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University of Washington
Abstract

A Holocene moraine chronology at Mount Rainier, Washington
based on tephrochronology and surface-exposure ages

Peter F. Apostle

Chair of the Supervisory Committee:
Professor Stephen C. Porter
Department of Geological Sciences

Previous reconnaissance mapping of latest Pleistocene and Holocene drift on Mount
Rainier, Washington has been refined locally, the limits of each drift being more
accurately determined. The age assignments of the mapped moraines are based on
tephrochronology which provides a reliable, but imprecise basis for dating individual
moraines. Rock samples were also collected from boulders and bedrock surfaces
associated with the outer moraines at each of four sites for obtaining > 5Cl surface-
exposure dates. A latest-Pleistocene or early Holocene glacier advance was followed
by a middle-Neoglacial advance that deposited Burroughs Mountain drift, and by two
late Neoglacial advances, marked by Older and Younger Garda drift. However, the
outermost moraine at each locality records a McNeely or an early Holocene advance,
but cannot be more-closely dated. Some of the resulting 38C1 surface-exposure ages are
anomalous, likely as a result of a thick snowcover that shielded the sites. The resulting
data were used to assess this effect on the surface-exposure ages. A thick snowcover
during mid- to late-Holocene time at the moraine sites likely reduced surface-exposure

ages by ca. 50% of their expected values.
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1. INTRODUCTION
1.1 HOLOCENE PALEOCLIMATE AND GLACIER VARIATIONS
If we are to place modern climatic shifts, anthropogenic and natural, into perspective,
climate-proxy records are needed to tell us how fast, where, and when previous climatic
shifts occurred. Climate-proxy records ranging from millennial to decadal time scales are
necessary, as previous research shows that important shifts in climate occur on these
short time scales. Recently discovered Holocene climate proxies have affirmed that
cool/warm and wet/dry oscillations occurred throughout the Holocene (Alley et al.,
1997). For example, a ca. 400-year-long cold period, centered on 8200 calibrated ®
years before the present (cal yr BP)!, appears in the paleotemperature signal of Greenland
ice-core records (Alley et al., 1997). The wide geographic extent of this climate anomaly
has been confirmed by coeval climatic events in different regions of the world [e.g., cold
conditions in northern Sweden (Karlén and Denton, 1976) and southern Germany (von
Grafenstein et al., 1998); fresh, cool surface-water conditions in the North Atlantic
(Lehman and Keigwin, 1992); and windy conditions in the Cariaco Basin in the southern
Caribbean Sea (Hughen et al., 1996)]. This brief event has been attributed to reduced
sea-surface salinity and altered circulation of the North Atlantic Ocean. The disruption of
North Atlantic circulation may have been caused by an abrupt discharge of freshwater
from glacial lakes impounded beyond the retreating Laurentide ice sheet in North

America (Barber et al., 1999).

Climatic shifts also have occurred in the middle to late Holocene over much of the world
including western North America, during an interval termed Neoglaciation (Porter and
Denton, 1967). Detailed Neoglacial chronologies are best developed in Europe and
North America (Porter, 2000). Continuous high-resolution records of Neoglacial climatic
shifts appear in Greenland ice cores and also are recorded in North Atlantic deep-sea

sediments (Andrews and Giraudeau, 2003).

! Whenever possible ages reported in this study are presented as calendar years before the present (cal yr
B.P.). Present is defined as 1950 A.D. for all ages converted from radiocarbon ages. 38C1 surface-exposure
ages will be discussed in Section 2.3.




1.2 LATEST PLEISTOCENE AND HOLOCENE GLACIER VARIATIONS IN
NORTH AMERICA

Evidence of late-glacial, early Holocene, and Neoglacial ice advances has been reported
from the American and Canadian rocky mountains (Davis, 1988; Luckman, 2000; Osborn
and Luckman, 1988), the Cascade Range (Begét, 1981; Burbank, 1981; Heine, 1997,
Thomas et al., 2000; Waitt et al., 1982), the Sierra Nevada (Clark and Gillespie, 1997),
the Canadian Coast Ranges (Calkin et al., 2001; Clague and Matthews, 1996; Evans,
1997; Porter and Denton, 1967; Smith and Desloges, 2000), and Alaska (Calkin and Ellis,
1982; Calkin et al., 2001). While the evidence for late-glacial ice advances is
widespread, the chronology generally is poorly established, for it is based mostly on
minimum limiting ¢ dates (Davis, 1988; Heine, 1997). Chronologies of possible early
Holocene ice advance are less-well constrained, with evidence only reported in the
northern Cascade Range of Washington (Begét, 1981; Reasoner et al., 2001; Thomas et
al., 2000; Waitt et al., 1982). By contrast, evidence of middle and late Neoglacial
advances has been reported widely in the western U.S. and Canada (e.g., Burbank, 1981;
Calkin et al., 2001; Davis, 1988; Denton and Karlén, 1973; Driedger, 1986; Dreidger and
Kennard, 1984; Osborn and Luckman, 1988; Porter, 1981a; Sigafoos and Hendricks,

1961 and 1972).

Late-glacial advances (i.e., ca. 13,000-10,000 ¢ yr BP) in western North America were
more extensive than Holocene advances (Crandell, 1969; Davis, 1988). In the U.S., an
advance just prior to 13,000 cal yr BP (11,000 1C yr BP) has been reported for
mountains in Colorado, Montana, California, and Washington (Davis, 1988; Heine,
1997). Evidence of one or two advances has been found in the Sierra Nevada (Clark and
Gillespie, 1997). At Mount Rainier, the timing and extent of late-glacial ice advances
apparently does not match that of Younger Dryas-age ice advances in Europe (Heine,
1998). There is field evidence of an advance, inferred to fall between 11,000 and 10,000
cal yr BP (10,000-9000 "*C yr BP), in most western states except Idaho, Oregon,
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Nevada, Arizona, and New Mexico, (Davis, 1988), but the chronology relies mainly on

minimum ages, and therefore is provisional.

Little credible evidence of a reported pre-Neoglacial, early Holocene cooling event at ca.

8200 cal yr BP exists in western North America. Inferred early Holocene glacier
advances at Glacier Peak, Washington (Begét, 1981) and Mount Baker, Washington
(Thomas et al., 2000) have been questioned (Davis, 1988; Reasoner et al., 2001). No ice

advances have been recognized in western North America between 8000 and 5600 cal yr
BP (Miller, 1969; Porter and Denton, 1967), a period falling within the hypsithermal

interval.

North American evidence suggests that glaciers fluctuated broadly in phase during
Neoglaciation. The timing of intervals of expansion and contraction vary regionally by a
few hundred years. The early Neoglacial period began in North America ca. 5600-5300
‘ cal yr BP for ice advances in the northern Cascade Range (Miller, 1969; Porter and
Denton, 1967), and ca. 5000 cal yr BP for glacier advances in southern South America
(Porter, 2000). Evidence for the timing of a mid-Neoglacial advance, between ca. 4000
and 2700 cal yr BP (~4700 '*C yr BP), comes from Alaska and northwestern Canada
(Calkin and Ellis, 1982; Calkin et al., 2001; Denton and Karlén, 1973), and across the
western US (Davis, 1988). Deposits of pre-Little Ice Age (late-Neoglacial) ice advances

are sporadic and generally poorly dated across western North America (Davis, 1988).

The term Little Ice Age (LIA) was introduced by Mathes (1939), and refers to the interval
of glacial expansion from ca. 1250-1850 A. D. (Porter, 1986). It is characterized by three
main phases, the first beginning ca. 1250 A. D, the second culminating ca. 1600-1650 A.
D., and the third culminating ca. 1810-1825 (or ca. 1850) A.D. LIA advances are well
documented across most of western North America (Porter and Denton, 1967; Burbank,
1981; Davis, 1988; Miller, 1964; Osborn and Luckman, 1988; Bradley and Jones, 1995).

However, the best-documented LIA chronologies have been developed in the European
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Alps. In the Alps the chronologies rely on instrumental records (back to 1760 A. D.) and
first-person historical records that cover much of the middle and late LIA (Orombelli and
Porter, 1982; Zumbiihl, 1980). LIA advances are similar in relative extent and timing
across the western U.S. (Calkin et al., 2001; Davis, 1988; Denton and Karlén, 1973;
Luckman, 2000). The widespread LIA evidence is the result of its young age and good

preservation of the deposits.

1.3 LATEST PLEISTOCENE AND HOLOCENE GLACIER VARIATIONS ON
MOUNT RAINIER

Previous work on and around Mount Rainier has disclosed field evidence of two or three
late-glacial and Holocene glacier advances (Crandell, 1969; Heine, 1997, 1998) (Fig. 1).
The oldest late-glacial advance on the mountain (>13,200 cal yr BP) was designated
McNeely 1 by Heine (1997). According to limited age control, the McNeely 1 advance
was not correlative with Younger Dryas advances elsewhere in the world (Heine, 1997).
The age control relies on three bulk lake-sediment samples taken from varying depths
inside McNeely 1 moraines to provide minimum limiting radiocarbon dates for the
advance. This ice advance may correlate with the Recess Peak advance in the Sierra
Nevada of California, ca. 13,100 cal yr BP (Clark and Gillespie, 1997). According to
Heine (1997), the McNeely 2 advance lasted from ca. 10,900 to 9950 cal yr BP.

Neoglacial ice advances on Mount Rainier previously were dated using widespread
tephra layers that are bracketed by radiocarbon ages (Crandell and Miller, 1964) (Figs. 1,
2, 3). The radiocarbon chronology was confirmed by Mullineaux (1974). Crandell and
Miller (1964) attributed deposits of the Burroughs Mountain Drift to a mid-Neoglacial

advance between ca. 4000 and 2200 cal yr BP, based on the stratigraphic position of drift
above tephra layer Yn (3400 “C yr BP) and below tephra layer C (2200 '*C yr BP) (Figs.
1). Crandell and Miller (1964) named late Neoglacial deposits on Mount Rainier the
Garda drift, divisible into Older and Younger Garda drift. The older drift has limiting
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Figure 1: Idealized chronostratigraphic section of major surficial deposits
on Mount Rainier. The section shows late-glacial and Holocene glacial
deposits, major tephra units, and Osceola and Paradise lahars discussed
by Crandell (1969) and Heine (1997) at Mount Rainier.
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ages of 2200-1480 A.D. based on its stratigraphic position between tephra layers C and
W (1480 A.D.). Younger Garda Drift, with a tephrochronologic age of <1480 A.D., is
correlative with late LIA advances studied by Burbank (1981); Crandell and Miller
(1964); Driedger (1986); Dreidger and Kennard (1984); Porter (1981a); and Sigafoos and
Hendricks (1961, 1972). Nine of the largest glaciers on Mount Rainier have produced
Younger Garda moraines that have been extensively studied and dated using
lichenometry and dendrochronology (Burbank 1981; Crandell and Miller 1964: Driedger
1986; Porter 1981a; Sigafoos and Hendricks 1961 and 1972). These studies have resulted

in a refined late Neoglacial history of nine glaciers (Fig. 2).

1.4 FOSSIL POLLEN RECORDS OF LATEST PLEISTOCENE AND HOLOCENE
CLIMATE IN WASHINGTON STATE

Pollen data from the southern Puget Lowland of Washington support Crandell’s (1969)
and Heine’s (1997) regional climate chronology by showing evidence of a warming
climate by 12,500 cal yr BP on the western side of the Cascade Range (Barnosky, 1983).
The pollen record indicates that the warmest, driest part of the Holocene occurred
between 10,000 and 7000 cal yr BP, i.e., the early hypsithermal interval. This warm, dry
period ended by 6000 cal yr BP when cooler, more-humid conditions returned, leading to
Neoglacial ice advances. Pollen records spanning 6000-0 cal yr BP from ponds on
Mount Rainier near two of the field sites in this project are consistent with the glacial
history proposed by Crandell (1969). They show that Neoglacial cooling may not have
begun on Mount Rainier until as late as 3700 cal yr BP (Dunwiddie, 1986). However, the

lack of older radiocarbon-dated sediment in the ponds makes this conclusion

questionable.




1.5 PROJECT SCOPE

This study examines high-altitude moraines on Mount Rainier, a 4393-m-high volcano in
the central Cascade Range of Washington state (Plate 1), to improve the Holocene glacial
chronology on the mountain. Mount Rainier provides exceptional sites to study records
of Holocene climatic change. As a popular national park near large urban centers, access
to field sites is expeditious and easy. Due to its height, latitude, and high annual
precipitation, Mount Rainier has more glaciers on its flanks than any other mountain in

the contiguous United States.

