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Moraines in the canyons of Mono Basin are separable into rel-
ative-age groups on the basis of clast-sound velocities in exposed
boulders, moraine morphology, and weathering features on boul-
der surfaces, Tioga, Tenaya, Tahoe, and Mono Basin moraine
deposits each have distinct weathering characteristics and there-
fore constitute different relative-age groups. The Tioga glacial
episode at June Lake may postdate ~25,200(?)-yr-old basaltic la-
vas, and the TFenaya episode may have occurred ~30,700 yr ago.
A comparison of the glacial and lacustrine records of Mono Basin
over the past 40,000 yr, based on new inlerpretations of radiomet-

"ric ages, is consistent with the hypothesis that maximum glacial
and maximum pluvial periods were not necessarily syrichro-

Nous. ©1993 University of Washington.

INTRODUCTION

The moraines of Mono Basin are among the most
prominent of the eastern Sierra Nevada (Fig. 1), and have
been separately mapped or characterized by numerous
workers (McGee, [885; Blackwelder, 1931; Kessefi,
1941; Putnam, [949; Birman, 1964; Kistler, 1966, Ches-
terman and Gray, 1975; Lachmar, (977, Clark, {979;
Mathieson, 1984; Crook and Gillespie, 1986; Birkeland
and Burke, [988; Bailey, 1989, Phillips et al., 1990; Bur-
sik, 1991). In particular, the moraines al Bloody Canyon
have yielded controversial data on the sequence of late
Pleistocene Sierran glaciations (Blackwelder, 1931;
Sharp and Birman, 1963; Burke and Birkeland, 1979;
Gillespie, 1982, 1984). However, no recent study of mo-
raines in all major drainages, integrated with the unigque
lacustrine and volcanic records of Mono Basin, has been
published (Russell, 1889; Putnam, 1950; Lajoie, 1968).
Such a study could help clarify the relative-age sequence
of the Sierra Nevada by revealing morainal features,
hence relative-age groupings, that are consistent between
canyons within a single major drainage basin. In addition,
use of interfingering stratigraphic relationships between
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glacial, lacustrine. and volcanic deposits, and modern ra-
diometric ages obtained for them, could help to constrain
our knowledge of past climate as recorded by the coupled
sequences of glacial advances and lake-level fluctuations.
Our goals in the present paper are {1} to characterize the
weathering and geomorphic features of the late Pleisto-
cene moraines in the piedmont regions of Mono Basin; (2)
to correlate moraines between canyons, thus demonstrat-
ing a distinct. consistent sequence of glacial events; (3} to
suggest possibilities for constraining our knowledge of
the ages of the moraines by looking in greater detail at the
volcanic, lacustrine, and glacial records together; and (4)
to offer a brief comparison of the latest Pleistocene gla-
cial record and the record of fluctuations in the level of
Plieistocene Lake Russell,

METHODOLOGY

Previous workers, beginning with Matthes (1930} and
Blackwelder (1931), have developed relative-dating (R}
techniques to establish age relationships among mo-
raines. These technigues are based on observations of
features on moraines that weather and change appear-
ance with age. Objective measurements of these features
can serve (o differentiate moraines within a canyon and
to correlate moraines between canyons, even if radiomet-
ric ages are unobtainable. We used three RD techniques,
based on the following: (1) clast-sound velocity (CSV) in
granitic boulders (Crook, 1986), (2) moraine morphology
and topographic relationships (Blackwelder. 1931}, and
(3) semiquantitative weathering measurements (Birman.
1964; Sharp, 1969 Burke and Birkeland, 1979). The CSV
technique is based on the assumption that the speed of
sound, (V) in weathering boulders decreases monotoni-
cally with age because of the formation of microcracks.
Of the three methods, we have found that the CSV tech-
nigue provides the most objective and consistent results
in differentiating moraines in Mono Basin, in keeping
with the conclusions of Gillespie (1982) and Crook and
Gillespie (1986). Moraine morphology is impoertant be-
cause the form of a moraine changes systematically with
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FIG. 1. Map showing location of Mono Basin and surrounding geo-
graphic features. Diagonal lines = late Pleistocene piedmont moraines;
black areas = late Pleistocene basaltic rocks; stippled areas = late
Quaternary silicic volcanic rocks.

age, as erosion and redeposition degrade pristine land-
forms. Semiquantitative weathering data consist of visual
estimates and measurements of features related to the
amount of weathering of boulders and soils on moraines.

Measurements of V, in granitic boulders were made
according to the procedure of Crook (1986). This in-
volved making a three-point travel time curve for a
transect on the top surface of each boulder greater than
30 ¢cm in diameter within a restricted area (a site). Boul-
ders that broke under testing, had high color index, or
had cracked or recently spalled surfaces were rejected for
use. V, was taken to be the average speed calculated
from the travel time curve. It was determined for 15 to 50
boulders at a site and for several sites on the crest of each
moraine. The difference in average V|, between boulders
from separate moraines is a statistical measure of the
distinct weathering characteristics, hence ages, of the
moraines. Two adjacent groups of moraines were ¢onsid-
ered to be of different relative ages if their respective
samples of V,, were formally separable at the 10% signif-
icance level (Gillespie, 1982; Bursik, [988).

