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Abstract

During the late Wisconsin, glacial flour from alpine glaciers along the east side of the Cascade Range in

southern Oregon was deposited in Upper Klamath Lake. Quantitative interpretation of magnetic properties
and grain-size data of cored sediments from Caledonia Marsh on the west side of the lake provides a

continuous record of the flux of glacial flour spanning the last �37 000 calendar years. For modeling

purposes, the lake sediments from the 13-m core were divided into three sedimentary components defined

from magnetic, geochemical, petrographic, and grain-size data. The components are (1) strongly magnetic,

glacial flour made up of extremely fine-grained, fresh volcanic rock particles, (2) less magnetic lithic material

made up of coarser, weathered volcanic detritus, and (3) non-magnetic biogenic material (largely biogenic

silica). Quantitative interpretation is possible because there has been no significant postdepositional destruc-

tion or formation of magnetic minerals, nor alteration affecting grain-size distributions. Major steps
involved in the interpretation include: (1) computation of biogenic and lithic components; (2) determination

of magnetic properties and grain-size distributions of the non-glacial and glacial flour end-members; (3)

computation of the contents of weathered and glacial flour components for each sample; (4) development of

an age model based on the mass accumulation of the non-glacial lithic component; and (5) use of the age

model and glacial flour contents to compute the flux of glacial flour. Comparison of the glacial flour record

from Upper Klamath Lake to mapped glacial features suggests a nearly linear relation between flux of

glacial flour and the extent of nearby glaciers. At �22 ka, following an extended period during which glaciers

of limited size waxed and waned, late Wisconsin (Waban) glaciers began to grow, reaching their maximum
extent at �19 ka. Glaciers remained near their maximum extent for �1000 years. During this period, lake

sediments were made up of �80% glacial flour. The content of glacial flour decreased as the glaciers receded,

and reached undetectable levels by 14 ka.

Introduction

Two methods have been used to derive the history of

alpineglaciation.Themorecommonmethodinvolves
mapping and stratigraphic interpretation of glacial

deposits. The other method interprets variations in

glacial extent from sediments in lakes that have

received fluvial input of glacially derived material

wThis is the seventh in a series of eight papers published in this
special issue, resulting from paleoenvironmental studies in the
Upper Klamath Lake Basin. These studies were conducted by
the U.S. Geological Survey and its collaborators as part of a
paleoclimate research effort called the Correlation of Marine
and Terrestrial Records Project. Steven M. Colman served as
guest editor of this special issue.



(Leonard 1985; Karl�een and Matthews 1992). Both

methods have advantages and disadvantages.

As an advantage, mapping is the only way to

determine the actual extent of glaciers. Glacial

extents combined with hypsometric analysis allow
estimates of past equilibrium line altitudes. As a

disadvantage, glaciers erode older deposits so that

the glacial record is poorly preserved. Stratigraphic

correlations, which commonly rely upon weather-

ing indexes, are difficult to extend to areas with

differing climates or rock types. Absolute age con-

trol is difficult even for deposits within the range of
14C dating although cosmogenic nuclide methods
have recently yielded glacial chronologies (e.g.,

Phillips et al. 1996). Continuous, well-dated records

that provide information about the timing and

duration of advances, still stands, and retreats can-

not be obtained.

On the other hand, sediment records from

proglacial lakes potentially provide continuous

records of glaciation, recording advances and
retreats as well as maximum extents. Continuous

deposition leads to strong stratigraphic relations,

and, for late Wisconsin and younger periods, 14C

ages may be obtained from organic material incor-

porated in the lake sediment. Sedimentary records,

however, do not provide direct information about

the absolute size and distribution of glaciers.

Although short-term fluctuations in glacial flour
output may reflect subglacial storage and sub-

sequent flushing by high runoff events, Leonard

(1997) argues persuasively that longer-term output

of glacial flour (averaged over tens to hundreds of

years) largely reflects glacial extent. Nevertheless,

there is considerable uncertainty about the timing

and controls of glacial sediment discharge (Hicks

et al. 1990; Karl�een and Matthews 1992; Harbor and
Warburton 1993; Hallet et al. 1996; Leonard 1997).

Sediments in a 13-m long core from Caledonia

Marsh at Upper Klamath Lake, Oregon, span

about the last 40 000 years (Colman et al. 2004 –

this issue) and provide a record for late Wisconsin

glaciation of the southern Cascade Range.

Reynolds et al. (2004 – this issue) presented mag-

netic properties, petrographic observations, geo-
chemical and grain size data from the core. They

demonstrated that, throughout much of marine

oxygen isotope stages (OIS) 2 and 3 (37–14 ka),

variations in bulk sediment grain size and magnetic

properties were produced largely by variations in

the mixture of fine-grained, highly magnetic glacial

flour, consisting of fresh volcanic rock fragments,

and somewhat coarser, less magnetic weathered

lithic material. Here we extend interpretation of

these data to derive estimates of the flux of glacial
flour at the core locality. Variation in the flux of

glacial flour constitutes a continuous, high-resolu-

tion 14C-dated record of late Wisconsin glaciation

of mountains to the west and northwest of the lake.