Climate change can lead to changes in glacier mass balance, inferences about which can
be obtained from glacial deposits and landforms. Holocene paleoclimate data exist on
Mount Rainier in the form of interbedded glacial, periglacial, and volcanic deposits (Fig.
1). Most of the Holocene volcanic deposits on Mount Rainier are the result of small
eruptions that would not have a prolonged (ca. 10% yr) affect on climate. These eruptions
apparently were not responsible for any climate change that generated Holocene glacial
deposits on Mount Rainier. They include tephra layer O, the product of the largest
Holocene eruption in the Pacific Northwest. However, if such eruptions were part of a
worldwide episode of increased volcanic activity, global temperatures may have dropped,

forcing snowlines lower and possibly producing brief glacier advances (Porter, 1981b).

Crandell’s (1969) mapping was refined in this study at four sites on Mount Rainier (Plate
1). An additional goal of this project was to test the use of surface-exposure dating to
obtain ages for the glacial deposits. A better understanding of the Holocene climate on

Mount Rainier and it’s relation to the larger-scale climate of the western U.S. and Canada

were the ultimate goals of this project.
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2. CHRONOLOGICAL METHODS USED IN THIS STUDY
Dendrochronologic methods were not used in this study because the moraines lie at or
above the local tree-line, and support no or few trees. Dendrochronology uses the
number yearly rings of the oldest tree on a moraine to determine a minimum age for the
moraine. Sigafoos and Hendricks (1961, 1972) used dendrochronology to date the
maximum LIA moraine of Nisqually Glacier (Fig. 2) to 1840 A. D. They also
determined that conifer ecesis, the time after deposition of a moraine until trees begin
growing, is five years for trees in the forested valleys of Mount Rainier (Sigafoos and
Hendricks, 1969). McCarthy and Luckman (1993) determined conifer ecesis to be 5-60
yr in the Canadian Cordillera.

The general lack of preserved organic matter in or around the studied moraines limited
the use of radiocarbon dating for developing a chronology. The trees, shrubs, and lichens
at the altitude of the moraines decompose rapidly after they die. The widespread
distribution of perennial snowpatches near the field areas in this study decreases the
reliability of assigning lichenometric ages to moraines, as moraine boulders hosting
lichen may have been periodically covered by perennial snow since their deposition

(Frederick, 1980).

2.1 TEPHROCHRONOLOGY

Holocene eruptions of Mount Rainier and neighboring Cascade volcanoes have produced
numerous and well-preserved tephra layers that can be used to assign limiting and
relative ages to the glacial deposits (Fig. 3). Tephra units are used to assign relative ages
to glacial and periglacial sediments using their stratigraphic position relative to the tephra

layers (Mullineaux, 1974).
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2.1.1 TEPHRA SEQUENCE AND AGES IN THE CASCADES

Volcanic ejecta from Mount Rainier, Mount St. Helens (80 km south-southwest of Mount
Rainier), and Mount Mazama, Oregon (site of Crater Lake; 440 km south of Mount
Rainier) are bracketed by radiocarbon dates, making it possible to assign limiting ages to
associated glacial and periglacial deposits (Fig. 1). The mid-Holocene Mount Mazama
tephra and two Mount St. Helens tephras were deposited across Mount Rainier. Mount
Rainier tephras are mainly restricted to the mountain, and were associated with much
smaller eruptions than the cataclysmic eruption of Mount Mazama, which spread tephra
across much of the Pacific Northwest and southwestern Canada. The aerial distribution
of a Rainier tephra unit was controlled both by the directed trajectory of the explosive

eruption and the prevailing wind during the eruption.

Holocene tephra units used in this study, and their ages, were described by Mullineaux
(1974) (Fig. 3). Crandell and Miller (1964) and Crandell (1969) used the tephra
stratigraphy in their reconnaissance mapping of surficial deposits on Mount Rainier
because it provided an excellent basis for establishing bracketing ages for Neoglacial

moraines.

2.1.2 IDENTIFICATION AND DATING OF TEPHRA LAYERS

Limiting ¢ ages for tephra units used in this project (Fig. 3) are based on organic matter
found in and immediately adjacent to the tephra horizons (Mullineaux, 1974). Units
identified on Mount Rainier differ in color, mineralogy, thickness, and grain size (Fig. 3),
making them easy to identify in the field. Mullineaux’s (1974) isopleth and isopach
maps show that grain size and thickness of each tephra layer vary mainly with the
direction and strength of the wind at the time of an eruption. Brantley et al. (1986), dated
tephra unit W using dendrechronology. Tephra units originating from Mt. St. Helens are
distinguished from tephras of Mount Rainier by their high silica content and the typical

presence of clinopyroxene hornblende. During the initial field reconnaissance for this
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project, samples of each tephra were collected for verification with known chemical

compositions of each unit (Mullineaux, 1974; Table 1).




Table 1: Tephra Chemical Composition Data (percent)

Tephra Layer

Mineral R' o’ Yn® C? w2
SiO; 60.12 68.56 63.4 59.77 67.5
Al,O3 18.85 14.22 17.2 17.36 16.2
FeyOs « 1.42 1.6 1.59 1.3
FeO 6.11 1.49 2.3 3.74 2.1
MgO 2.81 0.83 1.3 3.51 1.0
CaO 5.16 2.35 4.1 5.71 3.6
Na,O 3.83 5.18 4.3 3.97 4.8
K,0 1.70 2.47 1.2 1.71 1.6
H,O- “ 3.32 0.76 0.32 0.1
H,O+ « 3.32 2.3 0.76 1.0
TiO, 1.03 0.58 0.51 0.89 0.4
P,0Os 0.28 0.10 0.17 0.20 0.1
MnO 0.11 0.03 0.08 0.09 0.1
CO, “ 0.00 0.05 0.02 0.1

'Sisson (2003)
2 Mullineaux (1974)




2.2 SURFACE-EXPOSURE DATING

Surface-exposure dating has gained popularity in the last decade as a tool for determining

the exposure histories of various Quaternary landforms (Gosse and Phillips, 2001). This
dating method uses isotopes that were produced by exposure of a sampled rock surface to
cosmic radiation. The commonly used cosmogenic isotopes include helium (He),
beryllium (‘°Be), aluminum (26A1), and chlorine (36C1). Using surface-exposure dating,
the time of a depositional or erosional event can be estimated. For example, determining
how long the surface of an unweathered or little-weathered moraine or lahar boulder has
been exposed to cosmic radiation, the elapsed time since boulder or lahar deposition can
be determined. Also, the exposure age (time since deglaciation) of a glacially eroded
bedrock surface can be dated. In this project, the chlorine-36 (36C1) method was used
because Mount Rainier andesite contains calcium (Ca), which is a target element for (L.
Since the andesite does not contain enough quartz, 10B¢ and 2°Al are not produced in

these rocks.

2.2.1 FACTORS INFLUENCING EXPOSURE AGES
Many factors can influence the amount of radiation that a rock surface receives and,

therefore, the isotopes produced.
1) A surface receives more radiation with increasing altitude and latitude.

2) A rock surface can be shielded from cosmic radiation by high topography near
the sampled surface, by trees, soil, the angle of the exposed surface, and by

water (including ice or snow).

3) Trace elements in the rock (e.g., boron (B), gadolinium (Gd), uranium
(U), and thorium (Th)) can influence isotope production through in situ

production or absorption of incoming neutron flux.
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The CHLOE computer spreadsheet program (Chlorine-36 exposure; Phillips and
Plummer, 1996), which is used to calculate a surface-exposure age based on field and

laboratory data, takes most of these variables into account.

An important factor that often frustrates researchers using the surface-exposure dating
method is prior exposure (isotope inheritance) of a boulder or bedrock surface to cosmic
radiation. At least 2 m of the surface must be removed by erosion for all cosmogenically
produced isotopes from a previous exposure interval to be removed. Otherwise, an

anomalously old age for the boulder or bedrock surface may be obtained.

Moraines are susceptible to rapid initial degradation (Hallet and Putkonen, 1994;
Putkonen, 2003). A boulder would produce an anomalously young surface-exposure age
if it had been buried in sediment and later exhumed (Fig. 4). As a moraine degrades,
exhumed boulders are vulnerable to sliding or rolling down the steep moraine slopes.
The top surface of a displaced boulder may not have been exposed previously to cosmic
radiation, resulting in an anomalously young age. In the case of closely nested moraines,
a boulder that has rolled down the proXimal slope of one moraine may be mistakenly

assigned to an adjacent younger moraine.

Physical and chemical weathering rates of andesitic rock surfaces are generally assumed
to be of ca. 0.1 mm/kyr (Bierman et al., 1999). The calculated surface-exposure ages in
this study would have to be adjusted if they were greater than ca. 10,000 yr to account for
the loss of cosmogenic isotopes due to the weathering and erosion of the Mount Rainier

andesite. For this study, the young (Holocene) age of the landforms being dated

minimizes this and most other potential uncertainties.
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2.2.2 SAMPLE COLLECTION

Exposed boulders and eroded bedrock surfaces initially identified as Holocene in age
based on tephrochronology were sampled to establish a glacial chronology. Moraine
boulders were selected for sampling based on their position, size (> 50 cm diameter),

height above ground, and exposure to solar radiation. Moraine boulders generally were

sampled near the crest of a moraine. More than half of a sampled boulder stood above
the soil surface to minimize uncertainty about exhumation. Sampled boulders had
minimum shielding (<30°; Table 2b) from adjacent high trees or mountain slopes. Most
samples (ca. 0.5-1.0 kg) were obtained from near-horizontal surfaces (<15° slope) at or
near the top of a boulder. Only the top 1-3 centimeters of an exposed rock surface was
sampled to reduce depth dependence problems (Liu et al., 1994). At each site, 210 6
boulders were sampled. One sample was taken from a bedrock surface adjacent to a
moraine. The bedrock was sampled much the same way as the boulder. A glacially
polished surface that protruded >50 cm from the soil was sampled to minimize

uncertainty about the exposure history due to soil cover.

2.2.3 LABORATORY METHODS

Rock samples for 38C1 analyses were prepared using a whole-rock wet chemical
procedure described by Zreda et al. (1991) as modified by Swanson (1994). The
prepared samples were analyzed using accelerator mass spectrometry (AMS) at the
Center for Accelerator Mass Spectrometry (CAMS), Lawrence Livermore National
Laboratory, Livermore, California. Major element compositions of the ground whole-
rock samples were determined by X-ray fluorescence (XRF) spectrometry. Prompt
gamma emission spectrometry was used to determine B and Gd contents of the samples.
U and Th compositions of the rock samples were determined by neutron activation.
Except for total chlorine, all element compositions were calculated at the XRAL

Laboratories, Don Mills, Ontario, Canada, and have an uncertainty of <2%. Total

chlorine content of the samples was measured by a combination ion-selective electrode at
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the University of Washington. At least three total chlorine measurements were made for
each sample to attain an uncertainty of <6%. Initial filtering and analyses of the raw data

were preformed by Marc Caffee (CAMS).

