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Abstract 

The timing of glacier fluctuations on Mount Rainier, in Washington State, USA, 

is examined using evidence from lateral moraines and lacustrine sediments. Radiocarbon 

ages of wood from paleosurfaces within lateral moraines of Nisqually, Emmons, Carbon 

and South Tahoma glaciers show that glaciers were depositing tills on lateral moraine 

flanks from ca. AD 130 and 530, and also after ca. AD 1300. Geochemical and 

petrographic analyses were conducted on tephra layer O (Mazama) and an unidentified 

tephra (layer GRY), retrieved from a Tipsoo Lake sediment core. A macrofossil from the 

core provides a minimum age of 8905 ± 20 14C yr BP for layer GRY and underlying 

glacigenic sediments. Deglaciation of the cirque above Tipsoo Lake occurred ca. 10,900 -

10,600 14C yr BP, based on estimated lacustrine sedimentation rates. Results show that 

the timing of glacier fluctuations on Mount Rainier is consistent with chronologies from 

elsewhere in the Central North American Cordillera in the early and latest Holocene. 
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1 

Chapter One: Introduction and Overview 

Climate change until recently has been the result of natural variability. The 

relative contributions of human activity and natural variability to recent climate change 

are debated; however it is apparent that the consequences of a changing climate on 

human societies are significant. The Intergovernmental Panel on Climate Change (IPCC) 

2007 Fourth Assessment Report outlines possible consequences of climate change; some 

examples include changes in global food supply, loss of ice cover and permafrost in Polar 

Regions, and ocean acidification (IPCC, 2007). Clearly the desire to accurately predict 

future climate behaviour is well founded, but in order to create predictions a thorough 

understanding of the climate system is required. Reconstruction of past climate change 

increases our understanding of the current and future climate system and provides insight 

into both climate behaviour and climate forcing mechanisms. Reliable instrumental 

records of climate conditions generally extend back only as far as the 19th century 

(Brohan et al., 2006). As a result, climate reconstructions from earlier periods must be 

inferred from biological and geological records (Hu et al., 2001). 

In North America, a valuable geological record of climate change is preserved in 

evidence from alpine glacier fluctuations. Alpine glaciers fluctuate in response to climate 

change by adjusting in length, width and thickness (Menounos et al., 2009). The 

frequency and magnitude of glacier fluctuations may, in turn, provide insight into the 

timing and intensity of climate change events. Also, the distribution and synchronicity of 

glacier fluctuations (i.e. regionally isolated fluctuations or synchronous fluctuations over 

a widespread area) may reflect the geographic extent of a climate signal. 
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A glacier’s form is ephemeral due to adjustments to changing environmental 

conditions over time; however a fluctuating glacier deposits or constructs a record of 

sediments and landforms that are often preserved for millennia. Sediments and landforms 

in both terrestrial and lacustrine environments may provide direct and/or indirect 

evidence of past glacier extents. Moraines deposited along ice margins during an 

advance, for example, delineate the boundaries of a glacier long after it has retreated 

(Osborn et al., 2007a). Meltwater from glacierized basins supplies sediments to proglacial 

lakes and provides an indirect record of upstream glacier fluctuations (Karlén, 1981; 

Leonard, 1986). In addition, retreating alpine glaciers uncover organic material in glacier 

forefields, such as rooted sheared tree stumps and detrital wood, that can be radiocarbon 

dated and used to construct a chronology of glacier fluctuations (Osborn et al., 2007a; 

Davis et al., 2009). 

This thesis describes evidence of latest Pleistocene and Holocene glacier 

fluctuations on Mount Rainier, an extensively glaciated stratovolcano in the Cascade 

volcanic arc. Terrestrial and lacustrine proxy evidence is examined to refine the current 

glacier-fluctuation record at Mount Rainier. Results contribute to a growing 

understanding of the magnitude, timing, and synchronicity of glacier fluctuations in the 

Central North American Cordillera (CNAC), referred to in this study as the southern 

Canadian cordillera and the northern American cordillera. In addition, the results help to 

resolve inconsistencies in the current glacial record at Mount Rainier National Park. 

1.1 Motivations and objectives 

Motivation for this study stemmed from the need to add more detail to the glacier-

fluctuation record on Mount Rainier. Multiple sites across the CNAC document several 
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glacier advances in the mid- to late-Holocene Neoglacial interval, occurring before the 

Little Ice Age (LIA) advance; however, only one pre-LIA glacier advance (Burroughs 

Mountain Advance, discussed in section 2.4.3.1) has been previously identified at Mount 

Rainier. A second motivation was the need to re-examine the timing of early Holocene 

glacier fluctuations on Mount Rainier that are incongruous with records from elsewhere 

in the CNAC. Heine (1998) proposed that a significant early Holocene glacier advance 

occurred on Mount Rainier while glacier activity elsewhere in the CNAC was generally 

restricted. Since the study by Heine (1998), no re-evaluation of terrestrial and lacustrine 

records at Mount Rainier pertaining to early Holocene glacier advance has been 

conducted. The objectives of this study are to: 

1.	 Constrain the timing of glacier fluctuations on Mount Rainier during the latest 

Pleistocene and Holocene by dating glacial sediments in lateral moraines and 

proglacial lakes. 

2.	 Compare the record of glacier fluctuations from Mount Rainier, including new 

results from this study, to chronologies from elsewhere in the CNAC in order to 

determine if glacier activity on Mount Rainier was incongruous during the latest 

Pleistocene and Holocene. 

1.2 Outline 

In this study, three main research approaches were employed to date glacier 

fluctuations: dating organics within lateral-moraine stratigraphy, analyses and dating of 

proglacial lake sediments, and an examination of tephrostratigraphy. Following chapters 

2 and 3, which cover Mount Rainier’s setting and geologic history, as well as an 

introduction to latest Pleistocene and Holocene glacier fluctuations in the CNAC, each 
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research approach is addressed in a separate chapter (chapters 4, 5 and 6). Each 

individual chapter presents the relevant background information, the methodologies 

employed, and the results. Chapter 7 provides a discussion of the combined results from 

all three approaches. Conclusions from the study are presented in chapter 8. 

New ages as well as previously published radiocarbon ages by several authors are 

presented. Due to the various methodologies used to determine the dates and different 

presentation styles of authors, dates are listed in several different formats in this study. 

Radiocarbon ages are presented as radiocarbon years before present (14C yr BP); 

calibrated ages are presented as thousands of years before AD 1950 (ka) or calibrated 

years before AD 1950 (cal yr BP); and calendar ages are given in AD or BC. The 2σ 

confidence intervals of calibrated radiocarbon ages are reported unless otherwise 

specified. 
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Chapter Two: Setting and Previous Work 

2.1 Physical setting 

Mount Rainier [46.85° N, 121.75° W] lies on average about 24 km west of the 

crest of the southern Cascade Range, and about 65 km southeast of the city of Tacoma, in 

Washington State, USA (Driedger and Kennard, 1986; Pringle, 2008). Mount Rainier, 

within Mount Rainier National Park, is the highest (4,392 meters above sea level (m-asl)) 

and third-most voluminous stratovolcano in the Cascade Volcanic Arc (Wood and 

Kienle, 1990) (figure 2-1). The Cascade Volcanic Arc is a north-south trending chain of 

volcanoes that extends from southwestern British Columbia, Canada to northern 

California, USA (Pringle, 2008). In the southern Cascades, large Quaternary 

stratovolcanoes of the volcanic arc, such as Mount Rainier and Mount Adams, are 

superimposed on predominately Cenozoic-aged rocks. The average elevation of peaks 

surrounding Mount Rainier is roughly 1500 m-asl (Pringle, 2008). 

The Cascade Volcanic Arc lies parallel to the Cascadia subduction zone and about 

200 km inland from the Pacific coast (Rogers, 1985). The arc composes a section of the 

Pacific Ring of Fire, a circum-Pacific belt of active, dormant, and recently extinct 

volcanoes located around the Pacific plate boundary (Harris, 1980). 

Mount Rainier has an impressive cover of snow and glacier ice, with 26 named 

glaciers on its flanks as well as unnamed permanent ice and snowfields (figure 2-2). 

Glaciers on Mount Rainier cover about 92.1 km2 of the volcano’s surface and have a 

volume of about 4.4 km3 (Driedger and Kennard, 1986). Glaciers played a large role in 
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Figure 2-1 Location of Mount Rainier in Washington State, USA, and the Cascade 
volcanic arc (after Scott, 1990). Triangles denote location of stratovolcanoes. 
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sculpting deep valleys and cirques into the flanks of Mount Rainier. Currently, glaciers 

on Mount Rainier are in a general pattern of retreat, and have been for the last century. 

Between 1913 and 1994 the total area and volume of glaciers on Mount Rainier 

decreased by 21% and 25%, respectively (Nylen, 2004). The average equilibrium-line-

altitude (ELA) of glaciers on Rainier currently lies at 2,125 m-asl, 160 m above the ELA 

determined for the maximum Neoglacial advances (Burbank, 1981, 1982). 

Meltwater from snow and glacier ice flows from the volcano into five major 

drainage basins, from which major rivers flow. The Nisqually, Puyallup, Carbon and 

White rivers flow westward into Puget Sound, and the Cowlitz River flows eastward into 

the Columbia River (Driedger and Kennard, 1986). Large lahars flowed from the flanks 

of Mount Rainier. These lahars travelled more than 100 km from the volcano, using 

major river valleys as conduits, into the Puget Sound lowland northwest of the volcano 

(Scott et al., 1995). 

2.2 Climate 

Mount Rainier and surrounding areas experience a Pacific maritime climate. 

Winters are typically mild and wet as a result of westerly low-pressure systems, and 

summers are typically warm and dry as a result of northerly high-pressure systems (Brace 

and Peterson, 1998). Temperature and moisture gradients exist on the volcano due to 

strong orographic effects. For example, weather stations on the south flank of the 

mountain at Paradise (1,647 m-asl) and at Longmire (825 m-asl) record a mean annual 

precipitation of 2795 mm and 2098 mm, respectively (Dunwiddie, 1986). Rainshadow 

effects diminish precipitation on the northeastern and eastern flanks of the volcano. 
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Figure 2-2 Major glaciers on Mount Rainier, Washington, USA (after Sisson and
 
Vallance, 2009).
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Average low and high monthly temperatures in January at Paradise and Longmire range 

from -6°C to 0.5°C and -4°C to 2°C, respectively, and in July from 7°C to 18°C and 8°C 

to 24°C, respectively (National Park Service, 2010). 

2.3 Geologic history 

The reader is referred to Fiske et al. (1963) and Pringle (2008) for detailed 

summaries of the geology of Mount Rainier National Park. 

Mount Rainier unconformably overlies a relict surface of past volcanism (Pringle, 

2008) (figure 2-3). Rocks underlying Mount Rainier are mainly composed of folded 

altered volcanic and sedimentary rocks, and intrusive bodies dating to the Tertiary Period 

(Fiske et al., 1963). Underlying formations in stratigraphic order are: 1) the late Eocene 

Ohanapecosh Formation, which consists mainly of andesitic volcanic clastic rocks and 

lava flows; 2) the Oligocene to early Miocene Stevens Ridge Formation, which is 

composed predominantly of massive rhyodacite ash flows; and 3) the early Miocene Fifes 

Peak Formation, which mainly consists of olivine basalt and basaltic andesite lava flows, 

mudflows, and minor quantities of tuffaceous clastic rocks. The Tatoosh pluton and 

satellite stocks, sills and dikes intruded into these older rocks during the late Miocene. 

The Tatoosh pluton and associated intrusive bodies are predominantly composed of 

granodiorite and quartz monzonite (Fiske et al., 1963). 

An ancestral volcano was built on top of the Tertiary rocks at or near the same 

location as the present-day Mount Rainier from about 2 to 1 Ma during the Pleistocene 

(Sisson and Lanphere, 2008). The ancestral Mount Rainier was likely similar in size to 
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the current volcano, and like the contemporary volcano produced andesite and dacite lava 

flows and lahars. Volcanic activity slowed sometime after 1 Ma and erosion dominated 

the landscape, removing the ancestral edifice almost in its entirety (Sisson and Lanphere, 

2008). 

The present-day Mount Rainier is a composite volcano composed of lavas that are 

dominantly andesitic and low-silica dacite, erupted over several periods of active 

volcanism since 500 ka (Fiske et al., 1963; Sisson and Lanphere, 2008). Specifically, 

lavas are commonly plagioclase-rich, two-pyroxene andesites and dacites (Sisson and 

Lanphere, 2008). Trace amounts of hornblende and/or olivine can be found in lavas, 

some in sufficient quantities to be called hornblende andesite or basaltic andesite. 

Singular lava flows high on Mount Rainier are numerous and generally range in thickness 

from 10 to 50 m, whereas lava flows on the lower flanks of Rainier are fewer and have 

thicknesses of ≤300 m. Flows on lower flanks were often confined against valley-filling 

glaciers, which resulted in a thicker accumulation of lava and flows that exhibit ice-

contact features. Periods of active volcanism were separated by periods of significant 

erosion. An attempt to resolve the volcanic activity on Rainier since the last glacial 

period has been undertaken by studying both lahar and tephra deposits (Sisson and 

Lanphere, 2008). 

2.4 Previous work on postglacial deposits 

Surficial materials at Mount Rainier include postglacial landslide, fluvial, glacial, 

and volcanic deposits (Crandell, 1969). Resolution of mass-wasting, eruptive and glacial 

histories at Mount Rainier has been accomplished by studies of lahar, tephra and glacial 

deposits. 
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2.4.1 Lahars 

Multiple postglacial lahars have originated from the flanks of Mount Rainier 

leaving deposits of variable thickness on its flanks, on canyon floors and veneering 

canyon walls. Scott et al. (1995) define lahars as volcanic debris flows and their deposits, 

which are either directly or indirectly related to volcanism. Risk analysis conducted by 

Scott et al. (1995) shows that lahars resulting from sector collapse are currently the 

greatest hazard at Mount Rainier. Crandell (1971) conducted the first in-depth study of 

lahars on Mount Rainier, which identified more than 55 Holocene-aged lahars. More 

recently, Scott et al. (1995) studied the origins, frequency and magnitude of lahars on 

Mount Rainier. All lateral moraine sites examined in this study are located in glacier 

forefields that have been inundated by lahars in the past. 

Lahars on Mount Rainier are subdivided into cohesive and non-cohesive types, 

which are differentiated based on the ratio of clay to sand and silt content (Scott et al., 

1995). Cohesive lahars (> 3 to 5% clay) commonly result from water-saturated volcanic 

landslides, sometimes caused by the collapse of a volcanic sector or flank, and remain as 

debris flows for their entire extent (Pringle and Scott, 2008). Cohesive lahars typically 

have greater volumes than non-cohesive lahars and can flow furthest from the volcano. 

Non-cohesive lahars (< 3 to 5% clay) characteristically transform from a watery flood 

surge that incorporates sediments during travel, and becomes a lahar. Non-cohesive 

lahars transform again downstream into more dilute flows. Non-cohesive debris flows 

can originate from many sources, such as a glacial lake outburst flood or erosion of 

volcanic debris on the slopes of the volcano during a rainstorm (Pringle and Scott, 2008). 



 

 

 

         

     

    

           

     

         

        

         

        

          

                

  

         

        

         

               

            

          

       

13 

Non-cohesive debris flows commonly attenuate more rapidly than cohesive debris flows 

(Scott et al., 1995). 

Many workers discuss the difficulties encountered when distinguishing between 

lahar and glacial deposits (e.g. Crandell, 1971; Mills, 1978; Davis and Osborn, 1987). 

Lahars can be interbedded with organics representing paleosurfaces, resulting in 

sequences similar to stratified tills in lateral moraines. Sediments originating from lahars 

also have similar size distributions and sorting characteristics to tills (Crandell, 1971). 

Mills (1978) compared lahar and glacier deposits on Mount Rainier and concluded that 

the sedimentary properties of each deposit are so similar that distinguishing between the 

two is often not possible. Figure 2-4 shows the incorporation of the Electron Mudflow 

(530 – 550 14C yr BP; Scott et al., 1995), a cohesive lahar, into a lateral moraine of 

Tahoma Glacier. 

Crandell (1971) described features characteristic of lahar deposits on Mount 

Rainier that may be used to distinguish between till and lahar deposits in lateral moraines. 

Lahar deposits commonly lack internal stratification, however there may be vertical size 

gradation from coarse material at the base to fine material at the top. Large blocks of rock 

are common in lahar deposits, and the striated, soled, and snubbed stones typical of till 

may not be found in lahar deposits. Lahar deposits may contain innumerable air spaces 

within the matrix (most common within lahars that have a fine-grained matrix). 
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Figure 2-4 Electron lahar deposit (orange sediment) incorporated into a left lateral 
moraine of Tahoma Glacier on Mount Rainier. Photograph taken August 2010. 
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Also, lahar deposits may only thinly veneer valley sides and floors closer to the volcano, 

unlike thick deposits of till (Crandell, 1971). 

2.4.2 Tephra 

Tephra is a term used to describe airborne pyroclastic material disbursed 

downwind from source vents after explosive volcanic eruptions (Turney and Lowe, 

2002). Tephra may be composed of lithics, glassy material, and crystals, and may 

encompass a range of grain sizes. Eruptive events produce chemically unique tephras, 

allowing for a tephra deposit to be correlated with a single eruptive event (Sarna-

Wojcicki, 2000). Dated tephras can be used to resolve the eruptive history of a volcano. 

Eruptions from Mount Rainier have produced more than twenty postglacial tephras, the 

majority of which are pumiceous-to-scoriaceous lapilli, ash, and bombs (Sisson and 

Vallance, 2009). An unnamed tephra dating to ~1.0 ka, found in the White River Valley 

in the northeast area of Mount Rainier National Park, represents the youngest 

documented Mount Rainier tephra deposit (Sisson and Vallance, 2009). 

Multiple authors have described the tephras found in Mount Rainier National 

Park, however, two studies in particular have provided the most detailed examination of 

tephras. Mullineaux (1974) published the first extensive study of tephras, in which he 

recognized 22+ layers of tephra from Mount Rainier and elsewhere among postglacial 

deposits, and studied their distribution, composition, and age. A later study by Sisson and 

Vallance (2009) presented a more detailed geochronologic and geochemical investigation 

of Mount Rainier tephras deposited over the past ~2.6 ka. 

Postglacial tephras distributed variably across Mount Rainier National Park 

originate from eruptions of Mount Rainier (proximal tephra) and eruptions of volcanoes 
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elsewhere in the Cascade volcanic arc (distal tephra) (Mullineaux, 1974). The presence of 

lapilli and bombs indicates that a tephra is local as these types of deposits are too large to 

be picked up and carried great distances by wind. Distal tephra deposits are typically 

finer-grained ash and consist of rock types that are different from those produced by 

Mount Rainier (Mullineaux, 1974). 

The well-developed tephrochronology at Mount Rainier has been applicable to 

many studies conducted within the park. For example, Crandell (1971) used tephra 

deposits to date postglacial lahars. Sigafoos and Hendricks (1972) used a combination of 

tephra mantling on glacial landforms and dendrochronology in order to date Neoglacial 

moraines and constrain the timing of Holocene glacier fluctuations. Heine (1998) used 

the presence of tephra in lake sediments to date glacigenic outwash deposited around the 

Pleistocene-Holocene transition in the park. Table 2-1 presents some of the most 

conspicuous tephras found in Mount Rainier National Park that are useful 

chronostratigraphic markers. 

Table 2-1 Widespread tephras found in Mount Rainier National Park 
Tephra Age1 Source Predominant materials Source 
layer volcano 
Wn 471 St. Helens Pumice ash Yamaguchi, 1983; Fiacco 

et al., 1993 
C 2,200 Rainier Pumice, scoria, lithic Mullineaux, 1974 

fragments 
Yn 3,400 St. Helens Pumice ash, small lapilli Mullineaux, 1974 
D 6,000 Rainier Scoria, lithic fragments Mullineaux, 1974 
L 6,400 Rainier Pumice Mullineaux, 1974 
O 6,730±40 Mazama Crystal fragments, pumice ash Hallett et al., 1997; 

Zdanowicz et al., 1999 
R >8750 ± 280 Rainier Pumice, lithic fragments Crandell et al., 1962 
1 Radiocarbon years before 1950, except for layer Wn that is measured using ice core data (years before 1950). 
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2.4.3 Glacial deposits 

Glacier fluctuations on Mount Rainier since the latest Pleistocene have been 

indirectly dated in previous studies using various forms of proxy evidence associated 

with glacial sediments in terrestrial and lacustrine environments. The ages of glacier 

fluctuations from previous work are based on radiocarbon, dendrochronologic, and 

lichenometric dating methods, as well as tephrostratigraphy. This section summarizes 

some key findings of former studies that have contributed to the record of glacier 

fluctuations on Mount Rainier. 

2.4.3.1 Crandell (1969) and Crandell and Miller (1974) 

Crandell (1969) and Crandell and Miller (1974) examined the distribution and 

approximate age of three major units of glacial drift deposited during the latest 

Pleistocene and Holocene; these are McNeeley, Burroughs Mountain and Garda drifts 

(Crandell, 1969; Crandell and Miller, 1974). 

McNeeley moraines were dated to an episode of colder, and possibly wetter, 

climate at the end of the Pleistocene, sometime prior to the deposition of tephra layer R 

(>8750 ± 280 14C yr BP; Crandell et al., 1962). McNeeley moraines lie at lower 

elevations than moraines representing maximum extent of LIA glaciers, suggesting that 

glaciers were more extensive during the McNeeley Advance than during the LIA 

Advance. McNeeley moraines are most commonly located downvalley from small 

cirques in Mount Rainier National Park that are not on the volcano itself. Some 

McNeeley moraines are associated with glaciers originating from the flanks of Mount 

Rainier; for example, Crandell and Miller (1974) claim that a McNeeley moraine dams 

Mystic Lake and is probably associated with a pre-existing ice tongue of Carbon Glacier. 
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Crandell and Miller (1974) also identified rock-glacier deposits and protalus ramparts 

thought to be coeval with McNeeley moraines. 

Garda and Burroughs Mountain drifts were deposited during the Winthrop Creek 

glaciation (Crandell and Miller, 1974), described as encompassing most of the time since 

the deposition of tephra layer Y (ca. 3,400 14C yr BP; Mullineaux, 1974). Garda moraines 

are associated with most cirque and valley glaciers in Mount Rainier National Park, and 

are likely equivalent in age to the maximum LIA moraines that are prevalent throughout 

the CNAC. Crandell (1969) refers to all drift post-dating the deposition of tephra layer C 

(ca. 2,200 14C yr BP; Mullineaux, 1974) as Garda Drift. In contrast, Burroughs Mountain 

moraines are older and far less numerous; they are mantled by tephra layer C. They are 

well-vegetated and lie only a few yards from Garda moraines and are cut by Garda 

moraines in one or two cirques (Crandell and Miller, 1974). Crandell and Miller (1974) 

interpret the Burroughs Mountain and Garda moraines as evidence of two advances 

during the Winthrop Creek glaciation that are separated by an episode of glacier retreat. 

Garda moraines are common and obvious on the flanks of Mt. Rainier, but 

Burroughs Mountain moraines are not shown on maps of Crandell and Miller (1974), and 

were not observed or verified in the present study. 

2.4.3.2 Sigafoos and Hendricks (1972) 

Sigafoos and Hendricks (1972) report the minimum ages of both end and lateral 

moraines deposited by eight glaciers using dendrochronology. Dated moraines were 

associated with Nisqually, South Tahoma, Tahoma, Puyallup, Carbon, Winthrop, 

Emmons, and Ohanapecosh glaciers. Dendrochronologic ages provide minimum limiting 

ages for a glacier advance. Compiled dendrochronological evidence indicates that 
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glaciers abandoned moraines at ca. AD 1525, 1550, 1625-1660, 1715, 1730-1765, 1820-

1860, 1875, and 1910. 

Sigafoos and Hendricks (1972) claim that the dates of glacier recession show both 

asynchronous and synchronous patterns of recession between glaciers. Around the middle 

of the 19th century, when the LIA maximum extent of many glaciers across the CNAC 

was reached, Nisqually, Van Trump, Tahoma, and Puyallup glaciers had also reached 

their greatest extents since the beginning of the Holocene. In contrast, South Tahoma, 

Carbon, Winthrop, Emmons, Ohanapecosh, and Cowlitz glaciers reached their maximum 

LIA extents earlier, as shown by moraine-abandonment ages in the 16th – 18th centuries. 

2.4.3.3 Burbank (1981) 

Burbank (1981) dated end moraines of North Mowich, Carbon, Winthrop, 

Cowlitz, and Ohanapecosh glaciers using lichenometry. Similar to dendrochronologic 

dates, lichenometric dates provide the age of moraine stabilization following glacier 

recession. Dates indicate that glaciers abandoned moraines between AD 1768-1777, 

1823-1830, 1857-1863, 1880-1885, 1902-1903, 1912-1915, and 1923-1924. Burbank 

(1981) infers that periods of recession between AD 1830 and 1950 are interrupted by 

minor re-advances or stillstands that punctuate extensive recession. Burbank (1981) 

proposes that the recessional behaviour of glacier fluctuations at Mount Rainier since the 

late 1700s exhibited a high degree of synchronicity. 

