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ABSTRACT

The terrestrial glacial record reflects past
snowline variability and atmospheric tem-
perature changes. When combined with se-
cure chronologies, these data can be used
to test models of ice-age climate. We pre-
sent new in situ cosmogenic °Be, 26Al, and
SHe exposure ages, supported by limiting
“YAr/*Ar and “C ages, for seven of the
youngest moraines east of Lago Buenos Ai-
res, Argentina, 46.5°S, that were deposited
by a large outlet glacier of the Patagonian
Ice Cap. Following a major glaciation that
deposited extensive moraines prior to 109
ka, paired '"Be-*°Al ages indicate that the
next youngest complex of moraines was de-
posited from 23.0 = 1.2 to 15.6 = 1.1 ka
(10°). During the last glaciation, ice was at
its maximum extent prior to 22 ka and at
least five moraines were deposited in less
than 10 k.y. These data are in good agree-
ment with three “C ages of ca. 16 ka from
varved sediment banked on top of the
youngest of these five moraines and limiting
3He ages, which range from ca. 33 to 19 ka.
The most extensive ice marginal deposits
preserved within the last 109 k.y. were
formed during marine oxygen isotope stage
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2; no moraines dating to stage 4 were
found. For stage 2, the distribution of ages
at Lago Buenos Aires is similar to cosmo-
genic nuclide-based glacial chronologies
from western North America. In fact, the
structure of the last mid-latitude South
American ice age—specifically, the overall
timing, a maximum ice extent prior to 22
ka, and deglaciation after 16 ka—is indis-
tinguishable from that of the last major gla-
ciation in the Northern Hemisphere, despite
a maximum in Southern Hemisphere inso-
lation during this period. The similar mid-
latitude glacial history in both hemispheres
implies that a global climate forcing mech-
anism, such as atmospheric cooling, as op-
posed to oceanic redistribution of heat, syn-
chronizes the ice age climate on orbital time
scales.

Keywords: South America, ice ages, glacial
maximum, last, exposure age, paleoclima-
tology, and geochronology.

INTRODUCTION

A fundamental question in global climate
dynamics is whether Southern Hemisphere
glaciers respond in step with fluctuations of
the Northern Hemisphere ice sheets and
mountain glaciers despite antiphased solar in-
solation. The answer to this question, which
remains poorly understood at both low-fre-
quency orbital and high-frequency sub-orbital

GSA Bulletin; March/April 2004; v. 116; no. 3/4; p. 308-321; doi: 10.1130/B25178.1; 5 figures; 5 tables.

308

For permission to copy, contact editing@geosociety.org
© 2004 Geological Society of America

time scales, has profound implications for un-
derstanding the extreme climatic state of the
ice-age world. Comparisons of well-dated
Southern and Northern Hemisphere glacial
chronologies can be used to evaluate whether
ice-age climates were anti-phased (Blunier et
al., 1998) or uniform (Steig et al., 1998; Den-
ton, 1999) and to determine the relative roles
of astronomic, atmospheric cooling, ocean-
heat transfer, and ice sheet—sea level forcings
(e.g., Denton, 1999; Cane and Clement, 1999;
Stocker, 2000). For example, it has been doc-
umented that Antarctic ice sheet behavior has
broadly followed the 100 k.y. Northern Hemi-
sphere orbital periodicity that characterizes the
mid- to late Pleistocene ice age (Broecker and
Denton, 1989). However, chronological con-
straints on lower latitude Southern Hemi-
sphere mountain glacial records are critical for
evaluating whether the Northern Hemisphere
ice sheets synchronize ice sheet response in
Antarctica mainly through sea level changes,
or alternatively, whether a global climate forc-
ing such as atmospheric temperature is also
pertinent (Denton, 1999).

High-resolution dating of terrestrial glacial
records from southern South America thus
provides a key to unraveling the processes that
drive glacial climates. The terrestrial glacial
record adjacent to Lago Buenos Aires, Argen-
tina (Fig. 1), 46.5°S, comprises one the
world’s most complete and intact sequences of
Quaternary moraines (Rabassa and Clapper-
ton, 1990). In a companion paper, Singer et al.
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Figure 1. Location of Lago Buenos Aires moraine sequence. Left map highlights location
within Americas, present latitudinal range of Southern Hemisphere Westerlies, and hy-
pothesized glacial coverage during marine isotope stage 2 in black (Denton and Hughes,
1981). Right map highlights place names, present approximate latitude of core of Southern
Hemisphere Westerlies, and glacial extent during last ice age as originally mapped by

monumental work of Caldenius (1932).

(2004) describe the geologic setting and strati-
graphic relations between the glacial deposits
and “°Ar/*Ar and K-Ar dated basalt flows,
which demonstrate that these deposits span the
last 1 m.y. This paper presents the results from
two independent chronometers, specifically, in
situ cosmogenic ('°Be->°Al-*He) surface ex-
posure dating of moraine boulders and C
dating of glacial-lacustrine sediment that con-
strains the age of the youngest moraines. The
inferences and conclusions are strengthened
by the general agreement of the multi-isotope
data sets.

These data represent some of the first sur-
face exposure ages of moraines in mid-latitude
South America that proxy for the past oscil-
lations of the Andean snowline and paleocli-
mate. The new chronology from 46° S sup-
ports the hypothesis that the mid-latitudes of
both hemispheres witnessed a strikingly sim-
ilar glaciation during marine oxygen isotope
stage 2. The new chronology from Lago
Buenos Aires can be compared to '“C-dated
records elsewhere in South America such as
in the Lake District and Straits of Magellan
and glacial records from Antarctica and the
Northern Hemisphere (Fig. 1). At Lago Bue-
nos Aires, and along more than 1300 km of
the southernmost Andes, exposure dating is
ideally suited for resolving the age of individ-
ual moraines and glacial periods. South of the
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Chilean Lake District (Fig. 1), on the west
side of the Andes, the Patagonian ice cap
calved into the Pacific Ocean, and terminal ice
margin deposits are lacking (Mercer, 1983).
To the east, on the dry steppes in the rain
shadow of the Andes, the use of '*C is limited
by the sparseness of preserved organic mate-
rial and the age of the deposits; most glacial
deposits east of the southern Andes predate
the last glaciation and the ~40 k.y. limit of
“C dating (this study; Mercer, 1969, 1976,
1983; Morner and Sylwan, 1989; Rabassa and
Clapperton, 1990; Ton-That et al., 1999; Sing-
er et al., 2004).

GEOLOGIC SETTING

Singer et al. (2004) describe the Lago
Buenos Aires area and >1 m.y. glacial se-
quence in detail. Here we briefly review as-
pects of the record that are essential for un-
derstanding the results and conclusion of this
paper. Surficial geologic mapping has delin-
eated evidence of at least 19 moraines and as-
sociated outwash plains deposited east of
Lago Buenos Aires (Figs. 2 and 3). Following
Caldenius (1932), the moraines have been
grouped into four broadly defined moraine
complexes that we informally named Fenix,
Moreno, Deseado, and Telken. The *°Ar/**Ar
and K-Ar chronology (Singer et al., 2004) in-

dicate that the Telken VI-I moraines were de-
posited between 1016 and 760 ka, the Dese-
ado and Moreno moraines between 760 and
109 ka, and the Fenix moraines after 109 ka.
Here, we use in situ cosmogenic '"Be, *°Al,
and *He to place temporal constraints on the
individual Fenix and Moreno I moraines
(Figs. 2 and 4), which record at least two ma-
jor glaciations.

The Moreno I moraine tops a prominent
west-facing escarpment (Figs. 2 and 3) ~20
km east of the lake (Fig. 2). Outwash graded
to the Moreno I moraine forms a discontinu-
ous terrace at ~460-440 m above sea level
(asl) along the south side of the Rio Deseado
valley (Fig. 2). This terrace is buried by the
Cerro Volcan basalt flow (Fig. 2; also see Fig.
4C in Singer et al., 2004). Moreno boulders
commonly exhibit ventification, but boulder
spallation or exfoliation are relatively
uncommon.

The Fenix moraines are generally sharp-
crested ridges that lie at 450—480 m asl. They
are 10—30 m high and up to 500 m wide (Figs.
2 and 3, A and B). The individual moraine
ridges are relatively continuous and they can
be easily traced around the Lago Buenos Aires
Valley, except for Fenix III, which consists of
only a few isolated crests surrounded by youn-
ger outwash (Fig. 2). Spectacular sized, sub-
rounded blocks up to 20 m high (Fig. 3, C
and F) of columnar jointed basalt with stria-
tions and glacial polish stand along the crests
of the Fenix I and II moraines. Large basaltic
blocks also occur on the other moraines, but
they are much less abundant and smaller. Er-
ratic cobbles and boulders of granite, rhyolite,
diorite, gneiss, schist, and other lithologies
clearly derived from the Andean Cordillera
>50 km to the west are commonly found on
all Lago Buenos Aires moraines (Singer et al.,
2004). Spallation is rarely observed on Fenix
moraine boulders.

