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The Southern Hemisphere westerly winds influence the spatial distribution of precipitation in southern

South America and play a significant role in the global carbon cycle, yet little is known about how this

important atmospheric circulation feature has varied in the past. Here, we present a sediment core

record of late Holocene variability from Lago Guanaco, a small closed-basin lake located in Torres del

Paine National Park, Chilean Patagonia. The park is located in the core of the modern wind field and

variations in the intensity of the atmospheric circulation directly influence the hydrology of this region.

We combine stable isotopic measurements of biogenic carbonate and bulk organic matter to identify

two periods of increased evaporation between 900–550 and �400–50 calendar years before present

(cal yr BP). The first interval is coincident with the Medieval Climate Anomaly (MCA) while the more

recent period is broadly coincident with the timing of the Little Ice Age (LIA). During the LIA interval, we

observe simultaneous monotonic increases in the d18O of biogenic carbonate and Nothofagus dombeyi-

type pollen, which we interpret as indicative of significant changes in the intensity of the southern

westerlies during the last millennium. The isotopic and palynological variations in the Guanaco record

are coincident with geochemical variations found in an Antarctic ice core record from Siple Dome,

suggesting that the signal preserved in Lago Guanaco is regional rather than local, and that the LIA

intensification was accompanied by a poleward shift in the southern margin of the westerlies. In

addition, we interpret four periods of increased lake productivity centered on 900, 650, 500, and

200 cal yr BP from simultaneous increases in the d13C of bulk organic material and biogenic carbonate.

These increases in lake productivity are most likely tied to increases in summer temperatures.
1. Introduction

The southern westerly winds are an important feature of
atmospheric circulation in the mid- to high-latitudes of the
Southern Hemisphere. Not only do the westerlies influence the
amount and distribution of precipitation in South America and the
other southern continents, the westerlies play a major role in
carbon cycling in the Southern Ocean through their influence on
air–sea gas exchange. Past changes in the latitudinal position of
the westerlies are thought to influence the partitioning of CO2
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between the deep ocean and the atmosphere on glacial–intergla-
cial timescales (Sigman and Boyle, 2000; Toggweiler et al., 2006).
Furthermore, 20th century observations of increased westerly
wind field strength have been shown to reduce the efficiency of
the CO2 sink in the Southern Ocean (Le Quere et al., 2007). Despite
this recent interest in the southern westerly winds, there are
significant gaps in our understanding of how the strength and the
latitudinal position of the westerlies have varied in the most
recent past. In the context of the last millennium, it is unclear how
the intensity and position of the westerlies changed during
important climate intervals like the Little Ice Age (LIA) and
Medieval Climate Anomaly (MCA).

There are very few paleoclimate records that can directly
address the question of how the westerlies have changed during
short-climate intervals like the LIA and MCA. To date, such records
from southern South America have been derived from locations
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having indirect or convoluted relationship to the westerly wind
regime, from discontinuous archives with insufficient resolution
or length, and from paleoclimate proxies that are potentially
equivocal and susceptible to multiple interpretations. Because of
the challenges inherent in reconstructing westerly wind varia-
bility from such records, many critical questions remain unan-
swered. We identified three fundamental questions, which we will
attempt to answer in this and forthcoming articles: What are the
key forcing mechanisms that drive changes in the westerly wind
field over the last millennium? Across this critical interval, what is
the timing and direction of westerly wind variability? How did the
vegetation and hydrologic balance of the region change in
response to different westerly wind regimes? Understanding
how the westerlies have varied during the last millennium is of
particular importance, because it provides a baseline upon which
to gauge both present and predicted change.