2.4.3.4 Heine (1997, 1998) 

Heine (1997, 1998) constrained the timing of glacier fluctuations at the Holocene-

Pleistocene transition in Mount Rainier National Park. As discussed in section 2.4.3.1, 

Crandell and Miller (1974) originally constrained the age of the McNeeley Advance to 
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the end of the Pleistocene. Heine (1998) examined sediment cores from lakes and fens 

downstream from cirques in the northeast corner of the park, where he identified either 

one or two McNeeley moraines. Cores were collected from inside, outside and in 

between McNeeley moraines. Radiocarbon dating of organics and identification of tephra 

layers within the cores were used to subdivide McNeeley moraines into two age groups, 

which Heine (1998) named McNeeley 1 and 2 moraines. It was inferred that the 

McNeeley 1 moraines were deposited by a glacier advance that retreated prior to 11,300 

14C yr BP (13,200 cal yr BP (1σ)), based on three minimum radiocarbon ages from bulk 

sediments in cores. Heine (1998) hypothesized that the McNeeley 2 moraines were 

deposited by an early Holocene glacier re-advance between 9800 and 8950 14C yr BP 

(10,900 and 9950 cal yr BP (1σ)), based on 1) tephra layer R (>8750 ± 280 14C yr BP; 

Crandell et al., 1962) overlying McNeeley 2 sediments in the stratigraphic succession, 

and 2) bulk and accelerator mass spectrometry (AMS) radiocarbon ages of organics 

overlying, within, and underlying McNeeley 2 sediments. 

2.4.3.5 Hekkers (2010) 

Hekkers (2010) reconstructed paleo-glacier extents and modelled ELA’s of 

Holocene glaciers, including glaciers that deposited the McNeeley 2 and Burroughs 

Mountain moraines. He did this using regional paleoclimate proxies, local climate 

variables, and the downvalley positions of McNeeley 2 (Crandell and Miller, 1974; 

Heine, 1998) and Burroughs Mountain moraines (Crandell and Miller, 1974). The ELA 

depressions necessary for the McNeeley 2 and Burroughs Mountain advances were 1,260 

m and 1,170 m, respectively. The average ELA of glaciers on Mount Rainier currently 

lies at 2,125 m-asl (Burbank, 1981, 1982). Hekkers (2010) concluded that the glaciers at 
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Mount Rainier were highly sensitive to climate change, and their ELAs showed a greater 

response to climate change than lower-elevation peaks in the region. Hekkers (2010) did 

not re-examine the geologic record at Mount Rainier. 
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Chapter Three: Regional Glacier-Fluctuation History 

There is a growing body of knowledge surrounding the timing and magnitude of 

glacier fluctuations in the CNAC since the last glacial period. Dateable material 

associated with glacier fluctuations from terrestrial and lacustrine environments is used to 

construct glacier-fluctuation chronologies. A comparison of chronologies of latest 

Pleistocene and Holocene glacier fluctuations has led to the recognition of several 

regionally synchronous intervals of glacier advance, as well as an increased awareness of 

the complexity of glacier activity on shorter timescales. 

Presented below is a brief summary of major periods of synchronous glacier 

advance in the CNAC since the last glacial period (figure 3.1). A detailed explanation of 

each advance and the supporting evidence can be found in the cited literature. Note also 

that the cited literature is not exhaustive, but provides the reader with key studies for 

reference. Menounos et al. (2009) provide the most recent summary of glacier 

fluctuations in the Canadian Cordillera. Davis (1988) and Davis et al. (2009) provide 

summaries of glacier fluctuations in the American Cordillera. A special edition of 

Quaternary Science Reviews (volume 28, issues 21 - 22) contains recent papers 

summarizing latest Pleistocene and Holocene alpine glacier fluctuations worldwide. 

The tendency of researchers to assign a single name to a period of complex glacier 

activity has been recognized as misleading by various authors. For example, Clague et al. 

(2009) suggest that the common usage of the term ‘advance’ fails to appropriately 

represent periods of several short-lived glacier advances. Even so, these terms are 

ingrained in the literature and minds of researchers, and for this reason, terms used 

commonly in the literature will be used in this paper. Also, within the literature Canadian 
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Figure 3-1 Generalized pattern of alpine glacier activity in the Central North 
America Cordillera since 15 ka (top) (modified from Clague et al. 2009). Gray 
blocks are named advances; data from the Finlay fluctuation are not included. For 
comparison, temperature fluctuation data since 15 ka from the GISP2 ice core from 
Greenland are shown (bottom) (Alley, 2004). 
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and American science communities often refer to advances occurring at the same time by 

different names. This study will employ the terminology used in the summary paper by 

Menounos et al. (2009). The date of 11.0 ka is used to mark the start of the Holocene, 

also after Menounos et al. (2009). 

3.1 Latest Pleistocene glacier fluctuations 

The southwest margin of the Cordilleran ice sheet, referred to as the Puget Lobe, 

reached its maximum late-glacial extent ca. 17.0 ka and soon after began to decay (Porter 

and Swanson, 1998). At its maximum, the Puget lobe extended into northwestern 

Washington State, but did not extend as far south as Mount Rainier (Porter and Swanson, 

1998). Progressive ice retreat was punctuated by frontal resurgence of ice sheet margins 

during the Sumas and Squamish Valley advances (e.g. Clague et al., 1997; Friele and 

Clague, 2002) and advance of alpine glaciers represented by Finlay and Crowfoot 

moraines (e.g. Luckman and Osborn, 1979; Reasoner et al., 1994; Lakeman et al., 

2008a). Ice cover was within present limits by ca. 11 ka (Osborn and Gerloff, 1997). 

Evidence of the Finlay and Crowfoot advances of alpine glaciers is preserved in 

the moraine record at several locations in the CNAC. Noting these advances is important 

because they imply widespread climatic deterioration at the end of the Pleistocene during 

the Younger Dryas (YD) cold interval (ca. 11,000 to 10,000 14C yr BP; Reasoner et al., 

1994; Alley, 2000) or earlier, and they are possibly analogous to the McNeeley 1 advance 

on Mount Rainier, discussed in section 2.4.3.4 (Heine, 1998). Finlay moraines have been 

identified up to several kilometres downvalley from LIA glacier limits, and were 

deposited by an advance that occurred sometime between the decay of the Cordilleran ice 

sheet and 10.5 ka (e.g. Lakeman et al., 2008a). Crowfoot moraines are overlain by 
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Mazama tephra, and lacustrine records yield bracketing ages that suggest the advance 

was coeval with the YD cold interval (e.g. Luckman and Osborn, 1979; Waitt et al., 

1982; Reasoner et al., 1994; Osborn et al., 2001). Crowfoot glaciers were either similar in 

magnitude to the LIA glaciers, or less extensive where Crowfoot moraines are not 

preserved (Osborn, 1985). 

3.2 Holocene glacier fluctuations 

Alpine glaciers were within present glacial limits by the start of the Holocene. Most 

evidence suggests that the early- to mid-Holocene (ca. 11 – 7.5 ka) was a period of 

restricted glacier activity, indicated by clastic-poor lacustrine sedimentation and fossil 

wood from forests dating to the early Holocene in glacier forefields (Menounos et al., 

2009). Records of subalpine forests above present-day timberlines (e.g. Clague and 

Mathewes, 1989), warm-water chironomid assemblages (e.g. Pellatt et al., 2000), and 

paleobotanical records (e.g. Hebda, 1995; Grigg and Whitlock, 1998) indicate that the 

early Holocene was a period of relative warmth and dryness. 

Evidence of one or more short-lived and minor advances in the CNAC during the 

early Holocene has been found (Menounos et al., 2004). For example, the age of silty 

intervals in lacustrine sediments and detrital wood in glacier forefields in the Coast 

Mountains and Canadian Rocky Mountains indicates a period of glacier advance in the 

early Holocene around 8.2 ka (Leonard and Reasoner, 1999; Menounos et al., 2004). This 

period of glacier advance is possibly correlative with the 8,200 year cold event observed 

in ice-core proxy records (Alley et al., 1997; Alley and Ágústsdóttir, 2000). 

The start of the Neoglacial interval (ca. 7.5 ka) marks a period of glacier re-growth 

(Menounos et al., 2009). The Neoglacial is characterized by episodes of progressive 



 

 

 

      

           

         

         

      

    

        

             

             

           

              

              

          

              

            

          

             

         

         

           

     

           

           

26 

glacier expansion, separated by recession or standstill, that eventually culminated in 

maximum Holocene extents in the 17th – 19th centuries. Several periods of regionally 

synchronous glacier advance during the Neoglacial period in the CNAC have been 

recognized. Evidence to constrain the timing of Neoglacial advances is derived mainly 

from overridden forests in glacier forefields; buried paleosols and vegetation in lateral 

moraines; dendrochronologic-, lichenonmetric-, and radiocarbon-dated moraines; and 

proglacial lake sediments. The assigned names and timing of some widely recognized 

advances pre-dating the LIA include: the Garibaldi Phase [ca. 7.35 to 5.77 ka] (e.g. Ryder 

and Thomson, 1986; Osborn et al., 2007a); the 4.2 ka Advance [ca. 4.2 to 4.0 ka] (e.g. 

Menounos et al., 2008); the Tiedemann Advance [ca. 3.5 to 1.9 ka] (e.g. Ryder and 

Thompson, 1986); the Peyto Advance [ca 3.7 to 3.2 ka, and 2.6 ka] (e.g. Luckman et al., 

1993), and the First Millennium Advance [ca. AD 400 to 700] (e.g. Reyes et al., 2006). 

The LIA refers to the most recent period of global glacier expansion. Although 

definitions vary in the literature, the term LIA will be used in this study to refer to glacier 

activity of the past millennium (Menounos et al., 2009). In the CNAC, glaciers began to 

advance during the 12th and 13th centuries, reached maximum extents during the 17th to 

19th centuries and were in retreat by the beginning of the 20th century (Menounos et al., 

2009). At many sites, glacier recession was rapid in the early- to mid-20th century, 

followed by a decrease in rates of recession over the past several decades (Osborn and 

Luckman, 1988). End and lateral moraines built during the LIA maximum advances are 

often conspicuous sharp-crested and poorly-vegetated ridges. For a comprehensive 

review of LIA advances across the CNAC refer to Davis (1988), Luckman (2000), 

Matthews and Briffa (2005), and Menounos et al. (2009). The timing of glacier recession 
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from LIA end moraines on Mount Rainier has been determined using lichenometry, 

tephrochronology and dendrochronology (refer to section 2.4.3). 

3.3 Controversies 

Some researchers claim that significant early Holocene glacier advances occurred 

on large stratovolcanoes in Washington State, whereas most studies report that glaciers 

were generally restricted elsewhere in the CNAC. Claims of early Holocene advance 

suggest that glaciers on large isolated stratovolcanoes are subject to unique temperature 

and precipitation gradients and/or hypsometric effects (Kovanen and Slaymaker, 2005). 

Thomas et al. (2000) and Kovanen and Slaymaker (2005) claim that moraines on Mount 

Baker were deposited by an early Holocene glacier advance between ca. 8800 and 7670 

14C yr BP (10,153 – 8178 cal yr BP), based on tephrostratigraphy and radiocarbon-dated 

organics overlying the moraines. Heine (1998) constrains the age of an early Holocene 

McNeeley 2 glacier advance on Mount Rainier between ca. 9800 and 8950 14C yr BP 

(10,900 - 9950 cal yr BP (1σ)), based radiocarbon ages and tephrostratigraphy in 

sediment cores (refer to section 2.4.3.4). A study by Begét (1981) reports an early 

Holocene White Chuck advance at Glacier Peak occurring around 8,300 to 8,400 14C yr 

BP (calibrated ages not provided), based on tephrostratigraphy and radiocarbon-dated 

organics within tills. 

Studies claiming significant early Holocene advances have been either questioned 

or challenged with new evidence since their proposal. Subsequent re-investigation of 

evidence on Mount Baker and Glacier Peak suggests that evidence supporting early 

Holocene advances was misinterpreted. Several researchers propose that the early 

Holocene ridges described by Thomas et al. (2000) and Kovanen and Slaymaker (2005) 
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may be late Pleistocene in age, and may not be glacigenic landforms at all (Davis et al., 

2005; Riedel et al., 2006; Osborn et al., 2007b; Ryane et al., 2008). Significant early 

Holocene advance on Glacier Peak was challenged by Davis and Osborn (1987), who 

after a re-investigation of study sites at Glacier Peak questioned the glacigenic origin of 

White Chuck ground moraines and highlighted the erroneous use of minimum 

radiocarbon ages to provide absolute ages of the moraines. Reasoner et al. (2001) 

challenged claims from both Mount Rainier and Mount Baker on the basis of incongruity 

with paleoenvironmental records, and possible inaccurate bulk radiocarbon ages. A re-

investigation of terrestrial and lacustrine records for evidence of an early Holocene 

advance at Mount Rainier has not been conducted. 
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Chapter Four: Lateral Moraine Stratigraphy 

4.1 Introduction 

Dateable evidence associated with terminal and lateral moraines can be used to 

reconstruct a discontinuous record of the timing and magnitude of alpine glacier 

fluctuations since the latest Pleistocene. Lateral moraines of four glaciers on Mount 

Rainier are examined in order to construct a record of past glacier fluctuations. No 

previous study of lateral moraine stratigraphy has been conducted on Mount Rainier. 

In the CNAC, most evidence suggests that alpine glaciers advanced to their 

maximum Holocene extents during the LIA, thereby destroying evidence of earlier, less 

extensive advances in glacier forefields (Reyes and Clague, 2004; Menounos et al., 

2009). As a result, most dated terminal and recessional moraines provide a record of 

glacier activity since glaciers reached their maximum downvalley extents during the LIA. 

Evidence of glacier activity in the Holocene prior to the LIA is generally missing in the 

terminal/recessional moraine record. At some sites in the CNAC, terminal moraines lie 

outside LIA moraines and have been dated to the latest Pleistocene (e.g. Crowfoot 

moraines); these moraines are associated with glacier advances that were more extensive 

than maximum Holocene advances (e.g. Osborn, 1986; Lakeman et al., 2008a; Luckman 

and Osborn, 1979). 

At several locations, records from lateral moraines are less fragmentary than 

terminal and recessional moraine records. Studies published since the 1970s demonstrate 

that lateral moraines may be composite landforms consisting of stacked or plastered tills 

of varying age, deposited by multiple advances (e.g. Röthlisberger and Schneebeli 1979; 

Ryder and Thomson, 1986; Osborn et al., 2001). Unconformities between 
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stacked/plastered tills, representing periods when glaciers were less extensive, may be 

manifested as paleosurfaces containing non-glacial deposits. Importantly, paleosurfaces 

may contain organic matter and/or tephra that, when dated, provide minimum and 

maximum ages for underlying and overlying tills. Also, wood fragments transported by 

the glacier or avalanched onto the moraine flank may be found lodged into till, and can 

be used to constrain the age of the till (Röthlisberger and Schneebeli, 1979; Ryder and 

Thomson, 1986; Osborn and Karlstrom, 1989; Osborn et al., 2001). 

An understanding of lateral moraine construction is useful when trying to resolve 

the ages of till packages within a moraine (Iturrizaga, 2008). Studies that specifically 

examine the construction of composite lateral moraines are limited (e.g. Röthlisberger 

and Schneebeli, 1979; Matthews and Petch, 1982; Humlum, 1978; Osborn, 1978; Small, 

1983; Iturrizaga, 2008; Samolczyk and Osborn, 2010). Two simplified modes of lateral 

moraine construction are recognized in this study: distal-flank accretion and proximal-

flank accretion (figure 4-1). 

Distal-flank accretion occurs when the glacier surface reaches the pre-existing 

moraine crest and debris apparently rolls or slides onto the distal flank from the ice 

margin, burying any vegetation/soil and stacking a younger layer of till on top of older 

tills (Osborn, 1986). Proximal-flank accretion occurs when the glacier deposits tills onto 

the pre-existing proximal flank of the moraine, burying any vegetation/soil and plastering 

a younger layer of till on top of older tills (Röthlisberger and Schneebeli, 1979; Osborn, 

1986; Samolczyk and Osborn, 2010). 
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Figure 4-1 Schematic cross-sections showing construction of lateral moraines by A) 
distally- and B) proximally-accreted tills. Note burial of organic matter on paleo-
distal and paleo-proximal slopes. Older till = gray colour, and younger till = yellow 
colour. 
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Distal accretion is the most commonly recognized mode of lateral moraine 

construction. All published records using lateral moraine stratigraphy in the CNAC are 

limited to evidence from distally-accreted moraines (e.g. Osborn, 1986; Ryder and 

Thomson, 1986; Osborn et al., 2001; Reyes and Clague, 2004). However, unpublished 

radiocarbon dates from wood fragments and dated tephras within proximally-accreted 

moraines at Nisqually Glacier on Mount Rainier (discussed in section 4.5.1), and 

Columbia and Stutfield glaciers in the Canadian Rockies demonstrate the utility of 

proximally-accreted moraines when constructing glacier-fluctuation chronologies 

(Samolczyk and Osborn, 2010). In this study, lateral moraines were examined for both 

proximally- and distally-accreted tills. 

4.2 Site selection 

An examination of both aerial and oblique photographs was conducted prior to 

fieldwork. Lateral moraines in the photographs were examined for the occurrence of till-

sequence stratigraphy, represented by distinct layering of morainal material, variation in 

colour of morainal material indicating possible tephra layering or lahar material, and 

protruding woodmats. Lateral moraines chosen for field examination, based on greatest 

potential to provide useful data, were associated with Emmons, Nisqually, South 

Tahoma, Tahoma, and Carbon glaciers. 

4.3 Data collection 

Sample collection sites were identified in the field by a visual survey on foot of 

proximal moraine flanks. Valley bottoms located adjacent to lateral moraines and the 

moraine crests were traversed while examining the proximal moraine flank for any 

protruding wood pieces, tephra, or changes in strata that might indicate a paleosurface. In 
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most cases, collection sites were accessed using climbing equipment from the lateral 

moraine crest. At Mount Rainier, proximal moraine flanks reach angles of 60º and exceed 

heights of 100 m (Mills, 1978). The distance of the wood fragment from the crest or base 

of the moraine was measured along the proximal flank, as well as the fragment’s 

approximate dimensions. Wood samples were collected using a handsaw, and later 

wrapped in tinfoil and sealed in plastic bags in preparation for analysis. When possible, 

only the outer rings of the wood sample were sent for analysis. 

At each collection site the provenance of the fossil wood was considered. An 

effort to understand the history of wood found in lateral moraines is essential in order to 

use the wood’s radiocarbon age to draw conclusions about the age of the encasing tills 

(Ryder and Thomson, 1986). Collection of wood in growth-position, often referred to as 

in-situ, is ideal as there is often little debate surrounding the wood’s provenance and the 

significance of the resulting ages (Ryder and Thomson, 1986). Unfortunately, in-situ 

wood is rare and often detrital wood is the only available dateable material. Detrital wood 

may have been transported from its place of growth and deposited on the moraine by 

mechanisms such as glacier transport or mass movement events from elsewhere on the 

moraine or adjacent valley flanks, thereby complicating the interpretation of the resulting 

ages (Iturrizaga, 2008). Debris that has been avalanched or transported by glacier 

movement onto a paleosurface is still useful for constraining the age of the paleosurface, 

however, it provides only a maximum-limiting age when dated. Ryder and Thomson 

(1986) summarize the proper interpretation of radiocarbon ages of wood for the 

construction of Holocene glacier chronologies. 
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In this study, wood samples were collected only when well-lodged into the 

morainal tills; samples were preferably collected where a modern source of wood or mass 

wasting was not apparent. Several wood pieces located at the same elevation along a 

length of a lateral moraine, with similar radiocarbon ages, were interpreted as indicators 

of a paleosurface. 

4.4 Analysis 

4.4.1 Radiocarbon dating 

A total of 33 fossil wood samples was collected. Seventeen of the collected 

samples were radiocarbon dated. Five samples were sent to Beta Analytic Inc., and 

analysed using a Liquid Scintillation spectrometer (conventional 14C dating). Twelve 

samples were sent to the University of California Irvine Keck Carbon Cycle Accelerator 

Mass Spectrometry facility (Keck-CCAMS) and analysed using an accelerator mass 

spectrometer (AMS). 

4.4.2 Calibration 

All radiocarbon ages in this study were calibrated using the online radiocarbon 

calibration program CALIB 6.0 (Stuiver et al., 2010) and the INTCAL09 calibration 

dataset (Reimer et al., 2009). Ages in this section are reported as radiocarbon years 

before present (14C yr BP) (corrected for 13C fractionation), and are followed by the 

calibrated ages (2σ) in parentheses (cal AD). Where the conventional radiocarbon ages 

have standard deviations greater than 50 years, the calibrated ages have been rounded to 

the nearest 10 years, as suggested by Stuiver et al. (2010). 
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4.5 Results 

The radiocarbon ages of seventeen samples of fossil wood found within lateral 

moraines at Nisqually, Emmons, Carbon and South Tahoma glaciers are listed in table 4-

1. General sample collection locations are shown in figure 4-2. All wood samples sent for 

radiocarbon dating were collected in summer 2009, except for one sample from the right 

lateral moraine of South Tahoma Glacier (STAH10-01), collected in summer 2010. 

Distances of wood sample locations from the moraine crest or valley floor were measured 

along the proximal flank of the moraine and are not presented as vertical distances. 

Appendix A (table A.1) lists additional details about each radiocarbon dated fossil wood 

piece. Lateral moraines are designated as ‘left’ or ‘right,’ this refers to the position of the 

lateral moraine when looking down-glacier or down-valley. 

4.5.1 Nisqually Glacier 

Fossil wood samples were collected from both the left and right lateral moraines 

of Nisqually Glacier. Four samples originate from the left lateral moraine: NIS09-03, 

NIS09-03C, NIS09-03B and NIS09-10, and two samples were dated from the right lateral 

moraine: NIS09-06A and NIS09-08A (table 4-1, figure 4-3). 

Fossil wood samples originate from two sites on the left lateral moraine. Site #1 

was located approximately 700 m upvalley from the Paradise-Longmire Road bridge. A 

sample (NIS09-10) collected from an upright stump (possibly in-situ) protruding from the 

till approximately 11.6 m from the base of the moraine has an age of 370 ± 15 14C yr BP 

[cal AD 1450 – 1620]. At site #2, approximately 700 m upvalley from site #1, a gully cut 

into the lateral moraine exposes two sandy seams on the upvalley gully wall that runs 



 

 

 

 

            
    

   
 

  
 

    
  

 
  

   

  
               

               

               

               
              

              

  
               
               
               

   
                

               

               

               

  
               
               
               
               

         
            

 
  

        
                
          
                    
         
              

36 

Table 4-1 Radiocarbon ages of sampled fossil wood from lateral moraines and a 
macrofossil from Tipsoo Lake. 
Sample I.D.	 Lab Lab1 Lateral 14C yr BP Calibrated Woody UTM4, Zone 10 

No. moraine age2 (AD) Material3 

Nisqually Glacier 
NIS09-03 262523 Beta Left 1670 ± 50 250 - 530 Detrital 595548E, 5182502N 
NIS09-03C 68597 Keck Left 1700 ± 15 260 - 400 Detrital 595548E, 5182502N 

NIS09-03B 68598 Keck Left 1715 ± 15 260 - 400 Detrital 595541E, 5182499N 

NIS09-06A 262532 Beta Right 480 ± 70 1300 - 1630 Detrital 595246E, 5183157N 
NIS09-08A 72647 Keck Right 595 ± 15 1310 - 1400 Detrital 595396E, 5183630N 
NIS09-10 68599 Keck Left 370 ± 15 1450 - 1620 Detrital 594973E, 5182161N 

Emmons Glacier 
EMM09-05 68596 Keck Left 995 ± 15 990 - 1120 Detrital 600510E, 5193698N 
EMM09-04 72648 Keck Left 345 ± 15 1470 - 1630 Detrital 600542E, 5193732N 
EMM09-02 264797 Beta Left 270 ± 50 1470 - present Detrital 600356E, 5193851N 
South Tahoma Glacier 
STAH09-02 72649 Keck Right 185 ± 15 1670 - present In-situ stump 588028E, 5184205 N 
STAH09-01A 72646 Keck Right 140 ± 15 1670 - present Detrital 588019E, 5184187N 

STAH09-01 264798 Beta Right 250 ± 40 1510 - present In-situ stump 588019E, 5184187N 

STAH10-01 90381 Keck Right 130 ± 20 1680 - present In-situ stump 588019E, 5184187N 

Carbon Glacier 
CA09-01 68595 Keck Right 210 ± 15 1650 - present Detrital 592437E, 5199370N 
CA09-04 72650 Keck Left 1755 ± 15 240 - 340 Detrital 591992E, 5199317N 
CA09-03 83755 Keck Left 1665 ± 25 260 - 430 Detrital 591992E, 5199317N 
CA09-05 264796 Beta Left 1780 ± 40 130 - 380 Detrital 591992E, 5199317N 
Tipsoo Lake 
Tip 2-2(88) 90380 Keck N/A 8905 ± 20 9916 – 10,174 Coniferous 613031E, 5191744N 

needle 
Notes: 
1. Keck = University of California Irvine Keck Carbon Cycle AMS facility, Beta= Beta Analytic Inc. 
2. Calibrations completed using Calib 6.0 (Stuiver et al., 2010) 
3. All woody material was either tree branches, stumps or trunks, except for Tip 2-2(88). Refer to Appendix A (table A-
1) for a more detailed description of woody debris. 
4. Approximate (± 20 m) location of sample site from moraine crest or base 
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Figure 4-2 Fossil wood collection sites in lateral moraines at Mount Rainier. 
Rectangles enclose general study areas at 1) Emmons Glacier, 2) Nisqually Glacier, 
3) South Tahoma Glacier, and 4) Carbon Glacier. 
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Figure 4-3 Nisqually Glacier fossil wood sample sites. 
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parallel to the proximal moraine flank for approximately 20 m (figure 4-4). Multiple 

wood fragments were found lodged in the upvalley wall of the gully at the same elevation 

as the sandy seam, and in the downvalley gully wall, where no sandy seam was visible. A 

branch-like detrital wood fragment (NIS09-03) protruding from the downvalley gully 

wall dates to 1670 ± 50 14C yr BP [cal AD 250 – 530]. Two samples (NIS09-03B and 

NIS09-03C) collected from detrital branches/trunks protruding from the upvalley gully 

wall date to 1715 ± 15 14C yr BP [cal AD 260 – 390] and 1700 ± 15 14C yr BP [cal AD 

260 – 400]. 