The lake record can be compared to the history of

glaciation in the catchment determined from map-

ping and stratigraphic studies (Carver 1973). This

comparison clarifies relations between glacial
extents and glacial flour discharge. The timing and

amplitude of southern Cascade glaciation can also

be compared to the record of global ice volume and

to other regional glacial records in western North

America. For the southern Cascades, these compar-

isons illustrate that; (1) maximum glacial extent

(�19–18 ka) occurred after the Last Glacial

Maximum
(�21 ka), (2) deglaciation occurred at about the

same time as in other parts of the Cascades as well

as the Sierra Nevada and Rocky Mountains, and (3)

glacial advances may be correlative with each of

four Tioga advances in the eastern Sierra Nevada.

Rationale

This study differs in a number of important aspects
from other studies that have used lake sediments to

interpret glacial history and from studies that have

used magnetic properties to reconstruct environ-

mental change.

Studies of alpine glacial history from lake sedi-

ments have used either cores from proglacial lakes

that received material from a single glacier, or from

lakes receiving input from larger, more complex
drainage basins. Studies of proglacial lakes have

used various techniques to estimate the propor-

tions of organic and lithic material. Qualitative

interpretations have been based on the assump-

tions that lithic content increases as glacially

derived sediment increases, and that the amount

of glacial sediment reflects the extent of glacia-

tion (Karl�een 1976, 1981; Karl�een and Matthews
1992; Leonard 1985, 1986, 1997). Owens Lake

(California) is an example of a lake that received

sediment, including glacial flour, from a large

236



complex catchment (Smith and Bischoff 1997).

Non-biological environmental proxies at Owens

Lake, which include geochemical parameters

(Bischoff et al. 1997), bulk sediment grain size

(Menking 1997), and magnetic susceptibility
(Benson et al. 1996), reflect changes in lake level

and concomitant changes in water chemistry and

authigenesis as well as changes in detrital input

(Smith et al. 1997; Reynolds et al. 1998). At

Owens Lake, mineralogy of the clay-size fraction

provides the most direct measure of glacial flour

(Menking 1997; Bischoff and Cummins 2001).

In this study we use an innovative interpretation
of geochemical, bulk sediment grain size, and mag-

netic property data to quantify the flux of glacial

flour at the coring site in Upper Klamath Lake.

Upper Klamath Lake, like Owens Lake, received

sediment from a large catchment and acquired

glacial flour from a number of nearby valley glaciers

(Reynolds et al. 2004 – this issue; Carver 1973).

Interpretation of the detrital record for Upper
Klamath Lake, however, is much simpler than for

Owens Lake because, for the entire time interval

represented by the Caledonia Marsh core, Upper

Klamath Lake was fresh, over flowing, and changed

little (if any) in size (Bradbury et al. 2004 – this issue).

Magnetic properties that provide quantitative

measures of the amount and type of magnetic

minerals are valuable for paleoenvironmental stu-
dies, because these properties commonly vary with

changing conditions indicated by biologic and

isotopic proxies (Verosub and Roberts 1995;

Reynolds and King 1995). Although measurements

of magnetic properties are extremely accurate,

most interpretations of magnetic data are qualita-

tive because, in most lacustrine settings, there is

insufficient information to fully unravel the com-
bined effects of various physical and chemical pro-

cesses. For example, magnetic properties of

sediments may be affected by: (1) changes in

provenance of detrital material, (2) changes in

weathering and sediment transport, (3) dilution

by biogenic (e.g., organic compounds and biogenic

silica) and authigenic material (e.g., carbonate

minerals), and (4) authigenic destruction or forma-
tion of magnetic phases. One method for making a

quantitative interpretation is to use an empirical

relation between magnetic properties and some

environmental parameter to establish the magnetic

measurements as proxies (e.g., Maher et al.

1994a,b; Liu et al. 1995). Another approach

requires analyzing each of the processes that affect

magnetic properties in order to construct a quan-

titative model. This second approach, used here, is

only feasible in relative simple depositional sys-
tems such as that represented by sediments in the

Caledonia Marsh core. In these sediments,

magnetic properties vary largely as a function of

changing proportions of glacial flour and more

highly weathered lithic material as well as dilution

by biogenic material (Reynolds et al. 2004 – this

issue; Rosenbaum and Reynolds 2004 – this issue).

Importantly, there was no significant post-
depositional formation or destruction of magnetic

minerals. Additionally, sedimentological complex-

ities associated with lake level change and deltaic

environments have been avoided because the lake

overflowed continuously (Bradbury et al. this

issue), and because the coring site is remote from

major sediment sources (Reynolds et al. 2004 – this

issue). Finally, no glaciated drainages enter the lake
near the core site so that only fine-grained glacial

silt, which could remain in suspension for an

extended period, was deposited at this location

and this material represents the combined input

from several valley glaciers.