Moraines with certain morphological features were
consistently given particular names by Blackwelder
(1931). In this study, moraines have been assigned differ-
ent relative ages based foremost on the statistical sepa-
rability of CSV samples, but also on differences in mor-
phological characteristics and semiquantitative data. As-
signment of the name of a glaciation to a particular

moraine or group of moraines (e.g., Tioga) was then
made based on conformity with the morphological char-
acteristics outlined in Table 1, to preserve continuity with
Blackwelder and later workers. Although moraines in dif-
ferent canyons have been assigned the same age based on
their morphological features, the features do not provide
sufficient proof that the moraines were formed simulta-
neously. However, the CSV data that we present are gen-
erally compatible with this interpretation, because V,
values were typically similar for deposits of a given rel-
ative age in different canyons.

We found the depth of weathering pits and the grain-
scale roughness on granitic boulder surfaces to be the
most useful sermniquantitative weathering techniques for
the deposits of Mono Basin. Weathering pits are depres-
sions on boulder surfaces that range from grain size to
several meters across and up to a meter deep. We mea-
sured the depth of the deepest weathering pit on every
boulder at a site, excluding those pits that were formed
by the coalescence of a number of smaller pits or that
were anomalously deep because of unusually vigorous
weathering along cracks. Grain-scale roughness or fret-

TABLE 1
Late Pleistocene Glaciations of the Sierra Nevada

Radiometric age Morphological

Glaciation {yr B.P.) characteristics®
Tioga 22,200 = 2000° Minimal gullying of flanks
(19,050 = 420) Termini nearly complete
[220,400-23,1007] except for narrow breach-
<25,200 = 2500° ing by axial streams
{21,600 = 800)
Tenaya [223.300-25,5009] Crests sharper than Tahoe

230,700 £ 2700{7)"
(26,400 = 600)

Termini widely breached by
axial streams

Lateral moraines generally
overtopped by Tioga except
at outer reaches
(“*topographic uncon-
formity™")

Flanks deeply gullied

Termini eroded, mostly
removed

Voluminous lateral moraines

Local throughgoing gullies®

Generally preserved only
where Tahoe ice streams
followed different courses

Tahoe (Tahoe II¥)  <118,000 = 70007

[55,900-65,8009]

Meono Basin
(Tahoe 19)

>131,000 + 10,0007
[292,000-119,000¢]

[3£33,000— 149,0004]

(= 189.,000-218,000( %"}

¢ Tabulated ages are constraints on the age of the glacial maximum.
Error bars are estimated =20 (~95% confidence interval). Square
brackets indicate experimental (**Cl) ages. Ages in parentheses are un-
corrected radiocarbon ages.

5 Blackwelder (1931}, Sharp and Birman (1963), Birman (1964).

¢ Dorn et al. {1987): **U-Th-calibrated.”” The **U—Th-calibrated”’
age of their last major Tioga recessional is 16,300 = 1300 (13,910 = 210
yr B.P.)

 Phillips et al. (1990).

¢ This study: ages are “‘U-Th-calibrated.™”

£ Gillespie (1982),

# Bloody Canyon only (see Gillespie, 1982, 1984),

® The two older age ranges of Phillips et al. are for the Tahoe I
moraines; the younger for the Mono Basin moraines. See text for in-
terpretation of these ages.
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ting is a measure of local erosion of a clast surface, which
is assumed to have been glacially smoothed or freshly
broken upon deposition. We categorized a boulder as
“fresh’” if more than 509 of its exposed surface exhibited
differential mineral weathering to a depth less than the
average grain size (Sharp and Birman, 1963). Boulders
were ‘‘weathered’” if more than 50% of the surface ex-
hibited differential mineral weathering to a depth equal to
or greater than the average grain size. In the next section,
semiquantitative weathering data are summarized on
scatter diagrams of the fraction of fresh boulders plotted
against the fraction of boulders with weathering pits =2
cm deep.

RELATIVE AGES OF PIEDMONT MORAINES

Interpretive maps of the late Pleistocene moraines
within Mono Basin were made from RD and mapping
investigations both in the field and from U.S. Forest Ser-
vice aerial photographs with a nominal scale of 1:16,000
(Fig. 2). Below we provide a brief synopsis of RD work in
cach of the major glaciated canyons, beginning with a
review of work at the best-studied one, Bloody Canyon,

and proceeding south and then north from this critical
locale.

Bloody (and Sawmilly Canyons

The moraines of Bloody and Sawmill canyons have an
extensive history of detailed study (Sharp and Birman,
1963; Burke and Birkeland, 1979; Gillespie 1982, 1984;
Mathieson, 1984; Crook and Gillespie, 1986; Birkeland
and Burke, 1988). Phillips et al. {1990) have determined
experimental cosmogenic **Cl dates for the right-lateral
moraines (Table 1). There are basically two interpreta-
tions of the glacial history: Sharp and Birman (1963) split
the moraines into four ages, mostly on the basis of boul-
der surface weathering data collected at several localities
on the morain¢e crests, whereas Burke and Birkeland
(1979) lumped them into two, primarily on the basis of
soil development and boulder surface weathering at one
or two sites on each crest. The remaining references
loosely agree with Sharp and Birman.