Six detrital wood pieces were found lodged into till 3 to 10 m below the right 

lateral moraine crest of Nisqually Glacier, along a section that measured approximately 

600 m in length. A sample (NIS09-06A) from site #3, collected from a branch-like piece 

of detrital wood lodged 10 m below the moraine crest, was assigned an age of 480 ± 70 

14C yr BP [cal AD 1300 – 1630]. At site #4, a sample (NIS09-08A) was collected from a 

branch-like piece of detrital wood lodged 4 m below the crest and dates to 595 ± 15 14C 

yr BP [cal AD 1310 – 1400]. A paleosurface separating older and younger tills likely 

exists between approximately 3 to 10 m below the right lateral moraine crest where 

samples were collected, since the wood fragments were all found at roughly the same 

elevation and samples NIS09-06A and NIS09-08A are similar in age. 

In summer 2010, site #2 was revisited in order to examine the sandy seam in more 

detail, however over the course of the intervening year the sandy seam had been 

completely eroded away or covered by eroded material. The sandy seam is inferred to 

mark a paleosurface running parallel to the proximal moraine flank of the left lateral 

moraine of Nisqually Glacier; suggesting that the moraine at this location was built by 



 

 

 

 

            
             

           
        

40 

Figure 4-4 Gully incised into left lateral moraine of Nisqually Glacier (sample site 
#2). Image taken looking upvalley at gully wall. Sample locations of NIS09-03A and 
NIS09-03B are labelled and indicated with arrows. Sandy seam indicated with 
arrow. Person for scale (height = 1.7 m). 
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proximal accretion. This is supported by the evidence that the fossil wood samples 

(NIS09-03, NIS09-03B and NIS09-03C), retrieved from different elevations along the 

sandy seam, all date to ca. 1700 14C yr BP. 

4.5.2 Emmons Glacier 

Samples of fossil wood pieces were collected from three different sites along a 

left lateral moraine of Emmons Glacier (table 4-1, figure 4-5). In the study area, multiple 

nested lateral moraine crests are present, trending parallel to the valley axis. Sample sites 

were located along innermost moraine crests that were assigned dendrochronological 

ages of AD 1835-1850 by Sigafoos and Hendricks (1972). 

Sample site #1 contained at least 5 fossil wood fragments protruding from tills 

between 5.8 and 6.1 m below the moraine crest. One sample (EMM09-02) of a branch-

like fossil wood fragment, located 5.9 m below the moraine crest, dates to 270 ± 50 14C 

yr BP [cal AD 1470 – present]. At site #2, located 135 m upvalley from site #1 

and 5.5 m below the moraine crest, one branch-like fossil wood piece (EMM09-04) 

yields an age of 345 ± 15 14C yr BP [cal AD 1470 – 1630]. At a third site located 

approximately 75 m upvalley from site #2, a large detrital fragment of a fossil trunk was 

found 27.6 m below the moraine crest. A sample (EMM09-05) collected from the fossil 

trunk yields an age of 995 ± 15 14C yr BP [cal AD 990 – 1120]. Samples EMM09-02 and 

EMM09-04 are located at roughly the same elevation along the moraine crest and have 

overlapping age ranges. It is likely that along this section of the lateral moraine, there is a 

paleosurface located about 5.5 to 6.5 m below the moraine crest. Sample EMM09-05 is 

located far below the other samples and there is no evidence that it is associated with a 

paleosurface. 
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Figure 4-5 Emmons Glacier fossil wood sample sites. 
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4.5.3 Carbon Glacier 

Four fossil wood samples from the lateral moraines of Carbon Glacier were 

radiocarbon dated. The fossil wood samples are CA09-05, CA09-04, and CA09-03 from 

the left lateral moraine and sample CA09-01 from the right lateral moraine (table 4-1, 

figure 4-6). At site #1, two large detrital tree trunks were found firmly lodged into the till 

about 10 m above the base of the moraine. A small gully filled with woody debris and 

boulders had been incised into the moraine on the downstream side of the lodged tree 

trunks. The outer rings of one trunk (CA09-01) were radiocarbon dated and yield an age 

of 210 ± 15 14C yr BP [cal AD 1650 – 1955]. 

Two samples sites (#2 and 3) were located 60 m apart in adjacent gullies incised 

into the left lateral moraine of Carbon Glacier. At site #2, gullying revealed a large 

woodmat with approximately 5 detrital pieces of fossil wood, located approximately 9 m 

below the moraine crest. Samples CA09-03 and CA09-04 collected from detrital logs, 

possibly tree trunks, within the woodmat have ages of 1665 ± 25 14C yr BP [cal AD 260 – 

430] and 1755 ± 15 14C yr BP [cal AD 240 – 340], respectively. Site #3, located upstream 

in an adjacent gully, contained several isolated pieces of detrital wood at approximately 

the same elevation as the woodmat at site #2. One sample (CA09-05) returned an age of 

1780 ± 40 14C yr BP [cal AD 130 – 380]. In addition to the logs sampled in the adjacent 

gullies, several detrital fossil wood fragments were found concentrated within a 4 m 

elevation range in between the gullies. It is inferred that the fossil wood found in both 

gullies (sites #2 and 3) as well as the intervening wood protruding from tills are remnants 

of a paleosurface within the left lateral moraine of Carbon Glacier. 
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Figure 4-6 Carbon Glacier fossil wood sample sites. 
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4.5.4 South Tahoma Glacier 

Fossil wood samples were collected from two sites in the forefield of South 

Tahoma Glacier along the right bank of Tahoma Creek (table 4-1, figure 4-7). The right 

lateral moraine crest mapped by Sigafoos and Hendricks (1972) lies upslope and 

approximately 100 m northwest of the sample sites. Sample sites were located 

approximately 150 m upvalley from the Wonderland Trail bridge where it crosses 

Tahoma Creek. Radiocarbon dated samples are STAH09-01, STAH09-01A, STAH10-01 

and STAH09-02. 

Site #1 contains a large woodmat composed of several logs, two rooted stumps 

and root mat, all found protruding approximately12 m below the top of the creek bank. 

The woodmat is perched above a bedrock ledge, below which South Tahoma Creek flows 

(figure 4-8). A sample of the outer rings of a large in-situ sheared stump (STAH09-01) 

and a detrital log (STAH09-01A) date to 250 ± 40 14C yr BP [cal AD 1510 – present] and 

140 ± 15 14C yr BP [cal AD 1670 – present], respectively. The second site is located 

approximately 30 m upvalley from the woodmat, where a detrital log was found lodged 

approximately 15 m below the crest of the right bank. A sample of the log (STAH09-02) 

was assigned an age of 185 ± 15 14C yr BP [cal AD 1670 – present]. 

The radiocarbon ages of all dated samples collected in 2009 from South Tahoma 

Glacier (discussed above) indicate that the wood is potentially contemporaneous. 

However, it seemed unlikely that the wood was modern, based on the presence of in-situ 

sheared stumps overlain by a thick package of diamicton, on top of which a forest was 

established. To verify that the radiocarbon ages were correct, the site was re-visited in 
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Figure 4-8 Sample site #1 on the right bank of Tahoma Creek. Person (height = 1.57 
m) is removing sample from woodmat located directly above bedrock ledge. 
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2010 and a second sheared in-situ stump in the woodmat at site #1 was sampled 

(STAH10-01). Sample STAH10-01 was dated to 130 ± 20 14C yr BP [cal AD 1680 – 

present], thereby indicating that the ages obtained from the 2009 samples are likely 

reliable. 

4.5.5 Tahoma Glacier 

Field investigation of the left lateral moraine of Tahoma Glacier was conducted in 

2009 and 2010. No wood fragments were found firmly lodged in till and some were 

encased in lahar deposits from the Electron Mudflow (530 -550 14C yr BP; Scott et al., 

1995). Due to the uncertain origin of these wood fragments, no samples were sent for 

radiocarbon analysis. 

4.5.6 Summary 

Radiocarbon-dated fossil wood from lateral moraines of Nisqually, South 

Tahoma, Carbon, and Emmons glaciers provide a range in ages that spans the past two 

millennia. Calibrated ages of wood from all sample sites are summarized in figure 4-9. 

An interpretation of the timing of glacier fluctuations based on radiocarbon ages is 

presented in section 7.1. 
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Figure 4-9 Bar graph showing the calibrated (2 σ) radiocarbon ages (cal AD) of 
fossil wood found in lateral moraines of Carbon (CA), South Tahoma (STAH), 
Emmons (EMM) and Nisqually (NIS) glaciers on Mount Rainier. 
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Chapter Five: Lake Sediment Record 

5.1 Introduction 

Proglacial lake sediments downstream from a glacier can provide a record of 

glacier fluctuations that is more continuous than moraine chronologies, assuming that 

rock flour produced by moving glaciers is continuously deposited into lakes by meltwater 

streams (Karlén, 1976, 1981). Variations in sediment mineralogy, thickness, and organic 

content may reflect changes in glacier activity (Leonard and Reasoner, 1999). The precise 

timing of environmental change can be determined from annual layering of lacustrine 

sediments (i.e. varves), and the presence of dated tephras and radiocarbon-dated 

macrofossils in lacustrine sediments (e.g. Menounos and Clague, 2008; Lakeman et al., 

2008b). Although a close relationship is recognized between glacier sedimentation rates 

and upvalley glacier activity, it is generally accepted that lacustrine records do not 

resolve glacial events with precision greater than about a century (e.g. Leonard and 

Reasoner, 1999; Menounos and Clague, 2008). In this study, lake cores were collected in 

an attempt to examine the latest Pleistocene and early Holocene sedimentation record of 

proglacial lakes in Mount Rainier National Park, which may provide constraints on the 

timing of glacier fluctuations during this period. 

5.2 Site selection 

Sediment cores were collected from Tipsoo Lake (UTM 10, 0613015 E, 5191745 

N), located east of Mount Rainier’s summit near Chinook Pass, and from Reflection Lake 

(UTM 10, 0596995, 5180305), located south of the summit (figure 5-1). Tipsoo Lake lies 

downstream from a west-northwest facing cirque with a floor that lies between 1,700 and 
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Figure 5-1 Overview map of lake-coring locations in Mount Rainier National Park. 
Location of Reflection and Tipsoo lakes indicated by red dot. 
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1,830 m-asl (Heine, 1997). The cirque does not currently contain a glacier, however 

Heine (1997) concluded that the cirque contained a glacier extending to just below 1,646 

m-asl in the early Holocene. A terminal moraine dams a shallow pond located just 

upstream from Tipsoo Lake; the moraine is interpreted as a McNeeley 2 Advance 

moraine, and dates between 9800 and 8950 14C yr BP (10,900 and 9950 cal yr BP (1σ)) 

(Crandell and Miller, 1974; Heine, 1997) (figure 5-2). Reflection Lake lies downstream 

from Pinnacle Glacier (figure 5-3), a small glacier situated in a north-facing cirque 

adjacent to Pinnacle Peak (2,000 m-asl). Physical characteristics of each lake compiled 

by Larson et al. (1994) are presented in table 5-1. Bathymetric maps are presented in 

appendix C (figures C.1 and C.2). 

Table 5-1 Watershed area (ha) and aspect, lake elevation (m), surface area (ha), and 
depth (m) of Reflection and Tipsoo lakes 

Lake Watershed area (ha) Aspect Lake elevation (m) Surface area (ha) Depth (m) 

Reflection 122.7 E/W 1479.4 6.8 10.3 
Tipsoo 45.7 W 1613.5 1.5 1.8 
Data compiled Larson et al. (1994) 

5.3 Previous work 

A study by Heine (1998) presents a detailed examination of Tipsoo Lake 

sediments. Heine (1998) cored Tipsoo Lake using a percussion coring system (Reasoner, 

1993) in order to collect evidence of early Holocene glacier fluctuations on Mount 

Rainier. In a study examining Holocene forest dynamics on Mount Rainier, Dunwiddie 

(1986) cored a small pond northeast of Reflection Lake, located in the same drainage as 

Reflection Lake, using a 5-cm diameter Livingstone Piston corer (Livingstone, 1955). 
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Figure 5-2 Tipsoo Lake and approximate coring location indicated by red dot. 
Approximate outline of McNeeley moraine (Crandell and Miller, 1974) shown by 
white dashed line. 
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Figure 5-3 Reflection Lake and approximate coring location indicated by red dot. 
Star denotes Pinnacle Glacier location. 
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Lake sediments were primarily examined for plant macrofossils and fossil pollen; 

however, estimates of sedimentation rates and identification of tephra layers were 

completed. These are the only known studies to examine evidence of glacier fluctuations 

and the tephrostratigraphy in relevant lakes. 

5.4 Sample collection 

Lake coring was conducted in August 2010 using a modified Livingstone piston 

coring apparatus from a floating plywood platform on Tipsoo and Reflection lakes 

(Livingstone, 1955; Wright, 1967). Core barrels were 2” (approx. 5 cm) in diameter and 

allowed for the collection of one-meter core sections. Where possible, a second core 

barrel was pushed into a single coring hole after removal of the initial core barrel, in 

order to collect sediment from depths greater than one meter from surface. Cores from 

both Tipsoo and Reflection lakes were extruded from metal core barrels in the field into 

split PVC pipes lined with plastic film, capped, and sealed with duct tape. Cores were 

transported to the laboratory of Dr. Doug Clark at Western Washington University 

(WWU) where they were stored in refrigerated conditions until analysis in November 

2010. 

Three cores were collected from Tipsoo Lake (Tipsoo 1, 2 and 3). Two 

consecutive lengths of sediment were retrieved from holes 2 and 3 at Tipsoo Lake, 

thereby retrieving a length of sediment from each hole that is greater than one meter. 

Minor sloughing of sediments into the hole between pushes occurred. The second push 

from Tipsoo core 1 was unsuccessful as the core barrel was dented at the base after 

encountering gravel-sized volcanic rock fragments, likely till, making extraction 



 

 

 

               

  

         

          

            

            

              

               

       

            

   

  

          

            

        

       

     

        

            

          

           

            

             

56 

impossible. There was little to no core loss from the bottom of each core barrel after 

extraction. 

Three cores were also retrieved from Reflection Lake (Reflection 1, 2 and 3), 

however the coring effort was unsuccessful. At each coring location only one sediment 

length (< 1 m) was collected because the core hole walls caved in each time the core 

barrel was removed. Also, loss of poorly consolidated sediment from the base of each 

core was significant while pulling the core to the surface of the lake. Upon extraction of 

sediment from the core barrels, it became apparent that almost the entire length of the 

core was mainly composed of an unidentified white, pumiceous ash to lapilli-sized tephra 

that would provide no useful record of glaciation in the basin. Cores were kept for 

reference at WWU. 

5.5 Analysis 

Tipsoo Lake sediment cores were analysed at WWU under the supervision of Dr. 

Clark. Cores were split from bottom to top in an effort to minimize contamination of 

older sediments with younger carbon from above. Analytical procedures performed on 

cores 2 and 3 included measurement of magnetic susceptibility, logging and 

photographing the visual lithostratigraphy, and sampling of macrofossils and desired 

sediment horizons. Based on a comparison of the visual lithostratigraphy of each core 

section, it was decided that only the bottom section (66 – 118 cm) of core 2, herein 

referred to as core 2-2, would be analysed in detail. Core 2-2 contained the longest 

sediment record below what was tentatively identified as layer O tephra (6,730 ± 40 14C 

yr BP; Hallett et al., 1997). Identification of layer O was based on visual characteristics 

and stratigraphic position. As a result, core 2-2 was most likely to provide a record of 
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sedimentation dating to the latest Pleistocene and early Holocene. Additional analysis 

of core 2-2 included loss-on-ignition (LOI), grain-size measurement, and tephra analysis 

and identification. Only the results from core 2-2 are presented herein. 

5.5.1 Magnetic susceptibility 

Magnetic susceptibility is used to approximate the concentration of ferrimagnetic 

minerals in sediments by exposing sediments to a low magnetic field and causing 

susceptible sediments to become momentarily magnetized (Nowaczyk, 2002). 

Measuring the magnetic susceptibility of sediment cores from proglacial lakes provides 

an overview of the magnetic stratigraphy (Nowaczyk, 2002). Catchment erosion of 

bedrock, subsoils and topsoils provides the primary source of minerogenic material 

containing ferrimagnetic minerals in lake sediments (Sandgren and Snowball, 2002). 

Importantly, it has been observed that sediments deposited during a glacial period contain 

higher concentrations of ferrimagnetic minerals than sediments deposited during an 

interglacial (Dearing, 1999; Matthews et al., 2000). During colder periods, poorly-

vegetated and/or glaciated catchment areas may provide more minerogenic material to 

lakes (Dearing, 1999). Also, multiple studies report higher magnetic susceptibility values 

where tephra is present (e.g. Lakeman et al., 2008b; Oldfield et al., 1980). 

In this study, relatively high magnetic susceptibility values were used to identify 

potential tephra and glacigenic sediments. Magnetic susceptibility of each core was 

measured using the Bartington MS2C Core Logging Sensor. Each core was manually 

passed through a loop scanner (6 cm diameter). Measurements were taken in 2 cm 

increments along the entire length of each core. Results were recorded using the Multisus 

2 Software, provided with the logging sensor. 



 

 

 

   

        

          

            

            

              

        

        

              

          

     

   

       

          

            

        

           

       

             

        

       

              

          

58 

5.5.2 Visual lithostratigraphy 

An examination of the visual record of each sediment core was conducted as an 

initial characterization of the lake sediments prior to modification for further analyses. 

Variation in sediment colour and texture was recorded, as well as the type of contact 

between different sediment types (i.e. abrupt or gradational). It is possible to recognize 

the presence or absence of glaciers within the catchment area of a lake based on visible 

lithostratigraphic variations; glacigenic sediments in lake cores are commonly 

recognizable as distinct blue-gray silty layers with gradational boundaries (Karlén and 

Matthews, 1992; Matthews et al., 2000). In addition, an attempt was made to identify the 

presence tephra horizons based on variation in colour and grain size, and the presence of 

glassy grains (Turney and Lowe, 2002). 

5.5.3 Loss-on-ignition 

Karlén (1976, 1981) suggested that variations in clastic sedimentation rates into 

proglacial lakes reflect fluctuations in glacier activity. Various studies have used high 

levels of clastic input into lakes, and inversely low levels of organic input, as an 

indication of extensive or recessive glaciers (e.g. Leonard and Reasoner, 1999). Loss-on-

ignition is a common method used to measure the organic content of sediments and is 

based on oxidizing organic matter in sediments to carbon dioxide and ash (Dean, 1974; 

Heiri et al., 2001). The weight loss after oxidization correlates to the organic carbon 

content of the sediments (Heiri et al., 2001). 

Preparation for LOI analysis included uniform sub-sampling of sediment (approx. 

1 cc.) at 1 cm intervals along the length of each core. The water content of each wet 

sample was determined by placing weighed wet samples in an oven to dry at 100° C for 
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14 – 24 hrs. After drying, samples were re-weighed to determine the dry weight. The 

water content (%) of each sample was calculated using equation 5-1 (adapted from 

Håkanson and Jansson, 1983): 

! 

W =
Wt "Wc( ) " Ws"Wc( )[ ]

Wt "Wc( )
•100 (5-1)
 

Where W = water content in % 
Wt = total wet weight in g 
Ws = total dry weight of solids in g 
Wc = total weight of crucible in g 

The LOI was then determined by placing the dried samples in a muffle furnace at 

450° C for 4 hours in order to burn off the organic material (Cambardella et al., 2001). 

Samples were re-weighed and the LOI was calculated using the equation 5-2 (adapted 

from Heiri et al., 2001): 

! 

LOI =
Ws"Wc( ) " Wr "Wc( )[ ]

Ws"Wc( )
•100 (5-2)
 

Where LOI = loss-on-ignition in % 
Wr = weight of inorganic residue in g 
Ws = total dry weight of solids in g 
Wc = total weight of crucible in g 

Based on a review of the literature, substantial differences exist between the 

ignition temperature and exposure time used in different studies. Some typical LOI 

temperature/exposure time combinations include 450ºC for 4 hrs (Cambardella et al., 

2001), 550ºC for 4 hrs (Dean, 1974; Heiri, 2001), and 300ºC for 2 hrs (Abella and 

Zimmer, 2007). A temperature combination of 450ºC for 4 hrs was used in this study in 

an effort to maximize organic carbon ignition while minimizing loss of structural water 

from clay-rich sediments, which has been shown to occur after prolonged exposure at 
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higher temperatures (Heiri et al., 2001; Boyle, 2004). Even so, LOI values will be used 

only as a qualitative measure of organic carbon content variation along the length of the 

core. 

5.5.4 Grain size analysis 

Analysis of grain size is conducted in glaciolacustrine studies to reveal information 

regarding conditions affecting sedimentation, including the provenance of sediments, the 

mechanisms responsible for transport of the sediments, and the paleoclimate conditions 

within the surrounding watershed (Last, 2002). Grain size analysis of core 2-2 was 

primarily conducted to identify changes in grain size that would indicate the end of 

glacial or paraglacial conditions in the surrounding basin. Although grain size in 

proglacial lakes is dependent on many local factors, such as the eroded bedrock lithology, 

lake size, and intervening sediment traps, it has been found that glacigenic sediments are 

typically silt- and silty-clay-sized particles (Gilbert, 1975; Leonard and Reasoner, 1999; 

Matthews et al., 2000). 

Grain size analysis was completed using the Malvern Mastersizer 2000 with 

autosampler, which conducts particle size analysis by laser diffraction. A multi-step 

process was followed for preparation of sediments for grain size analysis. Following 

uniform sub-sampling of sediment at 1 cm intervals along the length of the core, 

approximately 1 cc. of sediment was placed into sample pots. Each sample was then pre-

treated for the removal of organic sediment using hydrogen peroxide (H2O2). Sample pots 

were placed in a heated, ultrasonic bath and filled with 30 ml of fresh 30% H2O2. Pots 

were left in the warm bath until all digestion had ceased (about 12 hrs). Sample pots were 

then filled with deionised water and placed in the centrifuge at 2,400 RPM for 5 minutes. 
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A vacuum was used to remove the supernatant liquid. Two additional rinses were 

conducted prior to grain size analyses. 

During H2O2 digestion, nine sediment samples (removed from the core between 

101 and 110 cm) developed a floating beige, low-density film. Examination under a 

Scanning Electron Microscope (SEM) revealed that the film was primarily composed of 

diatom frustules. Therefore, these samples required digestion of biogenic silica using 

sodium hydroxide (NaOH). Sample pots were returned to the warm bath and 10 ml of 1M 

NaOH was added to each pot. Samples were left in the bath for 4 hrs, after which samples 

were capped, shaken and returned to the hot bath for 30 minutes. Samples were then 

rinsed three times, following the procedure described above for H2O2 rinsing. 

Following the pre-treatment procedures, the sample pots were loaded into the 

autosampler for analysis. Grain size analysis was performed three times on each sample 

and an average grain size for each sample was determined. Particle size distribution was 

divided into five grain-size categories: clay (0.01-3.90 µm), very fine to fine silt (3.91 – 

15.60 µm), medium to coarse silt (15.61 – 62.50 µm), very fine to fine sand (62.51 – 

250.00 µm), and medium to coarse sand (250.01 – 2500 µm). 