Data were entered in the CHLOE program (Phillips and Plummer, 1996), which was
modified to incorporate the 38C1 production rates determined by Swanson and Caffee
(2001). These production rates were used because they were derived from rock surfaces
<2° latitude north of Mount Rainier. Error in *°Cl surface-exposure ages arises primarily
from the precision of the AMS and the total chlorine measurements of the prepared rock
samples (Swanson and Caffee, 2001). Error for each date is based on AMS uncertainty
and is ca. +5% of the surface-exposure age. The total chlorine measurement has an
uncertainty of ca. 25% of the AMS uncertainty. Varying estimated snowpack conditions
and sample ages for each snowpack condition were calculated. Sample data are listed in

Table 2a-e.
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Table 2a: Field Data for Surface-Exposure Age Samples

Collection Altitude Latitude Longitude Thickness
Sample Date (m) (degrees) (degrees) (cm)
PL-1 22-10-99 1735 46.8 122.7 2
PL-2 22-10-99 1790 46.8 122.7 2
PL-3 22-10-99 1780 46.8 122.7 2
PL-4B 22-10-99 1775 46.8 122.7 2
PL-5 22-10-99 1780 46.8 1227 2
PG-1 10-09-99 1855 46.8 122.7 2
PG-2 10-09-99 1890 46.8 122.7 2
PG-3 10-09-99 1887 46.8 122.7 2
PG-4 10-09-99 1887 46.8 122.7 2
FF-1 09-10-99 1755 46.8 122.7 2
FF-2 09-10-99 1755 46.8 122.7 2
. FF-3 09-10-99 1755 46.8 122.7 2
FF-4 09-10-99 1755 46.8 122.7 2
FF-5B 09-10-99 1755 46.8 122.7 2
BP-A 02-10-99 1945 46.8 122.7 2
BP-B 02-10-99 1945 46.8 122.7 2
BP-C 02-10-99 1945 46.8 122.7 2
BP-D 02-10-99 1945 46.8 122.7 2
BP-E 02-10-99 1945 46.8 122.7 2
BP-F 02-10-99 1945 46.8 122.7 2
GC-G 02-10-99 2010 46.8 122.7 2
GC-H 02-10-99 2010 46.8 122.7 2
GC-1 02-10-99 2010 46.8 122.7 2
GC-J 02-10-99 2015 46.8 122.7 2

’ GC-K 02-10-99 2015 46.8 122.7 2
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Table 2b: Sheilding1 Data for Surface-Exposure Age Samples
Compass Direction

Sample N NE E SE S SW s NW

PL-1 17 14 0 12

PL-2 17 11 0 2

PL-3 13 9 1 2

PL-4B 18 7 1 6

PL-5 14 9 1 2

PG-1 10 0 0 5

PG-2 10 0 0 15

PG-3 18 14 0 7

PG-4 18 14 0 7

FF-1 14 21 18 4 4 2 11 13

FF-2 14 21 18 4 4 2 11 13
. FF-3 14 21 18 4 4 2 11 13

FF-4 14 21 18 4 4 2 11 13

FF-5B 14 21 18 4 4 2 11 13

BP-A 11 9 23 30 19 20 10 9

BP-B 11 9 23 30 19 20 10 9

BP-C 11 9 23 30 19 20 10 9

BP-D 10 10 16 28 28 24 13 12

BP-E 10 10 16 28 28 24 13 12

BP-F 10 10 16 28 28 24 13 12

GC-G 0 5 10 12 16 20 9 0

GC-H 0 5 10 12 16 20 9 0

GC-I 0 5 10 12 16 20 9 0

GC-J 0 5 10 12 16 20 9 0
. GC-K 0 5 10 12 16 20 9 0

! Angle (degrees) from rock surface to the top of surrounding land surface




Table 2¢: Total Chlorine Data for Surface-Exposure Age Samples
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Average Standard Percent Total Chlorine
Sample Total Chlorine (ppm) Deviation Error Measurements (ppm)
PL-1 266 11.0 4.9 237 227 215
PL-2 32 1.5 4.8 33 32 30
PL-3 94 4.4 4.6 89 97 96
PL-4B 105 5.1 4.9 109 106 99
PL-5 187 6.7 3.6 195 183 184
PG-1 341 6.6 1.9 348 340 335
PG-2 110 44 4.0 105 112 113
PG-3 277 14.0 5.1 261 283 287
PG4 36 1.2 3.2 37 37 35
FF-1 290 16.5 5.7 301 298 271
FF-2 35 1.5 44 33 36 35
FF-3 170 9.1 53 179 171 160
FF-4 221 13.1 5.9 231 206 225
FF-5B 32 1.5 4.8 33 30 32
BP-A 30 3.1 10.1 33 27 31
BP-B 37 1.2 3.1 38 36 36
BP-C 34 1.2 3.4 33 35 33
BP-D 34 1.0 29 34 33 35
BP-E 32 1.7 5.4 33 30 33
BP-F 32 0.6 1.8 32 33 32
GC-G 51 1.2 22 52 52 50
GC-H 83 2.6 32 84 80 85
GC-1 26 1.5 5.8 25 26 28
GC-J 26 1.5 5.8 28 25 26
GC-K 41 2.1 5.0 42 43 39
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Table 2d: Elemental Oxide Composition Data for Surface-Exposure Age Samples

Oxides (percent of total rock)

Sample CO, Na0O MgO ALO; Si0, P05 KO CaO Ti0O, MnO Fey0O4
PL-1 0 38 28 16.2 63 02 1.8 47 0.83 0.1 545
PL-2 0 40 27 16.9 63 02 16 51 077 0.1 5.11
PL-3 0 40 33 16.3 62 02 1.7 54 0.80 0.1 5.82
PL-4B 0 42 29 19.7 62 02 18 52 080 0.1 5.81
PL-5 0 4.0 35 16.5 62 03 1.6 5.0 0.82 0.1 5.47
PG-1 0 39 29 16.2 61 02 21 54 086 0.1 5.68
PG-2 0 40 2.8 15.9 64 02 20 47 0.79 0.1 541
PG-3 0 4.1 3.6 16.9 61 0.1 1.6 6.0 0.87 0.1 5.95
PG4 0 42 3.0 16.1 63 00 21 49 079 0.1 5.12
FF-1 0 4.0 3.0 16.3 62 0.1 23 54 087 0.1 5.68
FF-2 0 4.1 2.9 16.2 63 00 19 5.0 070 0.1 5.04
FF-3 0 4.0 34 16.7 60 0.1 2.0 59 0.89 0.1 6.17
FF-4 0 4.0 33 16.5 60 01 23 59 096 0.1 6.18
FF-5B 0 4.0 3.1 16.3 62 0.1 1.9 50 0.80 0.1 5.68
BP-A 0 4.1 3.7 16.7 60 0.1 1.6 59 0.86 0.1 6.23
BP-B 0 3.7 3.7 15.3 61 0.1 14 55 083 0.1 6.00
BP-C 0 3.8 39 159 60 0.1 1.5 57 090 0.1 6.45
BP-D 0 43 3.0 16.5 62 0.1 1.7 53 078 0.1 5.50
BP-E 0 4.0 2.9 16.4 63 0.1 1.5 52 079 0.1 543
BP-F 0 4.2 2.9 16.2 63 0.1 1.7 5.1 077 0.1 5.26
GC-G 0 4.2 3.5 16.7 61 0.1 1.5 56 0.85 0.1 6.18
GC-H 0 39 33 16.3 62 0.1 1.3 55 078 0.1 5.67
GC-I 0 3.8 3.2 16.3 62 0.1 1.2 54 079 0.1 5.69
GC-J 0 43 3.3 17.1 61 0.1 1.5 56 0.82 0.1 5.95

GC-K 0 4.2 3.2 16.8 61 01 1.6 54 0.81 0.1 5.86




Table 2e: Element Concentration Data for Surface-Exposure Age Samples
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Element (ppm)

Sample Cl B Gd Sm U Th
PL-1 249 22 0.5 1 2.6 6.6
PL-2 36 11 0.5 1 0.0 0.0
PL-3 103 16 0.5 1 0.0 0.0
PL-4B 94 17 1.0 1 0.0 0.0
PL-5 176 24 0.5 1 0.0 0.0
PG-1 360 20 0.5 1 3.2 7.2
PG-3 305 17 0.5 1 0.0 0.0
PG4 56 18 0.5 1 0.0 0.0
FF-1 277 23 2.0 2 4.1 12
FF-2 35 14 0.5 1 0.0 0.0
FF-3 170 21 0.5 1 0.0 0.0
FF-4 205 16 2.0 2 0.0 0.0
FF-5B 292 22 0.5 1 0.0 0.0
BP-A 31 11 0.5 1 1.5 3.6
BP-B 30 14 4.0 4 0.0 0.0
BP-C 31 10 2.0 2 0.0 0.0
BP-D 32 14 1.0 1 1.8 5.0
BP-E 32 13 0.5 1 0.0 0.0
BP-F 35 16 0.5 1 0.0 0.0
GC-G 26 10 0.5 1 2.0 32
GC-H 50 16 0.5 1 0.0 0.0
GC-I 101 13 1.0 1 0.0 0.0
GC-J 27 7 0.5 1 0.0 0.0
GC-K 38 17 0.5 1 0.0 0.0
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7 3 EFFECT OF SEASONAL AND PERENNIAL SNOWPACKS ON
COSMOGENIC-ISOTOPE AGES

In areas with significant snow accumulation, previous studies using surface-exposure
ages to date landforms have estimated the shielding effect of snow on the calculated ages
(e.g., Gosse et al., 1995). The greatest uncertainty when attempting to obtain relatively
young 36C] surface-exposure ages on Mount Rainier is the thick, dense annual snowpack
that mantles the mountain for at least nine months each year. Snowpacks up to 9 m thick
have been reported at Paradise Ranger Station (Plate 1; Table 3), where annual snowfall
of >30 m has been recorded during exceptional years. The thick annual snowpack shields
exposed rock surfaces at the altitude of Holocene moraines from cosmic rays, affecting
the reliability of surface-exposure dates. Calibration of sampled glacially eroded bedrock
and boulders of known exposure age is required to determine the shielding effect ofa
thick, dense annual snowpack at an altitude of ~1750 m on Mount Rainier. The
calibration sites should be in a similar climate and at a similar altitude as moraines rock

surfaces to be dated.

An area of the Paradise Lahar deposit (Crandell and Miller, 1964) above Paradise Ranger
Station was selected as a calibration site (Plate 1 and Fig. 5) because of the large (>2-m-
diameter) boulders at the surface of the lahar and their relatively unrestricted exposure to
cosmic radiation. Sampled lahar boulders lie within 100 m altitude and <2 km distance
from two of the four field sites in this project (Plate 1). The Paradise Lahar has been
independently dated using the radiocarbon method. The ten radiocarbon dates in Table 4

are from samples of the Paradise Lahar and the contemporaneous Osceola Lahar

(Vallance and Scott, 1997).
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Figure 5: Map of Paradise Lahar calibration site. The map shows Paradise Lahar
surface-exposure sample localities in relation to the Paradise Park Visitors Center

and Nisqually Glacier.




Table 3: Snowpack Thickness (m) Measured Annually on March 15
at Paradise Ranger Station, Mount Rainier"

Year Thickness

Year Thickness

Year Thickness

Year Thickness

1916

1917

1918

1919

1920

1921

1922

1923

1924

1925

1926

1927

1928

1929

1930

1931

1932

1933

1934

1935

1936

1937

1938

5.08

6.00

4.57

6.30

3.46

5.49

4.67

5.89

4.27

5.59

2.79

5.03

3.20

4.37

2.57

2.59

5.08

5.49

2.54

4.04

4.98

4.42

3.73

1939

1940

1941

1942

1943

1944

1945

1946

1947

1948

1951

1953

1954

1955

1956

1957

1958

1959

1960

1961

1962

1963

1964

5.79

295

2.06

2.67

4.14

2.67

3.76

5.87

4.70

5.03

5.03

4.50

5.34

5.11

9.07

4.67

4.14

4.52

3.94

534

3.86

2.31

5.67

1965

1966

1967

1968

1969

1970

1971

1972

1973

1974

1975

1976

1977

1978

1979

1980

1981

1982

1983

1984

1985

1986

1987

4.34

4.65

5.23

2.59

6.00

3.46

6.89

6.81

3.07

6.81

5.08

4.98

2.85

3.81

351

4.07

1.83

5.49

4.17

4.07

3.86

5.49

3.76

1988

1989

1990

1991

1992

1993

1994

1995

1996

1997

1998

4.07

4.55

4.73

4.27

3.02

3.10

3.25

4.24

2.90

6.55

4.22

Mean 4.4 +1.3(1o)

Maximum 9.07

Minimum

1.8

I Ebbesmeyer and Strickland (1995)
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Table 4: Radiocarbon Dates Associated with the
Osceola and Paradise lahars

Age (*'C yr BP) Age (cal yr BP)* Source

4455 + 355° 5580-4623 *Wood from basal 50 cm of Osceola Lahar at
Huckleberry Creek

4625 + 240° 5588-4983 *Charcoal in Paradise Lahar at Ricksecker Point

4700 £ 250 5658-5043 *Wood in Osceola Lahar

4730 + 320° 5855-4976 *Charcoal from upper part of Paradise Lahar
at National

4800 = 300" 5899-5059 *Wood in Osceola Lahar

4950 + 300" 6164-5318 *Wood in Osceola Lahar

4955 + 585° 6301-4879 Wood from just above Layer O and below

' Paradise Lahar at Longmire

4980 + 200° 5937-5477 Wood from upper glaciofluvial deposit
below Osceola Lahar at Huckleberry
Creek

5040 + 150" 5919-5616 *Wood in Osceola Lahar

5230 + 235° 6273-5745 Charcoal above Layer O and below two

pre-Osceola lahars near Buck Creek

Mean = 4757 + 197 "*C yr BP
Mean 1o calibrated age = 5078-5074 cal yr BP?

