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Interhemispheric Correlation of 
Late Pleistocene Glacial Events 

T. V. Lowell, C. J. Heusser, B. G. Andersen, P. 1. Moreno, 
A. Hauser, L. E. Heusser, C. Schluchter, 

D. R. Marchant, G. H. Denton 

A radiocarbon chronology shows that piedmont glacier lobes in the Chilean Andes 
achieved maxima during the last glaciation at 13,900 to 14,890, 21,000, 23,060, 26,940, 
29,600, and -33,500 carbon-14 years before present (14C yr B.P.) in a cold and wet 
Subantarctic Parkland environment. The last glaciation ended with massive collapse of 
ice lobes close to 14,000 14C yr B.P., accompanied by an influx of North Patagonian Rain 
Forest species. In the Southern Alps of New Zealand, additional glacial maxima are 
registered at 17,720 14C yr B.P., and at the beginning of the Younger Dryas at 11,050 14C 

yr B.P. These glacial maxima in mid-latitude mountains rimming the South Pacific were 
coeval with ice-rafting pulses in the North Atlantic Ocean. Furthermore, the last termi- 
nation began suddenly and simultaneously in both polar hemispheres before the re- 
sumption of the modern mode of deep-water production in the Nordic Seas. Such 
interhemispheric coupling implies a global atmospheric signal rather than regional climatic 
changes caused by North Atlantic thermohaline switches or Laurentide ice surges. 

Detailed oxygen-isotope records from 
Greenland ice cores show repeated millen- 
nial-scale temperature oscillations, called 
Dansgaard-Oeschger events, between gla- 
cial stadials and interstadials (1-3). Each 
stadial begins either gradually or with step- 
wise changes and then ends abruptly. Sea- 
surface temperatures estimated from micro- 
fossils in North Atlantic sediment cores 
exhibit oscillations that match those in the 
ice cores (4). In both the ice and sediment 
cores, oscillations older than 20,000 14C yr 
B.P. are grouped into longer cooling hemi- 
cycles, each followed by pronounced warm- 
ing. In addition, some North Atlantic sed- 
iment cores show evidence of Heinrich 
events in the form of sea-surface cooling, 
lowered surface salinities, increased ice-raft- 
ed detritus, and reduced foraminiferal fluxes 
(5, 6). Because of their association with 
prominent layers of ice-rafted detrital car- 
bonate, Heinrich events are commonly at- 
tributed to massive discharges of Laurentide 
icebergs through the Hudson Strait (6). 
Heinrich events H-2 through H-6 each oc- 
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curred near the culmination of a long cool- 
ing trend (4). Heinrich event H-1, which 
occurred at 13,700 to 14,900 14C yr B.P., 
marked the end of a prolonged interval of 
glacial climate (4). The expression of the 
Younger Dryas event in some North Atlan- 
tic sediment cores resembles that of the 
Heinrich events (4). 

Because the abrupt changes recorded in 
Greenland ice and North Atlantic sedi- 
ments so far appear to have been areally 
restricted, most explanations have invoked 
regional mechanisms. For example, Dans- 
gaard-Oeschger events have been attributed 
to variations of North Atlantic thermoha- 
line downwelling tied to the discharge of 
meltwater and icebergs (7), and Heinrich 
events to subglacial freezing and thawing of 
soft basal sediments in Hudson Bay and 
Hudson Strait that produced Laurentide 
ice-stream surges (8). It has also been pro- 
posed that variations in thermohaline cir- 
culation caused by unstable discharge of all 
portions of the Laurentide Ice Sheet that 
rested on deforming sediments is the ulti- 
mate cause of abrupt North Atlantic cli- 
mate changes (9). 

Quite a different perspective on these 
abrupt climate shifts would emerge if it 
tuLrns out that they were registered globally. 
Tight interhemispheric coupling of temper- 
ature changes would implicate global rather 
than regional forcing mechanisms. In this 
research article, we report radiocarbon dates 
of Andean glacier and vegetation fluctua- 
tions in the Chilean Lake District and on 
Isla Grande de Chiloe, complemented by 
data from the Southern Alps of New Zeal- 
and. Both regions are adjacent to the Pacif- 
ic Ocean; both are at 41? to 44?S latitude 

and thus within the influence of the South- 
ern Hemisphere westerlies; both are far 
from the North Atlantic region, large ice 
sheets, and sources of thermohaline down- 
welling; and both feature mid-latitude 
mountain glaciers that receive high precip- 
itation and respond quickly to climatic 
change. Thus the Chilean Andes and the 
Southern Alps are prime localities for de- 
termining whether the North Atlantic cli- 
matic pulses were regional events or were 
part of a global signature. 

Llanquihue glacier advances in the 
Chilean Andes. The wide, flat-floored lon- 
gitudinal valley that trends north-south 
along the western flank of the Chilean 
Andes shows several major topographic fea- 
tures related to the last (Llanquihue) glaci- 
ation in the Lake District and on Isla 
Grande de Chiloe (Fig. 1). Here a complex 
belt of Llanquihue-age moraines delineates 
former piedmont glaciers that flowed west- 
ward from the Andes into the longitudinal 
valley. Graded to the distal portion of the 
Llanquihue moraine belt are extensive out- 
wash plains. Together, the Llanquihue mo- 
raines and outwash represent glacial maxi- 
ma when the Andean snowline was de- 
pressed about 1000 m below present values 
(10). Nested behind the Llanquihue mo- 
raine belt are the deep Rupanco, Llan- 
quihue, Seno Reloncavi, Ancud, and Cas- 
tro basins. Piedmont ice lobes with gentle 
surface slopes filled these basins at Llan- 
quihue glacial maxima. Lakes or marine 
gulfs flooded the basins when the ice lobes 
collapsed during the last termination. 

The Llanquihue moraine belt features 
discontinuous cross-cutting ridges, along 
with palimpsest landforms. The moraine 
ridges stand 3.0 to 20 m high, and many 
have well-preserved ice-contact slopes. 
Most moraine cores are composed of grav- 
elly sediment flows derived from an adja- 
cent ice snout. Some cores were folded and 
faulted by advancing Llanquihue ice. Till 
layers from 0.80 to 3.0 m thick are com- 
monly distributed across the proximal mo- 
raine slopes and in many cases cover the 
moraine crests. These tills are light gray, 
compact, and contain numerous striated 
clasts of andesite and granite derived from 
the Andes. They are discontinuous and lit- 
tle weathered; many exhibit shear planes 
and boudinage structures. Most are basal 
lodgement tills, although some are meltout 
or flow tills. At the eastern margin of the 
moraine belt, an ice-contact slope rises as 
much as 60 to 130 m above the glacial lakes 
and marine embayments. Banked against 
this ice-contact slope are complex sets of 
kame terraces; some have been partly 
sheared off and capped with till, whereas 
others are intact. 

Individual drift sheets within the Llan- 
quihue moraine belt can be traced for only 
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a few hundred meters. Some moraine ridges 
were overrun by Llanquihue ice, and others 
are composite features from several Llan- 
quihue advances. Some ice-contact slopes 
have been occupied more than once; others 
have been overrun. In places beyond the 
former ice terminus, Llanquihue outwash 
has been folded into linear ridges that re- 
semble ice-marginal features. Therefore, 
rather than attempting to delineate the 
areal extent of individual drift sheets, we 
produced detailed morphologic maps of 
Llanquihue moraine belts and outwash 
plains. These maps served as the basis for 
plotting stratigraphic sections, radiocarbon 
samples, and pollen stratigraphies from sed- 
iment cores located within the moraine 
belt, hence guiding reconstruction of Llan- 
quihue ice-margin fluctuations (Fig. 1, Ta- 
ble 1). The mapping and radiocarbon dates 
show that the Llanquihue moraines and out- 
wash plains belong to the last global glacia- 
tion and that at least six Llanquihue glacier 
advances reached the outer moraine belt. 