The key to the different interpretations is the outer
(southern) flank of the right-lateral Tahoe meoraine of
Sharp and Birman (1963). If, as suggested by Gillespie
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FIG. 2. Relative ages of the late Pleistocene piedmont moraines of Mono Basin. Filled circle = locality at which CSV or semiquantitative
weathering data were collected; filled square = site with anomalously low V. i.e., “‘reversely weathered;” dotted line = moraine crest. Contacts
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(1982), this moraine is composite, consisting of a younger
Tahoe II moraine mostly burying an older Tahoe I mo-
raine, the observations of all the researchers can be ex-
plained. The anomalously youthful appearance of the
Tahoe crest (Burke and Birkeland, 1979), attributed to
boulder spalling by forest fires, is simply the result of the
younger age of the Tahoe 11 deposits that constitute the
crest where samples were taken (Gillespie, 1982). Bier-
man and Gillespie (1991) have shown that range fires on
the same desert scrub that covers the unforested mo-
raines also spall boulders; thus, differential spalling due
to vegetational differences is a poor explanation for the
weathering data. From the data of Birkeland and Burke
(1988), it appears that soil development on the catenas is
more consistent with the interpretation of Sharp and Bir-
man than are daia from their 1979 study of weathering on
moraine crests. Their Tahoe catena (Fig. 2 in Birkeland
and Burke, 1988) is significantly more weathered in its
footslope, which is on the partly overtopped Tahoe I mo-
raine of Gillespie (1982}, than it is above on the Tahoe 1]
moraine. The change in degree of soil development
downslope is more pronounced than on nearby younger
(Tioga) and older (Mono Basin) catenas. These observa-
tions are best explained by a compound Tahoe moraine.
The remaining differences in interpretation may hinge on
the inherent temporal resolution of various RD tech-
niques and sampling strategies (Gillespie, 1982, 1984; Bir-
keland and Burke, 1988), The soils and boulder weather-
ing data of Burke and Birkeland (1979), collected to max-
imize the number of parameters measured at a small
number of sites, did not distinguish Tenaya and Mono
Basin deposits of Sharp and Birman (1963} from Tioga
and Tahoe deposits, respectively. The V, data of Crook
and Gillespie (1986), consisting of one quantitative pa-
rameter measured at a large number of sites, did (Fig. 3a).

We have mapped the glacial geology of Bloody Canyon
(Fig. 2a) with relative ages after Sharp and Birman (1963),
as modified by Gillespie (1982). At least three post-
Sherwin (<~800,000 yr} glaciers advanced down Saw-
mill Canyon (one Mono Basin advance and two pre-
Mono Basin). Subsequently, there were four major ad-
vances down Bloody Canyon (Tahoe I, Tahoe I1, Tenaya,
and Tioga). The moraines from these glaciers overtop and
crosscut the older Mono Basin moraines of Sawmill Can-
yon. Burke and Birkeland (1979) found little difference in
soil development between the Sawmill Canyon Mono Ba-
sin moraines and the oldest of the Bloody Canyon mo-
raines (Tahoe 1 in Fig. 2a), and Gillespie (1982) and Crook
and Gillespie (1986} likewise found little difference in V.
Evidently, RD data are not sensitive in this age range, or
the two sets of moraines are nearly the same age. The
experimental cosmogenic **Cl dates of Phillips et al.
(1990) suggest that the Tahoe I glacier advanced one or
more times between ~ 140,000 and —220,000 yr, and that
the Mono Basin glacier was younger (—110,000 yr; Table

1). These data contradict the geomorphic cross cutting
relationships of Sharp and Birman (1963) and Crook and
Gillespie (1986), who concluded that the right-lateral
Tahoe I moraines were deposited over, hence after, the
Mono Basin moraines (Fig. 2a). Because the older **Cl
dates are inconsistent with the stratigraphy, because in-
adequate allowance may have been made for erosion of
the sampled boulders in calculating their apparent ages,
and because little is known about the accuracy of *Cl
dating in the age range being considered, we view the
Tahoe I and Mono Basin *°Cl dates with skepticism. The
38C] dates of the Tioga through Tahoe 11 moraines have a
much higher probability of being accurate (Table 1). They
do not contradict the stratigraphy and are less likely the
result of different degrees of boulder erosion. A large
percentage of boulders on Tioga through Tahoe Il mo-
raines have fresh unweathered surfaces (Gillespie, 1982).
The *Cl ages suggested that Tioga and Tenaya may be
separate pulses of a single event, and that Tahoe is con-
siderably older. Qverall, we consider the CSV data to be
the most useful for relative dating and correlation in
Mono Basin because they generally provide the most sen-
sitive results that do not contradict the stratigraphic re-
lationships.

Parker Canyon

Distinct Tioga, Tenaya, and Tahoe moraines occur at
Parker Canyon (Fig. 2b). The Tioga moraines of Parker
Canyon have an unusually prominent terminal loop,
which choked the axial valley sufficiently to cause glacial
Parker Creek to cut a path through the lateral moraines.
Tioga boulders are characterized by high values of V,,,
similar to those measured at Bloody Canyon, and a large
fraction of fresh boulder surfaces and shallow weathering
pits (Figs. 3b and 4a). An inactive rock glacier south of
Parker Canyon is also probably of Tioga age, because of
its relatively sharp crests and bouldery surfaces (Bursik,
1988). Within the cirque, which faces east and lies at the
base of numerous snow and rock chutes, the rock glacier
may be ice cored. Tenaya lateral moraines jut from the
base of the Tioga loop and are covered with boulders
having distinct, slightly lower values of V;, and marginally
fewer fresh surfaces than the Tioga. Elongate Tahoe mo-
raines enclose the Tenaya. Boulders are much more
weathered than those on the Tenaya moraines, with some
deep pits and only about half of the surfaces being fresh.
Although boulders on the outer right-lateral Tahoe crest
have slightly lower V,, and the moraine is more gullied
than the inner, the two CSV data sets are not statistically
distinct and we have grouped the two moraines together.