*sample used for calculating mean age of lahars
Crandell (1971)

2Stuvier et al. (1998)

3Vallance and Scott. (1997)
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Near the Paradise Ranger Station, the lahar deposit has not been overridden by a glacier
since it was deposited (Fig. 5). Surfaces of lahar boulders are presumed to lack inherited
36C1 isotopes. Mullineaux (1974, p. 19) asserted that the Osceola Lahar, and thus the
Paradise Lahar, were caused by a “phreatic explosion that caused a large part of the
former summit to avalanche and form the lahar.” It is unlikely that an exposed rock
surface at or near the summit descended >2000 m to the area of the Paradise Ranger

Station to be deposited with the previously exposed surface facing upward.

Snowpack estimates are based on historic records that extend back to 1916. Mean annual
snow depth on March 15 for the 80 years of record at Paradise Ranger Station (1650 m)
is 4.40 m (Ebbesmeyer and Strickland, 1995) (Table 3). A study of perennial
snowpatches on Mount Rainier by Frederick (1980) used late-summer aerial photographs
covering the Paradise Lahar calibration site and Paradise Glacier field site (Plate 1). She
mapped perennial snowpatches from the photographs, spanning a 23-year period. During
at least 5 of the 23 years, both field sites were covered by considerably more perennial
snow than during the 1999 field season. In the present study it is assumed that the
prehistoric Holocene (i.e., Neoglacial) snowpack thickness also had a range of 4.4 1.0

m.

The CHLOE program (Phillips and Plummer, 1996) allows input of mean monthly
snowpack thickness and mean monthly snowpack density to correct for the shielding
affect of snow (Table 5). However, the program does not allow for variation in these
parameters over the exposure period of the sample. For example, although precipitation
and temperature varied throughout Neoglacial time, for a sample with an exposure age of
5000 3°Cl yr, a mean snowpack thickness and density for the month of January remains
constant in the CHLOE program over those 5000 38C1 years. Furthermore, because
precipitation varies from the southern side of the mountain to the northern side, the error

resulting from snowpack estimates is greater than all experimental sources of error.
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Table 5: Estimated Minimum and Maximum Annual Snowpack Data'

Minimum Minimum Equivalent =~ Maximum  Maximum Equivalent
Month Snow Depth (m) Water Depth (m) Snow Depth (m) Water Depth (m)

January 6 0.08 7 0.09
February 6 0.08 12 0.15
March 6 0.08 12 0.15
April 6 0.08 12 0.15
May 4 0.05 8 0.10
June 3 0.04 5 0.06
July 3 0.04 1 0.01
August 2 0.03 0 0.00
September 3 0.04 0 0.00
October 3 0.04 1 0.01
November 4 0.05 4 0.05
December 5 0.06 6 0.08

'An average annual snow density of 0.5 is assumed (Ebbesmeyer and Strickland, 1995).
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Because Mount Rainier has a precipitation shadow (the southwest side of the mountain
receives more annual snow than the northeast side), shielding due to snow cover likely
varies across the mountain. To assess this inference, two ages were calculated from the
uncorrected ages, one with a minimum estimate of average snowpack thickness, and the
other with a maximum estimate of snowpack thickness (Table 5). The minimum and
maximum snowpack thickness values were higher for sites on the southwest side of the
mountain than for those in the precipitation shadow on the northeast side. A mean annual
snow density of 0.5 was used for both estimates on each side of the mountain
(Ebbesmeyer and Strickland, 1995). This method also simultaneously allows the range of

ages resulting from the inferred range of average annual snowpack to be determined.

The mean calibrated age range (1c) of the Paradise Lahar from the radiocarbon ages in
Table 4 is 5078-5074 cal yr BP. The five samples taken from the calibration site on the
Paradise Lahar show how dramatically young (ca. 50% younger) the surface-exposure
ages are when shielding due to the snowpack is not taken into account (Table 6; Fig. 6).
The mean correction value for the five surface-exposure ages at the Paradise Lahar site is
2600 years. The same correction can be directly applied to samples taken from nearby
moraines that have limiting tephrochronologic ages as old as the 5550 cal yr BP age of
the Paradise Lahar. The potential error of the calibrated ages rises as the exposure ages
become older than 5550 cal yr BP because of the need to estimate mean snowpack
thickness over a longer time. During the warmer early to middle Holocene (ca. 11,000 —

5500 cal yr BP) snowpacks likely were thinner.

An attempt to calibrate the relatively young surface-exposure ages using historical and
inferred snowpack data, and calibration samples of known age (i.e., 1C-dated wood from

the lahar), produces ages that usually are not consistent with the tephrochronolgy. The

local consequences of this disagreement will be discussed for each of the field sites.
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Ideally, to refine the shielding effect of snow more precisely, a variable average annual
snowcover would be used in the surface-exposure age calculation. Further study and
modeling is needed, varing average annual snowcover with time according to known
local climatic variations, such as those described by fossil pollen and tree-ring records.
Surface-exposure ages from areas having a significant annual snowpack are provisional
until an accurate method of estimating the long-term shielding effect of the snowpack is

determined.




Table 6: *°Cl Surface-exposure Ages1
for Paradise Lahar Boulders

Minimum Snowpack’

Maximum Snowpack”

Uncorrected Age’ Degth Age Depth Age
Sample (*Clyr) (*Clyr) (*Clyn
PL-1 2600 £ 160 5400 £ 340 5520 £350
PL-2 1840 + 120 3800 £ 240 3880 £ 240
PL-3 3220 +200 5850 £370 6580 £ 410
PL-4b 2810 £ 180 6310 £ 400 6040 £ 380
PL-5 2540 £ 160 6350 £350 5770 £330
Mean 2600 5540 5560

The ages reported are for no erosion and include 1o error.

2All ages are rounded to the nearest decade.

3The snowpack has a mean annual density of 0.5 (Ebbesmeyer and Strickland, 1995). An
‘ explanation of this value is given in Section 2.4.
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Figure 6: Graph of Paradise Lahar surface-exposure ages. The graph shows
uncorrected and snowpack-corrected surface-exposure ages for the Paradise Lahar
boulder samples.
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3. HOLOCENE GLACIAL RECORD ON MOUNT RAINIER
3.1 FIELD AREA
In selecting suitable sites for this project, aerial photographs of Mount Rainier at a scale
of 1:2000 were studied. Candidate sites were selected based on moraine preservation,
altitude, and snow cover. Sites were also selected based on their relation to tephra
distribution; sites on the western side of the mountain were excluded due to the general
absence of tephra units. Sites also were eliminated when an initial field inspection
indicated absence of tephra or an unusually thick snow cover. Four sites met the basic
criteria: Paradise Glacier and Fairy Falls on the southern side of the mountain, and

Granite Creek and Berkeley Park on the northeastern side of the mountain (Plate 1).

Moraines were mapped on enlarged U.S. Geological Survey 7.5-minute topographic
quadrangle maps and on aerial photographs. Pits were dug on the crests, between, in
front of, and behind each moraine at each site to determine the local tephra stratigraphy
(Fig. 3). Taluses with interstratified tephra units in the vicinity of the Paradise Glacier
field site were also mapped and described to assess whether episodes of talus

construction were correlative with times of glacier advance.

3.2 PARADISE GLACIER SITE

Ten moraine segments were mapped at the Paradise Glacier field site (Fig. 7). Six of the
segments are older than 7650 cal yr BP (>6800 C yr BP), as they are overlain by tephra
layer O. Two moraine segments have ages between 2200 (layer C) and 3400 (layer Yn)
"C yr. The remaining two segments have an age of greater than 1480 A. D. (younger
than layer W).

Four samples for surface-exposure dating were collected at the Paradise site (Figs. 7 and

8). Three sampled boulders were ~0.5 m in diameter. Sample PG-1 was from the only
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boulder on the crest of the outermost moraine (>7650 cal yr BP) that met the sampling
criteria. PG-2 is from a bedrock surface that is glacially striated and adjacent to the distal
slope of the outermost moraine. Sample site PG-2 also is at the edge of a steep ~300-m-
high cliff lined with small tors having relief of >2 m. The small tors of hard Rainier
Andesite lie beyond the mapped Holocene glacier limit. The snowpack-calibrated ages
of the surface suggest that the last time glacier ice covered the surface was in late full-
glacial or early late-glacial time (i.e., 17,350-15,670 3¢l yr ago). To the northeast, the
moraine segment is truncated by an intersecting cliff. Samples PG-3 and PG-4 are from
the only other boulders on or near the outermost moraine that met the sampling criteria.
These two boulders lie in a trough between the outermost moraine and an inner, adjacent
moraine, raising the possibility that the boulders might actually be associated with either

moraine.




Table 7: **Cl Surface-exposure Ages1
for the Paradise Field site

38

Minimum Maximum Tephro-
Uncorrected Snowpack’ Snowpack3 chronologic Age
Age? Depth Age Depth Age of Moraine at
Sample  (*°Clyr) C5Cl yr) é8Cl yr) Sample Site (**C yr)
PG-1 5620 £ 530 12,870 £ 1210 14,180 £ 1330 >6800
PG-2 6540 + 380 15,670 £ 900 17,350 £ 1000 >6800
PG-3 560+ 70 1540 £ 200 1350 £ 170 3400-2200
PG-4 470 + 30 1300 £ 90 1200 £+ 80 3400-2200

'The ages reported are based on an assumption of no erosion and include 1o error.

’Rounded to the nearest decade.

3The snowpack has a mean annual density of 0.5 (Ebbesmeyer and Strickland, 1995). An

explanation of this value is given in Section 2.4.
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Figure 9: Graph of Paradise Glacier surface-exposure ages. Graph of uncorrected
and snowpack-corrected surface-exposure ages with 1-sigma error bars (error
encompassed by symbol when not shown) for the Paradise Glacier site samples.
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The corrected surface-exposure age of 14,180-12,870 36C1 yr BP (Table 7; Fig. 9) implies
that this moraine formed during McNeely 1 time (Heine, 1997). Tephra layer O provides
only a minimum limiting age, allowing either a late- glacial or early-Holocene age for the
moraine. The outermost moraine likely represents a halt or readvance of the glacier,
although with only a minimum limiting tephrochronologic age it is possible that it is a
McNeely moraine. Moraines with last-glacial-maximum (LGM) age, or late-glacial age,
like the snowpack-calibrated ages of PG-1, should be found at a lower altitude on Mount
Rainier (i.e., related to a much-lower snowline) unless this moraine segment represents a

high-altitude late-glacial recessional moraine.

Sample sites PG-3 and PG-4 lie between two moraine segments and their ages are
bracketed between those of the O and C tephras. The two boulders have exposure ages
too young to be consistent with the tephrochronology. Both snowpack-calibrated ages
fall between 1550 and 1200 *’Cl yr BP. These ages suggest that these two moraines date
to a pre-LIA advance. Based on tephrochronology, the two segments have a late middle
Neoglacial age and correspond to Crandell and Miller’s (1964) Burroughs Mount Drift.
A moraine of this age is consistent with Crandell’s (1969) reconnaissance mapping of
this area. The anomalously young exposure ages of the boulders may have been caused
by the boulders rolling from the crest of either moraine segment well after deposition or
by exhumation of the boulders, thereby exposing a fresh rock surface to cosmic radiation.
It is also possible that snow can remain for a longer time in the protected trough between
the two moraines where the PG-3 and PG-4 boulders were found. If correct, however,
the young exposure ages imply an error in the tephrochronologic age of the moraine,
possibly placing it between tephra layers C and W. It is also possible that the snowpack
calibration values do not work for surfaces as young as PG-3 and PG-4 (late Neoglacial).
This implies that the assumed climatic history used to predict an average annual
snowpack over the 5500 cal yr history of the calibration boulder surfaces will need to be

further refined for calibrating surfaces of younger age.
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The innermost two moraine segments beyond Paradise Glacier lack tephra or datable
boulders. The absence of tephra unit W means that they < 524 yr old. This age
corresponds to Crandell’s (1969) Younger Garda Drift, which is a LIA deposit. No
deposits corresponding to Crandell’s (1969) Older Garda Drift (ca. 2200 M yr—1480
A.D.) were seen at this site, unless the tephrochronologic age of the moraine below

samples PG-3 and PG-4 is incorrect.