The youngest well-dated Llanquihue 
glacier advance into the outer moraine belt 
culminated at 13,900 to 14,890 14C yr B.P. 
and is best documented for the Lago Llan- 
quihue and Castro piedmont lobes. In this 
advance the Lago Llanquihue piedmont 
glacier reached its maximum at the outer 
edge of a kame terrace banked against the 
lakeside ice-contact slope; this terrace con- 
sists of outwash and lacustrine sediment 
discharged from the adjacent piedmont ice 
lobe. According to Porter (10), lahars that 
cover the southern part of the terrace were 
derived from the volcano Calbuco; they 
flowed around the ice margin on the top of 
the terrace and exited the Llanquihue basin 
through the river outlet while the piedmont 
ice lobe still stood at the outer edge of the 
terrace. At Llanquihue (site 1 in Fig. 1 and 
Table 1) the error-weighted mean age of 
eight wood samples buried by ice-proximal 
glaciofluvial deposits shows that construc- 
tion of the ice-marginal terrace began at 
14,890 14C yr B.P. (11). At Puerto Varas 
(site 2), radiocarbon dates of about 14,500 
14C yr B.P. from wood and organic silt 
register a break in terrace construction and 
therefore could suggest brief ice withdrawal 
from the terrace margin. Also at Puerto 
Varas the error weighted mean age of five 
wood and fibrous peat samples (Table 1) from 
just beneath the capping lahars indicates that 
the terrace was still under construction as late 
as 14,240 14C yr B.P. (11, 12). 

At Dalcahue on Isla Grande de Chiloe 
(site 3), we dated wood and organic silt 
samples from 1.52 m of organic silt that 
accumulated in a wet depression now be- 
neath a Llanquihue moraine ridge. Organic 
accumulation was terminated by an ad- 
vance of the Castro piedmont glacier lobe 
that left an initial layer of fine-to-medium 

sand, followed by coarser glaciofluvial de- 
posits that form the core of the overlying 
Llanquihue moraine. Till with striated 
granite boulders derived from the Andes 
caps the moraine. The surface of the 
Dalcahue organic silt bed is preserved intact 
under the initial sand later. Thirty-five ra- 
diocarbon samples of wood and fibrous or- 
ganic material from this former land surface 
yield an error-weighted mean age of 14,810 

14C yr B.P. ( 11), which dates a Llanquihue 
glacier advance of the Castro piedmont 
lobe onto Isla Grande de Chiloe (11) [see 
(13, 14) for earlier radiocarbon dates of the 
Dalcahue organic bed]. This advance cul- 
minated near the lip of a prominent ice- 
contact slope (site 4) located 2.0 km west of 
the Dalcahue site. Radiocarbon dates show 
that the accumulation of the Dalcahue or- 
ganic silt extended back continuously from 
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14,810 to at least 30,070 14C yr B.P. (Table 
1). Hence the overriding at 14,810 14C yr 
B.P. represents the most extensive advance 
achieved by the Castro lobe through this 
entire interval. The age of the 14,810-_4C- 
yr-B.P. advance at Dalcahue is in accord 
with the initial construction of the lakeside 
kame terrace at Llanquihue at 14,890 14C yr 
B.P. (11). 

The intervening Seno Reloncavi and 
Ancud piedmont glacier lobes both ad- 
vanced toward a maximum after about 
15,000 14C yr B.P. At Puerto Montt this 
advance reached the top of the ice-contact 
slope that rises above the gulf, as indicated 
by radiocarbon ages as young as 15,040 14C 
yr B.P. for reworked organic clasts in an 
outwash plain that heads at the ice-contact 
slope (site 5). Consistent with this interpre- 
tation is till at Punta Penas near Puerto 
Montt, which is smeared across lacustrine 
sediments with an enclosed organic silt lay- 
er dated to 16,000 14C yr B.P. (site 6). Near 
Calbuco (site 7), reworked organic clasts in 
deltaic deposits beneath till show that the 
Ancud lobe advanced into the Llanquihue 
moraine belt after 15,285 to 15,500 14C yr 
B.P. Taken together, the radiocarbon dates 
from near Puerto Montt and Calbuco sug- 
gest that the Seno Reloncavi and Ancud 
piedmont glaciers expanded coincident with 
advance of the Lago Llanquihue and Castro 
piedmont lobes. Overall this advance was 
relatively more extensive for the southern 
than for the northern piedmont lobes. 

The next-older dated Llanquihue ad- 
vance culminated close to 21,000 14C yr 
B.P. It is best documented for the Lago 
Llanquihue, Castro, and Seno Reloncavi 
piedmont glacier lobes. We dated organic 
clasts reworked into outwash graded to the 
outermost Llanquihue moraine and ice-con- 
tact slope of the northwestern portion of the 
former Lago Llanquihue piedmont glacier 
(sites 8 and 9). The resulting maximum ages 
for this ice-marginal position are 20,840 and 
23,020 14C yr B.P. We obtained minimum 
ages for ice recession of 20,160 to 20,580 
14C yr B.P. from basal organic matter in two 
abandoned meltwater spillway channels that 
originated at the lakeside ice-contact slope 
and cut through the outer Llanquihue mo- 
raines (sites 10 and 11). 

Drift deposited by the southwestern part 
of the former Lago Llanquihue piedmont 
lobe yields a similar chronology. Here basal 
organic material from the Fundo Llan- 
quihue sediment core on the proximal side 
of the outermost Llanquihue moraine gave 
radiocarbon dates of 20,455 to 20,890 14C 
yr B.P. (site 12). Reworked organic material 
from beneath a continuation of this mo- 
raine 6 km south of Fundo Llanquihue af- 
forded ages as young as 25,020 l4C yr B.P. 
(site 13). An outwash plain graded to this 
same moraine yielded reworked organic 

clasts with ages of 22,250 and 22,985 14C yr 
B.P. (site 14), giving a close maximum age 
for the ice limit. Overall, these radiocarbon 
dates document a Llanquihue maximum at 
close to 21,000 14C yr B.P. The ice-margin 
position at 21,000 14C yr B.P. was here 
about 4 km beyond the margin of the Lago 
Llanquihue piedmont lobe when it termi- 
nated at the lakeside kame terrace. 

At Teguaco on Isla Grande de Chiloe 
(site 15), a roadcut in a southeastward- 
draining river valley reveals organic silt 
overlain sharply by gray, laminated glacio- 
lacustrine silt, which in turn grades upward 
into ice-proximal glaciofluvial sediments. 
The sequence represents an incursion of the 
Castro piedmont glacier onto eastern Isla 
Grande de Chiloe, first damming lakes in 
river valleys and then advancing over the 
Teguaco site and into the outer Llanquihue 
moraine belt. Twelve radiocarbon samples 
for a drowned organic trash layer on the 
upper surface of the organic silt, and for 
wood fragments in the glaciolacustrine silt, 
yield an error-weighted mean age of 22,300 
14C yr B.P. ( 1). We interpret these radio- 
carbon dates to mean that at about 22,300 
14C yr B.P. the Castro lobe advanced onto 
eastern Isla Grande de Chiloe toward a 
Llanquihue glacial maximum. The radiocar- 
bon dates from the Dalcahue organic silt 
bed show that this advance terminated be- 
hind the position subsequently reached at 
14,810 14C yr B.P. Finally, a radiocarbon 
age of shells from glaciomarine sediments 
that were thrust into a moraine core dem- 
onstrates that the intervening Seno Relon- 
cavi piedmont glacier lobe advanced into 
the outer Llanquihue moraine belt at 
20,925 14C yr B.P. (site 16). 