Southern South America is ideally suited for studies of past
variability in the intensity and latitudinal position of the
westerlies because it is the only landmass that is situated in the
core of the wind field. In addition, several factors contribute to the
significant relationship between precipitation and the intensity of
zonal atmospheric flow. Extratropical precipitation is largely
produced by frontal systems associated with surface depressions,
whose growth is directly linked with the strength of the zonal
flow aloft. Furthermore, surface depressions moving eastward
are ‘‘steered’’ by the 700 hPa winds along the storm tracks
(e.g., Trenberth, 1991), so stronger westerlies at interannual and
longer time scales are conducive of a rapid growth and rapid
succession of extratropical storms, leading to an increase in
precipitation (Garreaud, 2007). Upstream of the Andes, orographic
precipitation is an important source of moisture and its
magnitude also increases with stronger westerlies; further down-
stream of the Andes, in contrast, downslope subsidence has a
drying effect, so stronger westerlies can produce less precipitation
there. In addition to precipitation, evaporation caused by increas-
ing wind velocities also plays an important role in controlling the
water balance in the semi-arid regions directly east of the Andes.
Therefore, in SW Patagonia, the link between precipitation and
hemispheric circulation is especially strong, providing a unique
opportunity for evaluating past changes in the westerlies through
reconstructing past changes in water balance.

The relationship between wind and precipitation has been
used by others to investigate Holocene paleoclimate in SW
Patagonia. These studies have primarily relied on pollen and
charcoal evidence (Huber and Markgraf, 2003; Villa-Martinez and
Moreno, 2007), although tree-ring (Villalba et al., 2003) and
glacial deposits (Mercer, 1970, 1982; Aniya, 1995; Glasser et al.,
2004) have also been used. Detailed pollen records developed
from locations proximal to the moisture sensitive forest-steppe
ecotone in southern South America identify increases in forest
taxa (Nothofagus dombeyi type) at the expense of steppe taxa
beginning about 6800 cal yr BP (Villa-Martinez and Moreno, 2007)
or 5000 cal yr BP (Huber et al., 2004), and culminating during the
last millennium. The majority of these records, however, show
little or no change in hydrologic balance during the late Holocene,
especially during important climate intervals such as the LIA and
the MCA.

Stable carbon and oxygen isotope ratios of both biogenic and
authigenic carbonate phases derived from lake sediments offer an
additional tool for the reconstruction of past variability in
hydrologic balance (Talbot, 1990; Seltzer et al., 2000; Leng and
Marshall, 2004). In closed-basin lacustrine settings, where the
primary loss of water is through evaporation, enrichment of lake
water 18O, mediated by the preferential loss of 16O to water vapor,
can be used to evaluate changes in the evaporation/precipitation
(E/P) ratio though time (Li and Ku, 1997). Although this method
can provide information on past hydrologic regimes, the requisite
occurrence and preservation of sufficient carbonate material is
rare in the lakes of Chilean Patagonia.

Here, we present a multi-proxy record of environmental
change from Lago Guanaco as a part of an on-going project
investigating climate change related to the westerlies in SW
Patagonia. Lago Guanaco is unique in that it preserves abundant
biogenic carbonate (ostracodes, bivalves, and Chara calcite)
suitable for stable isotope analysis. Here, we focus on the most
recent 1200 years of the record and combine carbon and oxygen
stable isotope analyses on the carbonate and organic phases of the
lake sediment to investigate past changes in hydrologic balance
related to the westerlies.
2. Study area

Lago Guanaco is a small alkaline lake located in Torres del
Paine National Park (511520S/721520W/200 m a.s.l.) directly east of
the southern margin of the South Patagonian Ice field (Fig. 1). The
lake occupies a small bedrock depression and is surrounded by
hills with sporadic outcrops of the Cerro Torro formation, which
largely consists of Late Cretaceous mudstones and sandstones
(Winn and Dott, 1979). There are no carbonates present in the
drainage basin. The lake has a surface area of 0.13 km2, a
maximum depth of 16 m, and is located in a small drainage basin
(0.6 km2). No streams enter the lake and a narrow outlet, which is
presently 1.5 m above the current lake level, drains water directly
into Lago Sarmiento during periods of higher lake level (Fig. 1b).
When the lake level is similar to today, the lake is hydrologically
closed and the principal mechanism for water loss is evaporation.
When the lake level is higher, water loss through drainage over
the sill and evaporation are the principal mechanisms. Although
difficult to quantify, we estimate that loss of lake water to
groundwater is relatively low due to the low hydraulic conduc-
tivity of the glacial silts and till that immediately underlie the
organic lake sediments.