Grant Lake

At Grant Lake, the moraines again fall into at least
three clearly distinguishable relative age groups (Fig. 2g).
Sharp-crested, discontinuous Tioga-age ridges and abun-
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dant nested terminal loops are covered with boulders
having high values of V,, and fresh surfaces (Figs. 3b and
4b). Tenaya moraines consist of bulky laterals grading to
subdued remnants of a terminal loop (Table 1). At the
upstream end of the Tenaya moraine, Tenaya debris lies
atop or veneers a Tahoe landform, causing the nominally
Tenaya crest to seem unusually broad. As at Parker Can-
yon, Tenaya boulders are only slightly more weathered
than those on the Tioga moraines, but have distinctly
lower values of V.. Boulders on the round-crested Tahoe
moraines display surfaces somewhat more weathered
than those at Parker Canyon. The existence of numerous
recessional Tahoe loops north of Reversed Peak, inboard
of the most extensive lateral, suggests that retreat from
the Tahoe maximum was incremental, involving many
stillstands or readvances. In addition, the Tahoe glacier
seems to have merged downstream with both the Parker
Canyon and June Lake glaciers. A subdued Mono Basin
left-lateral moraine contains a distinct subpopulation of

case-hardened boulders (Conca and Rossman, 1982),
suggesting that it is considerably older than the Tahoe,
even though the respective values of V are not statisti-
cally separable.

June Lake

Late Pleistocene till at June Lake is interstratified with
volcanic deposits (Figs. 1 and 2g). Widespread Tioga mo-
raines rest above basaltic cinder cones and lava flows
that were erupted during(?) and after deposition of the
Tenaya moraines. These relationships are discussed more
fully in a later section. The Tioga moraines contain boul-
ders with fresh and nearly unpitted surfaces (Fig. 4¢). At
their upstream end, two sharp-crested Tenaya laterals are
separated from the Tioga moraines by a subtle topo-
graphic unconformity (Table 1). They are also covered
with boulders that are distinctly more weathered than are
Tioga boulders. A set of extensive Tahoe moraines with
discontinuous crests surrounds the Tenaya. Interglacial



SIERRA NEVADA GLACIATIONS 29

o Tioga, + Tenaya, 0 Tahos, & Mono

Basin, x Sherwin; filled - left-lateral 1 T
T b Grant Lake .
E a Parker
& a
M + +
@ B
‘E. a i [ "
E
c o +
8
g o =
A V/m .
0 1

Fraction weathered

1 T 1 1
¢ June Lake L | d Lundy
&

Hartley Springs
o]

1 0 1

FIG. 4. Semiquantitative weathering data. Each open circle repre-
sents a sample locality. The least-weathered (youngest) deposit plots
closest to the origin.

range front uplift and headward erosion of Reversed
Creek have contributed to excellent preservation of a
Mono Basin moraine by downcutting of the canyon floor,
so that Tahoe and later moraines were deposited lower on
canyon walls. Although both Mono Basin and Tahoe mo-
raines have been displaced by faulting and dissected by
erosion, boulders on the Mono Basin moraine are more
weathered than those on the Tahoe moraines. Scattered
erratics and till sheets near Aeolian Buttes, not shown in
Figure 2g, may also be of Tahoe or Mono Basin age (Bai-
ley, 1989),

CSV data do not have the same systematics found in
other canyons (Fig. 3¢). Some of the ambiguous results
here can be related to extensive case hardening of boul-
der surfaces on both Tahoe and,Mono Basin moraines.
Although more than half the boulder surfaces on the
Mono Basin and Tahoe morzaines are weathered (Fig. 4¢),
only 2% are composed mostly of disaggregated mineral
grains that can be rubbed off with boot or hand. Thus,
previously decomposed minerals and the boundaries be-
tween them appear to have been infilled with secondary
minerals, or case-hardened. Since 15% of the boulders on
these moraines display eolian fluting, we hypothesize
that the hardening is somehow related to ventifaction.
Recrystallization of windblown particulates is thought to
be an important case-hardening mechanism (Conca and
Rossman, 1982},

Hartley Springs

Small bedies of diamicton crop out at Hartley Springs
(Fig. 2e). The deposit may constitute an inactive rock
glacier or landslide, based on the locally corrugated to-
pography of its upper surface. Because the diamicton
overlies Bishop Tuff, it is post-Sherwin in age (Sharp,
1968). The source region is small and relatively low in
elevation (<3000 m), and there is no evidence that the
diamicton was deposited during multiple events. The lat-
eral ridge (western outcrop in Fig. 2e) has a rounded
crest, similar to pre-Tenaya moraines elsewhere. Most
granitic boulder surfaces are weathered to an extent sim-
ilar to that on the Tenaya moraines at June Lake, where
boulder lithology and vegetation (Jeffrey Pine) are the
same (Fig. 4¢). However, the edges of large surficial
flakes that have spalled from boulder surfaces clearly
crosscut weathering fronts, suggesting that fire has re-
cently spalled many of the boulder surfaces (Burke and
Birkeland, 1979) and that weathering characteristics are
anomalously young. We tentatively correlate the deposits
to the Tahoe glaciation.