A Llanquihue advance that culminated 
at about 26,940 14C yr B.P. is documented 
near Frutillar Bajo alongside Lago Llan- 
quihue (site 17). Here a section near the 
top of the lakeside ice-contact slope reveals 
two till units separated by 95 cm of organic 
silt, which accumulated in a wet depression 
on the surface of the lower till. Organic 
accumulation was terminated by advancing 
Llanquihue glacier ice that sheared off the 
lakeside end of the organic bed and depos- 
ited till over the surviving organic silt. This 
compact till reaches 3 m in thickness and 
has numerous internal shear planes and 
boudinage structures. For about 6 m of lat- 
eral exposure, the base of the till is separat- 
ed from the surface of the underlying organ- 
ic silt not by a shear plane but by a silty 
sediment flow and a thin gravel lens derived 
from the advancing glacier margin. These 
deposits buried intact the grass-covered 
land surface of the surviving portion of the 
organic silt bed. Thirteen radiocarbon dates 
of fossil grass and litter from this surface 
give an error-weighted mean age of 26,940 

lCyr B.P. for an advance of the Lago 

Llanquihue piedmont glacier to within 2 
km of the outer edge of the Llanquihue 
moraine belt (11). In addition, the lower 
Llanquihue till at the Frutillar Bajo site 
represents an earlier glacier advance to 
within 2 km of the outer limit of the mo- 
raine belt prior to 34,765 to 36,960 14C yr 
B.P., the ages for the basal organic silt. 

A roadcut near Puerto Octay reveals two 
superimposed ice-proximal outwash units 
deposited when a former piedmont glacier 
lobe stood at the top of the ice-contact 
slope above Lago Llanquihue within 2.2 km 
of the outer limit of the Llanquihue mo- 
raine belt (site 18). The two outwash units 
are separated by a 90-cm-thick organic silt 
unit with an exposed lateral extent of 125 
m. The upper surface of the organic silt at 
differing sites along the exposure yielded 
five radiocarbon dates with an error-weight- 
ed mean of 29,360 14C yr B.P. ( 1) (Table 
1). This upper surface does not exhibit a 
fossil grass and litter layer. However, the 
consistency of the radiocarbon ages implies 
that little material has been eroded off the 
organic bed. Ages increase markedly with 
depth within the organic silt, and hence the 
upper surface would have yielded highly 
disparate ages if even only a few centimeters 
of silt had been removed. Therefore the age 
of about 29,360 14C yr B.P. probably affords 
a close limiting date for deposition of the 
upper outwash, which represents glacier ad- 
vance to the top of the ice-contact slope. 
Four radiocarbon dates of the basal organic 
silt at differing sites along the exposure 
yield limiting minimum ages for the lower 
outwash unit (and therefore for an advance 
to the top of the ice-contact slope) of 
33,900 to 39,340 14C yr B.P. Overall, this 
exposure near Puerto Octay reveals an in- 
terstadial organic silt bed dated at -39,340 
to 29,360 14C yr B.P. between two ice- 
proximal outwash units, each representing 
an extensive piedmont glacier lobe. 

A sequence of glaciofluvial units is 
stacked on an ice-contact slope that rises 
130 m above Seno Reloncavf at Puerto 
Montt (site 19). The seaward portion of the 
stacked sequence has been truncated by 
shearing during a glacier advance to the 
outer Llanquihue moraine belt. The gla- 
ciofluvial units are each separated by a peat 
or gyttja bed with upper and lower surfaces 
that have not been eroded. We infer that 
the ice-proximal glaciofluvial units over 
each of the upper two organic beds repre- 
sent advances of the Seno Reloncavi pied- 
mont glacier onto the ice-contact slope. In 
this context, two dates of the upper surface 
of the highest peat bed afford a mean age of 
23,060 14C yr B.P.; six samples from the 
upper surface of the next-highest peat bed 
yielded an error-weighted mean age of 
29,600 '4C yr B.P. for another advance (11 l). 

At four localities glacial deposits date 
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from ice advances into the outer Llan- 
quihue moraine belt at -33,500 14C yr B.P. 
We assign a Llanquihue age to these depos- 
its because they are little weathered and 
because pollen profiles from overlying or- 
ganic-rich sediments show no evidence for 
full interglacial conditions. We discussed 
the sites at Frutillar Bajo and Puerto Octay 
above. A third locality is at site 13 (Fig. 1). 
Here thick Llanquihue outwash older than 
33,400 14C yr B.P. represents an advance to 

within 1 km of the 21,000-14C-yr-B.P. ice- 
marginal position and 4 km beyond the 
14,890-14C-yr-B.P. position. Finally, basal 
organic material from a mire at Taiquem6 
on Isla Grande de Chiloe (site 20) shows 
that here the outermost Llanquihue mo- 
raine is >49,892 14C yr B.P. in age. This 
ice-marginal position is just distal to that 
reached by the 14,810-14C-yr-B.P. advance. 

Overall, we recognize at least six glacier 
advances into the outer Llanquihue mo- 

raine belt at 14,890, 21,000, 23,060, 
26,940, 29,600, and ?33,500 14C yr B.P. 
Two of these advances are documented for 
three piedmont glacier lobes, and the re- 
mainder for one or two lobes (Fig. 2). In an 
earlier study, Mercer (15) pointed out that 
the outer Llanquihue moraine of the former 
Lago Rupanco piedmont glacier lobe rested 
on ash-rich peat dated to 19,450 + 300 14C 
yr B.P. The implication is that this glacier 
lobe reached a maximum at that time. 

Table 1. Radiocarbon dates associated with glacial deposits in the Chilean Lake District and on Isla Grande do Ohilo6 from the University of Arizona 
Laboratory of Isotope Geochemistry (A), the NSF-Arizona Accelerator Mass Spectrometry (AMS) Facility (AA), the University of Georgia Radiocarbon 
Laboratory (UGA), the Trondheim Laboratoriet for Radiologisk Datering (TUa and T), the University of Washington Quaternary Isotope Laboratory (CL), the 
University of Waikato Radiocarbon Laboratory (Wk), ETH-Hbnggerberg AMS Facility (ETH), and Beta Analytic (Beta). 5, site number; Lab No., laboratory 

S Description Lab No. Age 83C S Description Lab No. Age 13C 
14 14 
(Cyr B. P.) ( Cyr B.P.) 