The Menucos moraine is grouped within the
Fenix moraine system (Singer et al., 2004),
and it is the youngest ice margin position de-
lineated at the eastern end of Lago Buenos
Aires; in the field area, it is a topographically
minor ridge (Fig. 2) containing large blocks
of basalt up to 20 m in diameter. The Menucos
moraine was deposited on top of ~887 mea-
sured varves that decrease in thickness up-
ward (Caldenius, 1932; Sylwan, 1989) and are
exposed along the Rio Fenix Chico (Fig. 2).
The varved sediments are banked upon, and
therefore they are younger than, the Fenix I
moraine (Caldenius, 1932; Singer et al.,
2004).
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Figure 2. Landsat image showing youngest moraines around eastern end of Lago Buenos Aires, lava flows (ages £ 20¢), locations of
measured samples, and area of varved section (See Singer et al., 2004).

GEOCHRONOLOGY METHODS
Radiocarbon Dating

Material dateable with “C has been found
only at one site, in the varved section exposed
by the Rio Fenix Chico (Fig. 2). Approxi-
mately 1 kg of carbonate-cemented concre-
tions from a varve within the lower third of
the sediment section yielded 1 mg of pure C
in the University of Zurich *C laboratory.
Previously, Sylwan (1989) obtained two '“C
ages on carbonate-cemented concretions from
the same varved outcrop (Table 1). Sylwan’s
(1989) samples were separated by ~280 varve
couplets.

Cosmogenic Surface Exposure Dating

Sample Collection and Preparation
Given the excellent preservation of the mo-
raine record and the lack of associated organic
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material due to the arid climate, cosmogenic
dating is ideally suited for dating individual
moraines at Lago Buenos Aires. Excellent
summaries of the principles of cosmogenic
nuclide dating include Lal (1991), Cerling and
Craig (1994), Kurz and Brook (1994), and
Gosse and Phillips (2001). Here we only brief-
ly review sampling procedures, principles,
methodologies, and systematic corrections
that are particularly relevant for understanding
the application of this technique in the region
of Lago Buenos Aires.

The geomorphic setting and surficial char-
acteristics were considered carefully when
choosing boulders to sample. For example, we
avoided boulders with evidence of rock split-
ting or spallation. Instead, we sampled boul-
ders that appear to have been eroding only by
granular disintegration. We also avoided edges
and sharp facets by sampling at least 5 cm

from these features. Except for shielded ma-
terial, sampling was close to the center of top
surfaces of boulders that dip less than 15° and
usually less than 10°. Samples were collected
from the upper few centimeters of moraine
boulders with hammer and chisel. We gener-
ally selected the largest boulders available
(Table 2), on, or nearly on, well-defined mo-
raine crests (Fig. 3) that are likely to have
been stable and to have stood above deposited
snow or volcanic ash. We aimed for boulders
at least 1 m high and wide, but the full range
in height varied from ~25 m to 32 cm for
Fenix samples (Table 2), with basaltic boul-
ders on Fenix II being the tallest (Fig. 3, C
and F). On the part of Moreno I sampled (Fig.
2), well-defined continuous crests were lack-
ing and boulders were rare. Thus, the two
samples LBA-01-62 and 66 are not ideal,
standing only ~25 c¢cm and 5 cm high. Sample

Geological Society of America Bulletin, March/April 2004
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Figure 3. Photographs of Fenix and Moreno I moraines. (A) Looking south, aerial view of Fenix moraines, with crests marked white.
The 14-m-high basaltic boulder on Fenix II moraine is sample LBA-98-085. Lago Buenos Aires is ~10 km to right. (B) Looking north
along Fenix I moraine crest, marked by white line. (C) On Fenix II moraine, 14-m-tall basaltic boulder on left is sample site LBA-98-
085 (see A above). Sampling granitic boulder on right. (D) Sample LBA-01-06 on Fenix II moraine. (E) Looking south, on north side
of study area (Fig. 2) on Moreno I crest. For scale, Route 40 is black line toward background. Also note that on right is Moreno scarp
separating Moreno from lower Fenix systems. (F) Looking northwest, *He sample LBA-98-134 on Moreno 1.

LBA-01-66 can be actually considered a large
“clast,” ~16 X 19 cm, which was sitting en-
tirely on top of the surface. All elevations
were measured relative to a 591 m benchmark
using a barometric-based altimeter (analytical
precision = 0.1 m) that was cross-checked
with global positioning system (GPS) and to-
pographic maps. Based on comparison be-
tween GPS and barometric-based altimeter
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measurements, elevation accuracy is estimated
to be 10-20 m.

Although we have attempted to minimize
geologic uncertainties by sampling strategies
discussed above, some scatter in the data may
be attributed to geologic factors such as prior
exposure, variable erosion rates, postdeposi-
tional movement, and burial and exhumation.
Snow cover is not corrected for, but it is as-

sumed to be insignificant (< 1%) because we
sampled along tops of moraine crests and, at
present, total annual precipitation is less than
~250 mm and appreciable accumulation usu-
ally lasts less than a month. Whereas these
processes should have had a small or negli-
gible effect on the exposure ages from the Fe-
nix moraines (i.e., below analytical uncertain-
ty) because they are relatively young, they

311



KAPLAN et al.

- °
o
= = 2 o
—_ - 9 = =
x X X X b=
w & E E 5 & | !
o o ¢ w w L
o L= l/
S o L
A 4 N
Varved lake = i _200
sediment l, iy 150
A ;100 _
erro o g
Volcan °
o 40pr39Ar F30 2
© L
= age C e
p F25 £
g, No - g_
o 20 data 20 x
2 Moraine s 15
2 boulders -
|.|>j .wBe N -
10 O *He —10
Varves -
OMC :—
West Distance from Lago Buenos Aires—» East

Figure 4. Schematic topographic profile from Lago Buenos Aires to Moreno II with chronology for moraines and varved section. Also
shown is 109 = 3 (20) ka Cerro Volcan flow (Fig. 2) stratigraphically underlying Moreno complex. Vertical range of, and horizontal
line within, each *C symbol indicate calibrated solution range and mean age, respectively (Table 1); horizontal gray band for varved
section reflects uppermost and lowermost bounds of all calibrated solution ranges. For each Fenix moraine, boulder ’Be-2*Al ages shown
include all propagated errors except that for production rate (see text). Shaded band for each moraine represents its weighted mean
age = 1o (Table S5). For Moreno '’Be-**Al ages (Table 2), lowest error bar represents 1o minimum age with zero erosion and local
production rates; lower filled circle is mean age with 2.3 mm/k.y. erosion rate and local production rates, with associated errors
represented by wide error bars; upper circle is mean age with Stone (2000) production rates and erosion; highest error bar represents
maximum 1o age with Stone production rates and erosion. For Moreno *He age (Table 4), lower error bar is shielded, corrected age
with zero erosion rate; lower circle is age without shielding correction and no erosion; upper circle is shielded, corrected age with 2.3
mm/k.y. erosion rate; uppermost dashed line points toward age with global production rate (Licciardi et al., 1999).

TABLE 1. “C DATA ON VARVED SECTION, LAGO BUENOS AIRES

Samplet 4C age 313C Calibrated age Reference
(“C yr B.P. £ 10) (%o) (solution range)
(cal yr B.P.) (=10)*
St 100058 14065 *+ 345 NA 16864 (17332-16409) Sylwan (1989)
St 105038 12840 + 130 NA 15476 (15709-14590) Sylwan (1989)
UZ-3921/ETH-15654 12880 *= 160 -21.8 15512 (15779-14923) This study

Note: NA—data not archived.

tSt—Laboratory of Isotope Geology, National Museum of Natural History at Stockholm; UZ—University of

Zurich; ETH—Swiss Federal Institute of Technology.
*Calibrated according to Stuiver et al. (1998).

SIf varves are annual (Sylwan, 1989), then sample St 10005 is separated by sample St 10503 by about 280

yr of deposition.

might significantly impact the ages from the
older moraines given their cumulative effect
over a long time (Lal, 1991), especially for
small samples such as LBA-01-66.