A profile of Paradise Glacier (Fig. 10) at the time the outermost moraine was built is
based on the position of the end moraine, remnants of lateral moraines, and glacially
eroded bedrock upglacier from the terminus (Fig. 7). A map of the full extent of Paradise
Glacier at the time these moraines were deposited is shown in Figure 11 together with

glacier-surface contours and equilibrium line altitudes (ELA) (Sec. 4).

3.3 WILLIWAKAS GLACIER/FAIRY FALLS SITE

Williwakas Glacier built the moraines at Fairy Falls (Fig. 12). Its accumulation area lies
just east of that of Paradise Glacier (Fig. 11). Four moraine segments were mapped at the
Fairy Falls site. Based on the tephrochronolgy, the outermost segment has an age of
>7650 cal yr BP (6800 14C yr BP) because it is overlain by tephra layer O. Tephra layer
R was not found at the Paradise Glacier and Fairy Falls sites, both on the south flank of
the mountian. The next-younger moraine segment has an age between ca. 3650 (layer
Yn) and 2225 (layer C) cal yr BP (3400 and 2200 '*C yr BP). Based on the
tephrochronology, the next two segments have ages between 2200 C yr BP and 1480
A.D. and the innermost moraine segment lacks tephra and is <524 yr old.

The four samples (FF-1 — FF-4) in Table 8 and Figure 13 were taken from boulders >0.75
m in diameter from of the outermost two moraines to determine surface-exposure ages

(Fig. 12 and 14). These two moraines have crests standing ca. 1.5 m above the

surrounding land surface; the crests are ca. 10 m apart. The low height of the moraines
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means that the boulders sampled would experience the maximum shielding of the average

4-m-thick snowpack.
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Figure 11: Paradise Glacier and Williwakas Glacier surface altitude contour map. Map showing extent
of Paradise and Williwakas glaciers, with surface contours (m), during depostion of the youngest
pre-Burroughs Mountain drift.
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Table 8: **C1 Surface-exposure Ages'
for the Fairy Falls field site

Minimum Maximum Tephro-
Uncorrected Snowpack3 Snowpack’ chronologic Age
Age’ Depth Age Depth Age of Moraine at
Sample  (°Clyr) C%Cl yr) %l yr) Sample Site (**C yr)
FF-1 670 £+ 40 1700 = 100 1550+ 90 3400-2200
FF-2 1570 £ 400 3700 + 940 3470 £+ 880 3400-2200
FF-3 1560 £ 30 4120+ 70 3630+ 70 >3400
FF-4 1060+ 80 2480 + 190 2310+ 170 >6800

'The ages reported are based on an assumption of no erosion and include 1o error.

2Rounded to the nearest decade.

3The snowpack has a mean annual density of 0.5 (Ebbesmeyer and Strickland, 1995). An
explanation of this value is given in Section 2.4.
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Figure 13: Graph of Williwakas Glacier/Fairy Falls surface-exposure ages. Graph
of uncorrected and snowpack-corrected surface-exposure ages with 1-sigma error
bars (error encompassed by symbol when not shown) for the Williwakas Glacier/

Fairy Falls site samples.
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Sample FF-4 comes from a boulder on the distal side of the outermost moraine that has a
minimum limiting tephrochronologic age of 7650 cal yr BP. Sample FF-3 is from a
boulder lying on the proximal side of the next younger moraine. The uncorrected boulder
ages are both younger than age of tephra layers Yn and C. A possible reason for the
anomalously young 38C1 age of FF-4 is that the boulder moved off the crest of the
moraine long after deposition, exposing a fresh surface to cosmic radiation. Another
possibility is related to the closeness of these moraine segments, meaning that ice of the
younger advance may have deposited boulders on top of the moraine of an older advance
(i.e., the outer moraine was overridden and is cored by older drift). The outermost
moraine’s tephrochronologic age of >7650 cal yr BP makes a late-glacial or mid-
Holocene age possible. Tephra layer O lies at ca. 10 cm depth adjacent to the boulder,
whereas the sampled boulder lies on the surface of the moraine making possible its
deposition after tephra layer O and after moraine deposition. If the sampled boulders
were exhumed and found at the surface of the moraine they would belong to that moraine

and therefore must be older than tephra layer O (7650 cal yr BP)(Fig. 4).

Sample FF-2 lies on the proximal side of a moraine with limiting tephrochronologic ages
of 3650 and 2225 cal yr BP. The snowpack-calibrated age range of FF-2 is 3470-3700
3C1 yr BP, consistent with the tephrochronology, and implies correlation with Crandell’s
(1969) Burroughs Mountain Drift (3650-2225 cal yr BP).

Sample FF-1 also is from the proximal side of the second moraine segment. However,
sample FF-1 has a snowpack-calibrated age of 1700-1550 38C1 yr BP. This age is at least
480 yr younger than the minimum limiting tephrochronologic age of 2225 cal yr BP.
Possibly, the boulder was displaced (rolled) after deposition, was exhumed, or had a
different snowpack history than the FF-2 boulder. The crest of the nearest Older Garda
moraine has an age of 2200 '*C yr BP - 1480 A.D. based on tephrochronology. This
Neoglacial moraine is more than 30 m from the second (FF-1, FF-2) moraine, thereby

eliminating the possibility that these boulders rolled off that younger moraine.
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The third and fourth moraine segments are overlain by tephra layer W (Fig. 12). These
moraines lack boulders suitable for *°Cl dating, but likely correlate with Crandell’s
(1969) Older Garda (early LIA) deposits. The fifth moraine segment lacks tephra and
must be less than 524 yr old; it corresponds to Crandell’s (1969) Younger Garda (late
LIA) deposits.

Figure 15 shows a profile of Williwakas Glacier at the time the Fairy Falls moraines were
built. Ice thickness in the lower part of the glacier is based on the mapping of partially
eroded lateral moraines and glacially eroded bedrock found on the ridge just northeast of
the Fairy Falls site. The extent of Williwakas Glacier during its maximum Holocene

extent is shown in Figure 11, along with surface contours and ELAs (Sec. 4).

3.4 BERKELEY PARK SITE

One distinct moraine has been mapped in the north-facing Berkeley Park basin (Fig 16).
The moraine outlines the former terminus of a small (<2 km?) glacier that descended
from the ridge separating Berkeley Park and the Granite Creek basin to the west. The
moraine is overlain by tephra units O and R. Therefore, the age of the moraine must be

>10,025 cal yr BP (8850 '*C yr BP), the age of layer R.

Six surface-exposure age samples were taken from boulders >0.75 m in diameter from

the crest of the Berkeley Park moraine (Figs. 16, 17, 18; Table 9). All the sampled

boulders lay close to the crest of the moraine on its proximal slope.




51

“parsodap sem 93Is s[[e AIre,] oy} je oureIow

1SOULIINO A} USYM W) aY} I8 V' TH-09[ed SUIMoys “Io1oe[D) SEYRMI[IA "SSUIBIOWT
S[Teq AIreJ/Io108[D) SeeMITIIA\ 9U) Pa3Isodap Jey) 1910.[3 JO S[JoId ST N3y

X¢ :uoljeiabbex3 [eoian

.9-9 3]1joid uoneoo| 1o} || ainbi4 99s

w) asuelsi
e (w) q
000¢€ 00S¢ 000¢ 00S1L 0001L 00S 0
_ _ : _ _ : 001
(d'a £ 9,,0089<) Jud)X3 SUSO0|0H
winwixelp je a|ijoid Ja1oe|9 0051

d'd J£0,,0089 <
jusx3 Jae|n
jusixg Jaloe|9

s|jeq Aaeq

JUS)X SUS20|0H WNWIXE 18 V13

d'a A 9,,0022 - 00vE

(ssawoiyy .
psjewisa) Jaloe|o uaung |\

sueioy Y/ | [F0091L

‘a'v 08¥l

- 'd'g A D,002Z -00Z1
o3 Joel >
e e =
. Loogl §
)
3

£,99] peaQ - 0061

ﬁ —-000¢

—-001L¢C

V13 Jussald —
-00¢¢




‘son1[eoo] ojdures ainsodxe-00eJIns pue ‘syun e1yda) u9)xe 191083 IULIOJ ‘SoureIowt SuIMoys
UIBJUNOJA SYSnoLIng uo 918 §931S SYJ, "SOIS P[OY JeoI) IUBIL) pue Jied Ao[ayiog ays Jo dejy :9] 2angiyg

52

MiZlZLZL 3 W 14865

0l @uoz ALLN pue €ggVN Ul 31e sajeulpiood
siajelW O} [eAJ2)Y] JNOJUOD

SLE s191W 0

0SL
L L] |

puod Q peduwey] Snjelodd  ©°%eumm
99| JaIoE|D) IO [ =~
Mmoug [eluualed weuny ' — /
9)IS sjdwesg aby ainsodx3 aoeung Av
(AydeiBodoy moys 03 papeys)
Jug [eloe|9-e1eT-1s0d INOYIAA sealy
(esald ¥ pue O ‘UA "0 M siehe eiyda))
d'aA0, 0588 <Iuspd Bre
(uasaid D pue A\ sieAe eayda))
d'gih 0,,002¢ - 00¥€ WX JoIoBID
(yussaid M Jeke eiyda]) 'q'V 0871
- 'd'd 44 0,,002C LK J910B|D
(qussa.d eiyda] oN)
‘avosgyl <iuex3 ;eioe|o
-Aydeibodo] [eooT] pue y13Vv / = : >
wol4 pejewns3 UIbIey Jo1oBD ~ T >« _ -/ ,, : oo e
(popoua Ajjeied LET
aJaym panop) 15819 mc_mLoE.‘-l(‘-

=

*®

LET)
&
jussaL ¥ pue J
‘O UA DM \
s/afe] enyday | 'A Y

15,75,9%

N

@

L,i,;,, /V,

MBT L LTL 3w Z1zees ML LTL JWSLIB6S




| pre-Burroughs Mountain'

[ Tephra Units W, C, Yn, O, and R Present >
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I I I | |
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Distance (m) Down Glacier ——»

. Moraine > 8850'“C yr B.P.
(Tephra Layers W, C, Yn, O, and R Present)

<> Surface Exposure Age Sample Site

Moraines are not drawn to scale. Only moraine
crests correspond to distance down glacier.

1 Crandell and Miller (1964)

Figure 17: Profile of the Berkeley Park moraine with surface-exposure age
sample locations. Diagrammatic cross-section of the moraine at the Berkeley
Park site with its tephrochronologic limiting ages and surface-exposure
sample locations.
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Table 9: **Cl Surface-exposure Ages'
for the Berkeley Park field site

Minimum - Maximum Tephro-
Uncorrected Snowpack3 Snowpack3 chronologic Age
Age2 Depth Age Depth Age of Moraine at
Sample (3 el yr) (36C1 yr) (3 °Cl yr) Sample Site (14C yr)

BP-A 12,280 =760 27,020 + 1680 21,190 +1320 >8850

BP-B 10,690 670 21,860 + 1380 17,400 £ 1100 >8850

BP-C 13,390 £ 840 30,940 + 1950 24,000 + 1510 >8850
|
|

| BP-D 9490 =220 19,300 + 450 15,320 + 360 >8850

| BP-E 7670 +£40 15,610 £ 80 12,440 + 60 >8850

BP-F 10,040 + 650 20,270 £ 1310 15,870 + 1030 >8850

'The ages reported are based on an assumption of no erosion and include 1c etror.
‘ Rounded to the nearest decade.
>The snowpack has a mean annual density of 0.5 (Ebbesmeyer and Strickland, 1995). An

explanation of this value is given in Section 2.4.
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Figure 18: Graph of Berkeley Park surface-exposure ages. Showing uncorrected
and snowpack-corrected surface-exposure ages with 1-sigma error bars (error
encompassed by symbol when not shown) for the boulder samples.
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The tephrochronologic minimum limiting age of the Berkeley Park moraine is 10,025 cal
yr BP (>8850 ¢ yr BP) because layer R is found on it. Except for the highest adjacent
ridges, Berkeley Park was covered by glacier ice during the LGM (Crandell, 1969).
Reduced snowpack values are used in calculating ages of samples taken on the
northeastern side of Mount Rainier due to the precipitation shadow effect. The scattering
of the uncorrected *°Cl ages suggests moraine or boulder degradation which is supported
by the site being above tree line. The snowpack-calibrated ages for 4 of the 6 samples
taken are consistent with an LGM age. Taken alone, the minimum snowpack-calibrated
ages of samples BP-A and BP-C are too old to be valid if LGM ice overrode this area.
The mean age of the moraine with the maximum estimated snowpack is 17,700 36C1 yr
BP, which is close to the time of maximum advance of the Puget Lobe (Porter and
Swanson, 1998). If a prior exposure history for boulders BP-A and BP-C is inferred, the
minimum snowpack ages in Table 10 might be reasonable. The mean uncorrected age of
the moraine is ~10,600 *°Cl yr BP, a reasonable minimum date for a Younger Dryas-age
advance. However, this would be the only Younger Dryas-age moraine yet found on
Mount Rainier, and, this age also fits Heine’s (1997) McNeely 2 (early Holocene)
advance. The moraine was likely deposited during the late Pleistocene and may mark
the LGM (i.e., ca. 22,000-17,000 cal yr BP). The moraine lies above a large glacial
trough (Plate 1, Fig. 16) that was likely filled with ice during the LGM, making a late-

glacial age for the moraine more reasonable.