Overview of the models

Two models were developed to determine the flux
of glacial flour through time by calculating the

mass of glacial flour and time increment for each

sample interval (Figure 1). One model is based

primarily on magnetic properties (model 1) and

the other is based primarily on sediment grain-size

data (model 2). In both models the sediment

is comprised of three components, a biogenic com-

ponent and two lithic components. The content
of each component is determined on a sample-

by-sample basis. The biogenic component, which

is made up of organic material and biogenic silica,

is determined from geochemical measurements and

is identical in both models. Although the biogenic

material is diamagnetic (i.e., it has a small negative

magnetic susceptibility), it is considered nonmag-

netic for modeling purposes. The two lithic compo-
nents, non-glacial detritus and glacial flour, are

mineralogically similar (being derived from similar

volcanic rocks) but have different physical
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properties. The glacial flour is finer grained and

more highly magnetic than the non-glacial material

(Reynolds et al. 2004 – this issue). With the excep-

tion of tephra in a few samples, all detrital particles

in the sediments are less than 325.5 �m. Therefore,
grain-size distributions used in the analysis com-

prise the weight percent of material in each of 38

size classes spanning 0.53–325.5 �m. Smaller clay-

sized material was ignored because it may have

been affected by treatment to remove biogenic

silica. Two magnetic parameters, magnetic suscept-

ibility (MS) and anhysteretic remanent magnetiza-

tion (ARM), were used in model 1. Both
parameters are largely a measure of the quantity

of titanomagnetite, but ARM is more sensitive to

small magnetic grain sizes (single and pseudo-sin-

gle domain grains), whereas, MS is more sensitive

to larger (multi-domain) grain sizes (King et al.

1982; Dunlop and €OOzdemir 1997). The two para-

meters should yield nearly identical results if the
model is valid and the lithic end-members have

been correctly characterized.

A major assumption for both models is that

the sediment contains only the three components

described above. The other major assumption for

model 1 is that the magnetic properties of the lithic

end-members can be accurately defined and remain

constant throughout the length of the core.
Similarly, a major assumption for model 2 is that

the grain-size distributions of the end-members can

be defined and remain constant. These assump-

tions are reasonable in light of thorough analyses

that did not reveal any post-depositional produc-

tion of minerals or destruction of detrital minerals

(Reynolds et al. 2004 – this issue). With these

assumptions, the fraction of each lithic end-member

Figure 1. Schematic diagram showing steps in determining the flux of glacial flour. Data sets are indicated by rectangles and

intermediate results in ovals.
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in each sample can be calculated from magnetic

properties and independently from grain-size

data. In practice, the models are not totally inde-

pendent because, as described below, grain-size

data were used in defining the magnetic properties
of the glacial flour end-member. Nevertheless,

comparison of the results of the two models lends

credence to the interpretations.

The time span represented by a given sedimen-

tary interval is determined from the slope of a

depth versus age curve. Abrupt changes in slope,

as may exist for a curve comprised of linear seg-

ments, produce abrupt changes in calculated flux
that are artifacts of the depth/age model. Because

changes in the flux of the non-glacial lithic compo-

nent were of smaller magnitude and less abrupt

than changes in the flux of glacial flour, a model

based on the mass accumulation of the non-glacial

component was used in place of the original age

model for the core (Colman et al. 2004 – this issue).

For each sample, fluxes of glacial flour were then
calculated from the results of models 1 and 2 and

the revised age model.

Biogenic component

Organic matter and diatoms (opaline silica) make

up the biogenic component of the sediment.

Significant amounts of organic matter occur only

in the mid- to late-Holocene sediments, but dia-
toms are present in significant quantities through-

out the core (Bradbury et al. 2004 – this issue).

Because measurements of opaline silica are rela-

tively time consuming and costly, the biogenic

component was computed from values of Ti and Zr.

Ti and Zr are contained in the lithic components

but not in the biogenic component; therefore,

the quantities of these chemically immobile ele-
ments vary inversely with the biogenic component.

Ti and Zr were measured in 70 of the 225 sam-

ples used for magnetic property measurements

(Reynolds et al. 2004 – this issue). The ratio,

Zr/Ti, which varies with rock composition

(Winchester and Floyd 1977), shows little variation

with depth (Reynolds et al. 2004 – this issue) so

that variations due to changes in provenance can
be discounted.

In order to calibrate Ti and Zr as proxies for the

biogenic component, these elements were com-

pared to the biogenic content for 11 samples

(Figure 2). The biogenic component is the sum of

biogenic silica and organic matter (Bradbury et al.

2004 – this issue). These 11 samples yielded average

values for the lithic fraction of 0.593% for Ti and
177 ppm for Zr. Biogenic fractions calculated using

these values are nearly identical (Figure 2).

Biogenic-free values of MS and ARM were calcu-

lated using the Ti-based estimates. (Note: All sam-

ples below 12.25 m lack geochemical data and were

assigned the calculated biogenic content of the

sample at that depth. Above 12.25 m, values of

biogenic content were interpolated for samples
lacking geochemical data.)

Properties of the lithic end-members

Before the fractions of the two lithic end-members

in each sample can be calculated, the end-members

must be characterized in terms of magnetic proper-

ties and grain-size. Representative grain-size distri-

butions and magnetic properties of the non-glacial
end-member are readily determined from post-

glacial sediment, which contains no glacial flour.