For '"Be and *°Al dating, the selected boul-
ders were granitic rocks except for LBA-01—
05 (quartz pebble conglomerate), LBA-01-62
and 66 (quartz veins in metamorphic rocks),
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and LBA-01-48 and LBA-98-123 (red and
gray rhyolites, respectively). Glacial striations
were not observed and boulder surface mi-
crorelief is typically about or less than 1 cm.
Quartz was separated and purified from other
minerals at the University of Wisconsin using
standard methods of crushing, sieving, heavy
liquids, and repeated acid leaching. Subse-

quently, ion-exchange chromatography and
precipitation techniques chemically isolated
Be and Al (Kohl and Nishiizumi, 1992). Sta-
ble Al was measured by inductively coupled
plasma atomic emission spectroscopy (ICP-
AES) at the University of Colorado at Boul-
der. '’Be/’Be and 2’Al/?°Al isotope ratios were
measured at the Center of Accelerator Mass
Spectrometry at Lawrence Livermore National
Laboratory and compared to procedural
blanks (Table 2) and their laboratory
standards.

Samples for *He measurements were col-
lected from three lithologies of basalt boul-
ders, as shown by major element analyses (Ta-
ble 3; Ton-That et al., 1999) that confirmed
original identification based on hand speci-
mens and boulder morphology. Six of the nine
samples appear to be the same lithology, a
fine-grained basalt with rare, small lherzolite
xenoliths up to 4 mm in diameter. Olivine

Geological Society of America Bulletin, March/April 2004
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TABLE 2. °Be AND 2°Al DATA FROM MORAINE BOULDERS AT LAGO BUENOS AIRES, 46.5°S

Sample Elev. Height Lat. Long. °Be 26A| Age 1 (ka)t Age 2 (ka)" Boulder ages

(m) (cm) (S) W (10° atoms gm-* = 1o) ©Be =1g® Al tio* Be =g =1ot %Al *ig' 1ot ka =lo™ ka  +lo%
Fenix | moraine
LBA-01-01 445 ~115 46° 36’ 14.2” 71°02' 08.7" no data 6.091 + 1.583 no data 125 33 no data 128 34 3.9 12.8 3.9 12.8 3.9
LBA-01-05 438 25-30 46°35'43.2" 71°02' 153" 1.194 = 0.038 10.093 = 2.217 15.0 05 21.0 47 155 0.5 1.6 219 49 5.9 15.9 1.5 16.0 1.6
LBA-01-06 438 ~100 46° 35’ 37.0" 71°56' 11.0” 1.395 = 0.110 6.201 = 0.690 17.6 1.4 12.8 1.5 18.2 1.4 2.3 13.2 1.6 2.4 15.8 1.6 15.8 1.7
Fenix Il moraine
LBA-98-78 454 46° 37’ 35.2" 71°02' 34.9" 1.374 = 0.049 9.689 + 0.597 171 0.6 19.8 1.5 17.7 0.6 1.8 20.6 1.5 3.2 18.4 1.6 18.4 1.6
LBA-98-97 430 85.0 46°3320.3” 71°01'35.3” 1.381 = 0.051 8.276 = 1.207 175 0.6 173 2.6 182 0.6 1.9 179 27 3.7 18.1 1.7 18.1 1.7
LBA-98-98 430 57.0 46°33'20.3" 71°01'353" 1502 + 0.048 6.197 + 0.620 19.1 06 12.9 1.4 199 06 2.0 133 14 2.3 19.9 2.0 19.9 21
Fenix Ill moraine
LBA-98-120 510 75.0 46° 24’ 18.8" 71°04’' 20.1” 1.754 = 0.066 10.331 = 0.867 206 0.8 258 20 215 08 2.2 27.2 43 22.8 2.0 22.9 2.3
LBA-98-123 510 80.0 46°24' 17.4" 71° 04’ 24.5" 1.700 = 0.052 8.394 + 0.627 199 0.6 16.2 1.4 208 0.6 2.1 16.7 2.7 19.3 1.6 19.1 1.9
Fenix V_moraine
LBA-98-135 439 80.0 46°37' 22.6” 70°57' 27.0" 1.748 = 0.052 10.287 * 2.066 21.7 0.6 211 4.3 228 0.7 2.3 220 45 4.3 22.7 21 22.7 2.4
LBA-01-22 452 32.0 46°37' 16.6” 70°57'11.7" 1.762 = 0.045 10.038 = 0.507 21.8 0.6 21.1 1.3 228 0.6 23 221 14 2.7 22.6 1.9 22.6 21
LBA-01-60 439 ~75 46° 37’ 23.7" 70°57' 30.7" 1.922 + 0.067 9.687 * 1.137 240 0.8 199 25 253 0.9 2.6 20.8 26 5.6 23.9 2.2 23.7 24
Moreno moraine
LBA-01-62 475 18-20 46°37' 27.9" 70°54' 325" 9.556 + 0.219 50.003 = 1.559 144.7 3.3 1412 6.6 210.9 4.9 273 1984 93 36.1 2064 21.8 206.3 22.1
LBA-01-66 457 3-5 46° 37' 57.0" 70°55' 29.4” 11.750 = 0.271 67.577 = 1.641 1150 26 100.9 51 1513 35 17.7 1252 64 20.5 14041 134 1400 13.6
LBA-01-625s Calculated with LBA production rates = 130.1 3.0 1266 59 1909 44 248 1785 84 323 186.3 19.7 186.3 20.0
LBA-01-665 Calculated with LBA production rates = 1035 24 90.6 46 136.8 3.1 16.0 1129 57 184 1265 121 1264 122
Telken V moraine
LBA-01-48 631 30-35 46°50' 14.7" 70°43' 36.2" 22.69 + 0.528 89.180 + 26.993 220.6 5.1 1449 442 Erosion rate = 2.3 = 0.1 mm/kyr#*

Notes: All samples corrected for thickness of 1.5 cm (scaling = 0.9866), except LBA-98-135 (2 cm), and no shielding correction required. Effective geomagnetic latitude used: 46.77°S for 19-15 ka, 47.47°S for
25-20 ka, and 46.5°S for Moreno/Telken samples (see text). Attenuation length (Brown et al., 1992): 145 = 7 g cm~2 (°Be) and 156 = 12 g cm~2 (%6Al). Procedural blanks: *°Be = 1.45 and 2.18 X 10-'%; and 2¢Al
= 2.38 and 3.80 x 105,

tAge 1 calculated with zero erosion rate.

*Age 2 calculated with erosion rate 2.3 = 0.1 mm/k.y. (see text). All ages calculated with “global” rates 5.1 and 31.1 atoms/gm/yr (Stone, 2000). In addition, for two Moreno samples, Age 2 calculated with LBA
long-term rates 5.9 and 35.8 atoms/gm/yr, respectively (see text; Ackert et al., 2003).

SIndividual boulder ages based on Age 2, with 1°Be and 2°Al measurements weighted inversely by their own variances (excluding Al age for LBA-98-98).

*Error includes propagation of analytical uncertainties (AMS and ICP-AES; latter only for Al).

ttError includes propagation of analytical uncertainties, uncertainties for erosion rate (2.3 = 0.1 mm/kyr), rock density (£0.1 g cm~2), and attenuation length (see above notes). Errors propagated step-by-step
while solving age equation (see text).

#Calculated same as error to left, except also includes propagation of production rate uncertainty; 6% for Fenix V-IV (see text), ~3% for Fenix II-I (Stone, 2000); and ~1.5% for Moreno samples (see text).
Mean boulder ages slightly different than those to left because sample ages are weighted inversely by different variances.

$SAges and errors based on local LBA long-term production rate (see text; Ackert et al., 2003).