1 Llanquihue. Wood from top of ETH-1 3529 14,850?+ 1 00 -25.5 4 Reworked organic silt clast in ice- QL-4532 14,820?450 -24.5 
interstadial bed beneath lakeside ETH-1 3530 14,670? 120 * -26.6 contact stratified drift at lip of ice- 
ice-contact terrace. Dates ETH-1 3531 14,810? 120 * -22.9 cnatha k eto h 
Llanquihue maximum. ETH-1 3532 14,780?+120 * -21.7 Dalcahue. Maximum for Llanquihue 

ETH-1 3533 14,930? 120* -24.1 advance to this site. 
ETH-1 3534 15,120? 140* -20.9 5 Puerto Montt. Reworked organic silt A-6491 16,900?120 -25.9 
A-8173 15,120?95 -28.0 and small clasts in outwash that A-6492 15,640? 100 -27.5 
A-8174 14,750?80 -27.9 heads at ice- contact slope A-6493 15,040? 100 -25.2 

2 Puerto Varas. Wood and organic silt A-6322 14,430?140 -24.8 alongside Seno Reloncavi. Maximum UGA-6942 16,060? 120 -25k 
from within lakeside ice-contact T-9656A 14,560? 95 -27.6 for Llanquihue advance. 
terrace. Dates short cessation of 6 Punta Penas. Organic silt layer within T-1 0296A 15,940? 315 -27.6 
glacial lacustrine sedimentation in lacustrine sediments overlain by till. T-1 0297A 16,275? 440 -28.9 
terrace at Bella Vista Bluff. Maximum for Llanquihue advance. T-1 0298A 16,000? 275 -27.5 

7 Reworked peat clasts in foreset bed A-7702 15,285+1 50/-1 45 -25.8 
Puerto Varas. Wood and fibrous peat ETH-1 3528 14,290? 1 00 * -24.8 of proglacial delta that is covered with A-7698 15,500? 85 -26.1 
from near top of lakeside ice-contact AA-7459 B 13,940? 85* -25k till. Maximum for Llanquihue 
terrace at railroad bridge location. AA-7460 14,175?+1 1 0 -25k+ advance. 
Affords age when piedmont ice still AA-7465 14,600? 1 0 -25k 8 Reworked peat clasts in outwash that QL-4527 20,840? 400 -25.5 
stood at edge of terrace AA-7465C 14,350? 90* -25 + grades to moraine ridge on top of Wk-2539 27,700? 200 -27.0 

3 Dalcahue.Wood and organic silt from A-6189 14,720?100 -27.8 prominent ice-contact slope. 
the upper surface of a 152-cm-thick A-6190 14,770? 110 -27.7 Maximum for outermost Llanquihue 
organic bed preserved intact beneath A-7716 15,045?80 -26,7 moraine. 
moraine. Dates Llanquihue advance, A-7727 14,915? 75 -27.9 9 Peat clast reworked into outwash QL-4539 23,020? 280 -24.8 

UGA-6822 14,610? 180 -29.4 beneath till. Maximum for outermost 
UGA-6823 15,050?+180 -27.4 Llanquihue moraine. 
UGA-6824 14,700?170 -27.6 10 Macrofossils from base of 4.8-in core AA-9296 20,160? 1 80* -27.2 
UGA-6825 14,620? 180 -27.6 in a mire within a meltwater spillway. 
UGA-6971 15,155? 125 -26.6 Minimum for outermost Llanquihue 
UGA-6918 14,480?180 -28.1 moraine. 
UGA-6921 14,520? 105 -26.0 11 Macrofossils from base of two 2.7-in AA-9298 20,380?+170* -29.9 
UGA-6922 14,995? 100 -26.8 cores in a mire within a meltwater AA-9303 20,580? 170* -29.9 
UGA-6933 14,915? 105 -26.4 spillway. Minimum for outermost 
UGA-6983 15,260? 115 -27.4 Llanquihue moraine. 
AA-1 3710 14,458? 98* -28.6 12 Fundo Llanquihue. Macrofossils from UGA-6907 20,645? 220* -20.8 
AA-1371 1 14,697? 125 * -28.8 base of an 1 1-in core in a mire UGA-6908 20,890? 185* -21.2 
AA-1 3712 14,799? 91 * -28.7 situated on the proximal side of the UGA-6909 20,455? 180* -15.4 
AA-13713 14,689? 102 * -28.3 outermost Llanquihue moraine. UGA-691 0 20,650?175* -23.1 
AA-1 3714 14,653? 99* -27.9 Minimum for outermost Llanquihue UGA-6912 20,680?175* -23.5 
AA-13715 14,710?+130* -26,9 moraine. UGA-6913 20,585? 170* -24.9 
AA-1 3716 14,862? 101 * -27.2 13 Remobilized organic silt beneath UGA-6939 25,020?290 -26.5 
AA-13717 1 4,703? 1 01 * -28.3 moraine. Maximum for outermost UGA-7092 25,680?+330 -25k 
AA-1 3718 14,589? 101 * -27.3 Llanquihue moraine. UGA-6821 26,150? 220 -24.4 
AA-13719 14,663? 121 * -28.5 A-7662 33,400+395/-375 -25.0 
AA-1 3720 14,620? 134 * -27.8 14 Peat clasts reworked into outwash Wk-2536 22,250? 220 -26.9 
AA-1 3721 14,880?+99* -27.1 that grades to outermost Llanquihue TUa-470A 22,985? 235* -27.7 
AA-1 3722 14,991? 100* -27.6 moraine. Maximum for moraine. 
AA-1 3723 14,720?90- -28.4 15 Teguaco. Gyttja and macrofossils AA-1 3731 22,068? 230 ~ -26.1 
AA-1 3724 14,951? 1oo* -26.7 from trash layer on upper surface of AA-1 3732 23,126? 207 ~ -26.4 
AA-1 3725 14,836? 1 00 * -26.7 organic silt bed that is covered by AA-1 3733 22,501? 198 ~ -24.6 
AA-13726 14,874? 123 * -27.1 laminated, light-gray glacial QL-4534 22,400? 100 -26.8 
AA-1 3727 14,834? 111 * -27.2 lacustrine, and wood in lacustrine silt. A-7624 22,500?120 -26.3 
AA-1 3728 14,671? 133 * -26.5 The lacustrine silt is overlain by sand A-7623 22,630?125 -26.3 
AA-1 3729 14,806? 104 * -28.2 and then ice-proximal glaciofluvial A-7687 22,075? 120 -28.1 
AA-13730 1 5,062? 11 8 sediments. Dates Llanquihue A-7710 21,955+120/-115 -27.9 

advance. A-7729 21,690? 120 -28.3 
Dalcahue. Organic silt from the base A-7685 30,070+225/-215 -26.5 A-7686 22,410+135/-130 -28.0 
of 152-cm-thick organic bed. A-7732 22,350+205/-200 -28.4 
Minimum age for penultimate A-7719 22,520+170/-165 -27.6 
Llanquihue advance over this site. 16 Shells from glaciomarine sediments A-7627 20,925?115 +1.3 

thrust into the core of a moraine. 
'Accelerator-mass-spectrometry radiocarbon date. +estimated. Dates Llanquihue advance. 
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However, the youngest age that we have 
obtained for organic material from the same 
borrow pit is 20,605 t 880 14C yr B.P. (site 
21). Mercer (15) also suggested that the 
Lago Llanquihue lobe achieved its maxi- 
mum extent near Frutillar Alto shortly after 
20,100 t 500 14C yr B.P., the date for a 
reworked organic clast in outwash that pass- 
es beneath till of the outer Llanquihue mo- 
raine. However, the youngest organic clast 
that we have had dated from this outwash 

unit from a nearby site is 21,840 + 700 l4C 
yr B.P. in age (site 22). In addition, radio- 
carbon dates at sites 10, 11, and 12 indicate 
that the former piedmont lobe had retreat- 
ed from the outer Llanquihue moraine be- 
fore 20,160 to 20,890 14C yr B.P., whereas a 
date at site 23 indicates recession from the 
outer moraine before 19,768 14C yr B.P. 