Lee Vining Canyon

At least four late Pleistocene glacial maxima are sug-
gested by RD at Lee Vining Canvon (Fig. 2c). Steep-
walled Tioga lateral moraines grade to a prominent
V-shaped terminus, and contain boulders with low V,
values that are more characteristic of Tenaya-age boul-
ders in some of the adjacent canyons (Fig. 3d). Birman
(1964) showed that the fraction of weathered boulders on
the Tenaya right-lateral morainal bench and on similarly
disposed left-lateral moraines is distinctly different from
that on adjacent Tahoe and Tioga moraines. However,
RD results may be skewed on the right-lateral moraine by
boulders that rolled down from the Tahoe crest, and no
RD data were collected there for this study, Two exten-
sive Tahoe moraines merge upstream into the most prom-
inent lateral. Boulders on these crests have values of V,
only slightly lower than, but still distinct from, those on
the Tioga. Moreover, Bursik (1991) showed that the
Tahoe moraines are distinct from both Tioga and Mono
Basin moraines in the degree to which the landform itself
has been degraded. Mono Basin moraines are deeply gul-
lied, are crosscut by the Tahoe moraines, and have boul-
ders with distinctly lower V.. The downstream termini of
the Tahoe and Mono Basin moraines are downfaulted and
cut by shorelines of Pleistocene Lake Russell.

Terminal loops of Tioga and Tenaya age in Gibbs Can-
yon (Fig. 2c) suggest that the Gibbs glacier did not con-
tribute ice to the Lee Vining glacier during those times.
However, the Tahoe and Mono Basin glaciers of Gibbs
Canyon were probably tributary to the Lee Vining gla-
cier, based on the merging of the lateral moraines.
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Lundy Canyon

Only one prominent set of moraines extends past the
range front at Lundy Canyon (Fig. 2d). Those on the
canyon’s south side are made up of a series of sharp-
crested hummeocks, with little evidence for erosien be-
tween them, suggesting they constitute an incomplete
terminal loop. Based on the pristine appearance of boul-
ders, they are Tioga (Fig. 4d). Except for moraine A (Fig.
2¢), boulders also have relatively high V,, (Fig. 3¢). Some-
what more extensive and degraded left-lateral moraine
remnants are questionably Tahoe. Two prominent, ele-
vated right-lateral moraines are truncated by the range-
front fault. Because of the large amount of canyon down-
cutting postdating deposition of the more proximal of the
two, and because of the advanced weathering of boulders
(Figs. 3e and 4d), we concur with Sharp and Birman
(1963} that it resembles Mono Basin moraines elsewhere.
The disposition of moraines at Lundy Canyon thus re-
sembles that at June Lake, where the history of range-
front uplift is similar (Bursik and Sich, 1989). The highly
degraded form of the outermost moraine suggests that it
is a mid-Pleistocene Sherwin deposit (Blackwelder,
1931). A large fraction of granitic boulders on its surface
are of a statistically distinct, slowly weathering cataclas-
tic facies with average V/, significantly higher than that in
the remainder of the sample (Fig. 3¢). We hypothesize
that most normally weathering boulders have weathered
away, as on the pre-Mono Basin I moraine at Bloody
Canyon and on the Sherwin moraines at Green Creek in
Bridgeport Basin {Gillespie, 1982).

DISCUSSION OF RELATIVE AGES

Each study bearing on the late Pleistocene glaciation of
the Sierra Nevada requires a reevaluation of the number
and significance of glacial advances, especially since
Burke and Birkeland (1979) questioned the ability of RD
techniques to resolve Tenaya and Mono Basin moraines,
Although a full reevaluation would require a review arti-
cle, it is important for us to place our work in perspective
relative 1o its predecessors. In this respect, we concur
with those who have found that Tenaya and Mono Basin
do constitute glacial pulses distinct from Tioga and Tahoe
(Sharp and Birman, 1963; Birman, 1964) and that CSV
provides a powerful R} tool with which to unravel late
Pleistocene glacial history (Gillespie, 1982; Crook and
Gillespie, 1986). At Bloody Canyon, Parker Canyon,
June Lake, and Grant Lake, boulders on Tenaya mo-
raines were consistently weathered to a degree interme-
diate to that of boulders on both Tahoe and Tioga mo-
raines, justifying our conclusion regarding Tenaya mo-
raines. At Bloody/Sawmill and Lee Vining canyons,
Mono Basin deposits were statistically distinct from
Tahoe deposits using CSV. At June Lake, semiquantita-

tive weathering criteria differentiated Mono Basin from
Tahoe drift, but there and at Grant Lake, CSV did not. In
both areas, a significant fraction of Tahoe and Mono Ba-
sin boulders are case-hardened, and this may be respon-
sible for the ambiguous CSV results. Except at Bloody
Canyon (Gillespie, 1982, 1984), Tahoe moraines were not
separable into younger (Tahoe I1) and older (Tahoe 1) de-
posits based on CSV (Fig. 2a), possibly because of
smaller average sample sizes in canyons other than
Bloody/Sawmill, but probably because the glacier
changed course from Sawmill Canvon to Bloody Canyon
during the Mono Basin glaciation, leaving a glacial record
that is not repeated elsewhere.