5.5.5 Chronostratigraphic constraints 

A conifer needle fragment sampled from a depth of 88 cm in core 2-2 was sent for 

AMS radiocarbon analysis at the Keck-Carbon Cycle AMS facility, University of 

California. Calibration was performed using the online radiocarbon calibration program 

CALIB 6.0 (Stuiver et al., 2010) and the INTCAL09 calibration dataset (Reimer et al., 

2009). No other organics of sufficient mass for AMS radiocarbon dating were present in 

the core. In addition to macrofossil collection, sediment samples of the tentative layer O 
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(66 - 74 cm) and a second unidentified tephra-like sample (110 – 114 cm) were 

collected for further tephra analysis and identification. Tephra layers are valuable 

chronostratigraphic markers (Turney and Lowe, 2002). Chapter 6 contains a full 

description of the tephra analysis, identification and related background information, as 

well as the chronostratigraphic results of core 2-2. 

Bulk sediments were not collected from the lake core for radiocarbon dating. Bulk 

radiocarbon dates used for obtaining high-resolution age control in lake sediments have 

been proven inaccurate in both hardwater and softwater lakes when compared to AMS 

radiocarbon dates of macrofossils (e.g. MacDonald et al., 1991; Grigg and Whitlock, 

1998; Reasoner and Jodry, 2000; Davis, 2003; Grimm et al., 2009). In lakes with low 

organic content, a large volume of bulk sediments is needed for radiocarbon dating; this 

necessitates sampling over large intervals of sediment (2-10 cm) and results in low depth-

time resolution (Björk and Wohlfarth, 2002). In addition, various unknown sources may 

introduce young or old carbon into bulk lake sediments. In an area like Tipsoo Lake 

where carbonate rocks do not compose the substratum, younger and older carbon sources 

may be introduced into sediments by processes such as percolation of humic acids 

downwards through root penetration/bioturbation and inflow of glacial meltwater 

enriched in old CO2, respectively (Björk and Wohlfarth, 2002). Error in bulk sediment 

ages has been found to range from hundreds to thousands of years (e.g. Grigg and 

Whitlock, 1998). 

5.6 Results 

Results from the analysis of core 2-2 are presented in figure 5-4. An image of the 

two halves of the split core provides a photographic record and a simplified stratigraphic 



 

 

 

 

 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

63 

Fi
gu

re
 5

-4
 S

tr
at

ig
ra

ph
y 

of
 c

or
e 

2-
2:

 p
ho

to
gr

ap
hi

c 
re

co
rd

, s
im

pl
ifi

ed
 li

th
os

tr
at

ig
ra

ph
y,

 m
ag

ne
tic

su
sc

ep
tib

ili
ty

, o
rg

an
ic

 c
ar

bo
n 

co
nt

en
t a

nd
 g

ra
in

 si
ze

 d
ist

ri
bu

tio
n.

 



 

 

 

         

         

            

      

 
            

        

          

                

          

             

           

             

            

        

       

 

          

           

         

           

       

        

64 

column presents the visual lithostratigraphy. The results from measurement of 

magnetic susceptibility (SI), grain-size distribution (%), and organic content (%) were 

plotted against depth (cm) on simple line charts. Results from the analyses (below) are 

divided into depth intervals that exhibit distinct qualities. 

Depth 66 – 74 cm: This interval is composed primarily of very fine to coarse beige silt. 

The silt appears glassy, and corresponds with a peak in magnetic susceptibility (134 SI) 

at 66 cm. The magnetic susceptibility decreases following the peak, until levelling off at 

the end of the layer (74 cm) at 28.9 SI. The organic content of the layer remains relatively 

constant and low (~ 3%) throughout the interval. An abrupt transition between the beige 

silt and underlying sediments occurs at 74 cm. The glassy beige silt from this interval is 

tentatively identified as tephra layer O (Mazama), but herein will be referred to as layer 

BEI until positive identification. The colour and relative thickness of the beige silt in core 

2-2 match descriptions of layer O made by Mullineaux (1974). In addition, layer O is 

known to be present in Tipsoo Lake based on work by Heine (1998). Analysis and 

identification of layer BEI are presented in sections 6.5.1 and 6.5.2. 

Depth 74 – 99 cm: Brown organic-rich medium to coarse silt and fine sand are most 

abundant in this interval, however, medium sand is also higher in this interval relative to 

other depths. Laminations (<1 cm) of black sand, likely representing the majority of 

medium sand grains, are present throughout the depth interval. The thickest layer of black 

sand is encountered between 95 and 96 cm. Preliminary petrographic analysis of the 

black sand reveals that it is composed primarily of sub-rounded to sub-angular black to 
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green mafic grains, and it did not appear to contain glass fragments. The magnetic 

susceptibility of the organic-rich sediment remains relatively low (< 30 SI), except for a 

peak at 96 cm (147.7 SI) that corresponds to the thickest black sand layer. The organic 

content of the brown silt ranges between 9.2% and 27.6%. A drop in organic content (~ 

3.3%) corresponds with the black sand from 95 to 96 cm. At a depth of 95 cm, the 

amount of clay-size particles begins to increase as sand-size particles decrease. A visible 

transition into clay-rich sediments begins at 100 cm. This layer is interpreted as non-

glacial in origin, based on the high organic content and generally low magnetic 

susceptibility values. Several studies have used these characteristics as indicators of non-

glacial sedimentation (e.g. Karlén and Matthews, 1992; Heine, 1998; Leonard and 

Reasoner, 1999; Matthews et al., 2000; Osborn et al., 2007a). The origin of the coarser-

grained mafic layering is unknown. 

Depth 100 – 110 cm: Sediments grade into distinct purplish-gray clays between 100 and 

104 cm. Clay-sized grains account for more than 90% of the sediment throughout the 

majority of this interval. Two thin (< 2 mm) bands of yellow clay of unknown origin are 

seen between 102 and 104 cm. The beginning of this interval is also marked by a gradual 

rise in magnetic susceptibility. The organic content drops with the onset of the clays and 

remains below 4% from 102 cm to the end of the core at 118 cm. The purplish-gray clay 

sediments are interpreted as glacigenic based on the combined characteristics of a 

gradational change in grain-size, low organic content, and a relatively high magnetic 

susceptibility. Results reveal that the sediments are almost entirely composed of clastic 

material. An influx of clastic material into a proglacial lake has been interpreted as 
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glacial outwash in several studies (e.g. Karlén and Matthews, 1992; Leonard and 

Reasoner, 1999; Matthews et al., 2000; Osborn et al., 2007a). Glacigenic sediments in 

other studies are typically more silty than observed in core 2-2, however it is feasible that 

the small pond just upstream of Tipsoo Lake, seen in figure 5-2, acted as a sediment trap 

and allowed coarser-grained material to settle out prior to reaching Tipsoo Lake (cf. 

Matthews, 2000). The small pond would act as a sediment trap only while the glacier was 

at less-than-maximum extent, if the end moraine located downvalley of the pond was 

constructed by the most recent maximum extent of the glacier. 

Depth 110 – 114 cm: This interval is marked by an abrupt transition to dark gray silt-

sized grains. Some pumiceous lapilli grains (< 5 %) were also observed in this layer. 

Laminations (< 1cm) are present in the silt and appear to be defined chiefly by slight 

variations in grain size and colour. Clay size grains decrease to < 20% throughout this 

interval. Magnetic susceptibility rises markedly to a peak of 315.4 SI at a depth of 112 

cm depth. Organic content is lowest of the entire core throughout this interval (< 4%). An 

abrupt return to clay-sized grains occurs at 114 cm. The gray silt is tentatively identified 

as a tephra layer based on the presence of pumiceous grains, a relatively high magnetic 

susceptibility, and a sharp contact with underlying sediments at 110 cm. Further analysis 

of this layer for the presence of tephra is presented in sections 6.5.3 – 6.5.6; herein, this 

layer is referred to as layer GRY. 

Depth 114 – 118 cm: This interval is marked by an abrupt return to the purplish-gray 

inorganic clays, also seen from 100 to 110 cm. The sediments in this interval are also 

interpreted as glacigenic in origin (see above). 
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Chapter Six: Tephrostratigraphy 

6.1 Introduction 

Tephrostratigraphy is a technique used to correlate tephra layers based on their 

position in stratigraphic sequences, and unique chemical and physical characteristics 

(Sarna-Wojcicki, 2000). Multiple tephra deposits distributed over a large area may be 

linked to a single, dated eruptive event based on identical geochemical signatures, often 

referred to as geochemical ‘fingerprints.’ Importantly, instantaneous deposition of tephra 

layers creates time-parallel marker horizons that allow for correlation between various 

environmental and climatic records (Turney and Lowe, 2001). In glacier-fluctuation 

studies, tephra layers associated with dated eruptive events found mantling or within 

glacial landforms and sediments are valuable chronostratigraphic markers (e.g. Osborn, 

1985; Osborn et al., 2001; Menounos et al., 2008). 

This study presents results from petrographic and geochemical analysis conducted 

on two tephra layers, designated as layer BEI and GRY, retrieved from Tipsoo Lake (core 

2-2). Tephra layers BEI and GRY were chosen for analysis because their textural and 

stratigraphic characteristics (presented in section 5.6) match most closely to tephra layers 

O and R previously identified in the tephrostratigraphic record at Mount Rainier. Layer 

R, a tephra produced by an eruption of Mount Rainier dated to >8750 ± 280 14C yr BP 

(Crandell et al., 1962), is the oldest postglacial lapilli tephra identified in Mount Rainier 

National Park, and is a key marker horizon for the early Holocene and McNeeley 2 

Advance (Mullineaux, 1974; Heine, 1998). Layer O, erupted from Mount Mazama 6730 

± 40 14C yr BP (Hallett et al., 1997), lies above layer R in the stratigraphic sequence at 

Mount Rainier, and is a widespread, distinctive tephra that provides useful 
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chronostratigraphic control. The primary purpose of this tephra analysis was to 

determine the geochemistry of the glass in layers BEI and GRY, and ascertain if the 

tephras correlate with layer O and layer R, respectively. 

6.2 Previous work 

Several studies present field, petrographic and geochemical data pertaining to the 

layer O deposit found at Mount Rainier and layer R. Mullineaux (1974) examined the 

tephra record in soil profiles at multiple locations in Mount Rainier National Park. 

Mullineaux (1974) did not examine tephra layers in the immediate vicinity of Tipsoo 

Lake; however, petrographic and geochemical analyses of layers O and R from elsewhere 

in the park provide useful information for tephra identification. A study by Crandell et al. 

(1962) provides information regarding field identification and the age of layer R. Heine 

(1997, 1998) identified tephra layers underlying layer O in a sediment core from Tipsoo 

Lake, using colour and texture descriptions provided by Mullineaux (1974); he did not, 

however, conduct petrographic and geochemical analyses on the tephra. Donoghue et al. 

(2007) present glass-shard geochemical data of layer R, collected from an unspecified 

type location in the park. Relevant results from these studies are briefly summarized 

below. 

6.2.1 Field identification and distribution 

Mullineaux (1974) describes layer O as a widely disbursed yellowish-orange to 

brown ash that occurs stratigraphically near the base of Mount Rainier’s tephra sequence. 

Layer O is predominantly a silt-sized ash with the majority of individual grains visible 

only with magnification. The tephra consists mainly of crystal fragments and highly 
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vesicular pumice fragments. Heine (1997, 1998) describes layer O in lacustrine 

sediments as a distinctive gray silt layer. 

Mullineaux (1974) recognizes layer R in soil profiles as a reddish-brown ash that 

is composed of both brown pumice and dark-gray scoria. Layer R is described as easily 

recognizable in a stratigraphic column because it is the only coarse, pumiceous tephra 

layer underlying layer O (Mullineaux, 1974; Heine, 1997, 1998). The distribution of 

Layer R is not well defined. It is not observed in the western part of Mount Rainier 

National Park, but it is known to occur widely in the eastern part (Mullineaux, 1974). 

Layer R diminishes in thickness from north to south. Mullineaux (1974) suggests that 

layer R occurs in the Tipsoo Lake area, whereas Heine (1997, 1998) claims that layer R 

was not deposited in the Tipsoo Lake area based on a perceived absence of layer R in his 

Tipsoo Lake sediment core (figure 6-1). 

The stratigraphic log of the Tipsoo Lake core presented by Heine (1998) is shown 

in figure 6-2. A total thickness of layer O was not presented, however the base of layer O 

was recorded at a depth slightly above 60 cm. A dark-gray fine sandy tephra was found in 

the core at approximately 70 cm depth (exact depth unreported), but was not attributed to 

layer R or any other previously identified tephra layer at Mount Rainier. 

6.2.2 Composition and age 

Mullineaux (1974) identified the iron-magnesium mineral phases in layer O and R 

by examining non-opaque grains in crushed tephra samples. The refractive index (R.I.) 

values of iron-magnesium minerals and glass shards in layer R were measured 

petrographically by Mullineaux (1974), and presented along with the R.I. values for layer 
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Figure 6-1 Inferred distribution of layer R tephra in Mount Rainier National Park 
from studies by Mullineaux (1974) (red-dot pattern) and Heine (1997) (black-
horizontal-line pattern). A yellow star denotes location of Tipsoo Lake. 
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Figure 6-2 The stratigraphic record of lake sediments from core 13 collected from 
Tipsoo Lake by Heine (1998). A chart showing organic content of sediment in 
percent, based on LOI, is also included (modified from Heine, 1998). 
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O determined in a study by Wilcox (1965). The iron-magnesium mineral phases of 

layer O and R, used for comparison in this study, are presented in table 6-1. Crandell et 

al. (1962) provide little geochemical data regarding layer O and R, except that some layer 

R glass fragments are crowded with crystallites. Detailed geochemical analyses of layer 

O, including electron microprobe analyses of glass shards, have been performed in 

various studies conducted outside of Mount Rainier National Park (e.g. Westgate and 

Evans, 1978; Osborn, 1985; Hallett et al., 1997). Electron microprobe analyses of glass 

shards from layer R are presented by Donoghue et al. (2007). 

Table 6-1 Iron-magnesium mineral phases and proportions in heavy mineral 
fractions from layer O and R at Mount Rainier. 

Principal Secondary Minor 
Tephra layer Volcanic source constituents constituents constituents 

(>30 %) (2-30 %) (<2 percent) 
Layer R Mount Rainier Hypersthene Augite Olivine 
Layer O Mount Mazama Hypersthene Hornblende, augite None 
Note: all analyses conducted by Mullineaux (1974) 

Accelerator Mass Spectrometry (AMS) radiocarbon analyses of charcoal 

fragments within layer O indicate that the age of the Mount Mazama eruption is 6730 ± 

40 14C yr BP (7478 – 7620 cal yr BP; Hallett et al., 1997). Layer R was assigned a 

minimum age of 8750 ± 280 14C yr BP (calibrated age not provided) by Crandell et al. 

(1962), who dated charcoal overlying layer R. Subsequently, Heine (1998) assigned an 

absolute age of 8850 14C yr BP (9880 cal yr BP (1σ)) to tephra layer R, based on both 

bulk radiocarbon ages of lacustrine sediments and AMS radiocarbon ages of macrofossils 

in lake sediments. 
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6.3 Sample collection 

At Western Washington University, tephra samples were collected from core 2-2 

where tephra was present (e.g. visible glassy shards), or where suspected to be present 

based on abrupt changes in grain size/colour and peaks in magnetic susceptibility. Tephra 

samples were dried in an oven at 100°C and stored in glass vials until analysis. Two 

potential tephras were chosen for analysis: a beige silt (layer BEI) that appeared 

characteristic of layer O tephra, collected from a depth of 73.5 cm, and a laminated dark-

gray silt (layer GRY) that stratigraphically correlated with layer R, collected from 

horizons at 111, 112.5 and 114 cm (figure 5-4). 

6.4 Sample preparation and analysis 

Petrographic and geochemical analyses of tephra samples were conducted at the 

University of Calgary. Sediment samples were mounted on standard petrographic thin 

section slides in epoxy resin, ground to expose fresh shard surfaces, and polished. Tephra 

samples were examined using transmitted light optical microscopy to determine mineral 

assemblages and glass abundances. The phenocryst phases and morphologies in layer 

GRY were described, and the phenocryst populations were estimated by point counting. 

Examination of phenocryst phases in layer BEI was not within the scope of this project, 

as geochemical fingerprinting was sufficient to achieve the primary goal of identifying 

the tephra. 

Petrographic analyses revealed that layer BEI appeared to be composed almost 

entirely of glass shards, however, no obvious glass shards were visible in the three 

horizons of layer GRY. It was determined that further analysis of layer GRY using the 

electron microprobe would be required in order to determine if it was actually a tephra 
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and if sufficient glass was present for geochemical analysis. Electron microprobe 

analysis was the ideal analytical technique, as it required small quantities of glass, and 

only a limited amount of each sediment sample (approx. 2 cc.) was available for use. 

The thin sections were carbon-coated in preparation for the electron microprobe. 

Samples were analyzed using the JEOL JXA-8200 electron microprobe at the University 

of Calgary Laboratory for Electron Microprobe Analysis (UCLEMA), with assistance 

from Dr. Robert Marr (Senior Electron Microprobe and Petrology Technician). The 

electron microprobe was calibrated using the following standards: orthoclase (Al, K, Si), 

albite (Na), anorthite (Ca), hornblende (Mg, Fe, and Ti) and rhodonite (Mn). Analyses 

were conducted using wavelength dispersive spectrometry (WDS), with a 5 µm diameter 

focused beam, an accelerating voltage of 15 kV, a beam current of 10 nA, a counting 

time of 15 seconds, and a background measurement time of 8 seconds. ZAF matrix 

corrections were automatically applied to data, and include atomic number (Z), 

absorption (A), and fluorescence (F) corrections (Reed, 1996). 

Backscattered electron (BSE) imaging confirmed the presence of glass in all three 

sampled horizons of layer GRY and in layer BEI. BSE images were used to describe the 

glass shard morphologies contained in both tephra layers, following procedures by Steen-

McIntyre (1977). Imaging also confirmed that concentrations and sizes of glass found 

both layer GRY and layer BEI were sufficient for analysis without further separation. 

Microprobe analysis was thus used to measure the concentrations of major oxides in the 

glass component of the tephras, namely Al2O3, K2O, FeO, Na2O, MgO, CaO, MnO, SiO2, 

and TiO2. Following the recommendation made by Hunt and Hill (1993), all analyses of 

glass shards that produced weight percent totals lower than 95 % were discarded. 
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6.5 Results 

6.5.1 Layer BEI glass shard morphology 

The morphology of glass shards in layer BEI was examined using BSE imaging 

on the electron microprobe. Examination of layer BEI reveals that it is a vitric tephra with 

glass shards composing more than 2/3 of the total volume, as defined by Steen-McIntyre 

(1977). Glass shards are commonly fine ash (<1/16 mm). Glass shards exhibit needle-

like, elongate and blocky morphologies (figure 6-3). The fracture pattern of shards is 

typically conchoidal with smooth, curved surfaces. Delicate glass morphologies are 

preserved. Vesicular glass shards generally exhibit fine (<10 µm long diameter), regular-

shaped, ellipsoid and elongate vesicle cavities. Abundance of closed-cavity glass shards 

is minor (1 – 5%). 

6.5.2 Layer BEI electron microprobe analysis and identification 

Table 6-2 presents the major oxide concentrations of glass shards from layer BEI 

in weight percentage (wt. %). The full suite of analytical results is presented in appendix 

B.1 (table B.1). A CFK (CaO-FeO-K2O) ternary diagram shows the relative abundances 

of CaO, FeO, and K2O in wt. % in glass shards (figure 6-4). A CFK comparison between 

the relative abundances determined in this study and those from layer O determined in 

studies by Westgate and Evans (1978), Osborn (1985) and Hallett et al. (1997) is 

presented in figure 6-5. Numerous studies have demonstrated that CFK ternary diagrams 

effectively geochemically fingerprint western North American Holocene tephras (e.g. 

Smith et al., 1977; Westgate and Evans, 1978; Foit et al., 2004). 
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Figure 6-3 BSE image of layer BEI showing elongate, needle-like and blocky glass 
shard morphologies. 
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Figure 6-4 CFK ternary diagram portraying relative abundance (wt. %) of CaO, 
FeO and K2O in glass shards of layer BEI. Each square represents one shard. 
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Figure 6-5 CFK ternary diagram portraying relative abundance (wt. %) of CaO, 
FeO and K2O in glass shards of layer BEI from this study (red squares), and glass 
shards of layer O from studies by Osborn (1985) (yellow), Westgate and Evans 
(1978) (gray), and Hallett et al. (1997) (blue outline). Inset presents enlarged image 
of data points. 
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Table 6-2 Major oxide content (wt. %) of glass shards from layer BEI. 

SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O K2O 
Rep. Sample* 

(No. 53) 73.357 0.413 14.267 1.976 0.087 0.436 1.569 3.944 2.816 
Min. 70.651 0.342 13.822 1.821 0.000 0.369 1.393 2.150 2.654 
Max. 73.796 0.468 14.483 2.031 0.106 0.482 1.646 4.073 2.880 
Mean 68.984 0.386 13.501 1.864 0.041 0.422 1.483 3.351 2.619 
Std. Dev. 0.931 0.034 0.196 0.054 0.029 0.022 0.062 0.463 0.065 
n** = 21 
note: 
* Representative sample 
** n = the number of point analyses completed 

Figure 6-5 shows that the relative abundances (wt. %) of CaO, FeO, and K2O in 

glass shards from layer BEI are geochemically indistinguishable from those of layer O 

presented in studies completed by Westgate and Evans (1978), Osborn (1985) and Hallett 

et al. (1997). Results correlate well with data presented in Osborn (1985) and Hallett et 

al. (1997). Less overlap exists between geochemical data from layer BEI and layer O 

from Westgate and Evans (1978). Osborn (1985) also noted a slight disparity between his 

data and that of Westgate and Evans (1978). Differences in electron microprobe systems, 

analytical conditions or sample quality may account for the observed minor differences in 

data (Osborn, 1985; Hunt and Hill, 1993). 

Layer BEI can be positively correlated with layer O tephra based on thickness and 

stratigraphic position within the tephra sequence, and glass shard geochemical data 

determined using the electron microprobe. Layer BEI is therefore interpreted as Layer O. 

The positive identification of layer BEI as layer O allows for an age of 6730 ± 40 14C yr 

BP (7478 – 7620 cal yr BP; Hallett et al., 1997) to be assigned to layer BEI, and provides 

a minimum age for all sediments underlying 74 cm in the core. Layer BEI will hereafter 

be referred to as layer O. 
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6.5.3 Layer GRY petrography results 

Horizons 111, 112.5 and 114 cm from layer GRY can all be broadly characterised 

in hand-sample as dark gray to brown, pumiceous, ash to lapilli-sized tephra. 

Petrographic analysis shows that each horizon exhibits slight mineralogical and textural 

differences, discussed in sections 6.5.3.1 to 6.5.3.3 below. 

6.5.3.1 Layer GRY, horizon 111 cm 

Horizon 111 cm contains the mineral assemblage Pl+Cpx+Opx (abbreviations 

after Kretz, 1983) with trace ilmenite and apatite, as well as abundant matrix glass. 

Plagioclase, the most abundant phenocryst phase, makes up ~70% of the phenocryst 

population, and grain sizes range considerably from 0.05 x 0.14 mm to 0.53 x 1.5 mm 

(table 6-3). Morphologically, plagioclase phenocrysts tend to be euhedral to subhedral, 

with both inclusion-rich cores and rims (figure 6-6 and 6-7). The inclusions appear to be 

Opx+glass. Most plagioclase grains preserve normal oscillatory zoning from anorthite-

rich cores to more sodic rims; some grains display Carlsbad twinning. Pyroxene 

phenocrysts make up the other 30% of the total phenocryst population, with ~20% 

orthopyroxene and 10% clinopyroxene. Orthopyroxene grains range in size from 0.1 x 

0.1 mm to 0.15 x 0.4 mm and clinopyroxene grains range in size from 0.1 x 0.15 mm to 

0.4 x 0.9 mm. Pyroxene phenocrysts are generally inclusion-free and range in crystal 

morphology from euhedral to anhedral. As a whole, the phenocryst population in horizon 

111 cm is coarser grained than in the underlying horizons (112.5 and 114 cm), especially 

with regard to the pyroxene phenocrysts. Also, phenocrysts are often fragmented to a 

higher degree than seen in deeper horizons. 
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Figure 6-6 Photomicrograph of horizon 111 cm from layer GRY, showing 
plagioclase phenocrysts with inclusion-rich rims. F.O.V = 3.12 mm. 
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Figure 6-7 Photomicrograph of horizon 111 cm from layer GRY, showing a 
plagioclase phenocryst with an inclusion-rich core. F.O.V = 3.12 mm. 
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Table 6-3 Estimated relative abundances (%) of major phenocrysts identified in 
horizons 111, 112.5 and 114 cm from layer GRY. 

