ablated. Moraines and glacially deposited boulders were identified by noting shape, 

lithology, and their location to modern glaciers. Field maps of modern glacier extents 

were also compiled on 1:24,000 scale USGS topographic maps during the summer of 

2009, updating 1955 limits shown on topographic maps. To 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 snowfields. Glacier 

edges deemed too dangerous to reach and locate with a GPS were digitized using DOQôs 

(National Agriculture Imagery Program images from 2009) and aerial images (John 

Scurlock photos from 2007) in ESRIôs ArcGIS. Once field maps were completed they 

were transferred to a digital form using ArcGIS. The digital maps were used to digitize 
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modern and paleo-glacier extents and areas. Field mapping and digitization methods 

presented area uncertainties (error) using techniques discussed in Sitts et al (2010). 

Glacier areas, the main variable needed to determine equilibrium line altitudes, were then 

calculated at 100 m intervals (500 m interval for the recreated LGM glacier). This final 

method is discussed further in Chapter 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 Rocks. Photo by John Scurlock, 2007 

(www.pbase.com/nolock). 
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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 used to distinguish the 

deposits in the Goat Rocks Wilderness. The majority of the mapped deposits were dated 

using relative dating techniques including soil properties, moraine morphometry, and 

volcanic ash deposits, while radiocarbon dating and lichenometrric techniques were 

applied to acquire accurate absolute dates. Soil properties and moraine morphometry are 

two characteristics that vary with age owing to post-depositional modifications and are 

based on the assumption that weathering rates are temporally constrained (Birkeland et 

al., 1979). 

 

2.2.1 Moraine morphometry 

Topographic morphometry can be used to differentiate the age of glacial deposits 

(Ruhe, 1950). Moraines are typically deposited with sharp, narrow crests and steep slopes. 

These sharp crests degrade over time (Birkeland et al., 1979; Kaufman and Calkin, 1988). 

I 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, most were situated close to 

modern glaciers and only 13 of the moraines, based on moraine crest continuity, appeared 

suitable for morphometric measurements.  

Moraine morphometry was based on four variables: moraine crest width, moraine 

height, and proximal and distal slope 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 
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height was determined by using a GPS and subtracting the moraines base elevation from 

the moraines crest elevation. GPS elevation error was estimated to ± 1 m and considered 

consistent over short distances of measurement. Both slopes were measured at three 

locations along the moraines midsection parallel to the crest axis using a straight edge 

and a brunton compass (adapted from Colman and Pierce, 1986). Because data from this 

relative dating method are limited in the northwestern United States, data from the Alpine 

Creek type moraines (the youngest in the Alturas Lake Valley glacial sequence of the 

Sawtooth Mountains, Idaho) as well as the Pilgrim Cove and Timber Ridge type 

moraines (the youngest and oldest sets found at Payette Lake near McCall, Idaho, 

respectively) were used to assist in relative age determination for Goat Rocks moraines. 

Soil development, vegetation cover, and stratigraphic position, included for relative age 

dating, were also considered for morphometric comparison. Further, the emplacement of 

glacial moraines, which often results in obliteration of any older moraines that were 

deposited by less extensive glacial advances (Gibbons et al., 1984), was also used to help 

determine relative moraine ages in relation to each other. 

Moraine morphometry methods assume that all moraines 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. I have assumed, 

for moraines residing near the current glacier termini, the underlying bedrock is uniform 

because andesitic rocks dominate the highest elevations in the Goat Rocks. I cannot make 

this assumption for moraines that lie far from Goat Rocks volcanics where underlying 

bedrock varies from diorites and andesites to sandstones and shales (Campbell and Gusey, 

1992). A second assumption is that all moraines are modified by the same weathering 



 

11 

variables and at the same rate. Erosion rates can depend on stream incision, slope aspect, 

vegetation coverage, precipitation rates, 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 are separated 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 Burke, 1988; 