Lago Guanaco is a moderately eutrophic lake that supports a
high diversity of emergent and submerged macrophytes along the
shoreline and in shallow portions of the lake. A rim of Scirpus and
Juncus reeds surrounds the site and dominates at water depths
less than 1.0 m, accompanied by an occurrence of Chara in the
northern shallow areas of the lake. Myriophyllum becomes
abundant at greater depths in the lake, and Pediastrum is found
on the lake surface. In addition, 2–5 mm thick microbialite crusts
of Rivularia sp. cover cobbles in shallow areas of the lake. Between
two field seasons in January 2004 and January 2007, we observed
a �1 m drop in lake level and a concomitant expansion of
macrophytes toward the center of the lake.

Average annual rainfall measured in Torres del Paine from 1983
to 2006 was 730 mm/year—a small amount compared with
precipitation a few tens of kilometers west over the Ice
fields—and the mean annual temperature between 1983 and
1993 was 7.5 1C (CONAF). Fig. 2 displays monthly averages of
temperature, precipitation, and relative humidity measured at the
Torres del Paine National Park headquarters near the northern
edge of Lago Toro (CONAF), along with surface wind speed from
the NCEP–NCAR reanalysis (Kalnay et al., 1996), and the d18O of
precipitation from Punta Arenas and Coyhaique (IAEA/WMO,
2004). Summers (DJF) are characterized by higher temperatures
and wind speeds, low relative humidity, and lower d18Oprecip

values. Summer precipitation averages �60 mm/month, which is
only half of the estimated evaporation rate (�120 mm/month);
peak precipitation values of �80 mm/month are reached during
late summer/early fall (March and April). In contrast, the winter
months (JJA) are characterized by high relative humidity, low
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Fig. 1. (a) Annual average 700 hPa wind vectors from NCEP–NCAP reanalysis (Kalnay et al., 1996) illustrating wind direction and velocity for southern South America, the

Southern Ocean, and the Antarctic Peninsula. The black rectangle surrounds the approximate study area shown in (b). (b) Eastern portion of Torres del Paine showing

location of Lago Guanaco. (c) Annual correlation (r) of Torres del Paine precipitation and 700 hPa zonal wind. Precipitation measured in the park is directly related to the

Southern Hemisphere westerlies over the Southern Ocean. (d) Generalized bathymetric map of Lago Guanaco with locations of coring sites. Star denotes location of Siple

Dome.
wind speed, lower precipitation, and more negative values of
d18Oprecip. Evaporation is also at a minimum and below the
precipitation rate.

From these annual cycles, it is evident that seasonal variations
of the large-scale winds (as derived from the NCEP–NCAR
reanalysis data) significantly modulate the corresponding varia-
tions in precipitation and evaporation. On longer, annually
averaged timescales, there is also a strong positive relationship
between NCEP–NCAR reanalysis zonal wind in the Southern
Hemisphere and the amount of precipitation falling in Torres del
Paine (Fig. 1). Years with higher precipitation correspond to
stronger zonal flow at 700 hPa over the entire Southern Hemi-
sphere. The correlation is stronger during DJF, when the westerlies
are strongest and located at their most poleward position. The
interaction between the Andes and atmospheric circulation is
complex and produces important heterogeneities in precipitation
amount and seasonality on the eastern side of the Andes.
Furthermore, there is a high degree of uncertainty regarding the
spatial relationship between wind and precipitation due to the
lack of long and continuous meteorological records in southern
Patagonia. However, it appears that in the Torres del Paine region,
precipitation and wind are well-coupled and reflect variations
that are consistent with sites on the western Andean front
(Schneider et al., 2003).
3. Methods