Horizon Plagioclase Orthopyroxene Clinopyroxene 
(%) (%) (%) 

111 cm 70 20 10 
112.5 cm 65 25 10 
114 cm 60 25 15 

6.5.3.2 Layer GRY, horizon 112.5 cm 

Horizon 112.5 cm contains the mineral assemblage Pl+Cpx+Opx with trace 

apatite and ilmenite, and abundant matrix glass. Plagioclase makes up approximately 

65% of the phenocryst population, and grain sizes range from 0.1 x 0.15 mm to 0.3 x 0.7 

mm (table 6-3). Morphologically, plagioclase phenocrysts tend to be euhedral to 

subhedral, and have inclusion-rich cores composed predominately of Opx+glass. Most 

plagioclase grains preserve normal oscillatory zoning from anorthite-rich cores to more 

sodic rims; some grains exhibit Carlsbad twinning. Orthopyroxene and clinopyroxene 

make up the remainder of the major phenocryst population, and are present in abundances 

of 25% and 10%, respectively. Orthopyroxene grains range in size from 0.08 x 0.15 mm 

to 0.33 x 0.4 mm, and clinopyroxene grains range in size from 0.1 x 0.15 mm to 0.3 x 0.7 

mm. As in horizons 111 and 114 cm, pyroxene phenocrysts are generally inclusion-free 

and range in crystal shape from euhedral to anhedral. Phenocrysts in horizon 112.5 cm 

are not as fragmented as those observed in the overlying horizon 111 cm. 

6.5.3.3 Layer GRY, horizon 114 cm 

Horizon 114 cm contains the mineral assemblage Pl+Cpx+Opx with trace apatite 

and ilmenite and abundant matrix glass, analogous to horizons 112.5 and 111 cm. This 

horizon contains the lowest relative abundance of plagioclase, making up ~60% of the 
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phenocryst population. Horizon 114 cm also contains higher relative abundances 

pyroxene grains making up 40% of major phenocryst population (table 6-3). Observed 

plagioclase grain sizes range from 0.08 x 0.2 mm to 0.3 x 0.95 mm, whereas 

orthopyroxene grains range from 0.12 x 0.25 mm to 0.4 x 0.7 mm, and clinopyroxene 

from 0.2 x 0.2 mm to 0.1 x 0.4 mm. Morphologically, the plagioclase grains are euhedral 

to anhedral, where the larger plagioclase grains are distinctly more euhedral than then 

smaller grains. Plagioclase grains exhibit normal oscillatory zoning from anorthite-rich 

cores to sodic rims, and some grains exhibit Carlsbad twinning (figure 6-8). Unlike in the 

overlying horizons, inclusions are not abundant in plagioclase phenocrysts. 

Orthopyroxene and clinopyroxene phenocrysts, with relative abundances of 25% and 

15%, respectively, tend to be euhedral to subhedral and inclusion-free. One olivine 

phenocryst was identified in this layer (figure 6-9). A corona is visible around the highly 

resorbed olivine phenocryst, consisting of sequential layers of needly opaque minerals 

(closest to olivine) and orthopyroxene (outbound of the opaque mineral). 

Figure 6-10 shows ilmenite and apatite microphenocrysts in horizon 114 cm 

identified using BSE imaging on the electron microprobe. Ilmenite and apatite 

microphenocrysts were identified in all horizons of layer GRY. Grains of ilmenite and 

apatite are anhedral and exhibit bright colours in the BSE images due to their relatively 

high mean atomic number. Ilmenite grains typically are on the order of ~10-20 µm in 

diameter, while apatite grains are ~150 x 150 µm in diameter. In addition, the examined 

horizons of layer GRY contained fragments of siliceous frustules of diatoms (figure 6-

11). 
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Figure 6-8 Photomicrograph of horizon 114 cm from layer GRY, showing an 
oscillatory-zoned glomerophorphyritic plagioclase phenocryst from. F.O.V = 0.78 
mm. 
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Figure 6-9 Photomicrograph of horizon 114 cm from layer GRY, showing an olivine 
phenocryst with a corona consisting of unidentified opaque minerals and 
orthopyroxene. F.O.V. = 0.78 mm. 
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Figure 6-10 BSE image of trace apatite (Ap) and ilmenite (Ilm) microphenocrysts 
surrounded by orthopyroxene (Opx) and glass in horizon 114 cm from layer GRY. 
Apatite is a white colour, ilmenite is a light gray colour, and orthopyroxene is a 
darker shade of gray. 
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Figure 6-11 A photomicrograph of horizon 112.5 cm from layer GRY, showing a 
frustule of a diatom. Frustule fragments were found in all horizons of layer GRY. 
F.O.V. = 0.31 mm. 
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6.5.4 Layer GRY glass shard morphology 

The glass shard morphology of layer GRY, horizons 111, 112.5 and 114 cm, was 

examined using BSE imaging. In general, glass shards from the three sampled horizons 

have similar morphologies. Layer GRY is a crystal-vitric tephra, with glass shards and 

crystal components making up more than 2/3 of the total volume (Steen-McIntyre, 1997). 

Tephra grains commonly range in size from fine ash to coarse ash (<1/16 mm to 2 mm), 

with minor amounts of pumiceous lapilli-sized grains (<2mm to 10 mm). Only ash-sized 

shard morphologies were examined. The common shape of non-vesicular shards, largely 

composing the matrix, is blocky and angular (figures 6-12 through 6-15). Few needle-like 

shards exist. The fracture pattern of shards is typically smooth and straight, with sharp 

edges and corners. Glass mantling phenocrysts is pumiceous. Thick bubble walls enclose 

medium to coarse (10 – 50 µm long diameter) spheroidal to ellipsoidal vesicles in 

horizons 114 and 112.5 cm (figure 6.13 and 6.14). Thin, needle-like bubble wall 

structures are sometimes preserved (figure 6-13). Pumiceous glass mantling phenocrysts 

in horizon 111 cm is typically frothier than in the underlying horizons and the majority of 

glass that forms bubble walls is thin and needle-like (figure 6-12). Also, the matrix grains 

of horizon 111 cm are relatively smaller with a more shattered appearance than horizons 

112.5 and 114 cm. Preservation of delicate glass structures in all horizons indicates a 

lack of significant transport post-deposition. Blocky glass shards found in all layers 

contain abundant crystallites (composition unidentified) (figure 6-15). These shards are 

more commonly non-vesicular, and angular, with jagged, uneven shard boundaries. 
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Figure 6-12 BSE image of horizon 111 cm from layer GRY, showing frothy glass 
mantling a zoned plagioclase phenocryst. 

Figure 6-13 BSE image of horizon 114 cm from layer GRY, showing vesicular glass 
mantling a clinopyroxene phenocryst. 
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Figure 6-14 BSE image of horizon 112.5 cm from layer GRY, showing various glass 
morphologies. 

Figure 6-15 BSE image of horizon 112.5 cm from layer GRY, showing crystallites 
and phenocrysts in a glass shard. 
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6.5.5 Layer GRY electron microprobe analysis 

Table 6-4 presents the major oxide concentrations (wt. %) of glass from horizons 

111, 112.5 and 114 cm of layer GRY, determined by electron microprobe analysis. The 

full suite of analytical results is presented in appendix B.1 (tables B.2 – B.4). CFK 

ternary diagrams show the relative abundances (wt. %) of CaO, FeO, and K2O in each 

horizon (figures 6-16 to 6-18). 

Table 6-4 Major oxide content (wt. %) of glass in horizons 111, 112.5 and 114 cm 
from layer GRY. 

SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O K2O 
Layer GRY (111 cm) 
Min. 60.934 0.942 13.667 4.282 0.033 1.013 2.967 3.082 2.107 
Max. 69.379 1.349 15.794 5.957 0.137 1.952 5.035 3.784 3.052 
Mean 65.554 1.179 14.999 5.193 0.087 1.529 3.914 3.466 2.489 
Std. Dev. 2.614 0.103 0.648 0.496 0.028 0.305 0.671 0.210 0.273 
n * = 30 
Layer GRY (112.5 cm) 
Min. 61.416 0.534 12.933 2.402 0.007 0.338 1.429 2.985 2.004 
Max. 74.824 1.578 16.413 6.906 0.157 2.494 5.538 4.008 3.692 
Mean 65.104 1.226 15.184 5.560 0.084 1.716 4.072 3.650 2.495 
Std. Dev 3.591 0.274 0.975 1.233 0.039 0.620 1.080 0.250 0.450 
n * = 35 
Layer GRY (114 cm) 
Min. 63.716 1.035 14.893 4.806 0.023 1.407 3.631 3.316 2.028 
Max. 66.357 1.328 16.804 5.791 0.139 1.879 5.063 4.124 2.570 
Mean 64.986 1.178 15.704 5.305 0.095 1.661 4.267 3.643 2.359 
Std. Dev. 0.724 0.068 0.526 0.294 0.029 0.155 0.357 0.221 0.164 
n *= 20 
note: 
* n = the number of point analyses completed on each tephra sample 
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Figure 6-16 CFK Ternary diagram for horizon 111 cm of layer GRY, showing 
relative abundance of CaO, FeO and K2O (wt. %) in glass. 
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Figure 6-17 CFK Ternary diagram for horizon 112.5 cm of layer GRY, showing 
relative abundance of CaO, FeO and K2O (wt. %) in glass. 
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Figure 6-18 CFK Ternary diagram for horizon 114 cm of layer GRY, showing 
relative abundance of CaO, FeO and K2O (wt. %) in glass. 
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The CFK ternary diagrams of the relative abundances of CaO, FeO, and K2O 

(wt. %) in horizons 111, 112.5, and 114 cm (figures 6-16 to 6-18) show compositional 

variation within each horizon. The spread of analyses is largely the result of significant 

variation in the K2O content, whereas FeO and CaO show less variation; this is especially 

apparent in horizon 112.5 cm (figure 6-17). It appears that at least two geochemically 

distinct populations of glass shards exist in each tephra horizon from layer GRY. The 

CFK diagrams also reveal that the glass shard compositions vary between the three 

analyzed horizons. 

In order to further examine the geochemical variation between horizons of layer 

GRY, SiO2 (wt. %) was plotted against Na2O + K2O (wt. %) on a section of a total alkali-

silica (TAS) diagram, after Le Bas et al. (2002) (figure 6-19). The TAS diagram classifies 

the glass compositions in each horizon of layer GRY into volcanic rock types. The 

diagram reveals that glass shards in tephra layer GRY range in composition from 

andesitic to rhyolitic. A comparison between horizons of layer GRY shows that each 

horizon contains a unique combination of glass types; horizon 114 cm contains only 

dacitic glass; horizon 112.5 cm contains mainly dacitic and andesitic glass with minor 

rhyolitic glass; and horizon 111 cm contains dacitic and andesitic glass, with no rhyolitic 

glass observed. The variation of glass shard geochemistry found in layer R is not 

statistically significant. 

Figure 6-20 shows the SiO2 content (wt. %) of glass shards plotted against the 

relative stratigraphic position of horizons 111, 112.5 and 114 cm within layer GRY. It is 

evident from this data that the geochemical composition of layer GRY, represented by 

silica content, shows greater variation following the deposition of horizon 114 cm. 
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Figure 6-19 Section of the TAS diagram showing the composition of glass shards 
from layer GRY horizons 111 cm (yellow circles), 112.5 cm (red triangles), and 114 
cm (blue diamonds). TAS diagram classification according to Le Bas et al. (2002). 
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Figure 6-20 Relative stratigraphic succession of SiO2 content (wt. %) in horizons of 
layer GRY. Horizon 111 cm is shown in blue circles, 112.5 cm in red circles, and 114 
cm in yellow circles. Layer O from core 2-2 is also in included for comparison (green 
circles). 
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In addition, the relative proportions of CaO, FeO, K2O (wt. %) in glass shards 

from the three horizons of layer GRY were plotted on a single CFK ternary diagram 

(figure 6-21) to determine whether the volcanic rock types identified in the TAS diagram 

(figure 6-19) could be chemically distinguished independent of silica concentrations. The 

symbology used in this diagram reflects the original TAS rock types, and the clear 

separation of those TAS populations in CFK ternary space indicates that there are clear 

chemical distinctions independent of silica, most notably in the relative amounts of 

measured K2O. 

Representative geochemical analyses of glass compositions that correspond with 

observed volcanic rock types are presented (table 6-5). Within each horizon, glass shard 

compositions were divided into corresponding volcanic rock types based on the TAS 

diagram (figure 6-19). For a more detailed examination of variation in glass shard 

geochemistry refer to appendix B.2 (figures B.1 – B.4), which presents stacked Harker 

plots showing the content of each major oxide (wt. %) versus silica content (wt. %) for 

each horizon. 

Table 6-5 Major oxide content (wt. %) of representative glass shards from andesitic, 
dacitic, and rhyolitic glass shards in layer GRY horizons 111, 112.5 and 114 cm. 
Volcanic 
rock type 

Sample 
no. SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O K2O 

Layer GRY (111 cm) 
Andesite 74 61.331 1.274 15.118 5.601 0.048 1.863 4.392 3.297 2.196 
Dacite 83 68.611 1.29 13.811 4.969 0.055 1.129 3.108 3.082 2.847 
Layer GRY (112.5 cm) 
Andesite 120 62.146 1.275 16.381 6.378 0.131 2.235 5.237 3.843 2.029 
Dacite 117 67.202 1.004 14.897 4.746 0.112 1.256 3.325 3.597 2.593 
Rhyolite 100 74.824 0.534 12.946 2.402 0.021 0.338 1.444 3.234 3.634 
Layer GRY (114 cm) 
Dacite 41 65.143 1.035 16.567 4.885 0.107 1.473 4.576 4.124 2.028 
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Figure 6-21 Ternary plot portraying the relationship between the relative 
abundance of CaO, FeO and K2O and volcanic rock type in glass shards in horizons 
111, 112.5 and 114 cm from layer GRY. 
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6.5.6 Identification of layer GRY 

A comparison of the geochemical, stratigraphic and morphological characteristics 

of layer GRY to those of layer R described by Mullineaux (1974) reveals several 

similarities between the two tephras. Firstly, layer R is described by Mullineaux (1974) 

as the only pumiceous layer found below layer O in the stratigraphic sequence of Mount 

Rainier National Park, and layer GRY is found below layer O in core 2-2 and is 

pumiceous. Mullineaux (1974) reports trace amounts of olivine in layer R, and an olivine 

phenocryst was identified in horizon 114 cm of layer GRY. Multiple beds of layer R were 

observed in some type sections examined by Mullineaux (1974); similarly, layer GRY 

contains multiple laminations. Layer GRY also falls within the minimum extent 

distribution boundaries of layer R outlined by Mullineaux (1974) (figure 6-1). 

Mullineaux (1974) and Donoghue et al. (2007) determine that the predominant 

phenocryst minerals in layer R are plagioclase, orthopyroxene and clinopyroxene. This is 

consistent with layer GRY, however, this is not a distinguishing feature of layer R 

because this composition is common to several other Mount Rainier tephras (Mullineaux, 

1974; Donoghue et al., 2007). 

The mean silica content (wt. %) of layer R glass shards (n=11), presented in the 

study by Donoghue et al. (2007), is 73.09 (1σ = 1.45). Data was normalised to a loss-free 

basis. The normalised mean silica content (wt. %) of glass shards (n=85) from layer GRY 

is 65.97 (1σ = 2.7), revealing that layer R is silica-rich when compared to layer GRY. 

The silica content of layer R most closely aligns with the rhyolitic glass shards examined 

in horizon 112.5 cm of layer GRY. In addition, a comparison of the alkali-silica content 

of glass in layer R, presented in an alkali-silica variation diagram by Donoghue et al. 
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(2007), to that of layer GRY, reveals apparent differences in the geochemistry of the 

two tephras (figure 6-22). Further comparison of the major oxide content of glass shards 

from layer R to that of layer GRY is not completed herein, due to the absence of a 

complete dataset from the study by Donoghue et al. (2007). 

Despite the apparent differences in geochemistry, layer GRY may have been 

produced by the same eruptive event as layer R. This study demonstrates that the 

composition of layer GRY varies at different horizons (figures 6-20 and 6-21), and the 

specific horizon(s) of the layer R deposit sampled by Donoghue et al. (2007) is not 

known, making comparison difficult. Furthermore, it is possible that the distribution or 

preservation of different glass shard compositions within layer R is not uniform across 

the park. Alternatively, layer GRY may be a previously unrecognized coarse pumiceous 

Mount Rainier tephra underlying layer O, although it is unlikely that a deposit as thick 

and distinctive as layer GRY would go unnoticed in the various tephra studies that have 

been conducted in Mount Rainier National Park. 

Based on agreement with the characteristics of layer R described by Mullineaux 

(1974), layer GRY is most likely layer R. However, because of the apparent geochemical 

differences between layer GRY and the layer R deposit studied by Donoghue et al., 

(2007), a definitive correlation cannot be made without further geochemical comparison. 
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Figure 6-22 Alkali-silica variation diagram showing the major oxide content (wt. %) 
of glass shards from layer GRY (horizons 111, 112.5 and 114 cm) and layer R 
(Donoghue et al., 2007). 
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6.6 Core 2-2 chronostratigraphic constraints and rates of sedimentation 

Chronostratigraphic constraints in core 2-2 are derived from the age of layer O 

and one AMS radiocarbon age of a macrofossil (sample Tip 2-2 (88); table 4-1). Layer O 

is dated to 6730 ± 40 14C yr BP (7478 – 7620 cal yr BP) by Hallett et al. (1997) and 

provides a minimum age for all sediments below its base at 74 cm, including layer GRY 

found between 111 and 114 cm. A coniferous needle macrofossil retrieved from the core 

at a depth of 88 cm dates to 8905 ± 20 14C yr BP (9916 – 10,174 cal yr BP). This 

radiocarbon age provides a maximum and minimum age for overlying and underlying 

sediments, respectively, assuming that the needle was deposited in the lake soon after its 

death and reworking has been insignificant since deposition. 

If it is assumed that the rate of sedimentation is roughly constant, the rate of 

sedimentation in the core 2-2 can be calculated using the age of layer O, the age of the 

macrofossil, and their relative depths in the core (appendix C.2). The rate of 

sedimentation ranges from 0.006 cm/yr to 0.007 cm/yr. In keeping with this assumption, 

the ages of the youngest glacigenic sediments and layer GRY were can be calculated 

using the estimated sedimentation rate. The youngest glacigenic sediments, first 

identified at a depth of approximately 100 cm by a change in grain size (figure 5-4), 

range in age from 10,920 to 10,620 14C yr BP (13,080 - 12,220 cal yr BP). This date also 

provides the timing of deglaciation in the cirque above Tipsoo Lake as no other 

glacigenic sediments are observed above 100 cm. The age of layer GRY, found at a 

depth of 110 cm, ranges from 12,500 to 12,100 14C yr BP (15,070 - 13,800 cal yr BP) 

based on the estimated sedimentation rate. 
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However, it is unlikely that sedimentation rates into Tipsoo Lake were 

constant. Sedimentation rates can over or underestimate the age of sediments in lake 

cores by up to several hundred years (Menounos et al., 2004). In this case, the sediments 

measured between layer GRY and the macrofossil span an interval of both non-glacial 

and glacial conditions in the catchment area. Sediment yield has been shown to generally 

increase during periods of glacier activity (e.g. Menounos and Clague, 2008), and 

therefore, the age of layer GRY calculated above is expected to be a generous maximum 

age estimate. The sediments measured to estimate the age of deglaciation were deposited 

during an interval of non-glacial conditions. Less variation in sediment yield is expected 

throughout this interval. 
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Chapter Seven: Discussion and Interpretation 

7.1 Lateral moraine stratigraphy 

Radiocarbon ages of fossil wood in lateral moraines at Mount Rainier provide a 

chronology of glacier fluctuations over the past two millennia. Calibrated ages constrain 

the timing of two broad intervals of glacier expansion; the first between ca. AD 130 to 

530 at Nisqually and Carbon glaciers and a recent interval of expansion beginning as 

early as ca. AD 1300 at Nisqually, South Tahoma, and Emmons glaciers. These two 

intervals correspond with glacier expansion documented elsewhere in the CNAC during 

the First Millennium AD (FMA) and the LIA, respectively (refer to section 3.2). 

An interpretation of the timing of glacier fluctuations at Nisqually, Emmons, 

South Tahoma and Carbon glaciers based on the radiocarbon dates of fossil wood at 

study sites described in section 4.5 is presented below. Refer to section 4.5 for a detailed 

description of the study sites and the sampled wood. Only the calibrated radiocarbon ages 

(2σ) of fossil wood are discussed below, refer to table 2-1 for the radiocarbon ages. 

7.1.1 Nisqually Glacier 

Evidence of a LIA advance of Nisqually Glacier comes from three sites along the 

left and right lateral moraines (figure 4-4). Radiocarbon-dated fossil wood (NIS09-06A 

and NIS09-08A) protruding from a paleosurface between 3 and 10 m below the right 

lateral moraine crest indicates that Nisqually Glacier deposited LIA tills on the distal 

flank of the right lateral moraine after ca. AD 1300 – 1600. A third piece of fossil wood 

(NIS09-10) protruding from the left lateral moraine further downvalley suggests that 

Nisqually Glacier overtopped the moraine crest at this location after ca. AD 1450 – 1620. 

This evidence suggests that expansion of Nisqually Glacier during the LIA was occurring 
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as early as ca. AD 1300 and Nisqually Glacier was much more extensive ca. AD 1300 -

1620 than it is today. 

Radiocarbon ages of fossil wood (NIS09-03, NIS09-03B and NIS09-03C) lodged 

into the left lateral moraine constrain the timing of an advance coeval with the First 

Millennium Advance. This wood is associated with a paleosurface trending sub-parallel 

to the proximal flank of the left lateral moraine. Nisqually Glacier plastered tills onto the 

proximal moraine flank ca. AD 250 – 530. Tills underlying the proximally-accreted tills 

are undated but were likely deposited by an advance preceeding the FMA. It is also 

probable that younger LIA tills exist in the strata overlying the paleosurface, based on the 

evidence supporting an LIA advance at Nisqually (Sigafoos and Hendricks, 1972; 

Crandell and Miller, 1974; this study), however, no evidence with which to distinguish 

FMA tills from younger tills was found. This site is one of the few documented 

occurrences of a radiocarbon-dated paleosurface underlying proximally-accreted tills 

(Samolczyk and Osborn, 2010). 

There is a possibility that the fossil wood associated with the paleosurface running 

sub-parallel to the proximal moraine flank in the left lateral moraine was killed by a 

lahar, and the diamict overlying the paleosurface is, at least in part, a lahar deposit. A 

series of lahars inundated the Nisqually River system over the last two millennia (Scott et 

al., 1995). However, the diamict overlying the paleosurface did not appear to differ in any 

way from tills comprising the lateral moraines. The diamict possessed none of the 

characteristics described by Crandell (1971) that may indicate that it is a lahar deposit, 

namely any size gradation or air spaces. I interpret the diamict as till based on the fact 

that it is indistinguishable from surrounding tills and the lack of any evidence suggesting 



 

 

      

   

     

        

             

              

          

            

           

            

             

           

       

                 

       

              

          

            

              

             

          

          

          

108 

it is a lahar deposit. 

7.1.2 Emmons Glacier 

Radiocarbon ages of fossil wood (EMM09-02 and EMM09-04) associated with a 

paleosurface located between approximately 5 and 6 m below the left lateral moraine 

crest of Emmons Glacier indicate the glacier overtopped the lateral moraine crest at this 

location during the LIA as early as ca. AD 1470 (figure 4-6). One sample of wood 

(EMM09-02) from the paleosurface has a calibrated age ranging from AD 1470 to 

present, however, a second piece of wood from the same paleosurface, with a smaller 

reported error, yields a calibrated age ranging between AD 1470 and 1633. There is no 

obvious mechanism for lodging modern wood into tills at this site, so the calibrated age 

AD 1470 – 1633 is likely more reliable for constraining the age of the paleosurface in 

question. The large calibrated age range of sample EMM09-02 (270± 50 14C yr BP) may 

be due to the documented difficulty in accurately calibrating radiocarbon ages around 300 

14C yr BP, where the width of the 2σ confidence interval is large and results in a wide 

range of corresponding calibrated ages (Niklaus et al., 1994). 

The age of a fossil log (EMM09-05) from a third site located upvalley, found at a 

lower elevation than sites #1 and 2, provides evidence that Emmons Glacier may have 

been depositing tills on to the moraine’s distal slope ca. AD 990 to 1120 during Medieval 

time (AD 800 – 1400; Koch and Clague, 2010) or the early LIA. The provenance of this 

wood is not clear and there is no indication that it was associated with a paleosurface. It is 

possible that the wood was transported with encasing tills onto the paleo-distal slope by 

glacier activity or that the wood was reworked from an original position within the till. 

Due to the uncertainty surrounding the provenance of the wood and the lack of 
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corroborating evidence from other sites on Mount Rainier supporting an advance during 

Medieval time, an interpretation regarding the wood’s significance in relation to glacier 

fluctuations is not made. 

7.1.3 Carbon Glacier 

A calibrated radiocarbon age of wood (CA09-01) found lodged into the right lateral 

moraine of Carbon Glacier indicates the sample may be modern (AD 1652 – present) 

(figure 4-7). The sample site is located adjacent to a debris-filled gully where there is a 

high likelihood that it may have been transported onto the proximal flank with encasing 

tills by mass movement. Therefore, this radiocarbon age will not be used to constrain the 

timing of glacier fluctuations at Carbon Glacier. 