Figure 19 illustrates the profile of the glacier, based on Figures 16 and 20, responsible for
the Berkeley Park moraine. The full extent of the Berkeley Park Glacier at the time the
moraine was deposited is shown with glacier surface contours and ELA (see Section 4) in

Figure 20.
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3.5 GRANITE CREEK SITE

Nine moraine segments were mapped in the Granite Creek basin below Burroughs
Mountain (Fig. 16). The lowest three segments are covered by tephra units Yn, O and R
giving these segments a minimum limiting age of 8850 cal yr BP. These are the only
moraines in the Granite Creek basin with boulders capable of being sampled for surface-
exposure dating. Four moraine segments are covered by tephra layers W and C, but not
unit Yn, placing their age of between 3650 and 2225 cal yr BP corresponding with
Crandell’s (1969) Burroughs Mountain drift. One segment is overlain by layer W but not
layer C giving it bracketing ages of 2200 C yr BP and 1480 A.D. (Older Garda Drift).
One of the youngest two moraine segments mapped lies on the small bedrock ridge that
bounds the northwest side of the Granite Creek basin. This deposit dates to the late LIA,
for it lacks tephra layer W and is a lateral moraine of Winthrop Glacier. The other
moraine segment is the highest segment in the Granite Creek basin. The segment
encloses the bottom of a small cirque in which perennial snowpatches are now found.

This segment also lacks tephra layer W and therefore, is <524 yr old.

Five samples for surface-exposure dating were taken from boulders >1 m in diameter
from the crest of the innermost of the oldest moraine segments in Granite Creek basin
(Figs. 16 and 21). The snowpack-calibrated ages of the samples are shown in Table 10
and Figure 22.
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Table 10: *%Cl Surface-exposure Ages'
for the Granite Creek field site
Minimum Maximum Tephro-
Uncorrected Snowpack’ Snowpack’ chronologic Age
Age2 Depth Age Depth Age of Moraine at

Sample  (*°Clyr) Sl yr) (°Cl yr) Sample Site (**C yr)

GC-G 10,610 £820 22,120 £ 1720 17,610+ 1370 >3400

GC-H 8950x10 19,920 £ 20 15,650 £ 10 >3400

GC-1  34,430+940 79,990 £ 2180 60,740 £+ 1660 Outlier (reworked)

GC-J 3900 + 140 8470 £ 300 6660 * 240 Outlier

(exhumed or displaced)

GC-K 15,820 %350 26,090 £ 580 23,290 + 510 >3400

'The ages reported are based on an assumption of no erosion and include 1o error.

’Rounded to the nearest decade.
3The snowpack has a mean annual density of 0.5 (Ebbesmeyer and Strickland, 1995). An

explanation of this value is given in Section 2.4.
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Figure 22: Graph of Granite Creek surface-exposure ages. Showing uncorrected
and snowpack-corrected surface-exposure ages with 1-sigma error bars (error
encompassed by symbol when not shown) for the boulder samples.




The five analyzed samples range widely in age. The uncorrected and snowpack-
calibrated surface-exposure ages of samples GC-G and GC-K agree with their
stratigraphic position below tephra layer R (10, 025 cal yr BP). Sample GC-H has a el
age slightly younger than the presence of tephra layer R below the sampled boulder
suggests. GC-I is an obvious outlier, with an uncorrected surface-exposure age 0f 34,430
36C1 yr, and likely is reworked from older drift [i.e., prior exposure (pre-LGM)]. Sample
GC-J, with an uncorrected age of 3900 3%C1 yr BP, came from a boulder that apparently
moved after deposition or was exhumed. The seemingly reliable uncorrected 38C1 ages of
samples GC-G and GC-K, along with the tephrochonologic age of the moraine segment,

suggest it may represent a late-glacial recessional moraine or a readvance.

The limit of glacier ice in a small cirque between Burroughs Mountain and Berkeley Park
moraine (Figs. 16 and 20) is not based on sedimentary evidence but rather on the
reconstructed late-glacial ELA. It is likely that this small cirque glacier was confluent
with the larger glacier in the Granite Creek cirque during the early LGM recessional

phase.

Figure 23 illustrates the long profile of the glacier that built the mapped moraines in the
Granite Creek basin based on data from Figures 16 and 20. The full extent of the Granite
Creek Glacier during the times of moraine deposition is shown in Figure 20, along with

surface contours and ELAs (Sec. 4).

3.6 TALUS AND COLLUVIAL FAN STRATIGRAPHY AND CHRONOLOGY
Sliderock is produced by mechanical weathering of bedrock associated with freezing and
thawing of water in cracks and pore spaces. A talus forms beneath a cliff that has
undergone numerous freeze-thaw cycles. Stable taluses are datable on Mount Rainier

using tephra stratigraphy in the same manner as glacial deposits.
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If climate deteriorates at Mount Rainier, a cliff may be subject to an increased frequency
of freeze-thaw cycles and a reduction in stabilizing vegetation cover, and will produce
more frost-derived sediment than during warmer periods. The volume of taluses in

glaciated basins therefore may increase during a cool climatic episode.

Sliderock in a talus 150 m below the Paradise field site along the Sluiskin Falls trail (Fig.
11) is interbedded with tephra layers (Figure 24). The talus beneath the rocky outcrop
forms three overlapping lobes that are younger from east to west. The slope is underlain
by polished and striated quartz monzonite of the Tatoosh Pluton, recently exposed where
a stream has eroded overlying sediment. The quartz monzonite is overlain by a bouldery
till, likely of late-glacial age. Tephra layer O rests on the till. The absence of soil or
colluvium between the till and tephra layer O suggests that the till is close in age to the
age of layer O (7650 cal yr BP) or that slope erosion occurred prior to deposition of layer
O. The tephra is overlain by oxidized, clay-rich sediment of the Paradise Lahar. Above
the lahar deposit are other, less-easily identifiable Rainier tephras that are interbedded
with brownish, fine to medium-grained colluvium. The oldest talus lobe overlies ~8 cm
of tephra layer Yn (3650 cal yr BP), which is a maximum limiting age for the lobe. A
minimum limiting age of the oldest lobe comes from tephra unit C (2225 cal yr BP),
which lies at or near the base of second talus lobe and overlies the older lobe. The
limiting ages of 2225 and 3650 cal yr BP for the oldest lobe imply correlation with
Burroughs Mountain Drift. Tephra unit W (1480 A.D.) directly overlies the talus lobe
that lies above tephra unit C. With limiting age between 2200 C yr BP and 1480 A.D.,
the second talus lobe may correspond to the Older Garda Drift. The youngest lobe
postdates layer W and formed during the late LIA. The boulders making up this lobe
have fresh, angular surfaces with minimal (<5%) lichen cover and Rhizocarpon
geographicum thalli diameters of <2 cm. Porter’s (1981b) lichen growth curves for
Rhizocarpon geographicum on the granodiorite and andesite of Mount Rainier shows that
these lichens are no older than ca. 40 yr. Boulders incorporated in the older lobes lack

lichens that would yield reliable ages because they are covered by colluvium.
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Talus deposit: angular boulders <50 cm

" | diameter, clast supported, minimal lichen

cover, no soil or matrix developed
White, sand-sized ash, at or near surface

:-|Poorly developed soil with organics

~ .| Talus deposit: angular boulders <30 cm
~#diameter, clast supported with fine to
Imedium sand matrix

:| Brown lapilli deposit at or near surface

:.'ﬁ;::f;' Moderately developed soil with organics

.- | Talus deposit: angular to sub-angular
_ boulders <30 cm diameter, clast and
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black lithics

1 Paradise Lahar, clay-rich, partially

oxidized with clast up to 30 cm with
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Reddish-yellow to pale yellow light

| colored ash
.| Late-glacial till, either McNeeley 1 or 2

& .
unconformity

Quartz monzonite of the Tatoosh Pluton,

<—117.5-14.1 million years old

Figure 24: Idealized chronostratigraphic section of talus near

the Paradise Glacier site (not to scale). Including tephra
layers, lahar sediment, and till interbedded with the sliderock

of the talus.
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4. SYNTHESIS
4.1 RESPONSE OF GLACIERS TO CLIMATIC AND TOPOGRAPHIC INFLUENCES
Temperature shifts are not always coincident with shifts in precipitation. A glacier may
experience a change in mass balance with a shift in temperature or precipitation, or both.
From the glacial-geologic record alone, one cannot determine if a moraine was formed
due to a change in precipitation or a change in temperature or both. A sustained increase
in precipitation will generally have a positive affect on the mass balance of a glacier,
given no change in mean annual temperature. Likewise, a reduction in mean annual
temperature, especially summer temperature, could lead to reduced ablation, also

producing a positive mass balance.

The lag time between a change in mass balance due to a climatic change and an advance
of the terminus (response lag) varies according to the length, slope, and temperature of
the glacier. An average lag time between an increase in precipitation and an advance of
the terminus of small (<10 km?) temperate alpine glaciers, such as those on Mount
Rainier, is ca. 10 to 100 years (Johannesson et al., 1989) because of steep alpine slopes,

well-lubricated beds, and rapid mass turnover (i.e., high activity).

Local topography also affects the response lag. Gravity will force a glacier flowing down
a steep gradient to flow faster than a glacier flowing over the same bed but with a lower
gradient. The faster flow is able to transfer mass from above the ELA to the terminus
more rapidly than if the glacier was flowing slowly over a gentle gradient. On Mount
Rainier this may cause the relative disposition of terminal moraines to vary from site to

site, for valley slopes vary widely around the mountain.

Terminal positions also vary spatially on Mount Rainier because of the local precipitation
shadow produced by the mountain. On average, most winter storms reach Mount Rainier

from the southwest”. This leads to higher precipitation for the sites on the southern and

% From the Mount Rainier National Park website: http://www.nps.gov/mora/current/weather. htm#cause.
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western sides of the mountain than on the northeastern side. Glaciers on open slopes on
the northeastern side of the mountain would receive less direct insolation each day than

those on the southwestern side, thereby reducing loss of snow and ice by ablation.

4.2 LATE PLEISTOCENE AND HOLOCENE EQUILIBRIUM LINE ALTITUDES

The precipitation shadow and mean temperature difference across the mountain leads to a
rise in ELAs from the southwestern side to the northeastern side of the mountain. Both
Heine (1997) and Nylen (1998) reconstructed glaciers on or near Mount Rainier based on
moraine positions, mapped in the field and interpreted from aerial photographs, and
glacier headwall positions. The ELA was reconstructed using the accumulation-area ratio
method (AAR) with a ratio of ca. 65:35 for the accumulation area:ablation area (Porter,
1975, 2001). The average ELA of glaciers on the southwestern side of the mountain is
2200 m, whereas the average of those on the northeastern side is 2400 m (Heine, 1997,
Nylen, 1998).

The regional ELA depression in the southern North Cascade Range at the last glacial
maximum was ca. 900 m (Porter et al., 1983). This ELA depression is consistent with the
ca. 920 m LGM depression for Nisqually Glacier at the LGM reported by Heine (1997).
There are no published data for an LGM ELA on the northern or northeastern sides of

Mount Rainier.