We collected undisturbed sediment-water interface cores from
Lago Guanaco with a 7.5 cm diameter, 1-m long Plexiglass piston
corer from two locations within the lake. Core PS0404SC was
collected in January 2004 in 12 m water depth and is 67 cm long.
Core PS0711SC is 97 cm long and was collected from the deepest
basin in the center of the lake at 16 m water depth in January 2007
(Fig. 1d). PS0711SC contains the youngest tephra erupted from
Volcán Reclús, a volcano that has been active throughout the late
Quaternary (Stern, 2008) and is located �60 km to the west of
Lago Guanaco. We sampled both short cores in the field at 1 cm
resolution. During January 2007, we measured pH, conductivity,
temperature, and dissolved O2 with a WTW 3500i multi-
parameter water meter at depths of 0, 1, 2, 3, 6, and 12 m in the
water column. We also collected water samples in 30 ml serum
bottles to analyze both d13C of the total dissolved inorganic carbon
(TDIC), and d18O and dD of the lake water at the surface and at
depths of 6 and 12 m at the PS0711SC coring site. Samples for the
analysis of d13C of TDIC were immediately poisoned with HgCl2 to
prevent biologic activity. Three additional surface water samples
for the analysis of d18O and dD were collected from Lago Guanaco
during February, March, and April 2007.

Sediment samples obtained from PS0404SC and PS0711SC
were dried at 60 1C, crushed and loaded into silver capsules for
bulk elemental and isotopic (C and N) analyses. Prior to analysis,
sediment samples were acidified with a 6% sulfurous acid solution
to remove carbonates (Verardo et al., 1990). Because acidification
can preferentially remove some of the more labile N components
and therefore introduce an analytical bias, bulk sediment samples
for d15N were run without acid treatment in tin capsules. Samples
of aquatic plants and terrestrial organic material used to evaluate
potential sources of organic material were analyzed following
similar procedures. All samples were analyzed at the Stanford
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Fig. 2. Monthly climatologies of temperature, isotopic composition of rainfall, precipitation, evaporation, wind speed and relative humidity. (a) Monthly averaged

minimum, maximum, and mean temperatures recorded in Torres del Paine from 1983 to 1993 (CONAF). (b) Weighted monthly averages of the d18O of precipitation recorded

in Punta Arenas and Coyhaique, Chile (IAEA/WMO). Based on the latitude and topography of the study area, precipitation falling in the park should fall between these two

lines. (c) Average monthly precipitation in Torres del Paine (CONAF) and calculated values of evaporation obtained from a modified Penman Equation (Linacre, 1992) and

evaporation estimates presented in Campos et al. (1994). (d) Average monthly 1000 mb zonal wind (NCEP) and relative humidity (CONAF).
University Stable Isotope Laboratory using a Carlo Erba NA1500
Series 2 elemental analyzer coupled to a Finnigan Delta Plus
isotope ratio mass spectrometer via a Finnigan Conflo II open split
interface. Results are presented in standard delta notation with
d13C reported relative to the VPDB carbonate standard and d15N
relative to air. One standard deviation for replicate samples was
0.05% for d13C, 0.14% for wt% TOC, 0.20% for d15N, and 0.01% for
wt% TN.

Bivalves and ostracodes were extracted from the bulk sediment
of PS0404SC at 1 cm resolution by wet-sieving at 150 mm and oven
drying the residue overnight at 60 1C. Each bivalve sample consists
of 2–3 Pisidium sp. specimens individually selected, cleaned of
surface contamination with deionized water, and homogenized
with an agate mortar and pestle prior to analysis for isotopic
composition (by mass spectrometry) and mineralogy (by X-ray
diffraction (XRD)). Corroded shells were avoided and no over-
growths were observed during microscopic inspection. Adult
Candona sp. ostracodes were also picked from the 4150mm
fraction. Sediment adhering to the carapace was removed with a
fine brush and 6–8 ostracodes of a narrow size fraction
(0.75–1.0 mm) were run for isotopic analysis from each depth
horizon.