A paleosurface containing several pieces of wood (CA09-03, CA09-04 and CA0-

05) dated to the first millennium AD is exposed in two gullies cut into the left lateral 

moraine of Carbon Glacier. It is inferred that Carbon Glacier overtopped the crest of the 

pre-existing moraine at this location sometime after ca. AD 130 – 430 in an advance 

coeval with the FMA. Evidence of an LIA glacier fluctuation was not found at this 

location, however it is likely that indistinguishable LIA tills exist in the strata overlying 

the paleosurface. 

7.1.4 South Tahoma Glacier 

Two sites in the forefield of South Tahoma Glacier, on the right bank of Tahoma 

Creek, contain fossil wood fragments that yield radiocarbon ages ranging from AD 1510 

to modern (STAH09-01, STAH09-01A, STAH09-02 and STAH10-01) (figure 4-8). 

Collection sites are located in an area heavily influenced by glacier and lahar activity, 

thereby complicating the interpretation of the significance of the radiocarbon ages. 
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The presence of two in-situ sheared stumps (STAH09-01 and STAH10-01) in the 

woodmat at site #1 signifies that either an advance of South Tahoma glacier or a lahar 

sheared the stumps. Sheared stumps are commonly the result of a glacier overriding a 

forested forefield (e.g. Osborn et al., 2007a), however, stumps may also be sheared by 

lahars (James Vallance, U.S. Geological Survey, pers. commun., 2010). Diamict 

overlying the woodmat, with a thickness of approximately 8 m, resembles tills observed 

at other sample sites on Mount Rainier. However, the presence of lahar deposits should 

be considered, because till and lahar deposits are often too similar to be distinguished 

from each other (Crandell, 1971) (discussed in section 2.4.1). 

The Tahoma Creek river valley has been the site of several lahars that could have 

sheared off the stumps observed in the woodmat at site #1. Since the 1950s, several 

outburst floods were released from South Tahoma Glacier that resulted in noncohesive 

lahars along Tahoma Creek (Walder and Driedger, 1994, 1995). Sites #1 and 2 are 

located in a zone of debris flow conveyance and significant riverbed incision during 

recent lahars, while a zone of boulder deposition lies further downstream from the 

collection sites (Walder and Driedger, 1994). It is also probable that numerous, 

undocumented lahars were released prior to the observed outburst flood events in the 

mid- to late-1900s (James Vallance, U.S. Geological Survey, pers. commun., 2010). 

Two LIA end moraines are located approximately 150 m downvalley from the 

woodmat at site #1, indicating that the South Tahoma Glacier likely advanced over the 

location of both sites during the last millennium (Sigafoos and Hendricks, 1972). 

Dendrochronological dating by Sigafoos and Hendricks (1972) reveals that South 

Tahoma Glacier abandoned the moraines AD 1550 and 1840, respectively. The AD 1840 
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moraine is superimposed on the AD 1550 moraine, so that only a small length of the 

older moraine remains. Lateral moraine ridges are mapped as continuing through the 

forest on either side of the Tahoma Creek (Sigafoos and Hendricks, 1972) (figure 4-8). 

Sample sites #1 and 2 are located inside the boundary of the 1835-1840 LIA lateral 

moraine crest, and are exposed on the right bank of a gully that was created by incision 

into sediments by Tahoma Creek and lahars. 

A plausible interpretation of the history of the South Tahoma sample sites is that 

the trees composing the woodmat grew on a former surface of the South Tahoma Glacier 

forefield, and were killed by either the latest LIA advance of the South Tahoma Glacier, 

that formed the AD 1840 moraine, or an undated lahar was released prior to the latest 

LIA advance. The massive sediments overlying the woodmat are interpreted primarily as 

LIA tills, possibly interbedded with lesser amounts of lahar deposits. Crandell (1971) 

remarks that lahars tend to form thick fills only at some distance from the volcano, 

leaving only a thin veneer on valley floors and walls closer to the volcano. Based on the 

proximity of sites #1 and 2 to the volcano, thinly veneered lahar deposits are more likely. 

This interpretation is also supported by the fact that the sample sites are located in a zone 

of conveyance of recent lahars, as opposed to lahar deposition (Walder and Driedger, 

1994). Incision into the glacial sediments since South Tahoma Glacier retreated from the 

AD 1840 end moraine has exposed the sample sites, which were at one time completely 

covered by LIA tills. It is improbable that the wood is modern and has grown on the gully 

wall since the latest LIA advance. The gully wall is steep and unstable, and would not 

likely support the establishment of the large trees (diameter = 81 cm) found in the 
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woodmat; this is demonstrated by the lack of any vegetation growing in the area 

surrounding the sample site in 2009 and 2010. 

Using the above interpretation of site history, it is inferred that the radiocarbon 

ages from the sheared stumps at site #1 provide a maximum age for the advance of 

Tahoma Glacier over the sample sites, which occurred prior to the construction of the AD 

1840 end moraine. Therefore, the age of LIA tills overlying the sample sites is 

constrained to between ca. AD 1515 and 1840. The modern calibrated age ranges of 

radiocarbon dated fossil wood from sites # 1 and 2 may be the result of inaccuracies of 

the calibration curve as discussed above in section 7.1.2 (Niklaus et al., 1994). 

7.1.5 Significance 

The contribution of evidence from lateral moraine stratigraphy to Mount Rainier’s 

pre-existing glacier fluctuation record reveals that the timing of late Neoglacial glacier 

fluctuations on the volcano is broadly synchronous with chronologies from several sites 

across the CNAC. Glacier fluctuations on Mount Rainier dated to the FMA and the LIA, 

in this study, and the Burroughs Mountain Advance, occurring between ca. 3,400 14C yr 

BP and 2,200 14C yr BP (section 2.4.3.1; Crandell and Miller, 1974), support the notion 

of episodic periods of glacier advance on a millennial-scale during the Neoglacial 

interval, as suggested by evidence from elsewhere in the CNAC (e.g. Reyes et al., 2006; 

Menounos et al., 2009). 

Figure 7-1 summarizes cal AD age ranges of fossil wood found in the lateral 

moraine stratigraphy of Nisqually, Emmons, Carbon and South Tahoma glaciers, and 

presents a corresponding inferred fluctuation curve. A timeline of the ages of all glacial 
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Figure 7-1 Timing of fluctuations of Nisqually, Emmons, South Tahoma and 
Carbon glaciers, based on calibrated (2σ) radiocarbon ages from wood in lateral 
moraines. Interpreted fluctuation curve included. 
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and eruptive events determined in this study are compared to the timing of the McNeeley 

2 Advance (Heine, 1998) and the Burroughs Mountain Advance (Crandell and Miller, 

1974) in figure 7-2. 

The timing of the Burroughs Mountain Advance is coeval with the Tiedemann 

and Peyto advances documented elsewhere in the CNAC (section 3.2), however, the 

magnitude of the Burroughs Mountain Advance remains inconsistent with the magnitude 

of pre-LIA Neoglacial advances. At most locations in the CNAC, the LIA advance was 

the most extensive of the Neoglacial Period. However, the small number of preserved 

Burroughs Mountain end and lateral moraines lie a few yards beyond LIA maximum 

moraines on Mount Rainier (Crandell, 1969; Crandell and Miller, 1974). This suggests 

that at these locations, glaciers reached their maximum Holocene extents prior to the 

LIA. A re-examination of the age and location of the Burroughs Mountain moraines in a 

future investigation may provide more evidence to better understand this unresolved 

inconsistency in Mount Rainier’s glacier fluctuation record. 

7.2 Tephrostratigraphy 

Results from geochemical and petrographic analyses have helped to characterize 

two tephra layers found in core 2-2 from Tipsoo Lake, and compare them to tephra layers 

previously studied in Mount Rainier National Park by Crandell et al. (1962), Mullineaux 

(1974), Heine (1998), and Donoghue et al. (2007). 

Layer O (6730 ± 40 14C yr BP; Hallett et al., 1997) is identified in core 2-2 based 

on correlation of glass shard geochemistry with other geochemically-fingerprinted layer 

O deposits from elsewhere in North America (Westgate and Evans, 1978; Osborn, 1986; 
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Figure 7-2 The timing of Holocene glacier fluctuations at Mount Rainier, the 
estimated age of deglaciation in the Tipsoo Lake cirque, and the estimated age of the 
eruption that produced layer GRY. Ages determined using radiocarbon-dated 
organics in lateral moraines are represented by blue rectangles; ages determined 
using estimated lake sedimentation rates into Tipsoo Lake are represented by gray 
rectangles; evidence was not found in this study to support the timing of the 
previously claimed advances on Mount Rainier which are indicated by yellow 
rectangles. 
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Hallett et al., 1997). This is the first known study to provide glass shard geochemistry and 

detailed morphology data of the layer O deposit in Mount Rainier National Park. 

The geochemistry, petrography and field characteristics of layer GRY were 

compared to those of layer R (8750 ± 280 14C yr BP; Crandell et al., 1962), presented in 

studies by Mullineaux (1974) and Donoghue et al., (2007). Physical and stratigraphic 

characteristics of layer GRY are consistent with layer R. However, the glass shard 

geochemistry of layer R, presented by Donoghue et al. (2007), differs from the glass 

shard geochemistry of layer GRY, determined in this study (section 6.5.6). Therefore, 

layer GRY cannot be definitively correlated with layer R. A more rigorous comparison 

between layer GRY and R is required in the future, as the recognition of layer R in 

Tipsoo Lake would provide a valuable age estimate for the eruptive event. 

Geochemical results of three sampled horizons of layer GRY show that the 

composition of layer GRY becomes more complex as the eruption event(s) progresses, as 

is demonstrated by the changing range of silica contents moving upwards through layer 

GRY. Donoghue et al. (2007) and Sisson and Vallance (2009) also discuss the 

compositional complexity and temporal variability of several Mount Rainier tephras. The 

compositional variation between layer GRY horizons suggest that there may have been 

magma mixing, contamination, or mingling leading to more heterogeneous magma 

compositions during the later stages of eruption (Donoghue et al., 2007). The lack of 

clastic and/or organic material interbedded within layer GRY suggests that the layer is 

the product of a continuous explosive event or several closely spaced explosive events. 

This corresponds with findings of Sisson and Vallance (2009) who find evidence that 



 

 

              

   

     

          

         

           

   

         

              

         

         

         

                 

               

       

          

               

            

            

      

        

          

            

117 

some late Holocene Mount Rainier tephras are the result of multiple explosive events that 

spanned months to possibly years. 

7.3 Lake sediment record 

Sediments from Tipsoo Lake in core 2-2 provide evidence of latest Pleistocene and 

early Holocene glacial activity in the cirque above Tipsoo Lake. Glacier activity in the 

vicinity of Tipsoo Lake is regarded as an analog of glacier activity occurring in the wider 

Mount Rainier area. 

Distinct purplish-gray clays in core 2-2, starting at 100 cm depth and continuing to 

the base of the core, except for the intervening tephra layer GRY, are interpreted as 

glacigenic sediments (refer to section 5.6). The onset of glacigenic sedimentation 

corresponds with a significant decrease in organic content and grain size, and a slight 

increase in the magnetic susceptibility of the sediments. A macrofossil collected from 

above the glacigenic sediments at 88 cm depth, yields an age of 8905 ± 20 14C yr BP [cal 

yr BP 9920 – 10,180] and provides a minimum age for the end of glacial activity and the 

deposition of layer GRY. Based on an assumption of constant sedimentation rates within 

Tipsoo Lake (appendix C.2), deglaciation of the cirque above Tipsoo Lake occurred ca. 

10,900 - 10,600 14C yr BP (13,080 – 12,220 cal yr BP) (figure 7-2), and the eruption that 

produced layer GRY occurred ca. 12,500 - 12,100 14C yr BP (15,070 - 13,800 cal yr BP) 

(figure 7-2). The age of layer GRY is a suggested maximum estimate based on the 

likelihood that sedimentation rates increased during deposition of the sediment interval 

used to calculate the tephra’s age (refer to section 6.6). 

The timing of glacier activity during the latest Pleistocene remains poorly 

constrained due to a lack of dateable evidence within core 2-2. Specifically, the record of 
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glacier activity at the Tipsoo Lake site during the YD cold interval remains unresolved. 

In a study by Reasoner et al. (1994), an interval of inorganic sediments in lakes adjacent 

to the type locality of the Crowfoot moraine in the Canadian Rocky Mountains is 

bracketed by AMS radiocarbon dates between 11,330 and 10,100 14C yr BP, and is 

interpreted to mark an expansion of glaciers (Crowfoot Advance) roughly coeval with the 

YD cold interval between 11,000 and 10,000 14C yr BP. The Crowfoot Advance has been 

documented at several locations across the CNAC (refer to section 3.1). The estimated 

age of deglaciation in Tipsoo Lake (ca. 10,900 to 10,600 14C yr BP) overlaps with the YD 

climatic reversal. Considering the possible error in the age calculation, it is conceivable 

that the glacigenic sediments represent a YD advance. 

7.3.1.1 Differences 

A comparison of the lacustrine record from core 2-2 interpreted in this study to a 

record presented by Heine (1998) from his core 13 shows considerable differences. The 

main differences surround 1) the timing of glacier fluctuations occurring at the Tipsoo 

Lake site, and 2) the tephra layers present in the Tipsoo Lake core. These differences are 

addressed below. 

Heine (1998) proposed that high winter accumulation caused a McNeeley 2 

Advance between 9800 and 8950 14C yr BP (10,900 - 9950 cal yr BP (1σ)) at the Tipsoo 

Lake site. This implies that glacier expansion occurred in the early Holocene soon after 

the YD cold interval. An interpretation of the evidence from core 2-2 (this study) reveals 

that deglaciation occurred in the cirque above Tipsoo Lake ca. 10,900 – 10,600 14C yr 

BP, prior to the period assigned to the McNeeley 2 Advance (figure 7.2). Findings from 

this study are corroborated by a study conducted by Reasoner et al. (2001), who 



 

 

          

       

           

           

         

      

       

          

  

              

             

             

            

       

               

            

       

         

         

           

            

           

          

119 

evaluated the possibility of an extensive early Holocene advance at Mount Rainier, a 

period when paleoenvironmental records indicate conditions were warmer and drier than 

at present. Reasoner et al. (2001) calculated that a 500% increase in precipitation from 

present-day amounts at the ELA of glaciers in Mount Rainier National Park would be 

required to account for the McNeeley 2 Advance. A combination of paleobotanical data 

supporting higher-than-present timberlines in British Columbia, documented by Clague 

and Mathewes (1989), and the calculated precipitation increase, led Reasoner et al. 

(2001) to conclude that the required early Holocene paleoclimatic gradients were 

improbable. 

Layer GRY was not identified by Heine (1998) in his core 13, nor was any other 

pumiceous tephra layer underlying layer O. Since the layer GRY identified in core 2-2 of 

this study was visually distinct and thick (approx. 4 cm) it is unlikely that it was present 

in core 13 and was not recognized. An absence of layer GRY in core 13 may be the 

product of post-depositional weathering, which resulted in a discontinuous distribution of 

the tephra in Tipsoo Lake, or alternatively, core 13 did not penetrate to the depth of layer 

GRY in the lake sediments. In any event, the absence of layer GRY in core 13 suggests 

that an incomplete lacustrine record was collected by Heine (1998). 

Heine (1998) identified a dark-gray, <2mm thick, fine sandy tephra layer 

underlying the McNeeley 2 Advance sediments in core 13, and inferred that the tephra 

layer was a previously unidentified in Mount Rainier National Park. The basis on which 

the sandy layer was determined to be a tephra is not defined; geochemical and 

petrographic analyses of the layer were not conducted (Jan Heine, pers. commun., 2011). 

The dark-gray, fine sandy tephra described by Heine (1998) was not identified in core 2-2 
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from this study, however the deposit may be discontinuous based on its thinness (Jan 

Heine, pers. commun., 2011). 

7.3.1.2 Similarities 

A comparison of the stratigraphy of core 2-2 described in this study (section 5.6) 

and the stratigraphy of core 13 presented by Heine (1997) reveals some similarities that 

allow for correlation between the two cores. 

A thick, distinct deposit of layer O is found overlying organic-rich sediments in 

both cores. In core 13, the organic-rich sediments below layer O overlie organic-poor 

sediments that contain layering of grains rich in Fe/Mg. Heine (1998) suggests that the 

Fe/Mg grains are the product of abrasion of granitic rocks by glacier activity in the cirque 

floor above Tipsoo Lake, and interprets that the low-organic Fe/Mg mineral layering 

represent glacigenic sediments from the early Holocene McNeeley 2 Advance. Similarly, 

layering of Fe/Mg grains, interpreted as non-glacial in origin (section 5.6), is also 

observed in core 2-2. The thickest layer of Fe/Mg grains, occurring between 95 and 96 

cm depth, is associated with a decrease in organic content. These similarities indicate that 

the interval containing the Fe/Mg minerals in core 2-2 may correspond with the 

sediments identified as McNeeley 2 outwash described in core 13. 

In addition, core 13 and core 2-2 each contain organic-poor sediments at their 

bases. Heine (1998) interprets that his organic-poor basal silt layer is the product of 

postglacial sedimentation unrelated to an advance, occurring prior to the McNeeley 2 

Advance. In core 2-2, sediments starting at 100 cm also correspond with low organic 

content, but are interpreted as glacigenic in origin (section 5.6). The organic-poor 
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sediments at the base of core 13 and core 2-2 may be concurrent and originate from the 

same source, but are interpreted differently in the two studies. 

The similarities between the core 13 and 2-2, discussed above, lead to the 

interpretation that core 13 analyzed by Heine (1998) may encompass only the interval of 

sediments in core 2-2 from layer O to just above layer GRY (i.e. ca. 74 to 108 cm). This 

correlation is shown in figure 7-3. An impenetrable horizon was encountered by Heine 

(1998) at the base of core 13, which he interpreted as basal till from the McNeeley 1 

Advance. Till-like material was not actually identified at the base of core 13, instead it 

was assumed to be present because the sediments were impenetrable (Jan Heine, pers. 

commun., 2011). It is possible that the impenetrable layer was actually layer GRY. In 

other lacustrine studies at Mount Rainier, coarse tephra layers have proven impenetrable 

when coring (Dunwiddie, 1983). 



 

 

 

          
               
          

122 

Figure 7-3 Proposed correlation between core 13 (left), collected by Heine (1998), 
and core 2-2, collected in this study. LOI charts are given from both. Both cores 
were collected from Tipsoo Lake (core 13 image modified from Heine (1998)). 
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Chapter Eight: Conclusions 

Glacier fluctuations are regarded as a proxy for changing environmental conditions. 

As the number of glacier chronologies grows from sites across the CNAC, our perception 

of the timing and magnitude of glacier fluctuations in response to climate change events 

evolves. Results from this study provide an additional dataset to draw on when re-

evaluating our understanding of past glacier behaviour. Evidence from an examination of 

lateral moraine stratigraphy, lacustrine sedimentation and tephrostratigraphy provide a 

discontinuous record of glacier activity on Mount Rainier since the latest Pleistocene. 

Significant findings and directions for further work are as follows: 

•	 Based on the lacustrine record from Tipsoo Lake, deglaciation of small cirques in 

Mount Rainier National Park occurred before 8905 ± 20 14C yr BP [cal yr BP 9920 – 

10,180]. The estimated age of deglaciation, based on sedimentation rates in Tipsoo 

Lake is 10,900 - 10,600 14C yr BP. Evidence does not support an extensive early 

Holocene McNeeley 2 Advance as proposed by Heine (1998). All evidence 

supporting significant early Holocene advances from Mount Rainier (Heine, 1998), 

Mount Baker (Thomas et al., 2000; Kovanen and Slaymaker, 2005) and Glacier Peak 

(Begét, 1981) has been challenged on the basis of new evidence. A future 

examination of additional lacustrine records may provide new evidence to more 

closely constrain the timing of deglaciation in the Mount Rainier area. 

•	 Tephra layers O and GRY were identified in core 2-2 from Tipsoo Lake, and the 

geochemistry of their glass shards was determined using electron microprobe 

analysis. Layer GRY is either a previously unidentified coarse tephra produced by an 
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eruption of Mount Rainier or is related to the eruption that produced layer R. A 

radiocarbon age of 8905 ± 20 14C yr BP [cal yr BP 9920 – 10,180] from a macrofossil 

provides a minimum age for layer GRY; sedimentation rates from Tipsoo Lake 

provide an estimated maximum-limiting age of ca. 12,500 to 12,100 14C yr BP. It is 

recommended that further comparison of glass shard geochemistry of layer GRY 

from this study to a previously identified sample of layer R be completed in order to 

determine if it is, in fact, layer R. In addition, collection of additional AMS 

radiocarbon ages to bracket the age of layer GRY and layer R would help to resolve 

their temporal relationship, and also the eruptive history of Mount Rainier. 

•	 Radiocarbon dated fossil wood from lateral moraines provides a record of glacier 

fluctuations over the last two millennia. Specifically, glaciers were depositing tills on 

lateral moraine flanks from AD 130 to 530 and again as early as AD 1300 during the 

LIA. Previous records also document a glacier advance between ca. 2.5 and 3.0 ka 

(Burroughs Mountain Advance; Crandell, 1969; Crandell and Miller, 1974). The 

timing of glacier advance on Mount Rainier is synchronous with the timing of the 

three latest widely-recognized Neoglacial advances from elsewhere in the CNAC, 

supporting the concept of episodic growth of glaciers during the Neoglacial interval 

on millennial timescales. A future examination of Burroughs Mountain moraines to 

better verify their age, distribution, and magnitude is recommended. 



 

 

 

         

         

  

           

    

         

       

        

            

        

             

        

  

           

    

          

        

      

        

            

        

            

        

  

           

         

        

            

      

125 

References 

Abella, S.R., Zimmer, B.W., 2007. Estimating organic carbon from loss-on-ignition in 

northern Arizona forest soils. Soil Science Society of America Journal 71, 545– 

550. 

Alley, R.B., 2000. The Younger Dryas cold interval as viewed from central Greenland. 

Quaternary Science Reviews 19, 213–226. 

Alley, R.B., 2004. GISP2 Ice Core Temperature and Accumulation Data. IGBP 

PAGES/World Data Center for Paleoclimatology, Data Contribution Series 

#2004-013. NOAA/NGDC Paleoclimatology Program, Boulder CO, USA. 

Alley, R.B., Ágústsdóttir, A.M., 2005. The 8k event: cause and consequences of major 

Holocene abrupt climate change. Quaternary Science Reviews 24, 1123–1149. 

Alley, R.B., Mayewski, P.A., Sowers, T., Stuiver, M., Taylor, K.C., Clark, P.U., 1997. 

Holocene climatic instability: a prominent widespread event 8200 yr ago. 

Geology 25, 483–486. 

Begét, J.E., 1981. Early Holocene glacier advance in the North Cascade Range, 

Washington. Geology 9, 409–413. 

Björk, S., Wohlfarth, B., 2001. 14C Chronostratigraphic techniques in paleolimnology. In: 

Last, W.M., Smol, J.P. (Eds.). Tracking Environmental Change using Lake 

Sediments, Volume 1: Basin Analysis, Coring and Chronological Techniques. 

Kluwer Academic Publishers, Dordrecht, The Netherlands, pp. 205–246. 

Boyle, J., 2004. A comparison of two methods for estimating the organic matter content 

of sediments. Journal of Paleolimnology 31. 125–127. 

Brace, S., Peterson, D.L., 1998. Spatial patterns of tropospheric ozone in the Mount 

Rainier region of the Cascade Mountains, U.S.A. Atmospheric Environment 32 

(21), 3629–3637. 

Brohan, P., Kennedy, J.J., Harris, I., Tett, S.F.B., Jones, P.D., 2006. Uncertainty 

estimates in regional and global observed temperature changes: A new data set 

from 1850. Journal of Geophysical Research 3, D12106, 1–21. 

Burbank, D.W., 1981. A chronology of late Holocene glacier fluctuations on Mount 

Rainier, Washington. Arctic and Alpine Research 13 (4), 369–386. 



 

 

           

        

  

           

         

           

         

          

        

  

           

        

      

            

     

  

            

      

   

          

       

           

       

         

        

    

            

          

        

   

126 

Burbank, D.W., 1982. Correlations of climate, mass balances, and glacial fluctuations at 

Mount Rainier, Washington, U.S.A., since 1850. Arctic and Alpine Research 

14(2), 137–148. 

Cambardella, C.A., Gajda, A.M., Doran, J.W., Wienhold, B.J., Kettler, T.A., 2001. 

Estimation of particulate and total organic matter by weight loss-on-ignition. In: 

Lal, R., Kimble, J.M., Follett, R.F., Stewart, B.A. (Eds.). Assessment Methods 

for Soil Carbon. Lewis Publishers, New York, pp. 349–359. 

Clague, J.J., Mathewes, R.W., 1989. Early Holocene thermal maximum in western North 

America: new evidence from Castle Peak, British Columbia. Geology 17, 277– 

280. 

Clague, J.J., Mathewes, R.W., Guilbault, J.-P., Hutchinson, I., Ricketts, B.D., 1997. Pre-

Younger Dryas resurgence of the southwestern margin of the Cordilleran ice 

sheet, British Columbia, Canada. Boreas 26, 261–278. 