We have found that CSV provides an objective RD
method because of the quantitative nature of the data and
the possibility for rigorous statistical testing. The tech-
nique is also powerful in that it generally has a higher
resolution than other methods, in part because a large
data set can be gathered rapidly over an extensive region.
The method consistently distinguished at least three rel-
ative-age groups in every canyon but one (Fig. 5a). In
addition, Tenaya through Mono Basin boulders in differ-
ent canyons were each characterized by consistent aver-
age values of V,, and by monotonic decrease of average
V, with age, except where case-hardening was important.
One-way analysis of variance showed that, at the 5%
significance level, the relative-age groups (Fig. 5a) are
distinct, and no moraine was incorrectly grouped with
others within one of the groups. These results support the
hypotheses that (a) the most important variable control-
ling V, is time, (b) moraines of the same relative age were
deposited synchronously, and (¢) a consistent, distinct
sequence of moraines of at least three relative ages oc-
curs in each canyon, Considered together, the CSV data
from the different canyons provide strong evidence for
the existence of distinct Tioga, Tenaya, Tahoe, and Mono
Basin deposits.

Despite the generally consistent results obtained with
CSV, data from Tioga deposits in different canyons are
more scattered than are data from older deposits (Fig.
5a). This greater spread is probably the result of several
factors. The logarithmic relationship between V, and age
hypothesized by Crook and Gillespie (1986) implies that
the resolution of the technique is markedly better for
younger deposits (Fig. 5b). Thus, it may be that some
Tioga deposits with lower average values of V, are some-
what older than those with higher values. In addition,
inherent variations in the degree of boulder weathering
upon deposition, which may yet be reflected in Tioga
deposits, will tend to become less pronounced with time.
On the other hand, some of the variations in Tioga V,, do
correlate with factors that either affect or are affected by
weathering rates. Weathering of Tioga boulders at Lundy
and Lee Vining canyons may have been accelerated by
local, high conc¢entrations of salt in atmospheric acrosols
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FIG. 5. (a) Mean V,, for different relative-age groups. Each data
point in every age group represents a separate canyon. (b) Model of the
difference in V,, between two moraines separated in age by the values
shown next to curves. The relationship between V, and age is taken
from Crook and Gillespie (1986) for Bloody Canyon. (c) Mean V,, for
sites on Tioga moraines at Lee Vining and Lundy canyons, and Bloody
Canyon, Parker Canyon, and Grant Lake. Elevation of the late Tioga
high stand is from Benson et af. {1990).

{Mustoe, 1982; Birkeland, 1984). The CSV sites at these
canyons are the lowest in elevation and are or would have
been closest to the saline waters of Mono Lake or glacial
Lake Russell, and therefore perhaps most likely to re-
ceive windblown, saline aerosols derived from wave
splash (Fig. 5c). Possibly the low values of V|, measured
in boulders on the Tioga moraines at June Lake are re-
lated to rapid weathering of the dominant rock type, the
granite of June Lake (Bailey, 1989). Crook and Gillespie
(1986) report that V, for coarse-grained lithologies gen-
erally decreases more rapidly with time than for fine-

grained types. The granite of June Lake is characterized
by orthoclase phenocrysts often 1 ¢m or more long (Hu-
ber and Rinchart, 1965). Rock types in the other canyons
are fing- to medium-grained.

At both Lundy Canyon and June Lake, where a num-
ber of Tioga moraines were tested, V,, in boulders on the
innermost recessional moraine was significantly lower
than on other Tioga moraines. The boulders on these
moraines could be considered *‘reversely weathered”
(Birman, 1964), because of characterization by an RD
parameter as older than underlying moraines. In both
canyons, three older Tioga moraines had statistically in-
separable V. Lachmar (1977), using semiquantitative
weathering data, found that boulders on the low V,, mo-
raine at Lundy Canyon (moraine A in Fig. 2d) displayed
advanced weathering. Boulders at the reversely weath-
ered sites (Fig. 2f} at June Lake are unusually homoge-
neous refative to those at other sites. The sites lack boul-
ders of a flagpy, epidotized facies that generally has
higher V,, than other types when tested. Thus, the low V
in boulders on moraine A at Lundy Canyon, although yet
inexplicable, is consistent with other data suggestive of
anomalously advanced weathering. At June Lake, the
existence of sites with boulders having low V, may result
from a difference in boulder provenance.

Our data do resolve a Tenaya relative-age group, but
they do not imply that the Tenaya should necessarily be
construed as a distinct ‘‘first-order’” advance (glacia-
tion). In fact, the nature of the CSV technique is such that
it may resolve at the stade level for younger deposits and
at the glaciation level for older deposits (Fig. 5b). Nev-
ertheless, radiometric-age data that we present in the fol-
lowing section suggest that it may be at least 5000 yr older
than the Tioga.