#Erosion rate based on “°Ar/*°Ar ages of Telken and Arroyo Page lavas (Singer et al., 2004), °Be nuclide concentration, and LBA long-term production rate.
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TABLE 3. CHEMICAL COMPOSITION OF BASALTIC BOULDERS ON FENIX AND MORENO MORAINES

Sample Basalt SiO, ALO, CaO MgO Na,O K,O Fe,O, MnO TiO, P,Os Cr,0,
lithology™ (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%)
LBA-98-068A 2 48.22 14.26 6.2 5.68 418 1.99 12.11 0.14 1.83 0.8 0.04
LBA-98-074 1 48.49 14.77 7.46 7.66 3.31 1.3 12.79 0.16 1.98 0.49 0.04
LBA-98-075 1 48.44 14.54 7.06 7.44 3.48 1.17 12.47 0.16 1.99 0.52 0.04
LBA-98-085, 087 1 47.72 14.25 7.06 7.29 3.41 1.42 12.45 0.15 1.96 0.75 0.04
LBA-98-090 1 48.34 14.77 7.72 7.79 2.87 1.29 12.78 0.17 2.09 0.46 0.04
LBA-98-099 1 47.57 14.21 7.27 7.43 3.49 1.3 12.62 0.16 1.98 0.52 0.04
LBA-98-116 2 48.34 14.91 6.42 5.94 417 1.68 12.42 0.14 1.88 0.84 0.03
LBA-98-134A, B 3 48.33 15.69 10.09 8.85 2.7 0.41 12.44 0.19 1.17 0.11 0.06
LBA-98-136 1 48.49 14.74 7.46 7.52 3.48 1.18 12.63 0.16 1.98 0.48 0.04

fLithology 1 is 16.8 Ma basalt, lithology 2 is undated, and lithology 3 is 117.5 Ma lithology. See text.

grains are clear to light yellow with no vis-
ible inclusions. The boulders exhibit well-
developed columnar jointing with individual
columns 10-15 cm wide. The second lithol-
ogy appears similar to the first in hand spec-
imens but has distinctly higher Na and K and
lower Ca and Mg concentrations (Table 3).
The third lithology is coarse-grained basalt
with up to 4% olivine phenocryrsts containing
abundant inclusions. Boulders composed of
this lithology also have columnar joints, but
the columns are larger, typically 20-30 cm
wide. Previous “°Ar/*Ar dating has shown that
the first and last lithologies have ages of 16.8
Ma and 117.5 Ma, respectively (Ton-That et
al., 1999).

Samples shielded from cosmic ray bom-
bardment by >2 m of rock were obtained
from the underside of the largest boulders of
two lithologies to correct for inherited 3He
concentrations (see below). Sample LBA-98—
087 was obtained from beneath a block of the
16.8 Ma lithology, which split off of the side
of the parent boulder (Sample LBA-98-085)
(Fig. 3C). Extremely well preserved glacial
polish and striations on the underside of the
block indicate that calving occurred soon after
deposition of the parent block, but the mea-
sured *He must include a small cosmogenic
component. Sample LBA-98-134B is from
under a large (<5 m) block of the 117 Ma
lithology (Sample LBA-98-134A) that has
split into two (Fig. 3F). Although this sample
is partially shielded by the companion block
and >1 m in from the bottom edge, it also
must contain a small cosmogenic *He
component.

Olivine phenocrysts for *He measurements
were separated from the groundmass by crush-
ing, sieving, magnetic separation, and hand-
picking. Helium isotopes released by melting
~60 mg of olivine were measured on the he-
lium mass spectrometer at the Woods Hole
Oceanographic Institution (MS 2) using pre-
viously described techniques (Kurz, 1986;
Kurz et al., 1996). Sample size (“He concen-
tration) and *He/*He are measured relative to
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an air standard with reproducibility of less
than 0.5% and 1.5%, respectively. System
blanks were less than 1.5 X 10~'° “He ccSTP.
Furnace blanks were measured for each fur-
nace load and varied from 1 X 107'° to 2 X
10719 “He ccSTP.

To calculate *He exposure ages, the *He
concentrations specifically due to cosmogenic
production must be determined. Typically, ol-
ivine separates are crushed under vacuum to
selectively release magmatic helium trapped
in fluid inclusions. The crushed powders are
then melted under vacuum to release the re-
maining helium (Kurz, 1986; Kurz et al.,
1996). The cosmogenic *He concentration is
determined by subtracting the magmatic com-
ponent from the total *He.

*He, = He, — *He, (1)

where 3He, is cosmogenic, *He, is total re-
leased on melting, and *He; is inherited (mag-
matic) *He. 3He, and *He, are determined as
follows:

He, = *He/*He,, X *He,, )

i

3He, = *He/“He,, X *He,, 3)
where cr denotes values obtained by crushing
and m denotes values obtained by melting re-
sidual powders. Equation 2 assumes that all
“He is magmatic, specifically “He, >>*He,,
and that there are no other “He components.
However, this assumption is only valid for
young basalts. In older basalts, such as those
analyzed here, inherited “He produced radi-
ogenically during decay of U and Th and *He
generated by the thermal neutron capture re-
action °Li(n, o)T — 3He (Kurz, 1986; Cerling
and Craig, 1994) potentially become signifi-
cant. For some Lago Buenos Aires samples,
cosmogenic *He concentrations calculated as
above yield negative ages, clearly indicating
that the assumption of only magmatic “He is
invalid.

An additional complication is that radiogen-

ic “He distributions are not homogenous. U
and Th primarily reside in the groundmass of
basalt. Because the stopping distance of an al-
pha particle is ~20 wm, radiogenic “He is
concentrated near the surface of olivine grains
(Farley et al., 1996). Total “He concentrations
in olivine depend on grain size, the distribu-
tion of U and Th, and the amount of original
surface retained in the measured grains.

Olivine phenocrysts 500—1000 pwm in di-
ameter were abraded in N, (Krogh, 1982) to
remove rims containing elevated radiogenic
and nucleogenic He components and obtain
cores with presumably consistent, homoge-
nous He concentrations and isotope ratios. In
an experiment in which the olivine was sub-
ject to increasing degrees of abrasion, both
*He and “He concentrations decrease with in-
creasing abrasion, consistent with removal of
a He-enriched rim of the olivine grains (see
samples LBA-98-090a—d, Table 4). Although
it is not clear that only core material free of
implanted radiogenic “He and nucleogenic *He
remained at the end of the abrasion process
(concentrations did not level off), the experi-
ment suggests that this is a valid approach.
Typically, this abrasion process removed half
of the starting sample mass; however, this
does not mean that half of each grain was re-
moved. Initially, the abraded samples were
both crushed and melted. Later on, samples
were melted without crushing.

From the shielded samples, inherited *He
and “He concentrations were determined in
abraded samples from the 16.8 and 117.5 Ma
basalt lithologies. Cosmogenic *He concentra-
tions were obtained by two methods: (1) Sub-
tracting the total *He concentration obtained
from abraded, shielded samples from the total
‘He measured in the exposed samples; (2)
Substituting the *He/*He of the shielded sam-
ple for *He/*He,, in Equation 2. Similar ages
obtained using both methods would indicate
that the assumptions concerning the helium
distributions in the minerals are correct. This
is the case for the boulders from which shield-
ed samples were obtained; these ages are also
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TABLE 4. HE DATA FROM MORAINE BOULDERS IN LAGO BUENOS AIRES, 46.5°S

Sample Basalt Elevation Height Latitude Longitude Crush Melt Age 1 = 10 Age 2 Age 3
lithology (m) (cm) (S) (W) SHe/*He + 1o ‘He = 1o SHe/*He + 1o ‘He = 1o (k) ka) (k)
(R/R,) (atom/g x 109) (R/R,) (atom/g x 10%9)
Menucos
LBA-98-116 3 390 350 46°36.046' 71°04.019" 259 + 1.74  1.84 = 0.04 4.25 + 0.11 55 + 0.1 19.5 = 0.6
Fenix |
LBA-98-068A 3 440 300 46°35.904’' 71°02.127' Not crushed 3.22 = 0.06 119 £ 0.2 29.9 = 0.6
LBA-98-074 1 440 450 46°35.502' 71°02.209' 2.25 + 0.10 11.3 = 0.0 0.33 + 0.01 827 = 1.5 232+ 0.1 105 -83.3
LBA-98-075 1 440 450 46°35.181' 71°02.299" 3.04 + 0.15  24.4 = 0.1
1.67 = 0.44  3.33 = 0.02 7.2 +0.13 44.3 = 0.1 311 £ 05 184 219
Fenix Il
LBA-98-085 1 438 1400 46°35.871’ 71°01.542" Not crushed 5.3 = 0.06 80.5 + 0.1 33304 206 23.1
LBA-98-087 (shielded) 1 435 60 46°35.871’ 71°01.542" Not crushed 1.63 = 0.05 100 + 0.2 12.8 = 0.4
LBA-98-090-a 1 426 350 46°37.243' 71°01.606" 2.84 + 0.19  99.0 = 0.3 1.56 + 0.04 213 = 0.4 484 + 16 35.6 8.3
LBA-98-090-b 1 426 " " " 241 =005 90.1+0.2 1.92 = 0.02 175 + 0.4 43.7 £ 0.5 30.8 9.6
LBA-98-090-c 1 426 " " " 3.37 £ 0.06 36.1 = 0.1 3.13 = 0.06 124 + 0.2 402 06 274 197
LBA-98-090-d 1 426 " " " 1.81 £ 0.09 33.1 £0.1 3.20 = 0.05 101 £ 0.2 303 +05 175 13.0
LBA-98-099 1 431 200 46°33.337' 71°01.614’ 4.10 = 0.78 1.84 = 0.03
348 =037 542 +0.02 7.75=* 0.10 40.9 = 0.1 27.0 £ 04 1441 21.0
Fenix V
LBA-98-136 1 440 500 46°37.377' 70°57.450" 3.16 = 0.26 13.8 = 0.05 11.9 £0.2 35.2 = 0.1 36.0 £ 0.5 233 29.8
Moreno |
LBA-98-134A 2 440 750 46°37.390" 70°55.510" 7.53 = 0.74  4.78 = 0.04 23.0 = 0.1 96 = 0.3 153 + 1 131 136
Erosion rate = 2.3 mm/k.y. 238 + 2 187 197
With global production rate 297 = 3
LBA-98-134B 2 437 50 46°37.390" 70°55.510' 7.07 = 0.29 11.5 = 0.1 2.37 = 0.04 100 + 0.2 219 =04
(shielded) 2.61 = 0.06 120 + 0.2 215+ 0.5