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 Cascade Range established chronosequences 

are available, but are limited to a few regions and by lack of data. A study 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 soil descriptions were collected from 

hand-dug pits located on the crests of three moraines, at the foot slope of one moraine, in 

pro-glacial meadows, on paleo-lake sediments and on an ancient landslide. Pit locations 

were chosen where recent erosional processes appeared minimal and where soils were 

expected to provide insight about glacial activity. Foot slope pits were included because 

they can reflect 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 dug to 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, consistence, 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 were identified 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 consistence 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 grittiness 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 made ~ 300 grams of 

each soil horizon was collected and taken for further analysis. In the lab, dry colors were 

determined using Munsell Color Charts and pH by glass electrode using a 1:1 mixture of 

soil and water. In addition, many of the soil pits contained ash deposits that were also 

collected and 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, 1984). Deposited at irregular intervals throughout the 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 few kmôs north of the Goat Rocks Wilderness,  

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 18
th
 1980), and Mt. Mazama (layer O). 

Some of these ash deposits, particularly those from Mt. St. Helens and Mt. Mazama, are 

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 determine absolute 

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 were collected and described by texture and color in the field. The 

deepest and, hence, the oldest ash deposits were sent to the laboratory of Nick Foit in the 

geology department at Washington State University for electron microprobe analysis.  

 

2.2.4 Lichenometry 

Lichenometric dating was founded on the assumption that many lichen species 

grow at a quasi-steady rate over spans of centuries to a few millennia (OôNeal and 

Schoenenberger, 2003). Once a substrate is colonized, the general growth of lichen is 

radially outward beginning with a rapid growth phase, called the ñgreat growth periodò, 

proceeding into a linear phase when the lichenôs growth is uniform, and ending with an 
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exponentially slowing growth rate until the lichen eventually dies (OôNeal, 2005; Innes, 

1985; Beget, 1994). Because of their reliable growth habits, the maximum diameters of 

circular or nearly circular lichens can be used to date the time of stabilization of moraine 

systems (Burbank, 1981). The lichen species Rhizocarpon geographicum is common in 

the Cascade Range and, because of its radial growth manner, has been widely adopted to 

date Holocene glacial deposits there (Burbank, 1981; Porter, 1981b; OôNeal and 

Schoenenberger, 2003).  

OôNeal (2005) measured lichen on substrates of known age at Mt. Baker, Mt. 

Rainier, and Mt. Hood to determine growth rates and construct a growth curve depicting 

a size vs. age relationship for the Pacific Northwest. Following measurement techniques 

of Porter (1981b), OôNeal used the ñlargest lichenò method to create the growth curve. 

The ñlargest lichenò method assumes that the largest measured lichen represents the age 

of the substrate best. However, this method has been criticized because of the uncertainty 

that the largest lichen may not represent the whole population of lichen on a substrate and 

that there is a risk of measuring a coalescence of multiple lichen (OôNeal and 

Schoenenberger, 2003). While other methods of lichen measurement may prove more 

accurate, such as the ñfive largest lichenò technique (averaging the five largest thalli) and 

the Bayesian technique (Innes, 1985; Jomelli et al., 2007), the Cascadian growth curve is 

based on the largest lichen method. 

Lichens chosen for collection were located on andesitic moraine boulders that 

appeared to be stationary since deposition and free from excessive vegetation (Figure 4). 

Using a caliper, the thalli (diameter) of Rhizocarpon geographicum lichen were measured, 

involving the primary A-axis (widest diameter), the secondary B-axis (perpendicular to 
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A-axis) and averaging the two to attain the mean diameter. Given that lichen grow 

radially outward 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 Range (Figure 5). Calibrated ages 

are presented as intervals of 95% confidence. For the age of surfaces between 20 and 145 

years old, the 95% confidence interval provides an error range of Ñ 10 years (OôNeal and 

Schoenenberger, 2003). 

 

 

 Figure 4: Moraine boulder with a community of R. geographicum lichens. 
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Figure 5: Graph of Rhizocarpon geographicum lichen measurements and their respective ages. The 

linear regression equation used to determine ages of lichen in the Goat Rocks (adapted from OôNeal 

and Schoenenberger, 2003).  

 

 

 

2.2.5 Paleo-lake sediments 

In the summer of 2010 paleo-lake sediments were discovered in a circular basin 

located ~3.5 km downstream from the Tieton Glacierôs terminus. The laminated 

sediments are exposed in a cutbank of the Tieton Riverôs north fork. They are 

superimposed by stream sediments and a well developed Inceptisol recorded in Soil Pit 1 

(SP1).  