In addition to bivalves and ostracodes, we analyzed the carbon
and oxygen isotopic composition of the fine-fraction (o63 mm)
sediment. Approximately 2 cm3 of sediment was obtained from
core PS0711SC at 1 cm intervals and wet-sieved through a 63mm
mesh. Following a method outlined in Ito (2001), the fine-fraction
was bleached for 24 h using a 3% solution of sodium hypochlorite
(NaClO), centrifuged and rinsed three times, before oven drying at
40 1C for 24 h.

Shell and fine-fraction carbonate was reacted with anhydrous
phosphoric acid at 70 1C in a Finnigan Kiel III carbonate device
interfaced to a Finnigan MAT 252 isotope ratio mass spectrometer
at the Stanford University Stable Isotope Laboratory. Results are
presented in standard delta notation with d13C and d18O reported
relative to the VPDB standard. One standard deviation for
replicates averaged 0.3% for both ostracodes and bivalves for
d13C and d18O. Standard deviation of the NBS-19 isotopic reference
material analyzed with each suite of samples describes the
instrumental precision and is 0.03% for d13C and 0.06% for
d18O. XRD analyses indicate that the bivalve shells are composed
of aragonite and the fine-fraction is composed of calcite with no
evidence of aragonite. Although not analyzed by XRD, ostracodes
carapaces are composed of low-Mg calcite (Ito, 2001).

The d13C of the TDIC was analyzed following a procedure
outlined in Appendix A of Gruber et al. (1999) at the Stanford
University Stable Isotope Laboratory. Following this method, 15 ml
of lake water was injected into a He gas sparger containing 2 ml of
12% H3PO4 for 10 min. The evolved gas passed through a dry-
ice–alcohol–water trap followed by a liquid nitrogen cold trap,
before samples were flame sealed in glass ampoules. The evolved
and purified CO2 was then measured on the Finnigan MAT 252
isotope ratio mass spectrometer. The d18O and dD of the lake water
was analyzed at the Center for Stable Isotope Biogeochemistry at
the University of California at Berkeley using a Gas bench and H/
Device connected to a Thermo Delta Plus XL isotope ratio mass
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spectrometer. The average standard deviation of the in-house
standard analyzed with each suite of samples was 0.06% for d18O
and 0.50% for dD.

To investigate changes in the deposition of calcium carbonate
in the lake we analyzed the o63mm fraction every 2 cm on the
PS0711SC core using a UIC CM5240 automated acidification
module connected to a UIC CM5014 coulometer. Weight percent
biogenic silica (wt% BSi) was analyzed using a multi-step
extraction method modified from Mortlock and Froelich (1989)
and DeMaster (1981) every cm on the top 50 cm of the PS0404SC
core. Standard deviations for wt% silica and carbonate replicates
averaged 0.2 and 0.5 wt%, respectively.

An AMS radiocarbon chronology for the last �1200 years was
established using six dates on both bivalve carbonate and acid-
base insoluble bulk organic material. Material for the dates was
primarily obtained from PS0404SC and PS0711SC and analyzed at
the Center for Accelerator Mass Spectrometry at Lawrence
Livermore National Laboratory. In order to construct an age model
that spanned the entire length of both short cores, we include two
dates from the PS0711GT1 core, which is the first meter of
sediment obtained with a modified Livingston square-rod corer
taken from an anchored raft (Fig. 1d). We were able to successfully
correlate the PS0711SC and PS0711GT1 cores based on the tephra
derived from Volcán Reclús and the bulk organic isotope
stratigraphy (Fig. 3). All ages have been corrected for isotope
fractionation using d13C values determined on gas splits or
residual processed bulk organic material. Radiocarbon dates were
converted to calendar years BP (cal yr BP) with Calib 5.0.2 (Stuiver
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predicted ages for Rumex expansion and the late Holocene Reclus tephra and placed the