Notes: Lithology 1 is 16.8 Ma basalt; lithology 2 is 117.5 Ma lithology; and lithology 3 is undated. See Table 3. R/Ra is ®He/*He of air = 1.384 X 10-¢. Errors are
propagated analytical uncertainties only. Age 1 is maximum age, assumes all ®He is cosmogenic. Age 2 corrects for inherited ®He using total *He of shielded samples.
Age 3 corrects for inherited *He using *He/*He of shielded samples. LBA-98-087 and LBA-98-134B are shielded samples. LBA-98-075 and LBA-98-099 were crushed

twice.

in reasonable agreement with the '°Be-*°Al
boulder ages from the same moraine. Less
consistent results were obtained for most of
the other boulders, implying the helium dis-
tribution is other than assumed. Possibilities
include partial retention of grain rims after
abrasion or heterogeneous distribution of U-
or Th-bearing inclusions. Given the large un-
certainties in applying the corrections from the
shielded samples, maximum exposure ages
that assume all *He is cosmogenic are also
presented; these ages are robust and support
the conclusions based on the other cosmogen-
ic nuclides.

Production Rates

Although analytical uncertainties in mea-
suring cosmogenic nuclides are commonly
less than 4% (Tables 2 and 4; all errors here-
after are 1o unless otherwise stated), geologic
uncertainties, including boulder movement,
erosion, and snow cover associated with sur-
face exposure dating may be much higher and
are reflected in the scatter of determined ages
(Gosse and Phillips, 2001). In addition, sys-
tematic uncertainties associated with calibra-
tion of production rates of cosmogenic nu-
clides, combined with scaling these rates to
sea level and high latitude (SLHL), are esti-
mated to be as high as 10-20% (see Gosse
and Phillips, 2001). It should be emphasized
that even a systematic uncertainty of 10-20%
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would not change the major conclusions pre-
sented in this paper.

We adopt the ““global” production rates of
5.1 £ 0.3 atoms/gm/yr for '°Be and 31.1 =
1.9 atoms/gm/yr for 2°Al (both rates * 23
SLHL and standard atmosphere) and assume
a muogenic component of production of
0.026% and 0.022% at sea level for each nu-
clide, respectively (Stone, 2000; Gosse and
Stone, 2001). Similarly, a global rate of 120.6
* 4.8 atoms/gm/yr (SLHL and standard at-
mosphere) for *He was adopted based on the
weighted mean of concentrations in Bonne-
ville flood deposits and Tabernacle Hill lava
flows corrected for local pressure (Cerling,
1990; Licciardi et al., 1999; Stone, 2000).
Scaling with altitude follows equation 1 and
Table 1 in Stone (2000), accounting for a pres-
ent mean annual sea level pressure of 1009.32
hPa and an annual temperature of 8 °C (Tal-
jaard et al., 1969). This pressure and temper-
ature cause a ~3.6% increase in global pro-
duction rates at sea level at 46.5 °S (cf., Fig.
1 in Stone [2000]). These are the same pro-
duction rates that gave concordant '’Be and
3He ages for granite and basalt boulders on the
Eight Mile moraine at Yellowstone (Licciardi
et al., 2001). Moreover, the use of global pro-
duction rates (i.e., Stone, 2000) yields expo-
sure ages for the youngest Fenix moraine (see
below) that are consistent with the '“C ages
obtained from the overlying varved sediment

(Tables 1 and 2; Fig. 4). In addition, it must
be kept in mind that the carbonate-cemented
concretion '*C data have not been corrected
for possible reservoir effects (e.g., due to
“old” C in groundwater); presently, the mag-
nitude of a potential effect is unknown.

Scaling factor and production rate uncer-
tainties are minimized for Fenix moraine sam-
ples for the following reasons. First, the Lago
Buenos Aires sampling sites lie close in lati-
tude to most published calibration sites (e.g.,
Nishiizumi et al., 1989; Gosse and Stone,
2001). Thus, scaling of the production rates at
the calibration sites to SLHL, to estimate
“global” production rates, involves a similar
standardization as scaling from SLHL to Lago
Buenos Aires sites. Second, in other studies,
the Lal (1991)-based scaling used here cap-
tures the altitude dependence of the produc-
tion rate within the analytical uncertainties
(Zreda, 1994; Ackert et al., 2003). Third, most
exposure ages presented for the Fenix mo-
raines are similar to calibration site ages, <17
ka, thus, uncertainties introduced by time-
dependent variations in production rates are
small.

For Moreno moraine samples, we use a lo-
cally derived long-term production rate, which
limits scaling and production rate uncertain-
ties to as low as ~5% because the local cal-
ibration sites are from lava flow surfaces sim-
ilar in age (68 ka and 109 ka) and elevation
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(900 m and 500 m) to the moraine boulders
(Ackert et al., 2003). This local *He produc-
tion rate (136.7 = 3.5, 20) is ~11% higher
than published calibrations and is attributed to
lower atmospheric pressure at Lago Buenos
Aires during glacial climates (Ackert et al.,
2003). Because '°Be and 2°Al are also pro-
duced dominantly by spallation, we scale the
'Be and ?°Al production rates accordingly.
For comparison, the Moreno ages are also de-
rived and shown in Table 2 and Figure 4 with
global production rates (Gosse and Stone,
2001; Licciardi et al., 1999).

It is important to scale global production
rates (e.g., Stone, 2000) to an effective geo-
magnetic latitude (Nishiizumi et al., 1989;
Lal, 1991) to account for changes in the mag-
netic field over the exposure history of the
sample. Although fluctuations in the intensity
and inclination of the geomagnetic field over
the past ~100 k.y. are assumed to have had a
small impact on production rates—and hence
uncertainty—in cosmogenic dating at Lago
Buenos Aires, it is worthwhile to outline the
scaling done here. Proxy records of paleoin-
tensity include Guyodo and Valet (1999),
Ohno and Hamano (1993), and McElhinny
and Senanayake (1982). The SINT800 pa-
leointensity record of Guyodo and Valet
(1999) was used, except for the last 11 k.y.
For the period between 11 and 10 ka, Mc-
Elhinny and Senanayake’s (1982) intensity
values were used, whereas for the last 10 k.y.
estimates from Ohno and Hamano (1993) are
preferred, in part because they include data
from Argentina. Over the last 25 k.y. (i.e., Fe-
nix time), the integrated effect of magnetic
field changes on exposure ages is small, and
the estimated geomagnetic latitude varied
from ~47.5 to 46.8°S between 25 and 15 ka.

In general, non-dipole effects at 46°S lati-
tude and 400-500 masl may change produc-
tion rates by <2%, and furthermore, they are
insignificant for moraines greater than 20 ka
(Gosse and Phillips, 2001; Dunai, 2001).
However, there is presently a strong inclina-
tion anomaly over the South Atlantic—South
American region, such that data from Ohno
and Hamano (1993) may not fully compensate
for this effect at Lago Buenos Aires over the
last 20 k.y. (Dunai, 2001). Dunai (2000) pro-
posed an alternative scaling scheme that in-
cludes time-dependent non-dipole components
of the magnetic field and uses atmospheric at-
tenuation lengths different than those of Lal
(1991). We chose the Stone (2000) scaling
scheme for Fenix samples because it relies on
the relations of Lal (1991), which better cap-
ture the altitude dependence of production
rates in this area (Ackert et al., 2003).
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For Moreno “‘time” (>109 ka), directional
effects are small or insignificant (Gosse and
Phillips, 2001). A theoretical estimate of the
total integrated effect of changes in magnetic
inclination and intensity at 46.5°S on produc-
tion rates is <0.5% for any period prior to 25
ka (Masarik et al., 2001). Alternatively, using
an empirical correction (cf., Nishiizumi et al.,
1989), as was done above for Fenix samples,
may increase Moreno ages by as much as 3%
(Table 2). We emphasize that correction of the
local Lago Buenos Aires long-term production
rate of Ackert et al. (2003) for magnetic field
variation is not required for Moreno samples
because the sites are from a similar altitude
and within 10 km of the Cerro Volcan cali-
bration area.