POSSIBLE SIGNIFICANCE OF THE STRATIGRAPHY AT
JUNE LAKE

It has long been recognized that the occurrence of both
glacial and lacustrine deposits in Mono Basin provides a
unique opportunity to study the response of these two
systems to climate change (Russell, 1889; Putnam, 1950;
Lajoie, 1968; Lajoie and Robinson, 1982; Benson and
Thompson, 1987). Qur research, coupled with recent ad-
vances in radiometric dating (Edwards et af., 1987; Bard
et al., 1990; Phillips et al., 1990), allows us to undertake
a preliminary comparison of the two records constrained
by radiometric ages for both. The singular interstratifica-
tion of latest Pleistocene till and basalt at June Lake is
crucial to the comparison, since it helps to constrain our
knowledge of the timing of the glacial advances.

There is evidence consistent with the eruption of some
of the basaltic lavas at June Lake at the same time as the
Tenaya glaciation. Unit Qb, (Fig. 6a) is composed of flow
slabs overlying(?) fragmental material. Although achne-
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FIG. 6. (a) Detailed map of volcanic and glacial [andforms at June
Lake. Qmb, Mono Basin; Qta, Tahoe; Qte, Tenaya; Qti, Tioga; Qb,,
older basalt (crosses = small outcrops of Qb,); Qb,, younger basalt; Qr,
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low relief defining the top of pumice or drift sheets and Bishop Tuff. (b)
Schematic cross section through A-A’ as shown in (a}. The wavy pat-
terns within parts of unit Qb, show the dips of flow foliations in coher-
ent lava sheets and blocks.

liths (pyroclasts shaped by flight) are common among the
ejecta, a substantial proportion of pyroclasts are also an-
gular and poorly vesiculated. Some exposures even con-
tain ellipsoidal features with glassy and breadcrusted
rinds reminiscent of pillow lava (Jones, 1970). Xenoliths
of the granite of June Lake are common, and palagoniti-
zation is pervasive although not extensive. Structurally,
Qb, is the result of the collapse of an earlier more sub-
stantial landform. The outcrop pattern (Fig. 6b) suggests
that collapse may have occurred in two episodes, that to
the west by tilting of the flow slabs and that to the east by
landsliding. The data suggest that the original landform
may have been composed of fragmental material overlain
by a relatively flat-topped flow—a small table mountain.
The common occurrence of xenoliths of the granite of
June Lake suggests that Qb, entrained a considerable
amount of till upon eruption, because the local bedrock is
quartz monzonite of Aeolian Buttes (Kistler, 1966), not
the June Lake lithology. If the Tenaya moraine remnants

are extrapolated to the position of a terminal loop, that
loop could have closed at the present position of the Qb,
outcrop. These data are consistent with eruption of Qb,
through the Tenaya terminal loop. Furthermore, the erup-
tion of Qb; may have occurred as the loop was being
deposited. The pyroclast assemblage has features char-
acteristic of subglacial debris formed by magma-water
interaction (numerous bedrock fragments; some angular,
poorly vesiculated juvenile clasts), and steep-sided, con-
structional table mountains are common subglacial land-
forms (Jones, 1970). Our interpretation is tentative be-
cause subaerial “‘agglutinate mounds,”’ with gross stra-
tigraphy similar to that inferred for Qb,, have also been
described (Holm, 1987), and because other interpreta-
tions of outcrop relationships may be reasonable. For
example, magma rising within the eruptive conduit could
have encountered water impounded behind the Tenaya
loop. However, the interpretation that best fits most data
seems {0 be that presented above,

Basaltic lavas were probably erupted more than once
at June Lake during the latest Pleistocene. Unit Qb,
probably postdates the Tenaya and predates the Tioga
glaciations. It consists of flows and scoria mounds, as
well as a cinder cone consisting of interstratified scona
and glacially striated lava northeast of June Lake (Oh!
Ridge). The scoria is well vesiculated and achneliths are
commeon. Xenoliths are absent and palagonite rare. Cin-
der cones, scoria mounds, and associated flows are typ-
ical subaerial features. The mounds and flows can be
genetically linked to the cinder cone by the occurrence of
lateral levees on the northeast flow lobe that project to
the southwest and scoria mounds overtopped with till and
erratics from the southern quadrant on the northwest
flow lobe, both of which suggest a source in the southern
quadrant: the cone near June Lake. The occurrence of
the subaerial cone 2 km upcanyon from the Tioga termi-
nus indicates that ice had retreated beyond that point
during the time between Tenaya and Tioga glacial pulses.
The lava within the cone was subsequently striated when
the Tioga glacier advanced.

Basaltic ash associated with these eruptions possibly
occurs in the beds of the 12,000 to 36,000-'*C-yr-old Wil-
son Creek Formation (Lajoie and Robinson, 1982).
Within the Wilson Creek Formation, Lajoie (1968) found
three layers bearing basaltic lapilli, which he designated
as ash layers 2, 7%, and 13*, Ash layer 2, dated by him at
13,300 “C yr B.P., clearly is derived from Black Point
(Fig. 1), for it thickens toward that volcano. However,
ash layer 7* is thicker to the south and east of Mono Lake
than it is near Black Point. Ash layer 13* does not crop
out on the north side of Mono Lake, near Black Point.
There is no evidence for a hiatus or erpsion of these
layers. No potential ash sources exist east of the lake.
Therefore, the depositional patterns suggest that the
sources for ash layers 7* and 13* must be south of Mono
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Lake. Although an undated basaltic flow crops out north
of Aeolian Buttes (Putnam, 1949) and others may under-
lie the Mono Craters (Kelleher, 1986), the data preseuted
above suggest that the eruptions at June Lake may have
occurred at about the same time that the Wilson Creek
beds were being deposited. We therefore tentatively cor-
relate the subglacial(?) eruption of Qb, to ash layer 13*
and the subaerial eruption of Qb, to ash layer 7*,