interpolate between radiocarbon-dated intervals. Two dates were omitted from the age

the relative position of radiocarbon dates and how they relate to the longer PS0711GT1

we have included two dates from PS0711GT1 in order to extend our age model to the
and Reimer, 1993) using the Southern Hemisphere calibration
curve (McCormac et al., 2004). We used the median probability
ages derived from Calib (Table 1) and applied a third-order
polynomial to establish an age model for the cores. In addition, we
created a composite age-depth model based on the longer
PS0711SC core (Fig. 3). All of the dates from PS0404SC were
transferred to the corresponding horizon in PS0711SC using the
bulk organic elemental and isotope stratigraphy to determine
tielines between the cores (Table 1).
4. Results

4.1. Lake chemistry

We measured the temperature profile of the lake in January
2007 and found it to be weakly stratified with surface waters
1.6 1C warmer than the bottom waters. Three days of unusually
calm wind preceding the measurement likely allowed this
stratification to occur, and a temperature profile obtained a week
earlier from a �20 m deep lake in the vicinity showed no
stratification. The pH and conductivity of the lake during January
2007 was 8.6 and 515mS/cm (0.3 PSU), respectively, and there was
no variation of these parameters with depth (Table 2). The d13C of
the TDIC averaged 3.9270.05% for measurements taken at the
surface, 6 and 12 m water depth (Table 2). Similarly, the d18O and
dD of the lake water showed insignificant variation with depth
and averaged �4.2470.08% and �58.4070.57% for d18O and dD,
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Table 1
AMS radiocarbon dates obtained from Lago Guanaco

No. Lab code Sample ID Material Original depth

(cm)

Composite depth

(cm)

d13C

(PDB)

Core Radiocarbon age Median probability

age

Lower

2s
Upper

2s

1 CAMS-

107059

lgsc1_0 Mollusk 0 0 �4.84 PS0404SC 4modern

(D14C ¼ 177.8)

�57 N/A N/A

2 CAMS-

115750

PS0404SC_34 Bulk

organic

34 42 �27.69 PS0404SC 600+30 550 520 630

3 CAMS-

131734

PS0711SC_48 Mollusk 48 48 �4.14 PS0711SC 775+40 680 570 730

4 CAMS-

131735

PS0711SC_72 Mollusk 72 72 �4.77 PS0711SC 1080+35 940 810 1050

5 CAMS-

133251

PS0711GT1_53 Bulk

organic

93 93 �27.73 PS0711GT1 1185+45 1040 960 1170

6 CAMS-

131264

PS0711GT1_90 Bulk

organic

132 132 �27.26 PS0711GT1 1910+30 1790 1710 1870

Excluded ages

7 CAMS-

115749

PS0404SC_7 Bulk

organic

7 10 �28.81 PS0404SC 520+30 520 500 540

8 CAMS-

131733

PS0711SC_25 Mollusk 25 25 �3.87 PS0711SC 600+35 550 470 590

All radiocarbon dates were calibrated with Calib 5.0.2 (Stuiver and Reimer, 1993) using the Southern Hemisphere calibration curve (McCormac et al., 2004). We applied a

third-order polynomial to the median probability ages to construct an age model for the cores.