Estimation of physical properties for glacial flour,

however, is more complex because all samples con-

tain some non-glacial material. Average magnetic

properties of volcanic rocks in the catchment

cannot be used to characterize the glacial flour

because of the effects of hydrodynamic sorting
(Rosenbaum and Reynolds 2004 – this issue;

Nesbitt and Young 1996). Therefore, the average

content of nonglacial material in glacial flour-rich

sediment was estimated by comparison of grain-

size distributions as described below. This estimate

was then used to calculate the grain-size distribu-

tion and magnetic properties of glacial flour.

Average properties for the non-glacial end-
member were calculated from five samples in the

interval 4.11–4.87 m (Figure 3A and Table 1).

Sediments in this interval were chosen to represent

the non-glacial component for OIS stage 2 and 3

because they were deposited after the cessation of

glacial flour input (see Figure 2 in Reynolds et al.

2004 – this issue) following the last glacial maxi-

mum, and before marshes formed around the
mouths of streams and removed most of the fluvial

sediment input to the lake (Bradbury et al. 2004 –

this issue). For these samples, MS and ARM are
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uniformly low. The samples contain largely fine to

coarse silt and their grain-size distributions, which

are highly similar, peak at about 30 �m.

An average grain-size distribution was determined

for 13 samples in the interval 6.37–7.65 m. These

samples, which contain both glacial flour and non-

glacial sediments, were chosen because they repre-

sent a contiguous section of core having uniformly

high content of glacial flour based on magnetic prop-

erties (Figure 2 and Table 1). These samples

Figure 2. Biogenic component, magnetic susceptibility (MS), and anhysteretic remanent magnetization (ARM) of the Caledonia Marsh

core. Using the samples for which biogenic silica was measured for calibration, the biogenic component (BC) was computed as

BC ¼ (1�Ti/0.593)� 100 and as BC ¼ (1�Zr/177)� 100 where the Ti and Zr concentrations are in % and ppm, respectively.

Magnetic property measurements were adjusted to a biogenic component-free basis using the Ti-based values. It was assumed that

MS and ARM of the biogenic component are zero. In fact, MS of the biogenic component is very small and negative. Therefore, the

correction was not applied to MS values for samples above 4 m because these samples have such low MS that the diamagnetism of the

biogenic component is significant.
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comprise mostly fine silt and clay (Figure 3B). Their

grain size distributions peak at about 6 �m and

contrast markedly with that of the non-glacial end-

member, which peaks at about 30 �m.
Although the grain-size distributions of the

non-glacial end-member and glacial flour-rich sedi-

ments differ greatly, the coarse tails of the distribu-

tions are closely similar (Figure 3C). This is

interpreted to indicate that the coarser particles in

the glacial sediments are derived solely from non-

glacial material. This relation is examined more

quantitatively by plotting the coarse end of grain-
size distribution of the average glacial sedi-

ment versus that of the non-glacial end-member

(Figure 3D). The 10 coarsest grain-size categories,

spanning 68.5–325.5 �m, define a strong linear

relation. For smaller grain-size categories, the

shapes of the grain-size distributions diverge. For

the nine and 10 coarsest grain-size categories, the

slopes of the best-fit lines are 0.21 and 0.23, respec-
tively, indicating that on average the non-glacial

component of the 13 glacial sediment samples is

about 22%.

Using this result, the grain-size distribution

and magnetic properties of glacial flour are easily

calculated. For each grain-size category, subtract-

ing 22% of the non-glacial value from the aver-

age glacial-sediment value and renormalizing the
resultant distribution to 100% yields the glacial

flour grain size distribution (Figure 3C). Similar

calculations yield magnetic properties for glacial

flour (Table 1).

Figure 3. Calculation of the grain-size distributions of the coarser and finer end members. (A) Distributions for five post-glacial samples

and the coarser end member. (B) Distributions for 13 glacial flour-rich samples and their average. (C) Grain-size distributions for the

coarser end member and average glacial flour-rich samples (from A and B), and the computed distribution for the finer end member.

(D) Plot of the grain size distribution for the coarser end member versus the average distribution for glacial flour-rich samples. The

15 coarsest (nonzero) grain size categories are shown.
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Non-glacial and glacial flour components

For each sample, the contents of the lithic end-

members can be computed using magnetic proper-

ties (model 1) and grain size-data (model 2).
For model 1, the percentage of glacial flour in a

sample (GFSAMP) was computed as:

GFSAMP ¼ ð100�BÞðMSAMP�MNGÞ=ðMGF�MNGÞ;

where B is the percentage of biogenic component;

M is the magnitude of a magnetic property (i.e.,
MS or ARM); the subscript, SAMP, indicates sam-

ple values adjusted for the biogenic component;

and the subscripts, NG and GF, refer to the values

for the non-glacial and glacial flour end-members,

respectively (Table 1). The estimates of glacial flour

based on MS and ARM are similar (Figure 4) and

display the same variations evident in the magnetic

property data (Reynolds et al. 2004 – this issue).
Content of glacial flour is relatively low, mostly

15–40%, from the base of the core to a depth of

about 10.8 m. Starting at about 10 m there is a

general increase in glacial flour with contents

reaching about 80% at 7 m. Contents remain gen-

erally high to 5.4 m and then decrease abruptly to

insignificant levels by 5 m. Superimposed on this

general pattern are well-defined higher frequency
variations. In the lower part of the core, glacial

flour content based on ARM data tends to be lower

than content based on MS data. This disparity

increases downward. Between 8 m and 10.8 m

local minima defined by ARM tend to be signifi-

cantly lower than those defined by MS, whereas the

local maxima are nearly coincident. Below 10.8 m

nearly all ARM-based values are significantly less
than the corresponding MS values.

