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(1 1 ). The characteristics of sedimentation Chronology for Fluctuations in Late Pleistocene , 
In Owens Lake should therefore have been 

Sierra Nevada Glaciers and Lakes sensitive to changes in the magnitude of 

Fred M. Phillips, Marek G. Zreda,* Larry V. Benson, 
Mitchell A. Plummer, David Elmore, Pankaj Sharma 

Mountain glaciers, because of their small size, are usually close to equilibrium with the 
local climate and thus should provide a test of whether temperature oscillations in 
Greenland late in the last glacial period are part of global-scale climate variability or are 
restricted to the North Atlantic region. Correlation of cosmogenic chlorine-36 dates on 
Sierra Nevada moraines with a continuous radiocarbon-dated sediment record from 
nearby Owens Lake shows that Sierra Nevada glacial advances were associated with 
Heinrich events 5, 3, 2, and 1. 

During the last glacial period, the climate 
in the North Atlantic region was character- 
ized by a sequence of quasi-cyclical fluctu- 
ations ( I ) .  Combined ice core and marine 
sediment core evidence indicates that dur- 
ing periods ranging in duration from about 
500 to 2000 vears the climate became Dro- 
gressively colder. The maxima of these 
Dansgaard-Oeschger cycles were often 
marked by the expulsion of large numbers of 
icebergs from the ice caps surrounding the 
North Atlantic (Heinrich events) (2). The , . , 
iceberg expulsions were rapidly followed by 
abrupt warming. The cold episodes culmi- 
nating in Heinrich events have been pos- 
tulated to be the cause of mountain glacier 
advances in western North America (3) 
and elsewhere (4). 

F. M. Phillips, M. G. Zreda, M. A. Plummer, Department of 
Earth and Environmental Science, New Mexico Institute 
of Mining and Technology, Socorro, NM 87801, USA. 
L. V. Benson, U.S. Geological Su~ey, 3215 Marine 

This hypothesis has proved difficult to 
test, in large part because of the difficulties 
in dating moraines by 14C and other con- 
ventional approaches. Cosmogenic nuclide 
methods ( 5 )  can be used to directlv date . , 
moraines (6, 7), but various uncertainties 
(8, 9) render tenuous direct chronological 
comparisons with millennial-scale events 
such as iceberg discharges. 

An alternative approach that circum- 
vents these difficulties is to investigate con- 
tinuous and datable sedimentarv records in 
environments associated with mountain 
glaciers. Although the sediment-based ap- 
proach provides a nearly continuous record, 
it must use indirect proxies for glacial ex- 
tent. Here we test glacial proxies in a sedi- 
ment record from Owens Lake, California 
( lo),  by comparing the 14C chronology of 
the proxies with direct ages of Sierra 
Nevada moraines. 

The Owens River drains the eastern 

discharge and type of sediment-load pro- 
duced by glaciation, particularly the re- 
lease of large amounts of rock flour by 
glacial meltwater. Benson et al. (1 0) used 
increases in magnetic susceptibility and 
decreases in inorganic carbon, organic car- 
bon, and carbonate 6180 as indicators of 
glacial advance. 

We have used cosmogenic 36Cl buildup 
(1 2) to date late Pleistocene moraines in 
four drainages (Fig. 1). Two of the drain- 
ages, Bishop Creek and Little McGee 
Creek, are tributary to the Owens River. 
Bloody Canyon drains into Mono Lake 
and is about 20 km north of the headwa- 

- 
o 10 m 3040  

krn \ - 
. . ns 

--- Boundary of , Lakei 
(dry)) 

drainage basin ' -- / -L 

Street, Boulder, CO 80303, USA. 
D. Elmore and P. Sharma, Physics Department, Purdue 

flank the Sierra Nevada (Fig' of Fig. 1. Location of Owens River drainage basin 

University, West Lafayette, IN 47907. USA. the malor valleys originating from the Si- and valleys where moraines were dated with the 
erra Nevada contain late Pleistocene mo- use of cosmogenic 36CI. CH = Chiatovich Creek, *Present address: Department of Hydrology and Water 

Resources, University of Arizona, Tucson, 85721, mine complexes showing that the altitude BC = Bloody Canyon, LMC = Little McGee 
USA. of the equilibrium line was -1000 m lower Creek, and BpCr = Bishop Creek. 
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ters of the Owens River. Chiatovich Creek 
is on the eastern side of the White Moun- 
tains, the range immediately east of the 
Sierra Nevada. All four drainages contain 
complex sequences of late Pleistocene mo- 
raines (Fig. 2). 