The paleo-lake sediments were reached by digging through the 280 cm thick 

profile of SP1. Once the surface (most recently deposited) of the ancient lake sediments 

was encountered, an aluminum core ~120 cm long and 10 cm in diameter was pounded 

into the sediment using a rock hammer and a 4x4 piece of wood. The 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 Instruments Multisus magnetic susceptibility meter in Dr. 

Doug Clarkôs lab at Western Washington University. Organic debris (small twigs) was 

send into Beta Analytic for radiocarbon analysis (AMS) and calibrated using INTCAL04. 
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CHAPTER 3: RESULTS  

 

3.1 Modern and historic glacier extents 

The eight glaciers mapped in 2009 reside on the north and northeast slopes of the 

highest peaks in the Goat Rocks and cover a total area of 1.63 km
2
 (Table 1). The glacier 

cover in 1955, based on the date of imagery acquisition on USGS topographic maps, 

covered a total area of 3.56 km
2
. Thus, the Goat Rocks glaciers, collectively, have 

decreased by an average area of ~54.3% and 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 coverage (Table 1). These results assume that the 

1955 mapping represented glaciers and not seasonal snowfields. This is probably a valid 

assumption based on photographs taken on October 1
st
 of 1958, when there was little 

remaining of the previous winterôs snowpack (Molenaar, 1985) (Figure 6).  

 

Table 1: Glacier areas (km
2
) for the Goat Rocks in 2009 and in 1955. ȹ%

a 
and ȹ%

b
 are the 

approximate area percentage each glacier lost from 1955 to 2009 and from the LIA to 2009, 

respectively. 

 

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

         

2009 0.07 ± .04 0.30 ± .09  0.06 ± .02 0.32 ± .05 0.05 ± .01 0.33 ± .05 0.30 ± .07 0.21 ± .05 

1955 0.30 ± .07 0.60 ± .08 0.19 ± .03 0.71 ± .06 0.08 ± .01 0.45 ± .06 0.62 ± .08 0.61 ± .09 

ȹ %a 75.9 ± .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 - 0.92 ± .09 0.92 ± .06 0.74 ± .07 

ȹ %b 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 ten Little Ice Age (LIA ) glaciers covered a total 

area of 8.29 km
2
 at the peak of the LIA. Modern glaciers that created LIA deposits, 

collectively, have decreased by an average area of ~77.0 % and a weighted average area 
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of ~76.3 %, since the LIA (Table 1).  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 LIA glaciers 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 two photographs.  1958 photo from Molenaar, 1985. 2007 photo from 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. Rainier 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 content, depth to and thickness of B horizons, and soil chemistry proved 

valuable in finding relative ages of alpine deposits in the Goat Rocks.  Results of soil 

profile descriptions and stratigraphic cross sections are found in Appendix A. 

1958 2007 
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Morphometric measurements, vegetative coverage percentages, and soil 

accumulation thicknesses collected on moraines are recorded in Table 8 (Appendix B). 

Moraine degradation with time was a primary method for 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 useful in determining relative ages of moraines in the Goat Rocks. Increases 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 area must be older than one closer to the same terminus. Lichen 

measurements are summarized Table 9 (Appendix C). 

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 alteration/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 depth of oxidation, I 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  

Pro-glacial deposits are located on the north and northeast exposures of the 

highest peaks and more than 25 km downstream to the northeast (Figure 7, 8). Deposits 
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of primary focus are found in Packwood Glacier basin, McCall-A Glacier basin, the Four 

Glaciers basin, Conrad Glacier basin, Conrad basin, Meade Glacier basin, Snowgrass 

Flats basin, Goat Lake basin, Walupt Lake basin and around Rimrock Lake.  

 

Figure 7: Glacial moraines downstream from modern and extinct glaciers near the Goat Rocks 

highest peaks. Photo base is NAIP imagery.  See Figure 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.  See Figure 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 (M30) (Figure 9). 