For model 2, the percentage of glacial flour in a

sample was determined by comparing the observed

grain-size distribution to computed distributions for

mixtures of the two end-members. For each sample,

linear fits were computed between the sample data

and each of 101 mixtures, ranging in glacial flour

content from 0 to 100% at 1% increments. The gla-
cial flour content was taken as equal to that of the

mixture that yielded the highest correlation coeffi-

cient, R2. Most sample distributions could be closely

approximated by combinations of the end-members

(Figure 5A and B) as indicated by maximum values

of R2 that exceeded 0.87 for all but four samples.

Three of these samples are at the bottom of the core

and contain a high proportion of material coarser
than the non-glacial component of the model (see

sample 12.83 m, Figure 5A). This coarse material is

probably reworked ash from the underlying Mt.

Saint Helens C tephra (Reynolds et al. 2004 – this

issue). The fourth sample, at 7.95 m (not shown in

Figure 5A), also contains a coarse component not

accounted for by the model. These four samples were

eliminated from further analysis. For the remaining
samples, small discrepancies between observed and

Table 1. Average magnetic properties of lithic material.

N

Magnetic

susceptibility

(m3 kg�1)

Anhysteretic

remanent

magnetization

(Am2 kg�1) Comment

Less magnetic (weathered,

non-glacial) component

5 6.23� 10�7

(2.21� 10�7)

2.96� 10�4

(7.13� 10�5)

4.11–4.87 m

Highly magnetic (glacial

flour-rich) samples

13 4.37� 10�6

(4.47� 10�7)

3.58� 10�3

(4.37� 10�4)

6.37–7.65 m

More magnetic (glacial

flour) component

5.43� 10�6 4.51� 10�3 Calculation based on

interpretation of sediment

grain-size data that highly

magnetic samples contain

78% glacial flour.

Ratio (more magnetic:less

magnetic)

8.72 15.2 Fine-grained

titanomagnetite was

destroyed by weathering.

Note: Standard deviations are shown in parentheses.
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best-fit grain-size distributions also appear to be

mostly the result of more relatively coarse material

than can be produced by combining the end-mem-

bers. Therefore, for lower values of R2 (e.g., samples

9.75, 8.52 and 6.25 m) model 2 may tend to under-

estimate the glacial flour content.
The two models produce similar patterns of

variations in calculated glacial flour content

(Figure 5C). Most of the short wavelength varia-

tions, as well as the long-term trends that are

present in model 1 are also present in model 2.

Above about 8 m, the two models yield nearly

identical values. Below this depth, however,

model 2 generally indicates somewhat higher gla-
cial flour contents than model 1, even though, as

noted above, there is an apparent tendency for

model 2 to underestimate glacial flour.

A geologically reasonable explanation for the

lower values produced by model 1 is that magnetic

properties of glacial flour are not constant, as was

assumed. Glacial flour will incorporate weathered

material from soils and older drift as well as fresh
volcanic fragments. The proportion of less mag-

netic weathered material is likely to be higher

prior to the glacial maximum because, at their

maximum extent, the glaciers will have removed

much of the weathered material and will be gener-

ating the greatest amounts of fresh material. This

explanation also accounts for the lower glacial

flour contents calculated using ARM, rather than
MS, in model 1, because the strong grain-size

dependence of ARM makes ARM more sensitive

to weathering than MS (Table 1). The model 2

results, therefore, probably give a somewhat more

accurate estimate of glacial flour content prior to

the last glacial maximum. Model 1, however, gives

better temporal resolution because it incorporates

more data.

Revised age–depth relations

Models comprising straight-line segments that con-

nect points on an age–depth plot often have abrupt

changes in slope where line segments intersect. The

locations and magnitudes of these changes are

strongly affected by the choice of samples for dat-

ing. A major goal in refining the age–depth rela-
tions was to minimize these abrupt changes in slope

that are artifacts of the interpolation procedure.

Such changes in slope produce large spurious

changes in calculated flux. The revised age model

(Figure 6) was based on the mass accumulation of

the non-glacial lithic material, because the flux of

this component is likely to be less variable than the

flux of glacial flour.
The properties of each 1.5-cm thick sample (i.e.,

density and content of the three components) are

assumed to be representative of the core interval

Figure 4. Glacial flour content calculated from magnetic

susceptibility and from anhysteretic remanent magnetization.
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extending half way to the underlying and overlying

samples (typically about 5 cm). An incremental

mass of non-glacial material was calculated for
each of these core intervals. At a given depth, the

cumulative mass is the sum of all of the overlying

incremental masses.