Erosion Rate

Quantifying boulder erosion rate is essential
to correct for the removal of some cosmogen-
ically produced atoms and is an ongoing ob-
jective at Lago Buenos Aires. Erosion rates
are expected to vary nonuniformly both tem-
porally and spatially. A provisional estimate
of boulder erosion rate (2.3 = 0.1 mm/k.y.) is
based on the '’Be concentration in a granite
boulder on the Telken V moraine (LBA-01-
48; Fig. 2, Table 2). Given the large uncer-
tainty of the >°Al concentration (Table 2), this
exercise was done only with the '°Be concen-
tration. The two “unknowns” that determine
cosmogenic nuclide concentrations are time
and erosion rate (Lal, 1991). Because the age
of the Telken V moraine is stratigraphically
bracketed between the “°Ar/*Ar-dated Arroyo
Page (760 ka) and Telken (1016 ka) flows
(Singer et al., 2004), “time” is known and the
age equation can be solved for erosion rate.
The '"Be concentration is apparently close to
steady state, where nuclide accumulation is
equal to loss by radioactive decay and erosion
(Lal, 1991), such that the calculated erosion
rate is insensitive to whether the Arroyo Page
or Telken flow ages are used. For comparison,
assuming steady state (Lal, 1991), the erosion
rate derived is 2.4 mm/k.y.

As the rate of 2.3 mm/k.y. strictly applies
only to boulder LBA-01-48, caution must be
used when extrapolating throughout the Lago
Buenos Aires area; thus, ages from Moreno
moraine boulders remain tentative. In fact, un-
certainty in the rate of erosion is presently the
factor that most limits the accuracy of surface
exposure ages for the Moreno moraine. An
erosion rate of ~2.3 mm/k.y. is consistent
with erosion rates found in other semi-arid re-
gions (0.5-12 mm/k.y.; see compilation by
Small et al., 1997). Applying an erosion rate
of 2.3 mm/k.y. increases ages by ~2.2% and

TABLE 5. WEIGHTED MEAN 1°Be-2°Al AGES

Moraine Age (ka)t Age (ka)*
Mean 1o Mean *lo
Fenix | 15.6 1.1 15.6 1.1
Fenix Il 18.7 1.0 18.7 1.0
Fenix 11l 20.7 1.3 20.6 1.4
Fenix V 23.0 1.2 22.9 1.3

tMeans based on boulder °Be-2°Al ages that include
propagation of all uncertainties except for production
rate (Table 2). These values are used in Figure 4.

*Means based on boulder °Be-2°Al ages that include
propagation of all uncertainties including production
rate (Table 2). These values are used in Figure 5.
Mean ages are slightly different than those to left
because different errors are weighted. 2°Al ages have
larger error bars and are often younger than '°Be ages,
and thus they have greater influence on weighted
mean calculation when production rate errors are
included in propagation of errors.

~3.6% for Fenix I and V samples, respective-
ly, but increases ages of the Moreno samples
by more than 25%.

The erosion rate determined from the LBA-
01-48 boulder on the Telken V moraine is in-
fluenced by the production rate used. Given
its antiquity, we use the newly derived long-
term Lago Buenos Aires production rate.
However, if the production rates of Stone
(2000) were applied to the LBA-01-48 ''Be
concentration (and accounting for present at-
mospheric pressure), then the erosion rate
would be ~2.0 mm/k.y. An erosion rate of 2.0
rather than 2.3 mm/k.y. would decrease the
'Be ages of LBA-01-62 and LBA-01-66 by
~8.5% and 5.6%, respectively.

Final Age Calculation and Uncertainties

Following the systematic adjustments out-
lined above, the age of each boulder was cal-
culated (Table 2) by weighting both the °Be
and *°Al ages by the inverse variance (Taylor,
1982). The *°Al age of sample LBA-98-98 is
the only measurement not included in a boul-
der age calculation because it is distinctly
younger than the respective '°Be age and those
of all other boulders on Fenix II. The mean
age of each Fenix moraine was then calculated
(Table 5) by weighting all of the individual
boulder ages (i.e., '°Be-*°Al) by the inverse
variance. The maximum *He ages are all older
than the '’Be and 2°Al ages. Although the He
ages based on the shielded samples are com-
monly consistent with the ''Be-*°Al ages,
these are not plotted on the figures of Fenix
moraine ages, nor are they included in the
weighted mean moraine ages (Table 5), be-
cause of the poorly constrained uncertainties
associated with the correction for inherited
He.

Unless otherwise mentioned, all total cos-
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Figure 5. Lago Buenos Aires
record compared with changes
in Northern Hemisphere ice
sheets (i.e., 6'*0), Vostok dust
concentration, other mid-lati-
tude South American glacial
geologic records, and insola-
tion. (A) For comparison, over
last 200 k.y., '*0 (Shackleton
et al., 1990) Vostok dust con-
centration (Petit et al., 1999)
and timing of major glacial pe-
riods recorded at Lago Buenos
Aires are shown. Range of cos-
mogenic nuclide ages for Fenix
and Moreno moraine systems
represented by gray bands.
The 109 ka age of Cerro Vol-
can (CV) is also shown for
comparison. Note major hiatus B
between formation of Fenix
and Moreno systems. Question
marks reflect age uncertainty
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of Moreno 1. (B) For compari-
son, over last ~30 k.y., 820,
timing of two coldest periods in
North Atlantic region partly
represented by Heinrich events
(HE) 2 and 1 (Elliot et al.,
1998; calendar ages based on
Stuiver et al. [1998] and Beck -
et al. [2001]), glacial advance
at Laguna del Maule (Singer et
al., 2000), glacial advances/cool
periods in Lake District (Heus-
ser et al., 1999; Denton, 1999),
glacial record at Lago Buenos
Aires, Vostok dust concentra-
tion (Petit et al., 1999), and in-
solation in both hemispheres
(Berger and Loutre, 1991).
Gray band reflects period of 30
major glacial expansion in
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is shown from Andean divide. For Lago Buenos Aires, white vertical bars indicate weighted mean moraine ages that include boulder
ages with propagation of production rate uncertainties (Table 5). For Lake District, wider outer error bars bracket cool periods (Heusser
et al., 1999) and narrower inner error bars bracket glacial advance maxima (Denton et al., 1999); some glacioclimatic events are shown,
schematically, as being about same extent relative to Andean divide. Note that for all three South American sites, maximum glacial
extent is observed prior to ca. 22 ka and likely between 27 and 22 ka, and in some areas at ca. 18-17 ka (Denton et al., 1999).

mogenic age uncertainties (£ 1o) discussed
include propagation of uncertainties associat-
ed with the Accelerator Mass Spectrometry
(''Be/’Be, 2°Al/*’Al), Rare Gas Mass Spec-
trometry (*He), ICP-AES analyses of Al con-
centration, erosion rate (£0.1 mm/k.y.), rock
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density (= 0.1 g/cm?®), and attenuation length
(Table 2). For correlation to records outside of
Lago Buenos Aires (i.e., for Fig. 5), produc-
tion rate uncertainties (*1.5-6%; see Table 2)
are also propagated to reflect uncertainties in
published rates (e.g., Gosse and Stone, 2001)

and data in Ackert et al. (2003), which indi-
cate that changes in air pressure may have re-
duced the production rate slightly from Fenix
V to Fenix I time. Errors were propagated,
conservatively, step-by-step using sum in
quadrature and power rules in Taylor (1982;
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equations 3.18 and 3.26) as we solved the re-
spective age equations. If instead the general
rule for error propagation was used and total
uncertainty calculated in one step (Taylor,
1982), errors would decrease on average by
~30-40% for Fenix samples and 80% for
Moreno samples.

RESULTS
Moreno Moraine Complex

The limited number of samples, low boul-
der height of the samples, and provisional ero-
sion rate lead us to suggest only a ‘“‘best es-
timate” age range between ca. 200 and 120
ka for deposition of the Moreno I moraine.
Using the local long-term production rate, two
small samples from the Moreno complex pro-
vide 1°Be-2°Al ages of 129 and 101 ka (erosion
rate = 0 mm/k.y.) or 186 and 127 ka (2.3 mm/
k.y.), clearly distinguishing a temporal gap be-
tween deposition of the Moreno and Fenix
moraines (Table 2; Figs. 4 and 5). Moreover,
the '°Be-?°Al ages of boulder LBA-01-66 are
consistent with its stratigraphic relationship to
the overlying 109 = 3 ka (20) Cerro Volcan
flow, provided an erosion rate of between 1.0
and 2.3 mm/k.y. is assumed.