Clague, J.J., Menounos, B., Osborn, G., Luckman, B.H., Koch, J., 2009. Nomenclature 

and resolution in Holocene glacial chronologies. Quaternary Science Reviews 28 

(21-22), 2231–2238. 

Clague, J.J., Koch, J., Geertsema, M., 2010. Expansion of outlet glaciers of the Juneau 

Icefield in northwest British Columbia during the past two millennia. The 

Holocene 20(3), 447–461. 

Crandell, D.R., 1969. Surficial geology of Mount Rainier National Park, Washington. 

U.S. Geological Survey Bulletin 1288, 41 p. 

Crandell, D.R., 1971. Postglacial lahars from Mount Rainier volcano, Washington. U.S. 

Geological Survey Professional Paper 677, 75 p. 

Crandell, D.R., Miller, R.D., 1974. Quaternary stratigraphy and extent of glaciation in the 

Mount Rainier region, Washington. U.S. Geological Survey Professional Paper 

847, 59 p. 

Crandell, D.R., Mullineaux, D.R., Miller, R.D., Rubin, M., 1962. Pyroclastic deposits of 

recent age at Mount Rainier, Washington. In: Short Papers in Geology, 

Hydrology, and Topography. U.S. Geological Survey Professional Paper 450-D, 

pp. D64-D68. 



 

 

         

     

          

        

      

            

       

               

            

        

           

        

  

          

      

       

           

         

        

   

            

            

            

         

         

     

          

     

          

    

127 

Davis, P.T., 1988. Holocene glacier fluctuations in the American Cordillera. Quaternary 

Science Reviews 7, 129–157. 

Davis, P.T., 2003. Abrupt late Pleistocene climatic reversals in Colorado and Wyoming: 

evidence from lake sediments and moraines in cirques. Geological Society of 

America Abstracts with Programs 35(6), 350. 

Davis, P.T., Osborn, G., 1987. Age of pre-Neoglacial cirque moraines in the Central 

North American Cordillera. Géographie Physique et Quaternaire 41(3), 365–375. 

Davis, P.T., Osborn, G., Menounos, B., Ryane, C., Clague, J., Riedel, J., Koch, J., Scott, 

K., Reasoner, M., 2005. New evidence for Holocene glacier fluctuations on Mt. 

Baker, Washington. Eos. AGU Fall Meeting Supplement, Abstract U4A-0827. 

Davis, P.T., Menounos, B., Osborn, G., 2009. Holocene and latest Pleistocene alpine 

glacier fluctuations: a global perspective. Quaternary Science Reviews 28, 2021– 

2033. 

Dean, W.E., Jr., 1974. Determination of carbonate and organic matter in calcareous 

sediments and sedimentary rocks by loss on ignition: comparison with other 

methods. Journal of Sedimentary Petrology 44, 242–248. 

Dearing, J.A., 1999. Holocene environmental change from magnetic proxies in lake 

sediments. In: Maher, B.A., Thompson, R. (Eds.), Quaternary Climates, 

Environment and Magnetism. Cambridge University Press. West Nyack, NY, 

USA. pp. 231–278. 

Donoghue, S.L., Vallance, J., Smith, I.E., Stewart, R.B., 2007. Using geochemistry as a 

tool for correlating proximal andesitic tephra: case studies from Mt Rainier (USA) 

and Mt Ruapehu (New Zealand). Journal of Quaternary Science 22(4), 395 – 410. 

Driedger, C.L., Kennard, P.M., 1986. Ice volumes on Cascade volcanoes—Mount 

Rainier, Mount Hood, Three Sisters, and Mount Shasta. U.S. Geological Survey 

Professional Paper 1365, 28 p. 

Dunwiddie, P.W., 1983. Holocene forest dynamics on Mount Rainier, Washington. Ph.D 

Thesis, University of Washington, Washington, USA. 

Dunwiddie, P.W., 1986. A 6000-year record of forest history on Mount Rainier, 

Washington. Ecology 67(1), 58–68. 



 

 

            

          

    

            

       

             

        

         

     

          

      

 

         

    

         

     

             

        

  

          

   

          

         

       

           

    

           

       

128 

Fiacco, R.J., Jr., Palais, J.M., Germani, M.S., Zielinski, G.A., Mayewski, P.A., 1993. 

Characteristics and possible source of a 1479 A.D. volcanic ash layer in a 

Greenland ice core. Quaternary Research 39, 267–273. 

Fiske, R.S., Hopson, C.A., Waters, A.C., 1963. Geology of Mount Rainier National Park, 

Washington. U.S. Geological Survey Professional Paper 444, 93 p. 

Foit, F.F., Jr., Gavin, D.G., Hu, F.S., 2004. The tephra stratigraphy of two lakes in south-

central British Columbia, Canada and its implications for mid-late Holocene 

volcanic activity at Glacier Peak and Mount St. Helens, Washington, USA. 

Canadian Journal of Earth Sciences 41, 1401–1410. 

Friele, P.A., Clague, J.J., 2002. Younger Dryas readvance in Squamish River valley, 

southern Coast Mountains, British Columbia. Quaternary Science Reviews 21, 

1925–1933. 

Gilbert, R., 1975. Sedimentation in Lillooet Lake, British Columbia. Canadian Journal of 

Earth Sciences 12, 1697–1711. 

Grigg, L.D., Whitlock, C., 1998. Late-glacial vegetation and climate change in western 

Oregon. Quaternary Research 49, 287–298. 

Grimm, E.C., Maher, L.J., Jr., Nelson, D.M., 2009. The magnitude of error in 

conventional bulk-sediment radiocarbon dates from central North America. 

Quaternary Research 72, 301–308. 

Håkanson, L., Jansson, M., 1983. Principles of lake sedimentology. Springer-Verlag, 

Berlin, 316 p. 

Hallett, D.J., Hills, L.V., Clague, J.J., 1997. New accelerator mass spectrometry 

radiocarbon ages for the Mazama tephra layer from Kootenay National Park, 

British Columbia, Canada. Canadian Journal of Earth Sciences 34, 1202–1209. 

Harris, S.L., 1980. Fire and ice: the Cascade volcanoes. The Mountaineers and Pacific 

Search Press, Seattle, WA, 320 p. 

Hebda, R.J., 1995. British Columbia vegetation and climate history with a focus on 6 ka 

BP. Géographie Physique et Quaternaire 49, 55–79. 



 

 

          

         

  

           

        

     

            

     

      

            

          

            

           

         

         

     

           

      

            

        

        

         

         

            

          

       

   

          

         

           

129 

Heine, J.T., 1997. Glacier advances at the Pleistocene/Holocene transition near Mount 

Rainier volcano, Cascade Range, USA. Ph.D. Thesis, University of Washington. 

Washington, USA. 

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. 

Heiri, O., Lotter, A.F., Lemcke, G., 2001. Loss on ignition as a method for estimating 

organic and carbonate content in sediments: reproducibility and comparability of 

results. Journal of Paleolimnology 25, 101–110. 

Hekkers, M.L., 2010. Climatic and spatial variations of Mount Rainier’s glaciers for the 

last 12,000 years. MSc. Thesis, Portland State University. Oregon, USA. 

Hu, F.S., Ito, E., Brown, T.A., Curry, B.B., Engstrom, D.R., 2001. Pronounced climatic 

variations in Alaska during the last two millennia. Proceedings of the National 

Academy of Sciences of the United States of America 98(19), 10552–10556. 

Humlum, O., 1978. Genesis of layered lateral moraines: implications for 

palaeoclimatology and lichenometry. Geografisk Tidsskrift 77, 65–72. 

Hunt, J.B., Hill, P.G., 1993. Tephra geochemistry: a discussion of some persistent 

analytical problems. The Holocene 3, 271–278. 

IPCC, 2007. Parry, M.L., Canziani, O.F., Palutikof, J.P., Van der Linden, P.J., Hanson, 

C.E. (Eds.), Contribution of Working Group II to the Fourth Assessment Report 

of the Intergovernmental Panel on Climate Change, 2007. Cambridge University 

Press, Cambridge, United Kingdom and New York, NY, USA. 

Iturrizaga, L., 2008. Post-sedimentary transformation of lateral moraines – the tributary 

tongue basins of the Kvíárjökull (Iceland). Journal of Mountain Science 5, 1–16. 

Karlén, W., 1976. Lacustrine sediments and tree-limit variations as indicators of 

Holocene climatic fluctuations in Lappland, Northern Sweden. Geografiska 

Annaler 58 (1-2), 1–34. 

Karlén,W., 1981. Lacustrine sediment studies. A technique to obtain a continuous record 

of Holocene glacier variations. Geografiska Annaler 63 (3-4), 273–281. 

Karlén, W., Matthews, J.A., 1992. Reconstructing Holocene glacier variations from glacial 



 

 

      

      

           

      

         

        

       

            

           

      

            

         

      

           

          

     

              

       

        

  

              

        

        

           

     

         

         

   

           

  

130 

lake sediments: studies from Nordvestlandet and Jostedalsbreen-Jotunheimen, 

southern Norway. Geografiska Annaler 74 (A), 327–348. 

Koch, J., Clague, J.J., 2010. Extensive glaciers in northwest North America during 

Medieval time. Climatic Change, DOI 10.1007/s10584-010-0016-2. 

Kovanen, D.J., Slaymaker, O., 2005. Fluctuations of Deming Glacier and theoretical 

equilibrium-line altitudes during the late Pleistocene and early Holocene on 

Mount Baker, Washington, USA. Boreas 34, 157–175. 

Lakeman, T.R., Clague, J.J., Menounos, B., 2008a. Advance of alpine glaciers during 

final retreat of the Cordilleran ice sheet in the Finlay River area, northern British 

Columbia, Canada. Quaternary Research 69, 188–200. 

Lakeman, T.R., Clague, J.J., Menounos, B., Osborn, G.D., Jensen, B.J.L., Froese, D.G., 

2008b. Holocene tephras in lake cores from northern British Columbia, Canada. 

Canadian Journal of Earth Sciences 45, 935–947. 

Larson, G.L., Wones, A., McIntire, C.D., Samora, B., 1994. Integrating limnological 

characteristics of high mountain lakes into the landscape of a natural area. 

Environmental Management 18(6), 871–888. 

Last, W.M., 2002. Textural analysis of lake sediments. In: Last, W.M., Smol, J.P., (Eds.), 

Tracking Environmental Change using Lake Sediments,Volume 2: Physical and 

Geochemical Methods. Kluwer Academic Publishers, Dordrecht, the Netherlands, 

pp. 41–81. 

Le Bas, M.J., Le Maitre, R.W., (Eds.), 2002. Igneous rocks : Recommendations of the 

International Union of Geological Sciences Subcommission on the Systematics of 

Igneous Rocks. Cambridge University Press, West Nyack, NY, USA. 

Leonard, E.M., 1986. Varve studies at Hector Lake, Alberta, Canada, and the relationship 

between glacial activity and sedimentation. Quaternary Research 25, 199–214. 

Leonard, E.M., Reasoner, M.A., 1999. A continuous Holocene glacial record inferred 

from proglacial lake sediments in Banff National Park, Alberta, Canada. 

Quaternary Research 51, 1–13. 

Livingstone, D.A., 1955. A lightweight piston sampler for lake deposits. Ecology 36 (1), 

137–139. 



 

 

          

 

           

   

           

    

          

       

       

       

     

           

     

            

     

        

        

        

      

     

            

       

    

            

        

     

           

        

 

131 

Luckman, B.H., 2000. The Little Ice Age in the Canadian Rockies. Geomorphology 32, 

357–384. 

Luckman, B.H., Osborn, G.D., 1979. Holocene glacier fluctuations in the Middle 

Canadian Rockies. Quaternary Research 11, 52–77. 

Luckman, B.H., Holdsworth, G., Osborn, G.D., 1993. Neoglacial glacier fluctuations in 

the Canadian Rockies. Quaternary Research 39, 144–155. 

MacDonald, G.M., Beukens, R.P., Kieser, W.E., 1991. Radiocarbon dating of limnic 

sediments: A comparative analysis and discussion. Ecology 72(3), 1150–1155. 

Matthews, J.A., Petch, J.R., 1982. Within-valley asymmetry and related problems of 

Neoglacial lateral moraine development at certain Jotunheimen glaciers, southern 

Norway. Boreas 11, 225–247. 

Matthews, J.A., Briffa, K.R., 2005. The ‘Little Ice Age:’ re-evaluation of an evolving 

concept. Geografiska Annaler 87, 17–36. 

Matthews, J.A., Svein, O.D., Nesge, A., Berrisford, M.S., Andersson, C., 2000. Holocene 

glacier variations in central Jotunheimen, southern Norway based on distal 

glaciolacustrine sediment cores. Quaternary Science Reviews 19, 1625–1647. 

Menounos, B., Clague, J.J., 2008. Reconstructing hydro-climatic events and glacier 

fluctuations over the past millennium from annually laminated sediments of 

Cheakamus Lake, southern Coast Mountains, British Columbia, Canada. 

Quaternary Science Reviews 27, 701–713. 

Menounos, B., Koch, J., Osborn, G., Clague, J.J., Mazzucchi, D., 2004. Early Holocene 

glacier advance, southern Coast Mountains, British Columbia, Canada. 

Quaternary Science Reviews 23, 1543–1550. 

Menounos, B., Clague, J.J., Osborn, G., Luckman, B.H., Lakeman, T.R., Minkus, R., 

2008. Western Canadian glaciers advance in concert with climate change circa 4.2 

ka. Geophysical Research Letters 35, L07501. 

Menounos, B., Osborn, G., Clague, J.J., Luckman, B., 2009. Latest Pleistocene and 

Holocene glacier fluctuations in western Canada. Quaternary Science Reviews 28, 

2049–2074. 



 

 

          

       

          

      

          

 

           

       

       

             

       

       

     

          

          

  

            

           

   

            

       

       

        

   

      

      

          

      

 

132 

Mills, H.H., 1978. Some characteristics of glacial sediments on Mount Rainier, 

Washington. Journal of Sedimentary Petrology 48(4), 1345–1356. 

Mullineaux, D.R., 1974. Pumice and other pyroclastic deposits in Mount Rainier National 

Park, Washington. U.S. Geological Survey Bulletin 1326, 83 p. 

National Park Service (NPS), April 28, 2010. Weather. Retrieved August 4, 2011 from 

http://www.nps.gov/mora/planyourvisit/weather.htm. 

Niklaus, T.R, Bonani, G., Suter, M., Wölfli, W., 1994. Systematic investigation of 

uncertainties in radiocarbon dating due to fluctuations in the calibration curve. 

Nuclear Instruments and Methods in Physics Research B92, 194–200. 

Nowaczyk, N.R., 2002. Logging of magnetic susceptibility. In: Last, W.M., Smol, J.P., 

(Eds.), Tracking Environmental Change Using Lake Sediments. Volume 1: Basin 

Analysis, Coring, and Chronological Techniques. Kluwer Academic Publishers, 

Dordrecht, The Netherlands, pp. 155–170. 

Nylen, T.H., 2004. Spatial and temporal variations of glaciers (1913-1994) on Mt. 

Rainier and the relation with climate. MSc. Thesis, Portland State University. 

Oregon, USA. 

Oldfield, F., Appleby, P.G., Thompson, R., 1980. Palaeoecological studies of lakes in the 

highlands of Papua New Guinea: I. The chronology of sedimentation. Journal of 

Ecology 68(2), 457–477. 

Osborn, G.D., 1978. Fabric and origin of lateral moraines, Bethartoli Glacier, Garhwal 

Himalaya, India. Journal of Glaciology 20 (84), 547–553. 

Osborn, G., 1985. Holocene tephrostratigraphy and glacial fluctuations in Waterton 

Lakes and Glacier national parks, Alberta and Montana. Canadian Journal of 

Earth Sciences 22, 1093–1101. 

Osborn, G., 1986. Lateral-moraine stratigraphy and Neoglacial history of Bugaboo 

Glacier, British Columbia. Quaternary Research 26, 171–178. 

Osborn, G., Luckman, B.H., 1988. Holocene glacier fluctuations in the Canadian 

Cordillera (Alberta and British Columbia). Quaternary Science Reviews 7, 115– 

128. 

http://www.nps.gov/mora/planyourvisit/weather.htm


 

 

         

      

          

    

   

          

       

   

             

         

      

              

         

      

           

          

      

    

           

             

   

          

       

  

           

         

       

  

         

      

133 

Osborn, G., Karlstrom, E.T., 1989. Holocene moraine and paleosol stratigraphy, Bugaboo 

Glacier, British Columbia. Boreas 18, 311–322. 

Osborn, G., Gerloff, L., 1997. Latest Pleistocene and early Holocene fluctuations of 

glaciers in the Canadian and northern American Rockies. Quaternary International 

38/39, 7–19. 

Osborn, G.D., Robinson, B.J., Luckman, B.H., 2001. Holocene and latest Pleistocene 

fluctuations of Stutfield Glacier, Canadian Rockies. Canadian Journal of Earth 

Sciences 38, 1141–1155. 

Osborn, G., Menounos, B., Koch, J., Clague, J.J., Vallis, V., 2007a. Multi-proxy record 

of Holocene glacial history of the Spearhead and Fitzsimmons ranges, southern 

British Columbia. Quaternary Science Reviews 26, 479–493. 

Osborn, G., Menounos, B., Scott, K., Clague, J.J., Tucker, D., Riedel, J., Davis, P., 

2007b. Neoglacial fluctuations of Deming Glacier, Mt. Baker, Washington U.S.A. 

Eos. AGU Fall Meeting Supplement, Abstract GC41A-0095. 

Pellatt, M.G., Smith, M.J., Mathewes, R.W., Walker, I.R. and Palmer, S.L., 2000. 

Holocene treeline and climate change in the subalpine zone near Stoyoma 

Mountain, Cascade Mountains, southwestern British Columbia. Arctic, Antarctic, 

and Alpine Research 32, 73–83. 

Porter, S.C., 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. 

Pringle, P.T., 2008. Roadside geology of Mount Rainier National Park and vicinity. 

Washington Division of Geology and Earth Resources Information Circular 107, 

191 p. 

Pringle, P.T., Scott, K.M., 2008. An overview of volcanic processes and hazards. In: 

Pringle, P.T., Roadside Geology of Mount Rainier National Park and Vicinity. 

Washington Division of Geology and Earth Resources Information Circular 107, 

pp. 45–48. 

Reasoner, M.A., 1993. Equipment and procedure improvements for a lightweight, 

inexpensive, percussion core sampling system. Paleolimnology 8, 273–281. 



 

 

          

        

   

              

        

   

         

         

      

  

      

      

             

           

           

          

          

     

       

           

      

      

              

           

        

  

              

          

        

  

134 

Reasoner, M.A., Jodry, M.A., 2000. Rapid response of alpine timberline vegetation to the 

Younger Dryas climate oscillation in the Colorado Rocky Mountains, USA. 

Geology 28(1), 51–54. 

Reasoner, M.A., Osborn, G., Rutter, N.W., 1994. Age of the Crowfoot advance in the 

Canadian Rocky Mountains: A glacial event coeval with the Younger Dryas 

oscillation. Geology 22, 439–442. 

Reasoner, M.A., Davis, P.T., Osborn, G., 2001. Evaluation of proposed early-Holocene 

advances of alpine glaciers in the North Cascade Range, Washington State, USA: 

Constraints provided by paleo-environmental reconstructions. The Holocene 11, 

607–611. 

Reed, S.J.B., 1996. Electron microprobe analysis and scanning electron microscopy in 

geology. Cambridge University Press, 206 p. 

Reimer, P.J., Baillie, M.G.L., Bard, E., Bayliss, A., Beck, J.W., Blackwell, P.G., Bronk 

R.C., Buck, C.E., Burr, G.S., Edwards, R.L., Friedrich, M., Grootes, P.M., 

Guilderson, T.P., Hajdas, I., Heaton, T.J., Hogg, A.G., Hughen, K.A., Kaiser, 

K.F., Kromer, B., McCormac, F.G., Manning, S.W., Reimer, R.W., Richards, 

D.A., Southon, J.R., Talamo, S., Turney, C.S.M., van der Plicht, J., 

Weyhenmeyer, C.E., 2009. IntCal09 and Marine09 Radiocarbon Age Calibration 

Curves, 0–50,000 Years cal BP. Radiocarbon 51(4), 1111–1150. 

Reyes, A.V., Clague, J.J., 2004. Stratigraphic evidence for multiple Holocene advances 

of Lillooet Glacier, southern Coast mountains, British Columbia. Canadian 

Journal of Earth Sciences 41, 903–918. 

Reyes, A.V., Wiles, G.C., Smith, D.J., Barclay, D.J., Allen, S., Jackson, S., Larocque, S., 

Laxton, S., Lewis, D., Calkin, P.E., Clague, J.J., 2006. Expansion of alpine 

glaciers in Pacific North America in the first millennium A.D. Geology 34, 56– 

60. 

Riedel, J.L., Ryane, C., Osborn, J., Davis, P.T., Menounos, B., Clague, J.J., Koch, J., 

Scott, K.M., Reasoner, M., 2006. Do glaciers on Cascade volcanoes behave 

differently than other glaciers in the region? Eos, AGU Fall Meeting Supplement, 

Abstract PP43A-1219. 



 

 

       

   

          

       

         

   

              

          

    

          

        

      

        

        

          

         

        

        

          

     

         

           

         

     

            

    

           

       

             

          

135 

Rogers, G.C., 1985. Variation in Cascade volcanism with margin orientation. Geology 

13, 495–498. 

Röthlisberger, F., Schneebeli, W., 1979. Genesis of lateral moraine complexes, 

demonstrated by fossil soils and trunks: Indicators of postglacial climatic 

fluctuations. In: Schlüchter, C. (Ed.), Moraines and Varves. A.A. Balkema, 

Rotterdam, pp. 387–419. 

Ryane, C., Menounos, B., Osborn, G., Clague, J., Davis, P.T., Riedel, J., Scott, K., 

Tucker, D., Clark, D., 2008. Holocene Glacier fluctuations on Mt. Baker, 

Washington USA. Canadian Geophysical Union Abstracts with Programs. 

Ryder, J.M., Thomson, B., 1986. Neoglaciation in the southern Coast Mountains of 

British Columbia: Chronology prior to the late-Neoglacial maximum. Canadian 

Journal of Earth Sciences 23, 273–287. 

Samolczyk, M.A., Osborn, G., 2010. The utility of proximal-accretion stratigraphy in 

lateral moraines. Eos, AGU Fall Meeting Supplement, Abstract GC21A-0865. 

Sandgren, P., Snowball, I., 2002. Applications of mineral magnetic techniques to 

paleolimnology. In: Last, W.M., Smol, J.P., (Eds.). Tracking Environmental 

Change using Lake Sediments, Volume 2: Physical and Geochemical Methods. 

Kluwer Academic Publishers, Dordrecht, the Netherlands. pp. 217–237. 

Sarna-Wojcicki, A.M., 2000. Tephrochronology. In: Noller, J.S., Sowers, J.M., Lettis, 

W.R., (Eds.), Quaternary Geochronology: Methods and Applications. American 

Geophysical Union reference shelf 4, Washington, DC, USA, pp. 357–377. 

Scott, K.M., Vallance, J.W., Pringle, P.T., 1995. Sedimentology, behaviour, and hazards 

of debris flows at Mount Rainier, Washington. U.S. Geological Survey 

Professional Paper 1547, 56 p. 

Scott, W.E., 1990. Patterns of volcanism in the Cascade Arc during the past 15,000 years. 

Geoscience Canada 17(3), 179–83. 

Sigafoos, R.S., Hendricks, E.L., 1972. Recent activity of glaciers of Mount Rainier, 

Washington. U.S. Geological Survey Professional Paper 387-B, 24 p. 

Sisson, T.W., Lanphere, M.A., 2008. Lava and ice – Growth and eruptive style of Mount 

Rainier. In: Pringle, P.T., Roadside geology of Mount Rainier National Park and 



 

 

    

    

             

     

           

      

           

         

 

           

        

             

  

          

        

            

      

       

     

            

         

  

         

         

   

           

         

        

           

        

136 

vicinity. Washington Division of Geology and Earth Resources Information 

Circular 107, pp. 30–34. 

Sisson, T.W., Vallance, J.W., 2009. Frequent eruptions of Mount Rainier over the last 

~2,600 years. Bulletin of Volcanology 71, 595–618. 

Small, R.J., 1983. Lateral moraines of glacier Tsidjiore Nouve: form, development, and 

implications. Journal of Glaciology 29(102), 250–259. 

Smith, H.W., Okazaki, R., 1977. Electron microprobe analysis of glass shards from 

tephra assigned to Set W, Mount St. Helens, Washington. Quaternary Research 7, 

207–217. 

Steen-McIntyre, V., 1977. A manual for tephrochronology. Colorado School of Mines 

Press, Golden, Colorado, USA, 167 p. 

Stuiver, M., Reimer, P. J., and Reimer, R. W. 2010. CALIB 6.0. Retrieved July 21, 2010 

from http://calib.qub.ac.uk/calib/. 