Heine (1997) reports a late-glacial (McNeely 1) ELA depression of ca. 450 m for cirque
glaciers to the east and northeast of Mount Rainer but there are no data on the late-glacial
ELA depression on the southern side of the mountain. Lacking reliable ELA gradients
across the mountain for the LGM and late-glacial advances, I assume that the current
ELA gradient (ca. 25 m/km) (Nylen, 1998) across the mountain has been constant during
the late Quaternary (Porter, 2001). This places the LGM ELA on the southwestern and

northeastern sides at 1300 and 1500 m, respectively. Using the same assumptions, the




69

late-glacial ELA on the southwestern side would have been at ca. 1750 m and on the

northeastern side at ca. 1950 m.

ELAs corresponding to the mapped moraines at each field site were determined using the
AAR method (Porter, 1975). Glacier margins were inferred and mapped using the

positions of the glacier headwall and moraines (Figs. 11 and 20).

4.2.1 PARADISE GLACIER EQUILIBRIUM LINE ALTITUDES

The modern ELA of Paradise Glacier is 2175 m (Nylen, 1998) (Figs. 10 and 11). The
ELA determined from the outermost moraine in the basin containing the Paradise
moraines is ca. 1980 m (Figs. 10 and 11). The late-glacial ELA, representing a 450 m
depression, would have been at 1720 m, about 160 m lower than the altitude of the most
distal Paradise moraine (Fig. 7). The bedrock surface of sample PG-2 (Fig. 7) likely
would have been covered by glacier ice during the late-glacial/early Holocene advances
(McNeely 1 and 2). The low ELA of McNeely-age glaciers, the age of the bedrock
surface (PG-2), and the presence of tephra layer O at the site indicate that ice last
overflowed the basin containing the Paradise moraines more than 7650 cal yr BP (6800
C yr BP) ago. The corrected 38C1 age of the moraine is similar to the calibrated 1C age

of the McNeely 1 moraines, which represent an ELA depression of ca. 450 m.

The tephra stratigraphy on the moraines suggests that the outer Paradise Glacier moraine
segment could be correlative with Heine’s (1997) McNeely 1 or 2 advances; however, the
lower, late—glacial ELA likely represents a late-glacial recessional stand or readvance.
The ELA equivalent to the younger moraines of Paradise Glacier at this site would have
been only slightly higher (ca. 20-30 m) than the ELA of the glacier that deposited the
outermost moraines. Therefore, the late-glacial and earliest Neoglacial moraines must

have had comparable mass balances and ELAs. This implies that the former must

postdate the McNeely 2 maximum.
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422 WILLIWAKAS GLACIER EQUILIBRIUM LINE ALTITUDES
Nylen (1998) placed the modern ELA of Williwakas Glacier at 2050 m (Figs. 10 and 11).

This is 125 m lower than the modern ELA of adjacent Paradise Glacier. It seems more
likely that the modern ELA of Williwakas Glacier is closer to that of the adjacent
Paradise Glacier (ca. 2175 m). This would place the modern ELA at a greater elevation
than any part of Williwakas Glacier, suggesting that the glacier is slowly ablating
stagnant ice instead. The ELA corresponding to the outermost moraine of the
Williwakas Glacier site is ca. 1980 m, the same as Paradise Glacier’s ELA at this time
(Figs. 10, 11, 15). The late-glacial ELA for Williwakas Glacier would have been ca.
1720 m. This is the approximate elevation of the most distal moraine at the Fairy Falls
site. As at the Paradise Glacier site, the tephra stratigraphy indicates that the outermost
moraine could have a late-glacial age; however, when the paleo-ELA is considered, the
moraine more likely is a late-glacial recessional moraine. The ELA of Williwakas
Glacier represented by the nested younger moraines would have been only slightly higher
(ca. 20-30 m) than the ELA of the glacier responsible for the outermost moraines. This

argues against it being a McNeely 2 equivalent moraine.

4.2.3 BERKELEY PARK GLACIER EQUILIBRIUM LINE ALTITUDES

On the north side of the mountain, the late-glacial ELA was at ca. 1975 m (Heine, 1997).
This is approximately the same altitude as the reconstructed ELA for the Berkeley Park
moraine. The >8850 *C yr BP tephrochronologic age of the Berkeley Park moraine and
the 1965 m ELA (Figs. 19 and 20) approximate the age and ELA of Heine’s (1997)
McNeely advances. The tephrochronology and the mean uncorrected 36C1 age of the
moraine support the oldest moraine at the Berkeley Park site being late-glacial in age.

However, the mean corrected *°Cl age of the Berkeley Park moraine indicates an LGM-

age which is not possible if LGM glacier ice completely covered the Berkeley Park area
(Crandell, 1969).
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4.2.4 GRANITE CREEK GLACIER EQUILIBRIUM LINE ALTITUDES

The multiple moraines at the Granite Creek site are farther apart than the moraines at the
Paradise and Fairy Falls sites. Upper glacier limits are defined better, and so the
individual ELAs for each ice advance can be estimated closely (Figs. 20 and 23). The
ELA corresponding to the outermost moraine would have been ca. 2050 m. The ELA for
the Burroughs Mountain advance would have been ca. 2160 m, the Older Garda ELA was
ca. 2180 m, and the ELA of the Younger Garda glacier would have been ca. 2230 m. The
AELA from the outermost moraine (pre-Burroughs Mountain) to the innermost moraine
(Younger Garda) is 180 m. For the Granite Creek moraines, the late-glacial ELA was at
the same altitude as the outermost mapped Holocene moraine suggesting that if this
moraine was late-glacial in age it likely is a recessional moraine. There are no late-
glacial moraines lower in the Granite Creek valley that would allow the late-glacial ELA
to be closer to 1975 m, which is the ELA inferred from the Berkeley Park moraine ca. 1
km to the east of the Granite Creek moraines. If the ELAs on the southeast and northeast
sides of Mount Rainier are compared, an ELA gradient similar to the late Pleistocene
ELA gradient and the present gradient of ca. 25 m/km (Heine, 1997 and Nylen, 1998)

apparently existed throughout the latest Pleistocene and Holocene.

Thel1997 ELA lies at 2400 m on the north side of Mount Rainier based on late summer
ELAs mapped from aerial photographs (Heine, 1997 and Nylen, 1998). The crest of
Burroughs Mountain, which lies at the head of the cirque containing the Granite Creek
moraines, is 2386 m. Crandell (1969) mapped a small, unnamed glacier at the head of
the cirque, just inside the Younger Garda Moraine (Fig. 16). It is questionable whether
this is a dying glacier (there currently is no active moraine formation) or perennial snow.
If it is a glacier with a balanced regime it would lower the modern ELA on the north side

of the mountain by ca. 50 m.

Based on the tephrochronology, consistent surface-exposure ages (not including the

outliers GC-I and GC-J), and proximity, the outermost Granite Creek moraine and the
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Berkeley Park moraines likely represent a coeval ice advance. However, there is an 85 m
difference in the corresponding ELAs of these moraines. The ELA of the Berkeley Park
moraine should be slightly higher than the Granite Creek ELA because the Granite Creek
glacier would have had a north-facing aspect and Berkeley Park glacier would have had
an east-facing aspect, exposing it to more solar radiation and ablation. Because of this
ELA difference, the Berkeley Park moraine may actually be a protalus rampart. The
different lithologies and glacial striations on the boulders at the Berkeley Park site could
be explained by a reworking of older glacial drift into the protalus rampart from the ridge

above the site.

4.3 COMPARISON WITH PREVIOUS RESEARCH

The evidence for climatic shifts during Neoglaciation is widespread on Mount Rainier.
However, correlation with other paleoclimate proxies from the rest of the world is
difficult because of the wide constraints of tephrochronologic limiting dates for each
advance on Mount Rainier. An early Neoglacial advance (ca. 5000 cal yr BP) has not
been identified on Mount Rainier, likely because moraines of that age were overrun by
one or more subsequent ice advances. The Burroughs Mountain (middle Neoglacial)
advance correlates approximately with other glacier advances in western North America
(e.g., Calkin and FEllis, 1982; Calkin et al., 2001; Clague and Mathews, 1996; Davis,
1988; Osborn and Luckman, 1988). The wide range in limiting ages of the Older Garda
ice advance (2200-1480 A.D.) means that this advance may be equivalent to an early LIA
advance such as others reported in western North America (e.g., Calkin et al., 2001;
Davis, 1988; Osborn and Luckman, 1988) or it could record an early medieval advance
(Porter, 1986). The well-preserved late LIA, or Younger Garda, moraines on Mount
Rainier are comparable to those of glacier advances in Europe (e.g., Denton and Karlén,
1973; Orombelli and Porter, 1982; Zumbiihl, 1980), and western North America (e.g.,
Calkin and Ellis, 1982; Calkin et al., 2001; Clague and Mathews, 1996; Davis, 1988;
Denton and Karlén, 1973; Evans, 1997; Luckman, 2000; Smith and Desloges, 2000).
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This Neoglacial evidence suggests that the western U.S. and Canada are not disconnected

by distance and global circulation patterns from short-term climate shifts, as Heine

(1997) argued.

4.4 CONCLUSION

Rock samples were collected from boulders and bedrock surfaces associated with the
outer moraines at each of four sites to obtain *°Cl surface-exposure dates. Some of the
resulting ages are anomalous, likely the result of thick snowcover that shielded the sites.
The resulting data were used to assess the significance of this effect on surface-exposure
ages. The anomalous ages from sampled boulders indicate the importance of sampling
large (>1 m) boulders to minimize this shielding effect and to reduce potential
uncertainty caused by problems associated with exhumation and displacement of the
boulders. Most of the moraines had too few exposed boulders to address these
uncertainties. A thick snowcover during mid- to late-Holocene time at the moraine sites
reduced surface-exposure ages by ca. 50% of their expected values. Use of surface-
exposure dating under conditions of thick, persistent snowcover can therefore lead to a
large spread in ages that reduces the reliability of a moraine chronology based on

cosmogenic isotopes alone.

During this project, Crandell’s (1969) reconnaissance mapping was refined locally, the
limits of each drift being determined more precisely. A latest Pleistocene or early
Holocene glacier advance was followed by a middle Neoglacial advance that deposited
Burroughs Mountain moraines, and by two late Neoglacial advances, marked by Older
and Younger Garda moraines. These age assignments are based on tephrachronology,
which provides a reliable but imprecise basis for dating individual moraines. The
outermost moraine at each locality apparently records a McNeely or an early Holocene
advance, but cannot be more-closely dated. Nevertheless, based on the ELA estimates

for the late-glacial interval, these moraines cannot be McNeely-age moraines unless they
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are very late-McNeely 2 recessional moraines. The moraine (or protalus rampart)

mapped in Berkeley Park may be Younger Dryas in age based on its mean uncorrected

36C1 age and the overlying tephra stratigraphy.




75
REFERENCES

Andrews, J. T., and Giraudeau, J. (2003). Multi-proxy records showing significant
Holocene environmental variability; the inner N. Iceland shelf, Hunafloi.
Quaternary Science Reviews 22, 2-4, 175-193.

Alley, R. B., Mayewski, P. A., Sowers, T., Stuvier, M., Taylor, K. C., and Clark, P. U.
(1997). Holocene climatic instability: A prominent, widespread event 8200 yr
ago. Geology 25, 483-486.

Barber, D. C., Dyke, A., Hillaire-Marcel, C., Jennings, A. E., Andrews, J. T., Kerwin, M.
W., Bilodeau, G., McNeely, R., Southon, J., Morehead, M. D., and Gagnon, J.-M.
(1999). Forcing of the cold event of 8,200 years ago by catastrophic drainage of
Laurentide lakes. Nature 400 6742, 344-348.

Barnosky, C. W. (1983). Late-Quaternary vegetational and climatic history of
southwestern Washington. Unpublished PhD dissertation, University of
Washington, 201 p.

Begét, J. E. (1981). Barly Holocene glacier advance in the North Cascade Range,
Washington. Geology 9 409-413.

Bierman, P. R., Marsella, K. A., Patterson, C., Davis, P. T., and Caffee, M. (1999). Mid-
Pleistocene cosmogenic minimum-age limits for pre-Wisconsinan glacial surfaces
in southwestern Minnesota and southern Baffin Island: A multiple nuclide
approach. Geomorphology 27, 25-39.