Moraines M22 and M23 are nearest to the Packwood Glacierôs terminus and are similar 

in appearance. Steep proximal slope angles (average of 36.8º) and minimal vegetation 

cover and soil thickness suggest that M22 and M23 are relatively young (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 and 132 years BP (Table 9, Appendix C). 

Beyond Packwood Glacierôs suggested LIA extent lies a small snowfield; the 

remains of a glacier (Lower Packwood Glacier) that deposited a large right lateral 

moraine (M21) (Figure 9). Lichen data (L12) suggest that M21 was deposited between 

129 and 149 years BP, during the LIA (Table 9, Appendix C). The elevation of lichen 

(L12) collected on M21 fits those elevations of lichen collected 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 locations of lichen 

measurement collection. Photo base is NAIP imagery.  See Figure 2 for larger scale location. 

 

Resting downstream from moraines M22 and M23, I believe moraines M29 and 

M30 were deposited by an older paleo-glacier, based on stratigraphic 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 (~200-300 years old) since the growth rate of lichen beyond 

145 years in age exponentially slows (OôNeal, 2005). This rules out the accuracy and, 

thus, the application of linear extrapolation to such extents. Moraine M29 is characterized 

by proximal slope angles averaging 22.3º and vegetation cover of greater than 75%. High 

degradation, soil thickness, and vegetation cover indicate that moraines M29 and M30 

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

period at least hundreds 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 Glacier to the east of Packwood Glacier and the 

Cascade divide (Figure 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 BP (Table 9, Appendix C). Moreover, lichen growing on moraine M15 

(lichen site L1) indicate that it was deposited 65 to 85 years BP. The lichenometric dates 

for moraines M15, M16, and M17 are used here as minimum ages because they rest at 

high elevation and are covered by excessive snow coverage for much of the year.   

A prominent terminal moraine (M2) lacking a lichen population was deposited by 

McCall Glacier-A (Figure 11). M2 contains an average slope of 30.8º, less than 10% 

vegetation cover, and less than five cm of soil (Table 8, 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, coalesced with McCall Glacier-A 
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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. 

 

 
 

Figure 10: Aerial image of the McCall-A Glacier basin. Glacially deposited left lateral 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 Glacier-A.  Notice the 

two terminal moraines located directly downstream from McCall Glacier-A. Terminal moraines are 

sparse in the Goat Rocks Wilderness. Photo base is NAIP imagery.  See Figure 2 for larger scale 

location. 
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Figure 11: Terminal LIA moraine  (M2) located downstream from the McCall-A Glacier. Note the 

lack of vegetation and soil cover suggesting recent deposition. 

 

 

A large terminal moraine (M1), downstream from moraine M2, is characterized 

by an average proximal slope angle of 24.4º, greater than 75% vegetation cover, and 

greater than 50 cm of soil (Figure 12; Table 8, Appendix B) These characteristics suggest 

the moraine is relatively old. Two soil pits (SP2 and SP5) were dug into moraine M1, one 

in the crest and one in the upstream foot slope.  The shallow depth of weathering (Bw) 

and the lack of an A horizon in SP5, on moraine M1, indicate that eolian processes may 

be responsible for removing much of the surface soil (Figure 48, Appendix A). SP2 has a 

deeper depth to weathering because it rests in a position of higher material accumulation 

(Figure 45, Appendix A). The lack of surface boulders prohibited lichen measurements.  

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 AD) (Table 10, Appendix D). This 

implies that M1 was deposited before the Little Ice Age.  

 
 
Figure 12: Terminal LPEH moraine (M1) located downstream from the McCall-A Glacier. This 

moraine typifies physical characteristics of an early Holocene or YD deposit. Notice the 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 together ~ 1.5 km below 

modern glacier termini. The McCall-C Glacier, Glissade Glacier, and the Tieton Glacier 

reside in the one valley and the McCall-B Glacier is contained in the other (Figure 13). A 

medial moraine (M7) evolves into a right lateral moraine along a ridge separating the 

adjacent valleys (Figure 13, 14). Above moraine M7 (greater than 2170 m) it appears that 

McCall-B Glacier and McCall-C Glacier were unified in the past. Below that elevation, 
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which marks the 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 surface contains lichen (lichen site L17) which, according to lichen analysis, 

suggests it was deposited by McCall Glacier-B between 84 and 104 years BP. (Table 9, 

Appendix C). Thus, M7 is probably a late LIA deposit.   