Thomas, P.A., Easterbrook, D.J., Clark, P.U., 2000. Early Holocene glaciation on Mount 

Baker, Washington State, USA. Quaternary Science Reviews 19, 1043–1046. 

Turney, C.S.M., Lowe, J.J., 2002. Tephrochronology. In: Last, W.M., Smol, J.P., (Eds.). 

Tracking Environmental Change using Lake Sediments, Volume 1: Basin 

Analysis, Coring, and Chronological Techniques. Kluwer Academic Publishers, 

Dordrecht, The Netherlands, pp. 451–471. 

Waitt, R.G., Yount, J.C., Davis, P.T., 1982. Regional significance of an early Holocene 

moraine in the Enchantment Lakes Basin, North Cascade Range, Washington. 

Quaternary Research 17, 191–210. 

Walder, J.S., Driedger, C.L., 1994. Rapid geomorphic change caused by glacial floods 

and debris flows along Tahoma Creek, Mount Rainier, Washington, U.S.A. Arctic 

and Alpine Research 26(4), 319–327. 

Walder, J.S., Driedger, C.L., 1995. Frequent outburst floods from Tahoma Glacier, 

Mount Rainier, U.S.A.: relation to debris flows, meteorological origin and 

implications for subglacial hydrology. Journal of Glaciology 41(137), 1–10. 

Westgate, J.A., Evans, M.E., 1978. Compositional variability of Glacier Peak tephra and 

its stratigraphic significance. Canadian Journal of Earth Sciences 15, 1554–1567. 

http://calib.qub.ac.uk/calib


 

 

          

         

   

          

     

            

   

             

   

          

       

  

 

 

 

137 

Wilcox, R.E., 1965. Volcanic-ash chronology. In: Wright, H.E., Jr., and Frey, D.G., 

(Eds.), The Quaternary of the United States. Princeton Univ. Press, Princeton, 

N.J., pp. 807–816. 

Wood, C.A., Kienle, J., 1990. Volcanoes of North America: United States and Canada. 

Cambridge University Press, New York, 354 p. 

Wright, H.E., Jr., 1967. A square-rod piston sampler for lake sediments. Journal of 

Sedimentary Petrology 37, 975–976. 

Yamaguchi, D.K., 1983. New tree ring dates for recent eruptions of Mount St. Helens. 

Quaternary Research 20, 246–250. 

Zdanowicz, C.M., Zielinski, G.A., Germani, M.S., 1999. Mount Mazama eruption: 

calendrical age verified and atmospheric impact assessed. Geology 27(7), 621– 

624. 



 

 

     

         
       

      
  

          
      

          
      

          
        

   
          

      
     

     
           

      
    

            
      

     
        

  
  
          

      
    

          
       

          
       

      
  

            
       
       

              
       

     
          

   
         

     
     

   
           

       
       

138 

APPENDIX A: LATERAL MORAINE STRATIGRAPHY 

Table A.1. Dimensions and condition of sampled fossil wood 
Sample ID Collection Date Length Diameter Description 

(D/M/YY) (cm) (cm) 
NISQUALLY GLACIER 
NIS09-03 26/7/09 60 25	 Angled parallel to proximal moraine flank 

along sandy seam. No bark visible. 
NIS09-03B 31/7/09 60 20	 Angled parallel to proximal moraine flank 

along sandy seam. No bark visible. 
NIS09-03C 31/7/09 101 20	 Angled parallel to proximal moraine flank 

along sandy seam. No bark visible. Log is 
broken and bent. 

NIS09-06A 31/7/09 30 3	 Sticking out of diamict perpendicular to 
valley axis, slightly angled towards valley 
bottom. Laminated sediments above wood 
piece. No bark visible. 

NIS09-08A 31/7/09 10 + 2	 Sticking out of diamict perpendicular to 
valley axis, slightly angled towards valley 
bottom. No bark visible. 

NIS09-10 8/8/09 92 20	 Wood piece is bent. 1/3 of wood piece 
oriented perpendicular to valley axis, the 
remainder oriented vertically down into 
diamict, due to right angle bend. No bark 
visible. 

EMMONS GLACIER 
EMM09-02 7/8/09 18 4	 Sticking out of diamict perpendicular to 

valley axis. Long axis pointed slightly 
downvalley. Stratified sediments visible. 

EMM09-04 7/8/09 61 5	 Sticking out of diamict perpendicular to 
valley axis. Oriented slightly downvalley. 

EMM09-05 7/8/09 117 28	 Sticking out of diamict perpendicular to 
valley axis. No bark present. Ends splintered 
and wood splitting into many pieces. 

CARBON GLACIER 
CA09-01 5/8/09 170 15	 Large log. Bark still preserved on upper part 

of log. Sticking out of diamict perpendicular 
to valley axis. Angled slightly downvalley. 

CA09-03 5/8/09 300 + 70	 Broken and bent. Located 2/3 from creek to 
crest. Positioned parallel to valley axis (lying 
horizontally half exposed in diamict). 

CA09-04 5/8/09 unknown 30	 Stump-like log sticking up near vertically 
from tills. 

CA09-05 5/8/09 200+ 60	 Extends across gully bottom. Lying 
horizontally (parallel to valley axis) 
Downstream end imbedded in till. 

SOUTH TAHOMA GLACIER 
STAH09-01 16/8/09 100 81	 Sheared stump in growth position. Stump has 

till imbedded into the top sheared surface. 
Wood on top sheared surface is splintered. 
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Sample ID Collection Date Length Diameter Description 
(D/M/YY) (cm) (cm) 

STAH09-01A 16/8/09 91 30.5 Large piece of wood appears wrapped around 
bedrock. Twisted. Buried at least 20 cm in 
till. 

STAH10-01 18/8/10 65 35 Wood piece is angled/bent downwards. 
Knobs visible where branches protruded. 
Thick root system lies below. Ends are 
splintered. Some bark visible. 

STAH09-02 16/8/09 120 38 Well lodged in till. Angled parallel to 
proximal moraine flank. 
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APPENDIX B: TEPHROSTRATIGRAPHY 

B.1. Electron microprobe results 

Table B.1. Major oxide content (wt. %) of glass shards from layer O (layer BEI) 
tephra collected from Tipsoo Lake (core 2-2), determined using WDS at the 
University of Calgary Laboratory for Electron Microprobe Analysis (UCLEMA) 
Point Al2O3 K2O FeO Na2O MgO CaO MnO SiO2 TiO2 Total 
No. 
11 14.223 2.745 1.894 3.357 0.442 1.549 0.016 72.11 0.36 96.696 
12 14.245 2.793 1.969 3.531 0.441 1.642 0.045 73.101 0.466 98.233 
13 14.18 2.774 1.979 3.644 0.425 1.614 0.044 73.738 0.384 98.782 
14 13.845 2.712 1.926 3.389 0.462 1.565 0.037 71.729 0.415 96.08 
15 14.057 2.734 1.961 3.337 0.459 1.464 0.007 70.651 0.422 95.092 
16 14.089 2.654 1.971 3.828 0.449 1.56 0.066 71.985 0.37 96.972 
17 14.057 2.711 1.821 3.391 0.444 1.559 0.106 71.441 0.399 95.929 
18 14.483 2.794 2.028 3.885 0.448 1.646 0.029 73.051 0.42 98.784 
19 14.322 2.88 2.017 3.839 0.432 1.61 0.054 73.296 0.367 98.817 
20 13.971 2.694 2.007 3.569 0.43 1.539 0.042 71.666 0.425 96.343 
21 14.22 2.711 1.883 3.77 0.482 1.543 0.055 72.111 0.395 97.17 
22 14.462 2.869 2.031 3.815 0.453 1.606 0.026 73.435 0.429 99.126 
23 13.822 2.763 1.975 3.576 0.369 1.567 0.051 71.366 0.342 95.831 
45 14.461 2.684 1.924 4.073 0.431 1.494 0.052 73.796 0.454 99.369 
46* 15.93 2.169 3.4 4.043 0.936 2.614 0.097 69.612 0.574 99.375 
47* 28.973 0.154 0.448 4.792 0.027 10.745 0.023 54.126 0.02 99.308 
48 14.173 2.783 1.946 3.822 0.437 1.544 0.006 72.12 0.406 97.237 
49 13.897 2.666 2 2.558 0.463 1.393 0 71.716 0.468 95.161 
50* 14.133 2.893 2.462 3.787 0.927 1.565 0.078 72.89 0.402 99.137 
51* 12.727 2.521 1.93 1.772 0.374 1.465 0.033 64.528 0.389 85.739 
52 14.236 2.658 2.006 3.239 0.446 1.619 0.017 71.538 0.374 96.133 
53 14.267 2.816 1.976 3.944 0.436 1.569 0.087 73.357 0.413 98.865 
54 14.145 2.803 1.903 3.656 0.466 1.482 0.038 73.217 0.396 98.106 
55 14.376 2.749 1.93 2.15 0.442 1.568 0.09 73.241 0.408 96.954 
* points omitted from analyses due to a) low total or b) non-glass composition. 
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Table B.2. Major oxide content (wt. %) of glass shards from layer GRY tephra, 
horizon 111 cm, collected from Tipsoo Lake (core 2-2), determined using WDS at 
the University of Calgary Laboratory for Electron Microprobe Analysis 
(UCLEMA) 
Point Al2O3 K2O FeO Na2O MgO CaO MnO SiO2 TiO2 Total 
No. 
56 14.571 2.715 4.282 3.279 1.013 3.028 0.102 69.244 0.991 99.225 
57 14.621 2.69 4.353 3.418 1.112 3.015 0.058 69.379 0.942 99.588 
58 14.798 2.734 4.328 3.467 1.175 2.967 0.095 68.587 0.993 99.144 
59 14.885 2.684 4.481 3.367 1.31 3.231 0.042 68.388 1.003 99.391 
60 14.863 2.719 4.442 3.332 1.232 3.219 0.072 68.06 1.021 98.96 
61 15.282 2.495 4.955 3.564 1.524 3.924 0.101 65.096 1.168 98.109 
62 15.447 2.57 4.848 3.463 1.487 3.694 0.093 65.941 1.254 98.797 
63 15.072 2.413 5.369 3.393 1.515 4.048 0.089 66.375 1.188 99.462 
64 14.899 2.598 4.928 3.589 1.381 3.778 0.131 66.535 1.085 98.924 
65 15 2.448 5.078 3.537 1.376 4.051 0.077 66.602 1.144 99.313 
66 15.794 2.239 5.586 3.652 1.848 4.762 0.085 62.774 1.167 97.907 
67 15.749 2.402 5.7 3.775 1.874 4.55 0.097 61.711 1.349 97.207 
68 15.694 2.107 5.33 3.4 1.74 4.195 0.053 61.187 1.205 94.911 
69 15.365 2.374 5.401 3.784 1.604 4.228 0.09 64.886 1.159 98.891 
70 14.681 2.2 5.604 3.519 1.767 3.957 0.075 60.934 1.174 93.911 
71 15.168 2.376 5.661 3.312 1.649 4.306 0.103 64.709 1.27 98.554 
72 15.452 2.345 5.328 3.69 1.717 4.203 0.033 65.633 1.2 99.601 
73 15.315 2.271 5.435 3.725 1.74 4.385 0.058 64.516 1.176 98.621 
74 15.118 2.196 5.601 3.297 1.863 4.392 0.048 61.331 1.274 95.12 
75 15.599 2.359 5.356 3.74 1.826 4.362 0.092 64.674 1.257 99.265 
76 15.252 2.118 5.564 3.32 1.809 4.315 0.067 62.42 1.223 96.088 
77 15.779 2.303 5.736 3.647 1.952 4.836 0.105 63.745 1.267 99.37 
78 15.653 2.264 5.762 3.595 1.835 4.722 0.137 64.093 1.195 99.256 
79 15.57 2.155 5.957 3.639 1.907 5.035 0.087 64.08 1.236 99.666 
80 15.386 2.265 5.727 3.739 1.845 4.838 0.126 63.952 1.262 99.14 
81 13.667 3.045 4.471 3.178 1.048 2.994 0.123 68.385 1.231 98.142 
82 13.85 3.052 4.87 3.198 1.131 2.969 0.105 68.676 1.126 98.977 
83 13.811 2.847 4.969 3.082 1.129 3.108 0.055 68.611 1.29 98.902 
84 13.753 2.905 5.269 3.107 1.202 3.082 0.135 68.05 1.218 98.721 
85 13.886 2.783 5.391 3.175 1.265 3.229 0.073 68.045 1.303 99.15 
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Table B.3. Major oxide content (wt. %) of glass shards from layer GRY tephra, 
horizon 112.5 cm, collected from Tipsoo Lake (core 2-2), determined using WDS at 
the University of Calgary Laboratory for Electron Microprobe Analysis 
(UCLEMA) 
Point Al2O3 K2O FeO Na2O MgO CaO MnO SiO2 TiO2 Total 
No. 
86 15.94 2.049 6.61 3.709 2.391 4.975 0.094 62.459 1.405 99.632 
87 16.367 2.106 6.391 3.963 2.225 5.265 0.157 62.073 1.344 99.891 
88 16.413 2.068 5.886 3.929 2.164 4.898 0.097 62.831 1.344 99.63 
89 15.106 2.459 6.559 3.399 1.979 4.487 0.067 63.524 1.376 98.956 
90 15.998 2.184 6.329 3.806 2.342 4.88 0.072 62.2 1.354 99.165 
91 15.276 2.256 6.541 3.797 1.977 4.727 0.101 62.949 1.458 99.082 
92 15.109 2.333 6.815 2.985 1.978 4.608 0.129 62.996 1.43 98.383 
93 13.933 3.117 3.2 3.284 0.625 2.121 0.044 72.071 0.665 99.06 
94 13.717 3.18 3.288 3.236 0.617 2.169 0.039 71.885 0.664 98.795 
95 15.355 2.208 6.884 3.709 2.489 4.817 0.138 62.257 1.432 99.289 
96 15.884 2.136 6.516 3.726 2.319 4.847 0.128 62.496 1.361 99.413 
97 14.967 2.231 6.619 3.492 2.322 4.787 0.1 62.942 1.477 98.937 
98 15.135 2.621 4.748 3.722 1.349 3.698 0.025 67.592 1.086 99.976 
99 12.933 3.692 2.422 3.298 0.376 1.429 0.009 74.551 0.538 99.248 
100 12.946 3.634 2.402 3.234 0.338 1.444 0.021 74.824 0.534 99.377 
101 15.735 2.144 6.245 3.63 1.997 4.687 0.074 63.341 1.141 98.994 
102 16.054 2.194 5.808 3.988 2.075 4.739 0.065 63.399 1.326 99.648 
103 16.173 2.004 6.906 3.877 2.494 5.538 0.127 61.416 1.332 99.867 
104 16.368 2.186 5.941 3.881 2.189 4.99 0.051 62.711 1.368 99.685 
105 14.987 2.83 4.823 3.279 1.475 3.599 0.08 66.426 1.144 98.643 
106 15.713 2.144 5.689 3.955 1.681 4.54 0.1 64.86 1.188 99.87 
107 15.348 2.702 5.794 3.52 1.675 3.922 0.102 65.595 1.162 99.82 
108 15.869 2.277 4.928 4.008 1.586 4.332 0.118 64.386 1.172 98.676 
109 13.907 2.878 5.998 3.546 1.348 3.46 0.09 64.621 1.513 97.361 
110 14.096 2.743 6.379 3.66 1.353 3.403 0.104 64.937 1.536 98.211 
111 14.017 2.859 5.827 3.771 1.39 3.419 0.112 65.026 1.501 97.922 
112 14.21 2.895 5.868 3.829 1.321 3.392 0.1 65.345 1.578 98.538 
114 14.524 2.698 4.641 3.666 1.241 3.356 0.06 67.723 1.014 98.923 
115 14.994 2.782 4.448 3.634 1.217 3.375 0.082 67.71 1.072 99.314 
116 14.895 2.802 4.352 3.517 1.126 3.185 0.007 68.143 1.08 99.107 
117 14.897 2.593 4.746 3.597 1.256 3.325 0.112 67.202 1.004 98.732 
118 16.151 2.117 6.063 3.794 2.367 4.935 0.09 61.91 1.29 98.717 
119 16.081 2.146 6.179 3.777 2.244 4.95 0.106 62.014 1.368 98.865 
120 16.381 2.029 6.378 3.843 2.235 5.237 0.131 62.146 1.275 99.655 
121 15.966 2.032 6.365 3.705 2.308 4.977 0.015 62.09 1.394 98.852 
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Table B.4. Major oxide content (wt. %) of glass shards from layer GRY tephra, 
horizon 114 cm, collected from Tipsoo Lake (core 2-2), determined using WDS at 
the University of Calgary Laboratory for Electron Microprobe Analysis 
(UCLEMA) 
Point Al2O3 K2O FeO Na2O MgO CaO MnO SiO2 TiO2 Total 
No. 
24 15.625 2.313 5.394 3.684 1.864 4.374 0.079 64.153 1.186 98.672 
25 15.654 2.396 5.493 3.686 1.782 4.482 0.076 64.261 1.258 99.088 
26 15.826 2.386 5.431 3.735 1.866 4.367 0.069 64.715 1.127 99.522 
27* 28.321 0.252 0.689 4.988 0.043 10.599 0 55.1 0.024 100.016 
28 16.191 2.222 4.806 3.888 1.407 4.544 0.023 64.962 1.143 99.186 
29 15.273 2.506 4.992 3.444 1.486 3.801 0.088 66.357 1.149 99.096 
30 15.243 2.57 4.988 3.426 1.514 3.631 0.096 66.175 1.244 98.887 
31 15.237 2.54 5.15 3.337 1.509 3.761 0.097 65.959 1.207 98.797 
32 15.221 2.519 5.358 3.316 1.618 3.896 0.138 65.499 1.236 98.801 
33 15.924 2.294 5.331 3.809 1.493 4.363 0.085 64.626 1.151 99.076 
34 15.693 2.494 5.672 3.494 1.879 4.041 0.08 64.679 1.187 99.219 
35 15.707 2.346 5.251 3.543 1.657 4.333 0.124 65.097 1.185 99.243 
36 16.804 2.044 4.918 3.964 1.555 5.063 0.08 64.021 1.072 99.521 
37 15.685 2.365 5.516 3.502 1.86 4.595 0.099 64.321 1.185 99.128 
38 16.76 2.033 4.941 3.876 1.597 4.779 0.123 63.716 1.079 98.904 
39 15.353 2.385 5.565 3.411 1.832 4.264 0.051 65.076 1.187 99.124 
40 15.35 2.374 5.581 3.479 1.724 4.127 0.117 64.775 1.217 98.744 
41 16.567 2.028 4.885 4.124 1.473 4.576 0.107 65.143 1.035 99.938 
42 15.354 2.445 5.516 3.726 1.69 4.165 0.098 64.918 1.198 99.11 
43 14.893 2.448 5.791 3.769 1.627 4.02 0.13 65.75 1.328 99.756 
44 15.723 2.465 5.521 3.647 1.783 4.153 0.139 65.518 1.183 100.132 
* points omitted from analyses due to a) low total or b) non-glass composition. 
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B.2. Major oxide vs. silica (wt. %) plots, layer GRY 

Figure B.1. Stacked plots of SiO2 versus Al2O3 (wt. %) and SiO2 versus CaO (wt %) 
in glass shards from layer GRY, horizons 111, 112.5 and 114 cm. 
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Figure B.2. Stacked plots of SiO2 versus K2O (wt. %) and SiO2 versus TiO2 (wt %) 
in glass shards from layer GRY, horizons 111, 112.5 and 114 cm. 
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Figure B.3. Stacked plots of SiO2 versus MgO (wt. %) and SiO2 versus FeO (wt %) 
in glass shards from layer GRY, horizons 111, 112.5 and 114 cm. 
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Figure B.4. Stacked plots of SiO2 versus Na2O (wt. %) and SiO2 versus MnO (wt %) 
in glass shards from layer GRY, horizons 111, 112.5 and 114 cm. 
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APPENDIX C: LAKE SEDIMENT RECORD 

C.1. Lake Bathymetry 

Figure C.1. Bathymetry of Tipsoo Lake with approximate coring locations 
indicated. Bathymetry data provided by the National Park Service in 2010. 
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Figure C.2. Bathymetry of Reflection Lake with approximate sampling locations 
indicated. Bathymetry data provided by the National Park Service in 2010. 
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C.2. Rate of sedimentation in Tipsoo Lake 

The maximum and minimum rates of sedimentation in Tipsoo Lake were 

calculated using 1) layer O dated to 6,730 ± 40 14C yr BP (Hallett et al., 1997), and 2) the 

coniferous needle macrofossil dated to 8905 ± 20 14C yr BP. In the core 2-2, the base of 

layer O is located at a depth of 74 cm and the macrofossil was retrieved from a depth of 

88 cm. The error on each radiocarbon age must be taken into consideration. Layer O 

ranges in age from 6690 14C yr BP to 6770 14C yr BP and the macrofossil ranges in age 

from 8885 14C yr BP to 8925 14C yr BP. The steps followed to determine the maximum 

and minimum sedimentation rates into Tipsoo Lake are outlined below: 

1. Length of sediment between layer O and the macrofossil: 

Length	 = depth(macrofossil) – depth(layer O) 
= 88cm – 74cm 
= 14cm 

2. Maximum age difference between layer O and macrofossil: 

MAX(diff)	 = MAXage(macrofossil) – MINage(layerO) 
= 8925 yrs – 6690 yrs 
= 2235 yrs 

3. Minimum age difference between layer O and macrofossil: 

MIN(diff)	 = MINage(macrofossil) – MAXage(layerO) 
= 8885 yrs – 6770 yrs 
= 2115 yrs 

4. Sedimentation rate based on maximum age difference (minimum 

sedimentation rate): 

MIN(rate)	 = MAX(diff) / length
 
= 2235 yrs / 14cm
 
= 159.6 yrs / cm
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5. Sedimentation rate based on minimum age difference (maximum 

sedimentation rate): 

MAX(rate)	 = MIN(diff) / length
 
= 2115 yrs / 14cm
 
=151.1 yrs / cm
 

Therefore, using the maximum and minimum radiocarbon ages of layer O and the 

macrofossil, as well as the length of sediment between them, the sedimentation rate is 

calculated to range between 151 to 160 yr/cm. 

The age of the youngest glacigenic sediments and of layer GRY can now be 

calculated using the sedimentation rate (max. and min.) and the length of sediment 

separating them from layer O. The length to the youngest glacigenic sediments and layer 

GRY from layer O are 100 and 110 cm, respectively. Calculations are outlined below: 

1.	 Age of youngest glacigenic sediments 

i.	 Length of sediment between layer O and the glacigenic sediments: 

Length	 = depth(glacigenic) – depth(layerO)
 
= 100cm – 74cm
 
= 26cm
 

ii.	 Years in between deposition of youngest glacigenic sediments and layer O, 
based on the max. sedimentation rate: 

MAX(yrs)	 = MAX(sed) – length
 
= 159.6 yrs/cm x 26cm
 
= 4149.6 yrs
 

iii. Years in between deposition of youngest glacigenic sediments and layer O, 
based on min. sedimentation rate: 

MIN(yrs)	 = MIN(sed) – length
 
= 151.1 yrs/cm x 26cm
 
= 3928.6 yrs
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iv.	 Maximum age of glacigenic sediments: 

MAXage(glac.)	 = MAXage(layerO) + MAX(yrs)
 
= 6770 yrs + 4149.6 yrs
 
= 10919.6 yrs
 

v.	 Minimum age of glacigenic sediments: 

MINage(glac.)	 = MINage(layerO) + MIN(yrs)
 
= 6690 yrs +3928.6
 
= 10618.6 yrs
 

2. Age of layer GRY 

i.	 Length of sediment between layer O and top of layer GRY: 

Length	 = depth(layer GRY) – depth(layerO)
 
= 110cm – 74cm
 
= 36cm
 

ii.	 Years in between deposition of layer GRY and layer O, based on max. 
sedimentation rate: 

MAX(yrs)	 = MAX(sed) x length
 
= 159.6 yrs x 36cm
 
= 5745.6 yrs
 

iii. Years in between deposition of layer GRY and layer O, based on min. 
sedimentation rate: 

MIN(yrs)	 = MIN(sed) x length
 
= 151.1 yrs/cm x 36cm
 
= 5439.6 yrs
 

iv.	 Maximum age of layer GRY: 

MAXage(GRY)	 =MAXage(layerO) + MAX(yrs)
 
= 6770 yrs + 5745.6 yrs
 
= 12515.6 yrs
 

v.	 Minimum age of layer GRY: 

MINage(GRY)	 = MINage(layerO) + MIN(yrs)
 
= 6690 yrs + 5439.6 yrs
 
= 12129.6 yrs
 



 

 

           

              

            

  

 

 

153 

Therefore, the estimated age of layer GRY ranges between 12,100 14C yr BP and 

12,500 14C yr BP (rounded to the nearest hundred), and the age of top of the glacigenic 

sediments ranges between 10,600 14C yr BP and 10,900 14C yr BP (rounded to the nearest 

hundred). 