The largest boulders available on the 
crest of each moraine (Fig. 2) were sampled 
by hammer and chisel close to the center of 
their top surfaces. The samples were pro- 
cessed and analyzed for 36Cl by standard 
methods (13). Ages were calculated for 
rock-surface erosion rates of 0 and 5 mmlka 
(Fig. 2 and Table 1 ) ( 14). 

If all of the boulders sampled on a single 
moraine had the same historv. exceDt for , . 
variable rock erosion rates, then all samples 
should show mutual overlap within some 
part of the age range indicated by the ero- 
sion calculations. Instead, boulders from a 
single moraine usually show scatter toward 
young ages because soil erosion progressive- 
ly exposes boulders after moraine deposition 
(8). We have therefore interpreted the 
overlapping range of ages that cluster at the 
maximum end of the range for each mo- 
raine as the depositional age (15). 

The data (Fig. 2) show that the younger 

moraines in the Sierra Nevada yield 36Cl 
ages for major advances at 49 ? 2,3 1 & 1, 
25 ? 1.19 ? 1. and 16 ? 1 ka. Comvarison 
of this chronology, after conversion to the 
radiocarbon time scale (1 6), with the mag- 
netic susceptibility and organic carbon con- 
tent curves from Owens Lake demonstrates 
that the proxy indicators for glaciation ac- 
curately record glacial advances (1 7). Fur- 
thermore, the advances for which moraines 
are preserved are those having the strongest 
signals in the sedimentary record. The 
Tioga 2 advance at 22 ? 1 14C kyr has the 
lowest eauilibrium line altitude (ELA) of 
any Tioga advance and correlates with the 
maximum magnetic susceptibility (x) signal 
in Owens Lake. The advance having the 
next lowest ELA, Tioga 3, corresponds to 
the second largest peak in X. The moraine 
position shows that the Tioga 1 advance 
was relatively minor and was probably pre- 
served at Little McGee Creek only because 
of faulting. The core evidence from Owens 
Lake is consistent with a relatively minor 
advance. This correspondence supports the 
inference from the Owens core data that 
there were a series of minor glacial advances 
between 40 and 25 14C kyr that are not 

Fig. 2. Chlorine-36 age distributions compared with proxies for glacial extent from Owens Lake 
sediments from (9). Peaks in the proxy records are interpreted as indicating extensive glaciation. 
Moraine maps and corresponding 36CI ages are color coded. Bloody Canyon (BC) map modified from 
(6), Bishop Creek (BpCr) from (26), and Chiatovich (CH) from (27). Dots indi~ate~~CI ages assuming zero 
rock erosion rate, and bars indicate the ages assuming a 5-mm/ka erosion rate. 
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recorded by moraines, presumably because 
the moraines were overridden by the later, 
more extensive advances. 

These glacial events in the Sierra Neva- 
da appear to be temporally related to cli- 
matic cycles in the North Atlantic and 
elsewhere. The earliest advance, at 49 & 2 
ka, was close to the time of Heinrich event 
5 (H5) 143 ka on the GRIP time scale (18) 
and about 47 ka on the GISP2 scale (1 9)], 
although uncertainties in both 36Cl and ice 
core chronologies at this age range do not 
permit any close correlations. No moraines 
correlative to H4 were dated. The Owens 
Lake core (Fig. 2) indicates that this was an 
extended interval of limited glacial extent 
in the Sierra Nevada, and any moraines 
associated with H4 were probably destroyed 
by subsequent, more extensive advances. 
The Tioga 1 advance at 28 ? 1.5 14C kyr 
appears to have slightly preceded H3, and 
the Tioga 2 advance seems to have slightly 
preceded H2, although the 14C chronolo- 
gies of neither the marine nor the Owens 
Lake cores are sufficiently precise to permit 
unambiguous distinction of phase relations. 
The Tioga 2 advance appears to have been 
a critical transition point in the climate 
sysrem. After this advance, the climate did 
not return to the previous oscillatory pat- 
tern but rather locked into a full glacial 
mode. This pattern of rapid increase in 
glacial extent beginning at about 23 14C kyr 
strongly resembles that inferred for global 
ice volume from Huon Peninsula terraces 
(20) and 1 8 0  in tropical ocean cores'(21). 
The Tioga 3 advance clearly immediately 
preceded H1, and the Tioga 4 advance at 
-14.5 to 13 14C kyr probably included at 
least the latter half of H1. The extent of 
both lakes and glaciers was apparently large, 
but not maximum, during the time preced- 
ing H1. At close to the initiation of H1 (15 
to 14.5 14C kyr), the glaciers retreated sud- 
denly, and Owens Lake shrank to near des- 
iccation [less than half of the modem (22) 
surface area], but by the end of HI, the 
glaciers had readvanced and the Owens 
River lacustrine system rapidly refilled to 
peak late Pleistocene levels (23) (more 
than five times the modem surface area). 
The peak in both glacial and lacustrine 
extent was apparently brief. 