Fifth order polynomials were fit to the cumula-

tive masses of the non-glacial lithic fractions (from

models 1 and 2) and the calibrated 14C age data

provided by Colman et al. (2004 – this issue) to

produce refined age-depth relations. These curves
fit the observed data closely and have gentle

changes in slope (Figure 6). The curves indicate a

nearly constant rate of accumulation of the non-

glacial fraction between 33 and 15 ka and then

smoothly decreasing accumulation into the

Figure 5. Determination of glacial flour content from grain size data. (A) Comparison of observed grain size distributions for selected

samples and calculated distributions for the ‘best-fit’ mixtures of the coarser and finer end members. (B) Maximum values of the

correlation coefficient, R2, determined by comparing grain size distribution of individual samples to those calculated for mixtures of the

end members. Mixtures were calculated at 1% increments. (C) Content of glacial flour calculated from grain size data.

244



Holocene. For the older part of the section, the

mass accumulation curves diverge; model 2 results

indicate a slower accumulation of non-glacial

material. This difference is the direct result of the

generally lower content of glacial flour computed

for model 1 in this part of the core as described

previously. There is no significant difference, how-
ever, in the depth–age curves for the two models.

The polynomials were used to adjust ages for each

of the dated horizons. For reasons explained

below, however, individual sample ages calculated

from the polynomials were not used in the final flux

calculations. Instead, the final age–depth functions

are compromises, consisting of linear segments

with sample ages interpolated on the basis of
depth between the adjusted ages. These functions

have slightly more abrupt changes in slope than do

the polynomials but less abrupt changes than are

produced by linear interpolation between measured

ages.

Calculation of flux

The flux of glacial flour was determined indepen-

dently for models 1 and 2. For each sample, the flux

was calculated as the quotient of the incremental
mass of glacial flour and incremental age corre-

sponding to the same intervals used to calculate

the incremental masses of non-glacial lithic mate-

rial for the refined chronology.

Errors in flux are highly dependent on the

method used to calculate incremental ages. When

age increments are determined using the polyno-

mials, glacial flour-rich portions of the section yield
flux curves containing high amplitude, short

wavelength variations (Figure 7A). These high-

frequency variations are probably noise because

the patterns of variation differ for models 1 and 2.

The source of this noise can be readily understood

by noting that, in this method, age increments are

proportional to the content of non-glacial lithic

material. Therefore, flux is proportional to GF/
(1�GF), where GF is the fraction of glacial flour.

For high percentages of glacial flour, relatively

small errors in the estimate of content produce

large errors in computed flux (Figure 7B). To

avoid these errors, incremental ages were linearly

interpolated on the basis of depth between adjusted

ages for each of the dated horizons. This method

produces age increments that are independent of
the glacial flour content, and it produces similar

results for both models.

Glacial history

Flux of glacial flour from cored Upper Klamath

Lake sediments constitutes a continuous record of

glacial history spanning the late Wisconsin. The

record integrates input from a number of alpine
glaciers on the eastern flank of the southern

Cascade Range west and northwest of Upper

Klamath Lake. These glaciers include those in drain-

ages arising on high topography east of the Cascade

crest in the area of the Mountain Lake Wilderness

(Figure 8) and on the northeast flank of Pelican

Butte, as well as several glaciers that descended

from the Cascade crest northwest of the lake (see
Figure 1 of Reynolds et al. 2004 – this issue).

Carver (1973) described the areal distribution and

stratigraphic relations of glacial deposits in the

Figure 6. Revised age models for data presented by Colman

et al. (2004 – this issue). Fifth-degree polynomials, constrained

to pass through the origin, were fit to the ages and cumulative

mass of non-glacial lithic component and then transferred to a

depth versus age plot.
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Mountain Lakes Wilderness Area (Figure 8) and

along the crest of the Cascade Range to the west of

Upper Klamath Lake. He did not acquire any abso-

lute dates, but used morphological characteristics
and weathering criteria to distinguish deposits of

several ages including two late Wisconsin units. He

named the older more extensive unit the Waban

drift, and the younger unit, which is restricted to

high elevations, the Zephyr Lake drift. These units

probably correlate, respectively, with the Suttle

Lake and Canyon Creek members in the Metrolius

River area in northern Oregon (Scott 1977), the
Evans Creek and McNeeley drifts in the area of

Mt. Rainier (Crandall and Miller 1974; Porter

et al. 1983), and the preHyak members and Hyak

Member of the Lakedale Drift in the southern

Northern Cascades (Porter 1976).

Carver (1973) subdivided the Waban drift into

several parts representing different stages in the

growth and recession of Waban glaciers. The oldest

subunit, the South Pass moraine deposits, include
a large terminal moraine and a set of nested

recessional moraines that were interpreted to repre-

sent an early glacial advance and recession. This

unit was over ridden and truncated by subsequent

advance of ice to the maximum extent of Waban

glaciers. The outer moraine deposits comprise rela-

tively small terminal moraines and numerous small

closely spaced recessional moraines. The small size
and great number of these moraines was inter-

preted to indicate a short maximum stand followed

by a period of slow retreat. Rapid glacial retreat

followed with widespread formation of stagnant ice

deposits, which are characterized by numerous

Figure 7. Comparison of the effect of choice of method for age interpolation on calculated flux. (A) Flux versus age for a portion of the

record from the Caledonia Marsh core. (B) Theoretical errors in flux. Errors are calculated for 5 and 10% over estimates of glacial flour

content. For the calculation, the slopes of the polynomial and depth versus age curve were 8 gm/ky and 55.5 cm/ky, respectively. These

slopes are the approximate values for 18 ka (Figure 6).
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kettles in chaotic ground moraine. Up valley from

the stagnant ice deposits are small nested moraines.