Llanquihue paleoenvironments. A pa- 
leovegetation composite of 10 radiocarbon- 
dated pollen stratigraphies from the mo- 

raine belts of the Lago Llanquihue, Seno 
Reloncavf, and Castro piedmont glacier 
lobes shows environmental conditions dur- 
ing the Llanquihue glaciation (Fig. 2). Be- 
fore the 14,000-14C-yr-B.P. level, pollen of 
Subantarctic Parkland plants is predomi- 
nant in cores or sections from Frutillar Bajo 
(35,000 to 26,940 14C yr B.P.), the Puerto 
Octay ice-contact slope (36,000 to 29,360 
14C yr B.P.), the Puerto Octay spillway at 
site 10 (between 20,180 and 14,000 14C yr 

number; 8130 is in per mil. The dates for samples CL-i1338 and CL-i1339 are from (10); CL-i1012, RL-1 892, and GX-3809 are from (50); Beta 10481 and Beta 
10485 are from (51). All ether radiocarbon dates are new. The conditions for radiocarbon dating are particularly geed in this part ef Chile because there is ne 
hardwater effect. 

S Description Lab No. Age 613 C S Description Lab No. Age 613 c 
14 

C yr B.P.) 
14 C yrB.P.) 

1 7 Frutillar Bajo. Organic silt, grass, and A-7660 26,870+230/-225 -26.8 21 Rupanco. Peast thrust into the core of T-g660A 22,560? 495 -24.9 
surface litter from 7 separate A-7661 26,560? 165 -26.1 a moraine ridge. Maximum for outer T-g65gA 20,605? 880 -27.7 
localities along the upper surface of a A-7656 27,g00+1g5/-1g0 -25.6 Llanquihue moraine. T-1l030gA 22,745?2g5 -26.7 
g5-cm-thick bad of organic silt that UGA-6817 27,425? 215- -26.4 UGA-7092 25,680? 330 -25.0 
separates two till units at the crest of UGA-681 8 27,305? 325* -25.9 22 Frutillar Alto. Peat and organic silt Wk-2537 29,800? 300 -27.1 
a steep ice-contact slope. Samples UGA-6819 27,855? 325* -25.6 clasts reworked into outwash graded A-6556 28,990? 430 -27.4 
from a former land surface preserved UGA-6820 27,780?+33 5 -26.8 to outermost Llanquihue moraine. A-6198 28,450? 560 -27.0 
intact beneath the upper till. They UGA-6723 26,530?+ 300 -24.8 Maximum ages for outwash and QL-4549 27,250? 250 -26.0 
date a glacial advanco into outer AA-1 3701 26,151?303* -27.7 moraine. QL-4547 24,250? 250 -26.1 
Llanquihue moraine belt. AA-1 3702 26,809? 31 0* -27.0 A-6197 22,790?410 -26.6 

AA-1 3703 26,444? 290* -27.5 QL-4548 21,840?700 -27.1 
AA-1 3704 25,853? 273* -27.6 23 Liha Pantanosa. Basal gyttja from AA-1 4774 19,768? 397* -18.1 
AA-1 3705 26,159?+371 ~ -23.0 core in mire in moraine depression. 

Minimum age for outermost 
Frutillar Bajo. Organic silt from 3 UGA-6945 34,765? 840 -25.0 Ltanquihue moraine. 
localities along the base of the same UGA-6919 34,985?440 -25.5 24 Basal gyttja from core in moraine AA-1 3844 13,295? 91- -28.3 
organic silt unit as above. Dates are UGA-6724 36,960? 550 -25.9 depression. Minimum age for 
minimum for deposition of lower till. recession following the youngest 

1 8 Puerto Octay. Organic silt from S QL-1 338 29,600?350 Llanquihue maximum. 
separate localities along the upper UGA-6930 28,550? 480 -25.0 25 Ditto. AA-1 3843 13,932? 11 9- -28.7 
surface of a 90-cm-thick layer of UGA-6932 29,420?650 -25 + 26 Ditto. AA-1 3845 13,162?+ 102* -27.9 
organic silt that separates two ice- QL-4538 29,030? 540 -24.3 27 Ditto. AA-1 3840 13,024? 88* -27.3 
proximal outwash units near the top A-7667 29,560+275/-265 -25.6 28 Ditto. A-8258 13,370? 100 -28.4 
of the lakeside ice-contact slope. 29 Ditto. AA-1 3842 13,582? 94* -28.4 
Both outwash units were derived from 30 May01. Gyttja from base of core in T-9662A 13,935? 270 -20.4 
an ice lobe that extended to the mire on Llanquihue drift. Minimum 
upper lip of the ice-contact slop. age for ice recession following the 
These dates afford age for upper youngest Llanquihue maximum. 
outwash unit and hence glacial 31 Estero Huitanque. Gyttja from base of TUa-258A 13,345? 105* -25.8 
maximum. core in mire on Llanquihue drift. 

Minimum age for ice recession 
Puerto Octay. Organic silt from four QL-1 339 37,400? 500 following the youngest Llanquihue 
separate localities along the base of QL-4537 33,900? 1020 -26.7 maximum. 
the organic silt unit. Minimum ages A-7664 35,470+6801-625 -25.9 32 Basal gyttja from mire on Llanquihue T-1 0307A 13,560? 95 -28.2 
for deposition of the lower outwash UGA-6926 39,340+2130/- -29.1 drift. Minimum age for ice recession 
unit. 1680 following youngest Llanquihue 

1 9 Puerto Montt. Top of peat layer that A-7626 23,120+1 30/-i125 -27.9 maximum. 
separates two glaciofluvial units T-1 1330A 23,005? 120 -27.3 33 Chadmo. Gyttja from base of a mire. GX-3809 13,065? 320 
stacked against the gulfside ice- A-7912 24,055? 150 -27.2 Minimum age for ice recession. 
contact slope. The peat bed signifies 34 Puerto Carmen. Gyttja from base of a Beta - 10481 13,040?210 
ice recession. Upper surface of the core on side of lake. Minimum age for 
peat bed preserved intact beneath ice recession. 
glaaciofluvial unit; its age therefore 35 Laguna Chaiguata. Gyttja from near Beta-i10485 13,100?260 
signifies ice advance. The first two base of core taken on side of lake. 
dates from top of peat; the third date Minimum age for ice recession. 
from bottom. 36 Cuesta Moraga. Peat over drift. RL-1 892 12,310? 360 

Minimum age for deglaciation. 
Puerto Montt. Same site as above, A-8170 29,680+270/-260 -27.5 37 Reworked peat clast in folded A-7663 29,265+210/-205 -24.9 
except a lower peat bed covered by A-8171 28,465+225/-245 -27.4 outwash in front of outermost 
glaciofluvial unit. Dates are from top A-8172 30,610+290/-280 -27.0 Llanquihue moraine. Maximum 
peat surface and signify glacial A-7701 29,255+210/-200 -26.7 limiting age for folding and hence for 
advance. A-7705 29,655+230/-225 -27.4 outer Llanquihue moraine. 