Assuming no erosion, the *He exposure age
of Moreno basalt sample LBA-98-134A was
determined to be between 153 and 131 ka, de-
pending on assumptions about inherited *He
(Table 4). Because the correction for inheri-
tance is relatively small (14%), the LBA-98—
134A 3He data are shown in Figure 4. Apply-
ing an erosion rate of 2.3 mm/k.y., the
LBA-98-134A age, corrected for shielding, is
197-187 ka. The latter *He age is indistin-
guishable from the '“Be-*°Al age of boulder
LBA-01-62 (Fig. 4) but older than boulder
LBA-01-66 (for erosion rates between 0 and
2.3 mm/k.y.). Thus, it may be that LBA-01-
62 and LBA-01-134A, which are relatively
tall boulders, give older ages owing to reduced
burial compared to LBA-01-66, which is only
5 cm tall. Further analyses under way will ad-
dress these issues for the Moreno moraines.

Fenix Moraine Complex

The new AMS age of the concretion of
12,880 = 160 '“C yr B.P. (* 10) is consistent
with the two *C ages previously obtained by
Sylwan (1989). The three '“C ages on lacus-
trine varves at Lago Buenos Aires (Table 1)
range from 14.1 to 12.9 “C yr B.P, corre-
sponding to ~16.9-15.5 ka (all '*C ages here-
after are calendar years * lo [Stuiver et al.,
1998]). Taken at face value, the '*C data pro-
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vide a minimum age for the underlying Fenix
I moraine and a maximum age for the over-
lying Menucos moraine (Fig. 4). Although
these '“C ages may be maxima for the carbon-
ate concretions, as they are not corrected for
reservoir effects, when calibrated, they are
consistent with the cosmogenic ages presented
below for Fenix 1.

Individual '°Be-°Al boulder ages for the
Fenix moraines range from 23.6 to 12.5 ka
(erosion rate = 0 mm/k.y.) or 23.9 to 12.8 ka
(erosion rate = 2.3 mm/k.y.). The '"Be ages
are more precise than the respective 2°Al ages
on the same boulders and strongly influence
the weighted mean boulder ages, especially if
erosion and production rate errors are not
propagated (Table 2). On a given Fenix mo-
raine, all '’Be-°Al boulder ages overlap with-
in the lo propagated uncertainties. The age
coherence for samples from different locations
along each moraine crest and the excellent
conformity with the relative age sequence
(Fig. 4) indicate that inheritance from expo-
sure prior to deposition on the landscape, or
burial, do not appear to be a major problem
at Lago Buenos Aires.

The total *He surface exposure ages (Table
4) provide maximum age estimates that range
from 36.0 to 19.5 ka, which mirror the in-
crease of '°Be-*°Al boulder ages from Fenix I
to V. In general, the inheritance-corrected *He
ages (Age 2 and Age 3, Table 4) fall within a
few thousand years of the '°Be->°Al ages but
are typically older. It is evident that the cor-
rections required for inherited *He are consid-
erable, ~40% for the fine-grained basalt, and
vary with lithology (Tables 3 and 4). The scat-
ter is attributed to insufficient abrasion of
sample olivine populations and retention of
varying amounts of the helium-enriched rims
of the grains. Therefore, the *He ages are not
included in the mean moraine age calculations
(Table 5). The results indicate that determin-
ing young exposure ages on old basalts using
*He can be difficult. However, the technique
can reveal important chronologic information,
especially if quartz-rich samples are lacking.
The likelihood of more precise results would
be greater given larger and more abundant ol-
ivine phenocrysts than were available in these
boulders.

DISCUSSION

Recent Glacial History of Mid-latitude
Andes, ~36-46°S

The new cosmogenic nuclide data refine the
broad age constraints for seven of the youn-
gest moraines based on “°Ar/*Ar ages and

stratigraphic relationships (Ton-That et al.,
1999; Singer et al., 2004). In addition, the co-
herency between '“C, '°Be, 2°Al, *He, and “°Ar/
¥Ar data suggests that geologic uncertainties
described above are minimized to the point
that cosmogenic dating has exceptional poten-
tial for reconstructing the Lago Buenos Aires
glacial history.

Individual Lago Buenos Aires moraine ages
and precise one-to-one correlations with pa-
leoclimatic events in other southern South
America records must be considered tentative
and require testing with further reduction of
systematic and geologic uncertainties. As the
sources of error are diminished in the future,
cosmogenic ages calculated on the basis of
our present understanding will need to be fur-
ther revised. We do not anticipate that the
magnitude of potential age corrections will ex-
ceed ~11% (e.g., Ackert et al., 2003). Fur-
thermore, we reiterate that despite present un-
certainties, our fundamental conclusions will
not change in the future if the chronology is
refined.

Prior to 25 ka

As previously mentioned, our age assign-
ments prior to ca. 25 ka are tentative. Based
on the overlying Cerro Volcan lava flow and
three cosmogenic ages, we can confidently as-
sign a limiting minimum age of Moreno I
greater than 109 ka, although we estimate that
deposition occurred between ca. 200 and 120
ka. The most reasonable interpretation of the
cosmogenic data is that at least part of the
Moreno moraine complex was deposited dur-
ing marine 3'%0 isotope stage 6 (190-130 ka).
Until now, direct evidence of a major glacia-
tion during stage 6 in the Andes has been dif-
ficult to verify (Clapperton, 1993). A stage 6
glaciation at Lago Buenos Aires is consistent
with the volcanic geology at 36°S, where the
Tatara-San Pedro complex (Fig. 1) exhibits a
prominent gap in the lava record at this time
that is thought to reflect a major episode of
glacial erosion (Singer et al., 1997).

We consider it unlikely that the youngest
part of the Moreno moraine was deposited
during stage 5d (ca. 115 ka), which could be
inferred based on the youngest exposure age,
LBA-01-66 (Fig. 4). As discussed above, as-
suming an ideal exposure history for this low
boulder (Table 2) is questionable. In addition,
glacial-age dust in the Vostok ice core, which
has a distinct Patagonian Sr, Nd, and Pb iso-
tope signature (Basile et al., 1997; Petit et al.,
1999), does not support a 5d glacial event.
While dust concentration does not show an
appreciable increase during stage 5d (or any-
where between ca. 130 and 100 ka), maxima
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do occur during stages 6, 4, and 2, (Fig. 5A).
We suggest that an elevated Vostok dust con-
centration should be observed if part of Mo-
reno I was deposited ca. 115 ka, in light of
the similar Andean glacial extent required to
form Moreno I and the stage 2 Fenix moraines
(Figs. 2, 3E and 5A).

There are no sites in southern South Amer-
ica where it can be demonstrated conclusively
that glaciogenic deposits formed during stage
4, ca. 75 ka (Clapperton, 1993). The available
data (Figs. 2 and 4) suggest that stage 4 mo-
raines are not preserved at Lago Buenos Aires.
However, glacial-age dust in the Vostok ice
core (Fig. 5A) provides strong evidence that
during stage 4, Patagonian glaciers did ad-
vance (Basile et al., 1997; Petit et al., 1999).
Apparently, Fenix ice advances during stage 2
obliterated any previous stage 4 deposits
(Figs. 2 and 4). For comparison, in the south-
ern Andes at 36°S, the K-Ar- and “°Ar/*°Ar-
dated record of volcanism at the 3600-m-high
Tatara—San Pedro complex (Fig. 1) implies
that glaciation during stage 4 was less intense
than that during stages 6 and 2 (Singer et al.,
1997).

After 25 ka

The new chronological data (Fig. 4) indi-
cate that the five Fenix ice advances occurred
between ~23 and 16 ka and imply that the
Patagonian ice cap was responding to
millennial-scale climate forcing during stage
2, a period of high summer insolation (Fig.
5B). In fact, there is consistent evidence of
major ice expansion between ca. 27 and 15 ka
throughout the southern Andean Cordillera
(Fig. 5B; Denton, 1999; Clapperton and Selt-
zer, 2001). Furthermore, records from mid-
latitude South America (Fig. 5B) indicate that
Andean outlet glaciers reached their maximum
extent in most areas between ca. 27 and 22 ka
(Fig. 5B), with exceptions peaking at ca. 18—
17 ka (Denton et al., 1999). Although we hes-
itate to assign precise absolute ages to indi-
vidual Lago Buenos Aires moraines, the
temporal pattern is consistent with the cool
periods/glacioclimatic maxima in the Lake
District (Fig 5B).