These inner moraine deposits indicate a period of

relative stability and slow back wasting following
the rapid glacial retreat. Carver (1973) indicated

that the Zephyr Lake drift could have been

formed either during a late phase of the Waban

period or somewhat later in a separate glacial

period.

Because glacial sediments may at times be

sequestered and at other times flushed from sto-

rage, the precise timing of glacial flour discharge
with respect to changes in glacial extent cannot

generally be determined with certainty. Leonard

(1997) concluded that glacial flour in sediments

from a Canadian lake closely reflect the extent of

alpine glaciation when averaged over a few tens of

years. This conclusion is probably valid for Upper

Klamath Lake sediments as well. The glaciers that

contributed sediment to Upper Klamath Lake

filled relatively steep valleys with little area for
storage (Figure 8). The valleys contain numerous

lakes, but these are all small kettles and tarns that

were ice filled during the Waban glaciation. The

tarns would have trapped glacial sediments,

however, when only small cirque glaciers were pre-

sent and the tarns were devoid of ice. In addition,

integration of sediment from a number of glaciers

would tend to smooth the effects of short-term
sediment storage/discharge events that affected

individual glaciers. For model 1, samples represent

time intervals ranging from about 260 years (prior

to 22 ka) to about 120 years (from 22 to 15 ka).

Consequently, a single short-lived event, such as

Figure 8. Map of Waban and Zephyr Lake drifts in the Mountain Lakes Wilderness area, southern Oregon; modified from Figure 6 of

Carver (1973). The Seldom Creek (SC), Varney Creek (VC), Moss Creek (MC), and South Pass (SP) glaciers drained into Upper

Klamath Lake but the Clover Creek (CC) glacier did not. South Pass moraine deposits (Spe) are from an early phase of the Waban

period. The location of the Mountain Lakes Wilderness area is shown in Figure 1 of Reynolds et al. (2004 – this issue).
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flushing of glacial flour, will probably not affect

more than one or two samples. Such short-lived

events may contribute to some of the shortest
wavelength features in the record, such as the spiki-

ness during the period of maximum flux between 18

and 19 ka (Figure 9). The longer wavelength varia-

tions in flux, however, probably are closely related

to glacial advances and retreats.

The calibrated 14C-dated record of glacial flour

provides a chronology for late Wisconsin glacial

history in the area (Figure 9). Clearly, the Waban
glacial period began about 22 ka and ended at 14 ka.

At 21.9 ka, after a period of over 15 000 years

during which glaciers of limited extent waxed and

waned with wavelengths ranging from roughly one

thousand to several thousand years, glaciers began

to expand reaching their maximum extent between

19.2 and 18.1 ka. Glaciers began to retreat at

18.1 ka and disappeared by 14 ka. Details of the
glacial flour record tentatively can be correlated

with the subunits of the Waban drift (Figure 9).

The advance that formed the South Pass moraine

deposits occurred during the period of general
increase in glacial flour between 21.9 and 19.2 ka,

possibly coinciding with the peak at about 21.2 ka.

Formation of the outer moraine deposits occurred

during the peak output of glacial flour between

about 19.2 and 18.1 ka. Rapid glacial retreat and

formation of stagnant ice deposits coincided with

the abrupt decrease in glacial flour beginning at

about 18.1 ka. Glaciers then stabilized and formed
the inner moraine deposits over about 1500 years,

while the flux of glacial flour remained nearly con-

stant. The flux then declined again, first abruptly

and then more gradually, reaching undetectable

levels by 14.0 ka. These intervals of rapid and

more gradual decrease are separated by a period

of several hundred years during which the flux

again remained nearly constant. The Zephyr Lake
drift probably formed during this final period of

Figure 9. Flux of glacial flour from Upper Klamath Lake with proposed correlation to glacial history interpreted from glacial deposits.
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relative stability and subsequent slow retreat. If the

Zephyr Lake drift formed at a later time, then

sediment from the Zephyr Lake glaciers must

have been trapped in tarns and did not reach

Upper Klamath Lake. The proposed correlation

suggests a strong, nearly linear, relation between

glacial extent and flux of glacial flour (Figure 9).

Comparison to other glacial records

Comparing the Upper Klamath Lake record to

other records of glacial history reveals both

similarities and differences in timing and ampli-

tude. The Last Glacial Maximum (LGM) occurred

at about 21 ka (Imbrie et al. 1984), significantly

before late Wisconsin glaciers in the southern
Cascades reached their maximum extents

(Figure 9). During the LGM, global ice volumes

were at maximum levels from about 22 to 19 ka,

and then declined sharply at about 19 ka

(Yokoyama et al. 2000). Growth of Waban glaciers

corresponds closely to the period of maximum

global ice volume. Waban glaciers maintained

their maximum extents until about 18 ka, about

1000 years after global ice volume declined sharply.