Recently, Bard er al. (1990} have presented a compar-
ison of the U-Th timescale with the "*C timescale over
the past 30,000 yr. They argue that the U-Th scale can be
used to calibrate the '*C scale in this period and present
convincing arguments that this is reasonable at least back
to 11,000 yr B.P. If we assume that the calibration is valid
for even greater ages, and that a least-squares regression
to the U-Th and conventional '*C data sets given in their
Table 1 provides a reasonable first-order calibration P =
0.99 for the regression), we can correct the '*C ages of
the ash layers for variations in cosmogenic production
rate. We stress that these adjusted ages are model ages
only, and that a thorough correction of '“C ages from
Mono Lake cannot be undertaken because of local vari-
ations in reservoir exchange rate and incorporation of
young, secondary carbon (Benson et al., 1990). We cor-
rect the age of ash layer 7* from 21,600 yr B.P. (Benson
et al.,, 1990) to 25,200 “‘U-Th-calibrated’” yr B.P. and
that of layer 13* from 26,400 yr B.P. (Lajoie, 1968; Ben-
son et al., 1990) to 30,700 ‘‘U-Th-calibrated’’ yr B.P.,
where ‘U ~Th-calibrated’’ means that a correction using
the Bard et al. data has been made. Based on the argu-
ments outlined above, we suggest that the 25,200 * 2500
yr date is a maximum-limiting age for the Tioga glacia-
tion, and the 30,700 = 2700 yr date is either a minimum-
limiting age for, or possibly the age of, the Tenaya glaci-
ation at June Lake (Table 1). The possibility that the
Tioga maximum followed the Tenaya by =-3000 yr sug-
gests that they could differ in age by a significant amount,
thus leaving open the possibility that they are separate
glaciations.

SPECULATIONS ON THE GLACIAL AND
LACUSTRINE RECORDS

Given possible constraints on the ages of the Tioga and
Tenaya glaciations in Mono Basin and its vicinity, we can
compare the hypothesized latest Pleistocene glacial rec-
ord with the record of Lake Russell surface elevation
(Fig. 7). The synthesis of glacial data is based upon sev-
eral studies. The data presented here and those of Phillips
et al. (1990) for Bloody Canyon are directly relevant to
lake-level data, because the level of Pleistocene Lake
Russell must have responded to the same climatic factors
responsible for the volume fluctuations of glacier ice in
these canyons. We tentatively accept the ages of Phillips

ha
s
w
L=1

elevation {m)
(18]
[=3
@
Q

Surface

| LAKE 7 % 2

RUSSELL /_\_r—/ \ {\
1950 1 1 1 1
[ 51 ACIAL L
| SYNTHESIS

@0 TENAYA

L JUNE LAKE ﬂ T
I PINE CREEK %

- BLOODY CANYON =

Glacial records

I M

L Il ] 1
Q 2 4

Age (10° yr B.P.)
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possible **U-Th-calibrated™ age of the Tenaya maximum. For the
“Glacial Synthesis,”” where two pertinent limiting ages exist, their
mean is plotted. Data are from the sources shown in Table 1.

et al. for the Tioga and Tenaya moraines because the
problem of erosion of boulder surfaces is much less seri-
ous than it is for the profoundly eroded boulders on the
Tahoe 1 and Mono Basin moraines. Many of the boulders
on the Tioga and Tenaya moraines retain fresh, striated
surfaces. The data from Dorn et al. (1987) on the timing
of the pulses of Tioga ice in Pine Creek are less directly
applicable. However, the close agreement between the
inferred age of the Tioga maximum at Pine Creek and that
within Mono Basin suggests that the age of the last major
Tioga recessional moraines, best developed at Grant
Lake (Fig. 2g), may also be the same in the two areas.
The lacustrine record in Figure 7 is based on the exten-
sive work of K. Lajoie presented in Benson et al. (1990).

The important features of the comparison are the fol-
lowing: (1) The Tenaya maximum may have occurred dur-
ing or before a high stand from 33,000 to 28,000 yr B.P. (2)
The Tioga maximum appears 10 have occurred at some
time during a brief relative intermediate to low stand be-
tween 28,000 and 17,000 B.P. Thus, periods of greatest
ice volume may correspond with maximum pluvial con-
ditions in some instances, but with relatively “*dry™ con-
ditions in others. Russell (1889), Lajoie (1968), and Lajoie
and Robinson (1982) have shown clearly that the Tioga
maximum did not occur during a high stand; (3) A short-
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lived lacustrine maximum about 16,000 **U-Th-
calibrated”’ yr B.P. is synchronous with the final major
Tioga recessional pulse (16,300 *“U-Th-calibrated” yr
B.P.; Dorn et al. 1987). This paired glacial/lacustrine
maximum may be the result of the latest major occur-
rence of cold, wet conditions. It is unlikely that enhanced
glacial melting is the cause of the lacustrine maximum.
Data collected by M. M. Clark (1976; personal commu-
nication, 1990) suggest that Tioga ice melted rapidly
somewhat after deposition of the recessional moraine,
probably as the result of a distinct amelioration of cli-
mate.
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