A-7913 29,210+210/-205 -26.8 38 Peat clast reworked into outwash A-6777 29,080?360 -29.3 
20 Taiquem6. Peat from the base of a AA-1 4770 >49,892 -30.0 beneath till of outermost Llanquihue 

core in a mire that rests against the moraine. Maximum age for moraine. 
outermost Llanquihue moraine. 39 Peat clasts reworked into core of A-6487 26,230?340 -27.0 
Minimum date for moraine. outermost Llanquihue moraine. A-6488 28,970?410 -26.6 

Maximum ages for moraine. 
*Accelerator-mass-spectrometry radiocarbon date. +estimated. 
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B.P.), Fundo Llanquihue (between 20,890 
and 14,000 14C yr B.P.), Dalcahue (30,070 
to 14,810 14C yr B.P.), Puerto Varas 
(14,500 14C yr B.P.), and the Punta Penas 
(16,000 14C yr B.P.). Pollen abundance sug- 
gests that the Subantarctic Parkland envi- 
ronment was characterized by patches of 
southern beech trees (Nothofagus cf betu- 
loides) in an open landscape of grasses and 
composites. At times, for example between 
19,000 and 15,000 14C yr B.P., communi- 
ties of beech evidently expanded, forming 
woodland or forest of limited areal extent, 
but at no level did beech displace open 
vegetation. In addition, elements of Magel- 
lanic Moorland flora were observed in cores 
from areas where drainage was impeded. 
Sources were cushion bogs of Dornatia, Aste- 
lia, and Lepidothamrnus, along with associat- 
ed scrub of Drimys, Pilgeroderndrorn, Em- 
petrum, Perrnettya, and Huperzia. 

Today, many of the former Subantarctic 
Parkland species of the Lake District and 
Isla Grande de Chiloe are best represented 
on poorly drained soils along the outer, cold 
and wet, rocky coast of southernmost Chile. 
But that setting does not serve as an ade- 
quate modern analogue because the geolog- 
ic conditions are not comparable. In partic- 
ular, the thick and extensive alluvial fill of 
tlhe longitudinal valley of the Lake District 
is not replicated in the Magellanic Moor- 
land environment of southern Chile. We 
suggest that the grasses and composites of 
the glacial-age Subantarctic Parkland be- 
came widespread where conditions were 
suitable for their growth and reproduction 
on the well-drained outwash plains of the 
longitudinal valley and eastern Isla Grande 
de Chiloe. Elements of Magellanic Moor- 
land flora made up the lowland vegetation 
in boggy areas on moraine belts or where 
former meltwater spillway channels cut 
deeply into outwash plains, leaving poorly 
drained depressions. Overall, the Subant- 
arctic Parkland vegetation required higher- 
than-present precipitation and mean sum- 
mer temperatures about 6?C lower than at 
present. This climate is in accord with the 
implications of species-poor fossil-beetle as- 
semblages of the last glacial maximum, 
namely that mean summer temperatures in 
the Lake District were 40 to 5?C below 
present values and that Magellanic Moor- 
land elements occurred in poorly drained 
areas (16). 

Llanquihue glacier collapse. The deep 
basins now occupied by lakes and marine 
gulfs in the longitudinal valley formed 
when glacier lobes collapsed following tlhe 
youLngest Llanquihue-age glacial maximum. 
Near Seno Reloncavi, basal organic-rich 
lacuLstrine sediments from depressions on 
Llanquihue drift gave minimum ages of 
13,024 to 13,932 '4C yr B.P. (sites 24 to 29) 
for this glacier collapse. Similar dates on 

Isla Grande de Chiloe range from 13,040 to 
13,935 14C yr B.P. (sites 30 to 35). All of 
these dates come from sites within the lim- 
its of the youngest Llanquihue advance. 
From this suite of dates we can state that 
glacier recession was certainly underway be- 
fore 13,500 14C yr B.P. and most probably 
by 13,900 14C yr B.P. (17). If they are cor- 
rect, these ages bracket the youngest Llan- 
quihue glacial maximum between 14,890 
and 13,900 14C yr B.P. Finally, a radiocarbon 
date from site 36 shows that Andean glaciers 
had receded from Isla Grande de Chiloe to 
within 10 km of their current termini on the 
continent by 12,310 14C yr B.P. 

Shortly after 14,000 14C yr B.P. vegeta- 
tion in the Lake District underwent a tran- 
sition from the long-lived Subantarctic 
Parkland to North Patagonian Rain Forest. 
Arboreal diversification began with the 
spread of Myrtaceae, Nothofagus cf dombeyi, 
Lomatia, Mayternus, and other relatively 
thermophilic, arboreal taxa, which became 
prominent by 13,900 14C yr B.P. at the 
Puerto Octay spillway site, by 13,500 14C yr 
B.P. at the Fundo Llanquihue site, and by 
13,700 14C yr B.P. at Alerce. Closed stands 
of North Patagonian Rain Forest evidently 

developed by 13,000 14C yr B.P. This is in 
accord with an analysis of fossil beetles in 
the Lake District (16), which shows that 
the replacement of a species-poor Magel- 
lanic Moorland fauna with a species-rich 
arboreal fauna began at about 14,000 14C yr 
B.P. and was completed before 12,500 14C 
yr B.P., when the arboreal beetle fauna was 
similar to that of today. Farther south on 
Isla Grande de Chiloe, a pollen record from 
Mayol (site 30) shows that a rapid rise of 
Nothofagus was underway about 14,000 14C 
yr B.P., followed shortly by the incursion of 
North Patagonian Rain Forest species. At 
nearby Estero Huitanque on Isla Grande de 
Chiloe (site 31), fossil remains of the water 
fern Azolla filiculoides appear by about 
13,700 14C yr B.P., indicating a moderated 
temperate environment early in deglacia- 
tion. Relative to the preceding glacial con- 
ditions, the temperature rise indicated by 
the fossil record was -4?C. Later, after 
12,000 14C yr B.P., the spread of more 
cryophilic species in the North Patagonian 
Rain Forest (Podocarpus, Pseudoparnax) sug- 
gests climatic cooling and a reversal of 
trend until the end of the late-glacial. 

Overall, the collapse of Andean pied- 
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Fig. 2. Glacial maxima and overall paleovegetation changes in the Choilean Lake District and Isla Grande 
de Chilo6. Relative abundance of components in the schematic composite of paleovegetation is derived 
from 1 0 individual pollen records of biogenic deposits whose position and age in relationship to the glacial 
maxima of individual piedmont glacier lobes are shown by the labeled vertical bars. The 1 0 radiocarbon- 
dated biogenic deposits show intervals when specific sites in the moraine belt were not glaciated. Fundo 
Llanquihue is site 12 in FIg. 1 and Table 1; Puerto Octay spillway is site 1 0; Frutillar Bajo is site 17; Puerto 
Octay is site 18; Taiquemb is site 20; Dalcahue is site 3; Teguaco is site 15; Mayol is site 30; and Estero 
Huitanque is site 31. Subantarctic Parkland formed an open landscape, a mosaic of beech (Nothofagus 
cf betuloides) communities, variable in extent, among an expanse of shrubs and herbs, mostly grasses 
and composites; under conditions of impeded drainage, moorland contained elements of cushion bogs 
(Astelia, Donatia, Lepidothamnus) and scrub (Drimys, Pilgerodendron, Empetrum, Pernettya, Huperzia). 
After 14,000 14C yr B.P., Subantarctic Parkland was progressively replaced by North Patagonian Rain 
Forest, at first with a large, comparatively thermophilic component (Myrtaceae, Nothofagus cf dombeyi, 
Lomatia, Maytenus), and later after 12,000 14C yr B.P. by a more cryophilic component (Podocarpus, 
Pseudopanax). 
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mont glaciers began about 14,000 14C yr 
B.P. and was accompanied by a vegeta- 
tional transition from Subantarctic Park- 
land to North Patagonian Rain Forest. 
This shift represents the most dramatic 
environmental change that we have yet 
recognized in our combined glacial and 
pollen records. Much of the temperature 
recovery from glacial to interglacial con- 
ditions occurred during this brief transi- 
tion. We take this important event to be 
the first major step in the termination of 
the Llanquihue glaciation. 