Maximum glaciations of the southern Cascades
and the eastern Sierra Nevada, as indicated by the

rock flour record from Owens Lake (Bischoff and

Cummins 2001), overlap in time (Figure 10),

although the Owens Lake record indicates earlier

growth of ice. The records indicate that deglacia-

tions in the two regions nearly coincided. The

apparent differences between these records may

be due in part to the use of rock flour content,
rather than flux, for the Owens Lake record.

Tioga moraines in the area of Owens Lake fall

into four age ranges; 31, 25, 19 and 16 ka (Phillips

et al. 1996). Taken at face value, there is a strong

correspondence between the timing of Tioga glacial

Figure 10. Comparison of the glacial flour record from Upper Klamath Lake to regional reconstructions of alpine glaciations. For the

eastern Sierra Nevada; (1) rock flower content in Owens Lake sediments was computed from chemical analyses of the clay-sized fraction

(curve modified from Figure 9 of Bischoff and Cummins 2001), and (2) 36Cl ages were determined for four ages of late Wisconsin (Tioga)

moraines (Phillips et al. 1996). (Note: The boxes centered on ages of Tioga moraines are 2 kyr wide; arrows indicate possible correlative

features in the Upper Klamath Lake record.) The other regional reconstructions (with age control shown by points and error bars) are

modified from Figure 2 of Clark and Bartlein (1995).
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advances and four of the most prominent maxima

in the Upper Klamath Lake record (Figure 10),

although the precision of dating precludes unequi-

vocal correlation. The Tioga 2 was the largest, and

the Tioga 3 was the second largest of the four
advances. In the southern Cascades, however, the

advance that corresponds to Tioga 3 was much

more extensive than the advance that apparently

correlates with Tioga 2.

The timing of the last major glacial retreat in the

southern Cascades, beginning at about 16 ka, is

similar to that in more northern parts of the

Cascade Range, the Yellowstone area, as well as
other parts of the Rocky Mountains (Figure 10).

Records from these other areas suggest that glacial

extents during much of OIS 3 were comparable to

those of OIS 2. In contrast, in comparison to the

maximum Waban extent, southern Cascade gla-

ciers during this period were quite small. In large

part, this difference may be due to the relatively

low elevation of the Cascades (peaks mostly
<2500 m) in the area of Upper Klamath Lake.

Because of the low elevations, snow line would

have to be much lower before any glaciers could

exist in the area. Under current conditions, the

regional snowline is probably about 2900 m.

Throughout OIS 3, equilibrium line altitudes must

have been no higher than during the Zephyr Lake

period, 2200–2300 m (Carver 1973).

Summary

(1) Magnetic properties and bulk sediment grain

size provide means of calculating the content of

glacial flour in Upper Klamath Lake sediments.

The success of these methods depends on the

lack of significant post-depositional alteration

affecting bulk sediment grain size or magnetic
properties.

(2) In Upper Klamath Lake sediments, flux of

glacial flour appears to largely reflect glacial extent.

If the glacial history of the Mountain Lake

Wilderness (Figure 8) is representative of the entire

area that contributed glacial flour to Upper Klamath

Lake, and the correlations presented in Figure 9 are

correct, then the relation between areal extent and
flux is nearly linear.

(3) Alpine glacial deposits have been studied

throughout much of the Cascade Range, yet few

ages can be assigned to these deposits with confi-

dence (Porter et al. 1983; Clark and Bartlein 1995).

The Upper Klamath Lake record contains informa-

tion about timing and duration of glacial advance,

still stand, and recession, and provides an essen-
tially continuous, high-resolution, 14C-dated record

of late Wisconsin glaciation in the southern

Cascade Range.

(4) During OIS 3, glaciers in the Upper Klamath

Lake catchment were of limited extent in compar-

ison to the extents indicated by regional records

from other areas of the western United States.

These small, southern Cascade glaciers fluctuated
in size with periods of from one to several thousand

years. Glacial extents during OIS 3 were similar to

the Zephyr Lake period (Figure 8), if the Zephyr

Lake drift formed at about 15.5 ka, near the end of

the Waban glaciation (Figure 9). If the Zephyr

Lake occurred later and ice-free tarns captured its

glacial flour, then the earlier glaciers must have

been of somewhat greater extent. Major expansion
of late Wisconsin (Waban) glaciers began at �22

ka. Glaciers reached their maximum extent at

about �19 ka, began to recede at �18 ka, and

then stabilized for �1500 years. The final period

of glacial recession began �16 ka (about the same

time as late Wisconsin mountain glaciers began to

decline throughout the western United States) and

by 14 ka were no longer large enough to contribute
measurable quantities of glacial flour to Upper

Klamath Lake.

(5) Upper Klamath Lake lies in an active tec-

tonic depression (Colman et al. 2000). Repeated

down dropping has allowed accumulation of

lake sediments that exceed 150 m in some localities

(Liberty et al. 2000). Future coring of these sedi-

ments could provide a much longer glacial history
for the southern Cascades, perhaps extending back

through the penultimate glaciation.
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