The above summary indicates that al- 
though expansions of Sierra Nevada glaciers 
were apparently related to Heinrich events, 
the relation was probably not one of simple 
synchronicity. Rather, Sierra Nevada glacial 
advances, in the case of H1 at least and 
possibly the other events, slightly preceded 
the Heinrich events, and during the events, 
the water balance may have oscillated 
strongly. The Owens Lake record (10) may 
also indicate a similar pattern for the smaller 
iceberg discharge events (1 ) between H5 and 



Table 1. Chortie-36 aqes for boulders on Serra Nevada moraties, for assumed rock erosion rates 5 T E Cerling and H Craig. Anni;. Re/ Eaith P:aner. 
varytig from 0 to 5 mrn;ka Sci. 22. 273 (1 994) 

6. F. M. P h i p s  et a!. . Science 248, 1529 ( I  990) 
7 J C Gosse. E B Evenson, J. Kle~n, B, Lawn, R 

3'5CI age jka) "C1 age (ka) Mlddeton. Geoloqy 23, 877 ('9951 
Sample Sample 8. P. R B~erman. ~.%ecphys Res 99. 13885 (1994) 

0 mrn;ka 5 mm/ka 0 mm, ka 5 mm;ka 9 A B. Gibbons, J. D Megeath, K L Pierce, Geology 
12. 327 (: 9841. 

Bishoo Creek. Tioga 3 
20.3 
18.1 
10.4 
17.7 
18.1 
18.8 

15 9 
Ch ia tov~ch  Creek: Tioga 4 

14.1 
C87-2 13.3 12.2 
C87-3 6.7 6.4 
C87-4 6.0 5,6 
C287-5 11.6 11 .0 
C287-6 14.3 12.2 
C387-1 14.3 13.1 
C387-2 12.8 12.1 
C387-3 16.6 14.9 

Chiatovich Creek: Tioga 3 
C587-1 18.8 16.3 
C587-2 20.1 17.1 
C587-3 16.2 12.7 
C787-1 12.9 11.7 
C787-2 20.1 17.3 
C787-3 4.0 3.9 
C7b87-1 20.6 18.5 
CH89-PI 2 15.2 14.8 
CH89-PI 2-1 12.9 12.8 
CH89-P22-1 2.3 2.2 
CH89-P22-2 5 7 5 6 
CH89-P22-3 10 4 10 0 
CH89-P23-1 19 3 17.9 
CH89-P23-2 22 5 20.3 
CH89-P23-3 12 8 12.4 
C1187-1 19.3 16 9 
C1187-2 12.9 11 3 
C1187-3AW 16.1 14.0 
C1287-1 AW 15.6 14.2 
C1287-2 9.0 8.2 
C1287-3 6.2 6.0 

Chiatovich Creek: Tioga 2 
CH89-P8-1 25.1 25.1 
CH89-P8-2 22.0 21.3 
CH89-P8-3 22.0 20.4 

L~ t t l e  ~WcGee :  Tioga 4 
16.7 

LMC86-5 
Little 

LMC90-12 
LMC90-13 
LMC90-14 
LMC90-15 

LMC90-26 
LMC90-27 

Little 

16.9 
McGee :  Tioga 3 

11.9 
12.6 
14.1 
10.4 
l5,O 
12.4 
15.0 
39.3 
11.7 

LMC9I - 5 ~  23.1 
LMC9I -6 13.5 
LMC9I -7 24.1 
LMC9I -8 16.4 

L~ t t l e  McGee :  Tioga 7 
LMC86-6 30.6 
LMC86-7 3.2 
LMC86-8 32.0 
LMC86-9 20.2 
LMC86-10 31.3 

Bloody Canyon: Tioga 4 
BC86-1 17.2 
BC86-2 10.5 
BC87-3 16.6 
BC86-5 18.1 
BC90-5 13.3 

Bloody Canyon: Tioga 3 
BC86-6 19 3 
BC86-7 4 3 
BC86-8 18.9 
BC86-9 19.8 
BC86-10 5,6 

18 9 
16 6 
19.4 
17.7 

Younger Tahoe 
43 1 
44.7 
32.2 
48.9 
53.8 

4.1 
50.5 
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