Southern Alps of New Zealand. The 
Southern Alps glacier system showed the 
same fundamental behavior as the Chilean 
piedmont glacier lobes during the last (Oti- 
ran) glaciation. The Kumara 22, 31 and 32 
ice limits represent advances to positions at 
or close to the last glacial maximum, th-e 
earliest recognized Kumara 22 advance be- 
gan shortly after 23,500 14C yr B.P. (18-21). 
The youngest advance (Kumara 32) culmi- 
nated at 14,000 to 15,000 14C yr B.P., and 
was followed by massive ice recession that 
left mountain-front lakes in basins formerly 
occupied by piedmont glacier lobes ( 18 -20). 
Within this framework are two chronologic 
details not yet recognized in the Chilean 
Andes. First, the classic moraine sequence of 
the former Taramaku glacier system on the 
west flank of the Southern Alps records a 
Kumara 22 maximum at 17,720 14C yr B.P. 
(22, 23). Consistent with this age is the 
observation that the upper portion of out- 
wash graded to the outer Kumara 22 moraine 
system in the adjacent Grey River Valley 
was deposited after 18,780 14C yr B.P. (24). 
Here a lower outwash unit was deposited 
just prior to 19,740 14C yr B.P., suggesting 

that glaciers were extensive at this time as 
well (24). The second point is that the Franz 
Josef Glacier underwent an advance to the 
prominent Waiho Loop terminal moraine 
on the western flank of the Southern Alps at 
11,050 14C yr B.P. (25), and that a moraine 
remnant in the upper Cropp River Valley 
dates to 10,055 14C yr B.P. (26). 

Interhemispheric symmetry. As dis- 
cussed above, we recognize major fluctua- 
tions for individual Andean piedmont gla- 
cier lobes (Fig. 2). Because these glacial 
terrestrial sequences are typically discontin- 
UOUS, we combined the individual records 
into a composite diagram (Fig. 3). Our jus- 
tification is that the different lobes exhib- 
ited consistent behavior where the records 
overlap. We have also added the advances 
recorded in New Zealand at 17,720, 11,050, 
and 10,055 14C yr B.P. to the composite 
diagram where the Chilean record has not 
yet been fully investigated (22, 26). Our 
justification is that the Chilean Andes and 
Southern Alps are both in the zone of 
Southern Hemisphere westerlies without an 
intervening land mass and that their glacial 
sequences are similar where they overlap. 

The Southern Hemisphere glacial max- 
ima match ice-rafting peaks derived for the 
North Atlantic Ocean by Bond and Lotti 
(27) within the range of error associated 
with radiocarbon dating (Fig. 3). In both 
hemispheres, the buildup to the H-2 peak 
was underway about 22,000 14C yr B.P.; the 
peak itself occurred close to 21,000 14C yr 
B.P. and the decline at 21,000 to 20,000 
14C yr B.P. Shortly before the H-2 event an 
earlier glacier peak occurred in both hemi- 
spheres at about 23,000 14C yr B.P. Two 
peaks also occurred near H-3 in both hemi- 

Fig. 3. Mountain glacier max- 
ima in the Chilean Andes and North Atlantic ice rafting Southern Hemisphere imain the Sthilern Alpes o 
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NCore VM23-81 mountain glaciers In the Southern Alps of New 
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peaks during the Younger Ca 
Dryas and at 17,700 14C yr ?20 20 

B.P. are from the Southern H H-2 - 
Alps of New Zealand (25, 26). c 

The questionable peak at 25 

19,500 14C yr B.P. in New 5 H-3 
Zealand and Chile comes 
from (15) and (24). All other , _ 30 

30k ___________30___________________ peaks are from the Chilean 0 500 1000 1500 , - Advance 
Andes as reported here. Number Lithic Grains Retreat 
Overall, there is a striking >150 pm/g 
match between the records. 
The main differences come at H-3 (about 26,000 14C yr B.P. for core VM23-81 and 26,940 14C yr B.P. for 
the Lago Llanquihue ice lobe) and at the maximum before H-3 (about 29,000 14C yr B.P. for core VM23-81 
and 29,360 to 29,600 14C yr B.P. for the Lago Llanquihue and Seno Reloncavr ice lobes) (11, 27). These 
small differences may be due in part to the method of reducing a series of radiocarbon dates of contemporary 
material (11). Also, there is some scatter in the age assignments in various North Atlantic cores. For example, 
the ice-rafting peak before H-3 is placed at about 29,700 14C yr B.P. in the core from DSDP site 609 (27) 
rather than at 29,000 14C yr B.P. as in core VM23-81. 

spheres, one at 26,000 to 26,940 14C yr B.P. 
and the other at about 29,000 to 29,600 14C 
yr B.P. The individual ice-rafting records 
from Iceland and the Gulf of Saint Law- 
rence both show a particularly distinct peak 
in debris at 26,000 14C yr B.P. (27), close to 
a maximum of the Lago Llanquihue pied- 
mont lobe. The same situation holds for the 
ice-rafting peak at 17,500 14C yr B.P., 
which for Iceland is particularly prominent 
and is coeval with the maximum Kumara 22 
advance of the Taramaku glacier system in 
New Zealand. Pulses of glacial activity also 
seem to be coeval in both hemispheres dur- 
ing Younger Dryas time (25, 26). 

An apparent exception to the interhemi- 
spheric symmetry involves paleoclimatic 
events in the North Atlantic region leading 
into the last termination. The ice-rafting 
record of Bond and Lotti (27) from North 
Atlantic core VM23-81 shows that the H-1 
ice-rafting pulse began about 14,800 to 
15,000 14C yr B.P., culminated at 14,100 to 
14,300 14C yr B.P., and decayed at 13,700 
14C yr B.P. Nearly the same sequence is 
shown by mountain glaciers in the Chilean 
Andes, which held a maximum from 14,890 
to after 14,240 14C yr B.P. and which had 
begun to decay by 13,900 14C yr B.P. Thus, 
the last Llanquihue maximum in the Chil- 
ean Andes was synchronous with the H-1 
ice-rafting pulse in the North Atlantic 
Ocean. The subsequent recession in both 
regions is compatible with widespread glacier 
collapse documented elsewhere in both polar 
hemispheres at close to 14,000 14C yr B.P. 
(18-20, 28-33). It also matches the initial 
warming shown in the Huascaran tropical 
ice core from Peru, as calibrated by a radio- 
carbon chronology transferred from an At- 
lantic deep-sea core (34). We take this wide- 
spread glacial recession and climatic warm- 
ing to signal the beginning of the last termi- 
nation. In apparent contradiction to this 
finding, the first major warming seen in 
Greenland ice cores occurred abruptly at the 
beginning of Bolling time about 12,700 14C 
yr B.P. (1-3). This early Bolling warming is 
registered from Greenland across Europe in 
ice core (1-3), Nordic sea-surface tempera- 
ture (35), beetle (36), and lacustrine paleo- 
environment records (37). The apparent 
contradiction with the glacial record is re- 
solved, however, if the early Bolling warm- 
ing is seen as a change in the sites of deep 
convection in the North Atlantic involving 
resumption of the modern mode of deepwa- 
ter production in the Nordic Seas. Such a 
rearrangement of convection would rapidly 
increase temperatures in the northern North 
Atlantic region (38). This interpretation of 
the overall paleoclimatic record implies that 
the major North Atlantic thermohaline 
switch occurred about 1300 14C years after 
the abrupt beginning of the last termination 
on a global scale. 
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Implications for global climate change. 
The implication of global symmetry that 
arises from our Southern Hemisphere paleo- 
climatic data underscores a fundamental 
lack of understanding of how rapid climatic 
changes originated and were propogated 
globally. The millennial-scale glacial pulses 
registered in both polar hemispheres are too 
frequent to be explained by Milankovitch 
orbital forcing. Basally lubricated surges of 
the Laurentide Ice Sheet (8) are an insuffi- 
cient explanation because North Atlantic 
ice-rafting peaks are synchronous among 
individual ice caps and ice sheets (27) and 
with the Southern Hemisphere glacier max- 
ima (Fig. 3). Moreover, the global glacial 
pulses implied by this correlation are not 
obviously connected with known thermo- 
haline switches in the North Atlantic 
Ocean. As noted (25), the Younger Dryas- 
age glacier readvance in New Zealand is 
difficult to explain by a switch in North 
Atlantic deep-water production that does 
not precede the interhemispheric atmo- 
spheric signal. The same difficulty now per- 
tains to the Southern Hemisphere advances 
at 14,890, 17,720, 21,000, 23,060, 26,940, 
and 29,600 14C yr B.P. 