 

 

Figure 13: Aerial image of the Four Glaciers basin. Glacially deposited 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 Glacier-B, McCall Glacier-

C, Glissade Glacier and Tieton Glacier.  Notice that McCall Glacier-C, Glissade Glacier, and Tieton 

Glacier are currently seaparate glaciers; however, appear to have coalesced as one glacier during 

maximum LIA extension.  Photo base is NAIP imagery.  See Figure 2 for larger scale location. 
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Figure 14: The medial moraine (M7) evolves to a right lateral moraine and separates McCall-B 

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 

(Figure 13; Table 9, Appendix C). The close proximity that moraine M11 has to current 

terminus of McCall-C Glacier suggests that this moraine was recently vacated by glacial 

ice and does not represent a maximum LIA position. Moraine M12, the left lateral 

moraine down slope of Glissade Glacier, was probably created by a small re-advance 

after the LIA. This is likely as moraine M12 rests very close to Glissade Glacierôs current 

extent and evidence downstream suggests that Glissade Glacier probably coalesced with 

the Tieton Glacier and McCall Glacier-C to form one glacier during the LIA.  
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Moraines M9, M13, and M14 reside down slope from McCall-C Glacier. 

Lichenometric analysis indicates that they were deposited 67 to 87, 115 to 135, and 69 to 

89 years BP, respectively. Two 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 the extinct Upper McCall Glacier (Figure 13). Moraine M13 (lichen site L8), 

emplaced 115 to 135 years BP according to lichen analysis, probably represents the LIA 

maximum position for McCall Glacier-B.  

The Tieton Glacier, lying further east but in the same drainage, created the longest 

and tallest moraine (M4) in the Goat Rocks, probably during the LIA. The upper portion 

of this moraine is similar in appearance to many other young moraines in the Goat Rocks 

(Figure 15). However, its particularly sharp crest and steep slopes down moraine have 

prevented substrate (moraine till and boulder) stabilization and, hence, lichen 

accumulation (Figure 16). Nevertheless, moraine M4 rests at an elevation 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 

(Figure 13). 
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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 accumulation.  
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Figure 16: Atop the Tieton Glacierôs right lateral moraine (M4) looking downstream northward. 

Note the distinct crestal sharpness. 

 

 

 Glacial melt from the McCall-B Glacier, McCall-C Glacier, Glissade Glacier, and 

Tieton Glacier creates the headwaters of the North Fork Tieton River. ~ five km 

downstream from glacial termini the headwaters reach a bowl shaped basin where paleo-

lake sediments reside (Figure 17). These sediments were recovered to a depth of 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 sediments (Figure 44, Appendix A). The rest 

of the core, from 13 to 108 cm, is comprised of 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 thick, were counted (Figure 18; Figure 44, Appendix A). The 

uninterrupted continuity of these laminations and their thicknesses commonly represent 

sediments found on the bottom of deep, long lasting lakes (D. Clark pers. 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 absolute ages (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 not possible. 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 cm) deep, was radiocarbon dated at 

14.1 to 13.9 ka Cal BP (Beta Lab # 300558). Since the woody debris settled in the 

shallowest sediments of the ancient lake bottom, the radiocarbon age likely represents the 

late stages of the lakeôs existence.  
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Figure 17: Geomorphic map of paleo-lake in McCall Area.  Located downstream from McCall 

Glacier-B, McCall Glacier-C, Glissade Glacier, and Tieton Glacier (Inset) is the site of SP1 

containing paleo-lake laminated sediments. The elevation of the potential lake shoreline is ~1390 m. 
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Figure 18: Outcrop of paleo-lake 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 close-up of the laminated sediments. 