A similar finding occurs at Laguna del
Maule (Fig. 1), 1000 km north of Lago Buen-
os Aires, where “’Ar/*Ar dating of glaciated
and unglaciated lava flows demonstrates that
the last major ice advance took place between
25.6 = 1.2 ka and 23.3 = 0.6 ka (Singer et
al., 2000). Evidence for a subsequent read-
vance is absent at this latitude. We infer that
after ca. 23 ka, Laguna del Maule—at 36°S
and at ~2150 m asl—must have been below
the “glacial-age” snow line for this area based
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on estimates that place it between ~2500 and
3000 m (Broecker and Denton, 1989). Singer
et al. (2000) concluded that the lack of glacial
advances after ca. 23 ka possibly reflects the
start of southerly migration of the Westerlies
toward their present interglacial position (Fig.
1).

Deglaciation from the Fenix I moraine oc-
curred after ca. 16 ka. The Lago Buenos Aires
glacier then had retreated such that an ice-
dammed proglacial lake was impounded be-
hind the Fenix I moraine and, subsequently, a
readvance took place, depositing the Menucos
moraine (Singer et al., 2004). Presently, we
have no direct age constraints for the Menucos
moraine other than a single *He exposure of
< 19 ka. Southwest of the study area, Mercer
(1976) obtained a '“C age of 11.2 = 0.2 “C
yr (13.2 ka), which provides a minimum age
for the opening of the Rio Baker outlet to the
Pacific Ocean and ice recession from the Lago
Buenos Aires basin and, thus, formation of the
Menucos moraine. In any case, deglaciation in
the Lago Buenos Aires basin occurred some-
time after or ca. 16 ka, lagging the local in-
solation maximum by at least 5 ky (Fig 5B).
The timing of the last Lago Buenos Aires de-
glaciation is entirely consistent with that of
other mid-latitude South American records,
indicating that the main transition to the pres-
ent interglacial climate was apparently under
way by or ca. 16 ka (Ariztegui et al., 1997,
Denton, 1999; Markgraf, 2001).

Global Glacial Signal?

The similarity between the structure of the
last mid-latitude South American ice age and
that in the Northern Hemisphere is remarkable
from the perspective of insolation differences.
Despite high insolation, glaciers advanced out
of the southern Andes and fluctuated on the
Patagonian plains during stage 2, the defini-
tion of which reflects the most voluminous
and expansive Northern Hemisphere ice sheets
and mountain glaciers in the last glacial cycle
(Fig. 5; Shackleton et al., 1990). The range of
cosmogenic ages (23—16 ka) obtained at Lago
Buenos Aires at 46 °S is nearly identical to
distribution of cosmogenic ages obtained for
the North American Sierra Nevada Tioga gla-
cial advances (23-16 ka; Phillips et al., 1996)
and classic Rocky Mountain Pinedale glacia-
tion in the west Wind River (21.8-15.7; Gosse
et al., 1995) and east Wind River Range (23—
16 ka; Phillips et al., 1997). Moreover, the
timing of major deglaciation at Lago Buenos
Aires, after ca. 16 ka, along with other paleo-
climate proxies in southern South America,
suggests that the last glaciation persisted until

a similar time in the mid-latitudes of both
hemispheres (Ariztegui et al., 1997; Denton,
1999; Licciardi et al., 2001; Markgraf, 2001).

Despite maximum Southern Hemisphere in-
solation, in many areas the most extensive Pa-
tagonian ice extent during stage 2 occurred in
phase with the coldest period at GISP2 in the
North Atlantic region (e.g., Alley et al., 2002).
In fact, the timing of maximum outlet glacier
extent on both sides of the Andes, prior to ca.
22 ka, with exceptions ca. 18-17 ka (Denton,
1999), is similar in timing to the two most
extensive periods for many portions of the
Northern Hemisphere ice sheets and mountain
glaciers (e.g., Denton and Hughes, 1981; Phil-
lips et al., 1996, 1997; Licciardi et al., 2001;
Dyke et al., 2002). In the Northern Hemi-
sphere, these two glacially extensive periods
of stage 2 are reflected in part by Heinrich
events 2 and 1 (Denton, 1999); thus, consid-
ering all records, there is tantalizing evidence
from mid-latitude South America that the
most extensive glacial advances also occurred
at these times (Fig. 5B).

The glacial geologic record in the Andes
from ~36°S to 46°S implies low snowlines
from ca. 27 ka to 16 ka (Fig. 5B), which
ranged from O to 3000 m between ~60° to
30°S (Broecker and Denton, 1989). The cor-
respondence with the timing of snowline de-
pression at equivalent latitudes in the Northern
Hemisphere (e.g., Denton and Hughes, 1981;
Gosse et al., 1995; Phillips et al., 1996, 1997;
Licciardi et al., 2001) suggests that reduced
atmospheric temperature was a dominant forc-
ing behind interhemispheric climate change
and glacial expansion (Broecker and Denton,
1989). Broecker and Denton (1989) empha-
sized that an equivalent amount of former
snowline depression in both hemispheres sug-
gests global temperature lowering. At the
time, however, a lack of chronological con-
straints in many regions prevented secure
knowledge of the age of the mapped snowline
depression, which is now well documented in
mid-latitude South America using three inde-
pendent dating approaches (Fig. 5).

Because precipitation can play an important
role in glacial behavior, we suspect that it also
plays a key part in causing Southern Hemi-
sphere glacier variability. In the southern An-
des, precipitation variability is closely linked
to the latitudinal fluctuations of the southern
Westerlies. Thus, differences in relative ice
extent and leads and lags between terrestrial
records (Fig. 5B) are to be expected and con-
tain important paleoclimate information, es-
pecially on millennial time scales.

To understand the processes that drive gla-
cial climates, the structure of the last glacial
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period in southern South America must be
considered prominently in addition to ocean
and Antarctic ice core records that show dif-
ferences between the hemispheres during
stage 2, including a rapid rise to interglacial
sea surface temperatures (Lea, 2001) and iso-
tope values in the Vostok and Byrd ice cores
ca. 20 ka (e.g., Blunier et al., 1998; Petit et
al.,, 1999). Relative to the Northern Hemi-
sphere, the South American records preclude
any forcing mechanism that would have
caused asynchronous hemisphere-wide cli-
mate response throughout the ca. 23-16 ka
last glacial maximum. This conclusion lends
strong support to the proposition of Denton
(1999), who pointed out that many facets of
the Last Glacial Maximum in the Lake District
(Fig. 1), such as the post-17 ka termination,
are incompatible with complete asynchrony
between the hemispheres, specifically if
caused by an ocean-heat forcing or bipolar
see-saw mechanism (Stocker, 2000). The chal-
lenge now is to accommodate the apparently
diverse proxy records from Antarctic ice, ma-
rine sediments, and terrestrial South America
to generate models that fully simulate South-
ern Hemisphere ice ages.

CONCLUSIONS

In the area of Lago Buenos Aires, new cos-
mogenic exposure ages, ‘“°Ar/*Ar-dated lavas,
and the “C age of varved sediment are re-
markably consistent with one another and with
the relative ages of the moraines and lava
flows. This speaks to both the accuracy and
precision of the cosmogenic ages and the ex-
cellent capacity that exposure dating holds for
elucidating the recent history of Patagonian
ice fluctuations. Although our chronology is
provisional prior to ca. 25 ka, it appears that
there are no stage 4 moraines at Lago Buenos
Aires, indicating that any glacial advances
during this time extended to or less than the
maximum area covered by ice during stage 2,
when the Fenix V moraine was deposited ca.
23 ka.

Although Southern Hemisphere insolation
was anti-phased with that in the Northern
Hemisphere, the structure of the last glaciation
at Lago Buenos Aires and in the mid-latitude
southern Andes with an overall timing of ca.
23-16 ka, a maximum ice extent prior to ca.
22 ka, and deglaciation after or ca. 16 ka, is
nearly identical to that of mid-latitude Rocky
and Sierra Mountain glaciers and the Northern
Hemisphere ice sheets. In addition, the timing
of most extensive ice on the Patagonian plains
is coeval with the coldest part of stage 2 re-
corded at GISP2 in the North Atlantic region
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(Alley et al., 2002). Changes in Northern
Hemisphere insolation were clearly an impor-
tant pacemaker in the timing of the most re-
cent ice age deep within southern South
America. Thus, a climate forcing mechanism
such as a relatively rapid fall in atmospheric
temperature as Northern Hemisphere insola-
tion decreased must have caused the global
stage 2 ice age. A more precise cosmogenic
chronology will further resolve low- and high-
frequency fluctuations of Patagonian glaciers,
thereby documenting the similarities and dif-
ferences between southern glacial climates
and those in the Northern Hemisphere during
the last, penultimate, and earlier glaciations.
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