Bond and Lotti (27) showed that the 
North Atlantic Heinrich events are actual- 
ly part of a long series of ice-rafting pulses 
that recurred at intervals of 2000 to 3000 
years. These ice-rafting peaks were concur- 
rent with the Dansgaard-Oeschger cold 
events in the atmosphere over Greenland. 
Thus the Heinrich events are seen as a 
response to the same climate forcing that 
produced the Dansgaard-Oeschger cold 
peaks (27). By extension, the match of 
North Atlantic ice-rafting peaks with 
Southern Hemisphere mountain glacier 
maxima reported here implies that the 
Dansgaard-Oeschger cold pulses had a glob- 
al signature. Mforeover, the Southern Hemi- 
sphere moraine record also shows that the 
mountain glacier peaks correlative with the 
Heinrich events are embedded in a long 
series of similar glacier maxima. For exam- 
ple, the mountain glacier maxima at 17,720, 
23,060, and 29,600 14C yr B.P. are about 
equivalent in magnitude with those that 
correlate with Heinrich events. Also, mil- 
lennial-scale glacier pulses in both hemi- 
spheres occurred between 20,000 and 
13,000 14C yr B.P. Thus the mechanism that 
caused the global glacial pulses continued to 
operate through this puzzling interval where 
the structure of the Dansgaard-Oeschger 
events is lost in the Greenland ice cores. 

The interhemispheric symmetry of the 
abrupt atmospheric event that initiated the 
last termination at about 14,000 14C yr B.P. 
is not easily explained by orbital seasonal 
forcing, which is in an opposite sense at 
mid-latitudes in the two polar hemispheres. 
If orbital forcing was indeed responsible, 

then some aspect of a seasonal insolation 
signal (in classic Milankovitch theory taken 
to be summer insolation at high northern 
latitudes) must have been amplified by re- 
gional mechanisms into global dominance. 
But such amplification is hard to achieve 
through orbital forcing of Northern Hemi- 
sphere ice sheets, because their direct ther- 
mal impact is restricted in area (39) and 
because their recession at the beginning of 
the last termination was synchronous with 
that of Southern Hemisphere mountain gla- 
ciers. It is also difficult to ascribe the initial 
abrupt climatic shift of the last termination 
to a major change in ocean circulation (40). 
As discussed above, the switch to the mod- 
ern type of deep-water formation in the 
northern North Atlantic basin apparently 
did not occur until after bi-hemispheric gla- 
cier collapse, when Andean and New Zea- 
land mountain glaciers had already shrunk 
to a small fraction of their areal extent at 
the last glacial maximum, and when North 
Patagonian Rain Forest had replaced Sub- 
antarctic Parkland in the Chilean Lake Dis- 
trict and on Isla Grande de Chiloe. 

The timing and interhemispheric syn- 
chrony of the last termination is also hard to 
reconcile with the conceptual model of Im- 
brie et al. (41), in which large Northern 
Hemisphere ice sheets are the essential con- 
dition for feedbacks that drive the 100,000- 
year climate cycle of late Quaternary time. 
For the last glacial-interglacial transition, 
these feedbacks feature the mechanical in- 
stability of grounded ice on continental 
shelves and the capability of large ice sheets 
to alter the mode of ocean overturning. The 
train of events leading to the termination is 
postulated to have begun when strengthen- 
ing summer insolation forced recession of 
southern Laurentide ice. The consequent 
rise of sea level is thought to have destabi- 
lized the grounded ice sheet in the Barents 
Sea, which initiated rapid deglaciation in 
the North Atlantic sector. Also, the shrink- 
ing Laurentide Ice Sheet so altered wind 
patterns over the North Atlantic Ocean that 
it triggered a shift in convection sites to the 
Nordic Seas, thus initiating the modern 
mode of thermohaline circulation. Because it 
changed heat distribution and may have in- 
creased the concentration of atmospheric 
CO2, this mode shift is taken to have been 
the nonlinear amplifier of orbital forcing 
that is the immediate cause of the last ter- 
mination. But from our Southern Hemi- 
sphere chronology, we suggest that a change 
in seasonality with strengthening summer 
insolation is unlikely to have been the im- 
mediate cause for recession of southern LaLl- 
rentide ice, because mid-latitude Southern 
Hemisphere alpine glaciers showed identical 
behavior when summer insolation was weak- 
ening. Also, the meltwater spike at 14,500 
to 13,700 14C yr B.P. off the Barents Sea 

and western Norway (42) correlates with 
the H-1 ice-rafting peak elsewhere in the 
North Atlantic (27) and is itself accom- 
panied by a tongue of ice-rafted dropstones 
(43). Therefore, we think that this meltwa- 
ter spike represents a maximum rather than 
a collapse of the Barents Ice Sheet. Finally, 
our Southern Hemisphere chronology im- 
plies that the beginning of the last termi- 
nation on a global scale antedated (and 
therefore could not have resulted from) the 
switch to the modern mode of North At- 
lantic deep-water production. 

The interhemispheric synchrony indicat- 
ed by our Southern Hemisphere paleocli- 
matic record suggests rapid propagation 
through the atmosphere of late Pleistocene 
climatic signals. The implication is that the 
forcing mechanism changed the greenhouse 
gas content or albedo of the atmosphere. On 
the grounds that the timing is not consistent 
with our Southern Hemisphere record, we 
do not favor forcing mechanisms based on 
ice sheet dynamics or North Atlantic ther- 
mohaline switches. Nor have any convinc- 
ing explanations emerged as to why such 
mechanisms would have produced any but 
regional paleoclimatic events. Rather, the 
interhemispheric synchrony may implicate 
varying concentrations of atmospheric water 
vapor as the immediate source of late Pleis- 
tocene climatic changes (44, 45). The dom- 
inant water vapor feedback in models of 
climatic warming from greenhouse gases 
seems to be controlled largely by temperature 
(46). Because saturation vapor pressure var- 
ies nonlinearly with temperature, it has been 
suggested that perturbations in tropical sea- 
surface temperatures, now thought to have 
changed substantially since the last glacia- 
tion (47), could have had global conse- 
quences (48). Hence, an explanation for the 
Southern Hemisphere paleoclimatic changes 
may well emerge with a more complete un- 
derstanding of the production and redistri- 
bution of atmospheric water vapor and the 
accompanying effects on global climate. 
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