 

The circular basin, in which the lake sediments were deposited, lies just upstream 

from a steep and narrow canyon through which the north fork of the Tieton River 

currently drains (Figure 17). Both sides of the canyon are steep walls that rise more than 

75 m above the present river level. Glacial erratics reside near the top of the northern 

canyon wall. While it is unknown how deep the paleo-lake sediments extent below 

current river level, I estimate, based on the elevation of glacial erratics (i.e. elevation of 

terminal moraine), that the lake 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 
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likely created by a large glacier 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 ice-dammed lake, it is unclear whether 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 Lake, is responsible for the lakeôs creation 

(Figure 25). Alpine glaciers in western North America began to withdraw no later than 

~16 ka BP and were rapidly retreating by the Bølling 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 hypothesis is supported by the radiocarbon age of the woody 

debris collected in the lake sediments, which suggests the lake emptied near the time of 

the Bølling Transition. Thus, the paleo-lake would have existed after the LGM 

culminated from 14.1 to 13.9 ka Cal BP. If the 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 melt water raising lake level and overtopping the moraine 

dam. 

An alternate hypothesis 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 the advancing 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 Mt. Rainier. 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 glacier long after the lake began to form. This 

hypothesis is supported by hummocky topography found near and just upstream from the 

paleo-lake sediments. The hummocky topography may represent old moraine deposits, 

however, no clear evidence of till was discovered. Notably, 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 Conrad-A Basin  

The Conrad-A basin, on the eastern side of the Goat Rocksô highest peaks, 

contains two left lateral moraines (M18 and M19) that were deposited by the Conrad 

Glacier (Figure 19). Lichen analysis on these moraines indicate that they were deposited 

between 22 and 32 years BP and between 87 and 107 years BP, respectively (Table 9, 

Appendix C). M18, like the medial moraine (M11) below the McCall-C Glacier, is in 

close proximity to the glacierôs terminus, contains a sharp crest, < 5% vegetation cover, 

no soil cover, and was probably recently vacated of glacier ice. Moraine M19, deposited 

below Conrad Lake, is similar in appearance to moraine M18 but because it contains 

larger lichen probably represents a left lateral maximum position of the LIA advance. 

The Meade basin, on the south side of the Goat Rocksô highest peaks, contains a 

terminal moraine (M27, site of L13) that was deposited by the Meade Glacier between 

102 and 122 years BP according to lichenometric analysis (Figure 19 and Table 9, 
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Appendix C). These young moraines, probably LIA deposits, 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.  

 

 
 

Figure 19: Aerial im age of the Conrad and Meade Glacier Basins. Shown are glacially deposited left 

lateral and terminal moraines and their associated deposits (including their ages), the locations of 

lichen measurement collection and soil pit sites resting downstream from Conrad 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 coverage (> 30 cm) of 

M26 and M28 indicate that they were deposited before the LIA and probably near the 

same time as M1 in the McCall-A Glacier basin (Table 8, Appendix B).   

 

3.2.5 Conrad-B Basin  

The Conrad-B basin is located ~7 km downstream from the Conrad Glacier. 

According to Heine (1997), glacial deposits (YD aged) are located in the Conrad-B basin. 

Hummocky topography, indicative of degraded moraines, was found at the location of 

Heineôs (1997) mapped moraine deposits. Four soil pits were dug just upstream, into, and 

downstream of the hummocks (Figure 20). However, no evidence of glacial till was 

discovered in any of the pits. Instead, SP12 and SP13, classified as Entisols, are poorly 

developed soils caused by high rates of erosion (Figure 55 &Figure 56; Appendix A). 

Further, my observation of boulders piled up against the upstream side of tree trunks and 

a loose and unstable face of andesitic brecciated tuff suggests that the hummocky terrain 

was formed by numerous debris flows (Figure 20). The undeveloped entisols have loose 

sandy and gravelly parent material supporting this hypothesis. SP14 and SP16 were dug 

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 debris flows have not affected those areas 

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 tuff (circled in red). Photo base is NAIP 

imagery.   

 

 

 

3.2.6 Snowgrass Flats and Goat Lake Basins  

One moraine (M44) was located in the Snowgrass Flats area on the southern 

slopes of the Goat Rocks peaks (Figure 21). Moraine M44 is characterized by minimal 

vegetation cover and < 5 cm soil cover, when present. The largest lichens were beyond 

constraints for dating using the Cascadia growth curve (Table 9, Appendix C). It is 

speculated that moraine M44 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 
















































































































































