Bradley, R. S. and Jones, P. D. (1995). Climate Since A. D. 1500. Routledge, New
York, 649-665.

Brantley, S., Yamaguchi, D., Cameron, K., and Pringle, P. (1986). Tree-ring dating of
volcanic deposits. Earthquakes and Volcanoes 5, 184-194.

Burbank, D. W. (1981). A chronology of Late Holocene glacier fluctuations on Mount
Rainier, Washington. Arctic and Alpine Research 13, 369-386.

Calkin, P. E. and Ellis, J. M. (1982). Holocene glacial chronology of the Brooks Range,
Northern Alaska. Striae 18, 3-8.

Calkin, P. E., Wiles, G. C., and Barclay, D. J. (2001). Holocene coastal glaciation of
Alaska. Quaternary Science Reviews 20, 449-461.




76

Clague, J. J. and Mathews, R. W. (1996). Neoglaciation, glacier-dammed lakes, and
vegetation change in northwestern British Columbia, Canada. Arctic and Alpine
Research 28, 10-24.

Clark, D. H. and Gillespie, A. R. (1997). Timing and significance of late-glacial and
Holocene cirque glaciation in the Sierra Nevada, California. Quaternary
International 38/39, 21-38.

Crandell, D. R. (1969). Surficial geology of Mount Rainier National Park, Washington.
U. S. Geological Survey Bulletin 1288, 41p.

Crandell. D. R. (1971). Postglacial lahars from Mount Rainier Volcano, Washington.
U. S. Geological Survey Professional Paper 677, 75p.

Crandell, D. R. and Miller, R. D. (1964). Post-hypsithermal glacier advances at Mount
Rainer, Washington. In Geological Survey research 1964: U.S. Geological
Survey Professional Paper 501-D, D110-D114.

Davis, P. T. (1988). Holocene glacier fluctuations in the American Cordillera.
Quaternary Science Reviews 7, 129-157.

Denton, G. H. and Karlén, W. (1973). Holocene climate variations-their pattern and
possible cause. Quaternary Research 3, 155-205.

Driedger, C. L. (1986). A visitor’s guide to Mount Rainer glaciers. Pacific Northwest
National Parks and Forests Association, Longmire, WA, 80 p.

Driedger, C. L. and Kennard, P. M. (1984). Ice volumes on Cascade volcanoes: Mount
Rainier, Mount Hood, Three Sisters and Mount Shasta. U. S. Geological Survey
Open-File Report 84-581, 55 p.

Dunwiddie, P.W. (1986). A 6000-year record of forest history on Mount Rainier,
Washington. Ecology 67, 58-68.

Ebbesmeyer, C.C. and R.M. Strickland. 1995. Oyster Condition and Climate: Evidence
from Willapa Bay. Publication WSG-MR 95-02, Washington Sea Grant Program,
University of Washington, Seattle, WA, 11 p.

Evans, M. (1997). Pollen evidence of late Holocene treeline fluctuation from the
southern Coast Mountains, British Columbia. Géographie physique et
Quaternaire 51, 81-92.




77

Frederick, J. E. (1980). Perennial snowcover variations during the last 130 years at Mt.
Rainier, Washington. Unpublished M.S. thesis, University of Washington,

67 p.

Gosse, J. C., Evenson, E. B., Klein, J., Lawn, B., and Middleton, R. (1995). Precise
cosmogenic '’Be measurements in western North America: Support for a global
Younger Dryas cooling event. Geology 23, 10, 877-880.

Gosse, J.C. and Phillips, F.M., 2001. Terrestrial in situ cosmogenic nuclides: theory and
application. Quaternary Science Reviews 20, 1475-1560.

Hallet, B. and Putkonen, J. (1994). Surface dating of dynamic landforms: Young
boulders on aging moraines. Science 268, 937-940.

Heine, J. T. (1997). Glacier advances at the Pleistocene/Holocene transition near Mount
Rainier volcano, Cascade Range, USA. Unpublished PhD dissertation.
University of Washington, 137 p.

Heine, J. T. (1998). Extent, timing, and climatic implications of glacier advances Mount
Rainier, Washington, U.S.A., at the Pleistocene/Holocene transition. Quaternary
Science Reviews 17, 1139-1148.

Hughen, K. A., Overpeck, J. T., Peterson, L. C., and Trumbore, S. (1996). Rapid climate
changes in the tropical Atlantic region during the last deglaciation. Nature 380,
51-54.

Johannesson, T., Raymond, C. F., and Waddington, E. D. (1989). A simple method for
determining the response time of glaciers. In: Glacier fluctuations and climate
change. Oerlemans, J. (editor). Kluwer Academic, Dordrecht, Netherlands,
343-352.

Karlén, W., and Denton, G. H. (1976). Holocene glacial variations in Sarek National
Park, northern Sweden. Boreas 5, 25-56.

Lawrence, D. B. (1950). Estimating dates of recent glacier advances and recession rates
by studying tree-growth rings. Transactions, American Geophysical Union 31,
243-248.

Lehman, S. J., and Keigwin, L. D. (1992). Sudden changes in North Atlantic circulation
during the last deglaciation. Nature 356, 757-762.

Luckman, B. H. (2000). The Little Ice Age in the Canadian Rockies. Geomorphology
32, 357-384.




78

Liu, B., Phillips, F. M., Fabryka-Martin, J. T., Fowler, M. M., Biddle, R. S., and Stone,
W. D. (1994). Cosmogenic 35C1 accumulation in unstable landforms, I. Effects of
thermal neutron distribution. Water Resources Research 30, 1071-1074.

Mathes, F. E. (1939). Report of the Committee on Glaciers. Transactions, American
Geophysical Union 20, 518-523.

McCarthy, D. P. and Luckman, B. H. (1993). Estimating ecesis for tree-ring dating of
moraines; a comparative study from the Canadian Cordillera. Arctic and Alpine
Research 25, 63-68.

Miller, C. D. (1969). Chronology of Neoglacial moraines in the Dome Peak area, north
Cascade Range, Washington. Arctic and Alpine Research 1, 49-65.

Miller, M. M. (1964). Inventory of terminal position changes in Alaskan coastal glaciers
since the 1750’s. Proceedings from the American Philisophical Society 108, 257-
273.

Mount Rainier National Park website:
http://www .nps.gov/mora/current/weather.htm#cause

Mullineaux, D. R. (1974). Pumice and other pyroclastic deposits in the Mount Rainier
National Park, Washington. U.S. Geological Survey Bulletin 1326, 83 p.

Nylen, T. H. (1998). Spatial and temporal variations of glaciers on Mount Rainier
between 1913 and 1994. Unpublished M.S. thesis. Portland State University,
101 p.

Orombelli, G. and Porter, S. C. (1982). Late Holocene fluctuations of Brenva Glacier.
Geografia Fisica e Dinamica Quaternaria 5, 14-37.

Osborn, G., and Luckman, B. H. (1988). Holocene glacier fluctuations in the
Canadian Cordillera (Alberta and British Columbia). Quaternary Science
Reviews 7, 115-128.

Porter, S. C. (1975). Equilibrium line altitudes of late Quaternary glaciers in the
Southern Alps, New Zealand. Quaternary Research 5, 27-47.

Porter, S. C. (1981a). Lichenometric studies in the Cascade Range of Washington:
Establishment of Rhizocarpon geographicum growth curves at Mount Rainier.
Arctic and Alpine Research 13, 1, 11-23.

Porter, S. C. (1981b). Recent glacier variations and volcanic activity. Nature 291 139-
142.




79

Porter, S. C. (1986). Pattern and forcing of northern hemisphere glacier variations during
the last millennium. Quaternary Research 26, 27-48.

Porter, S. C. (2000). Onset of Neoglaciation in the Southern Hemisphere. J ournal of
Quaternary Science 15, 4, 395-408.

Porter, S. C. (2001). Snowline depression in the tropics during the last glaciation.
Quaternary Science Reviews 20, 1067-1091.

Porter, S. C., and Denton, G. H. (1967). Chronology of Neoglaciation in the North
American Cordillera. American Journal of Science 265, 177-210.

Porter, S. C., Pierce, K. L., and Hamilton, T. D. (1983). Late Pleistocene mountain
glaciation in the western United States. In: “Late Quaternary environments of the
United States. Volume 1, the late Pleistocene” (S. C. Porter, ed.). Minneapolis,
University of Minnesota Press, 71-111.

Porter, S. C. and Swanson, T. W. (1998). Radiocarbon age constraints on rates of
advance and retreat of the Puget Lobe of the Cordilleran ice sheet during the last
glaciation. Quaternary Research 50, 205-213.

Putkonen, J. (2003). Cosmogenic exposure dated boulders reveal moraine erosion
history, Bishop Creek, Ca, USA. Geological Society of America Annual
Meeting, Seattle, Abstracts with Programs, 35, 109.

Reasoner, M.A., Davis, P.T., and Osborn, G. (2001). Evaluation of proposed early
Holocene advances of alpine glaciers in the North Cascade Range, Washington
State, USA: constraints provided by paleoenvironmental reconstructions. The
Holocene 11, 607-611.

Sigafoos, R. S. and Hendricks, E. L. (1961). Botanical evidence of the modern history of
Nisqually Glacier, Washington. U.S. Geological Survey Professional Paper
387-A, 20p.

Sigafoos, R. S. and Hendricks, E. L. (1969). The time interval between stabilization of
alpine glacial deposits and establishment of tree seedlings. U. S. Geological
Survey Professional Paper 650-B, B89-B93.

Sigafoos, R. S. and Hendricks, E. L. (1972). Recent activity of glaciers on Mount
Rainier, Washington. U. S. Geological Survey Professional Paper 387-B, 24 p.

Sisson, T. W., U. S. Geological Survey. Personal communication, unpublished data
(2003).




80

Smith, D. J. and Desloges, J. R. (2000). Little Ice Age history of Tzeetsaytsul Glacier,
Tweedsmuir Provincial Park, British Columbia. Géographie physique et
Quaternaire 54, 135-141.

Stuiver, M., Reimer, P. J., Bard, E., Beck, J. W., Burr, G. S, Hughen, K. A., Kromer, B.,
McCormac, F. G., v. d. Plicht, J., and Spurk, M. (1998). INTCAL98 Radiocarbon
age calibration 24,000—0 cal BP. Radiocarbon 40, 1041-1083.

Swanson, T.W. (1994). Determination of chlorine-36 production rates from the
deglaciation history of Whidbey Island, Washington. Unpublished PhD
dissertation. University of Washington, 121 p.

Swanson, T. W. and Caffee, M. L. (2001). Determination of 3¢y production rates
derived from the well-dated deglaciation surfaces of Whidbey and Fidalgo
Islands, Washington. Quaternary Research 56, 366-382.

Thomas, P.A., Easterbrook, D.J., and Clark, P.U. (2000). Early Holocene glaciation on
Mount Baker, Washington state, USA. Quaternary Science Reviews 19, 1043-
1046.

Vallance, J. W. and Scott, K. M. (1997). The Osceola Lahar from Mount Rainier:
Sedimentology and hazard implications of a huge clay-rich debris flow.
Geological Society of America Bulletin 109, 143-163.

von Grafenstein, U., Erlenkeuser, H., Mueller, J., Jouzel, J., and Johnsen, S. (1998). The
cold event 8200 years ago documented in oxygen isotope records of precipitation
in Burope and Greenland. Climate Dynamics 14, 73-81.

Waitt, R. B. Jr., Yount, J. C., and Davis, P. T. (1982). Regional significance of an
early Holocene moraine in Enchantment Lakes Basin, North Cascade Range,
Washington. Quaternary Research 17, 191-210.

Zreda, M.G., Phillips, F.M., Elmore, D., Kubik, P.W., and Sharma, P. (1991).
Cosmogenic chlorine-36 production rates in terrestrial rocks. Earth and Planetary
Science Letters 105, 94-109.

Zumbiihl, H. J. (1980). Die Schwankungen der Grindelwaldgletscher in den historischen
Bild- und Schriftquellen des 12. bis 19. Jahrhunderts (Translated title: The
fluctuations of the Grindelwald Glacier in historical pictures and writings from
the 12%-19" centuries: a contribution for glacier history and the study of the
Alpine region). Birkhduser Verlag, Basel, Switzerland, 92 p.




	20180504110703047
	20180504111020315
	20180504111425449
	20180504111737953
	20180504111854048
	20180504112251267
	20180504112457210