Table 2
Water column properties and chemistry for Lago Guanaco during 2007

Water depth

(m)

pH Temperature

(1C)

Conductivity

(mS/cm)

Oxygen

concentration (mg/l)

% O2 saturation d13C DIC (PDB) d18O (VSMOW) dD (VSMOW)

Water column measurements (January 2007)

0 8.65 15 514 9.9 99.3 �3.85 �4.24 �58.52

1 8.61 15.5 517 9.8 97.9

2 8.61 14.7 516 9.4 94.5

3 8.61 13.3 515 9.3 94.7

6 8.60 13.2 516 8.6 92.6 �3.93 �4.24 �58.06

12.4 8.60 13.5 515 8.2 82.4 �3.96 �4.26 �58.49

Date d18O (VSMOW) dD (VSMOW)

Guanaco surface measurements

10 February 2007 �4.06 �57.25

28 March 2007 �3.81 �55.94

11 April 2007 �3.77 �55.47

Date d18O (VSMOW) dD (VSMOW)

Torres del Paine well water measurements

13 April 2007 �13.94 �108.66

13 April 2007 �13.94 �110.13
respectively (Table 2). Three additional samples taken during the
months of February, March, and April, reveal a slight increase of
0.48% and 2.93% for d18O and dD (Table 2) from February to April.
Two groundwater samples obtained from a well located 5 km to
the east of Guanaco in April 2007 average �13.9% and �109.4%
for d18O and dD (Table 2).
4.2. Radiocarbon dates/age model

We use six AMS radiocarbon dates to establish a sediment
chronology for the last 1200 years (Table 1; Fig. 3). A modern age
was obtained from a bivalve at the sediment-water interface
(PS0404SC), indicating that presently there is little or no
contamination from old or dead carbon sources.
Our chronology accurately describes sedimentation in the lake
during the late Holocene and compares well with regional
paleoclimate studies. In order to provide an error estimate for
our chronology during the last 1200 years, we use two
chronological markers that can be compared to either regional
historical accounts or to a tephra that has been dated in other
lakes in Torres del Paine. These predicted ages have been
presented in our age-depth profile (Fig. 3), but were not
incorporated into the age model. The interpolated age for the
expansion of the exotic herb Rumex acetosella in our record largely
coincides (within 75 years) with historical narratives that describe
the beginning of large-scale disturbance by Europeans at the end
of the 19th century in the park area (Martinic, 1964). Second, the
Reclús tephra at the base of PS0711GT1 (Fig. 3) has been identified
in sediment cores from Vega Nandú and Lago Margarita
(Villa-Martinez and Moreno, 2007) in Torres del Paine. Combining
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the AMS 14C ages from bulk organic matter immediately below
the Margarita and Guanaco tephras yields a mean pooled age of
2000764 14C yr BP. Based on these data, we estimate that our age
model is accurate to �75 years in the most recent interval of the
record and less than 70 years at the base of the record. Two dates,
one from a bivalve and the second from bulk organic material,
were omitted as outliers from the age model as they are too old
based on their position in the core (e.g., 7 cm ¼ 525 14C yr BP).
These older dates can be caused by a combination of bioturbation
and sediment mixing in the flocculent material comprising the
top of the short core.
4.3. Bulk organic, fine-fraction carbonate, and biogenic silica

Bulk organic, fine-fraction carbonate, and biogenic silica
variations from PS0404SC and PS0711SC are presented in Fig. 4.
Wt% C and N were measured on both cores and average 13.25%
and 1.25%, respectively. The sharp decline in both wt% C and N at
�1100 cal yr BP corresponds to the Reclús tephra preserved at the
base of the record. The agreement and co-variation of wt% C and N
between the two coring sites is excellent.

Wt% CaCO3 of the fine-fraction sediment (o63 mm) was
measured on PS0711SC and averages 12% throughout the length
of the record (Fig. 4). Carbonate concentration is generally high
centered at 850 cal yr BP and between 200 and 400 cal yr BP.
Conversely, low carbonate concentrations are coincident with
the deposition of the tephra and during 100-year intervals
centered at 750, 500, and 150 cal yr BP (Fig. 4). Wt% BSi
measurements on PS0404SC exhibit an upward trend toward
higher percentages through the late Holocene. High-frequency
variability in biogenic silica tends to correspond with changes in
wt% CaCO3. Low values at �500 and 100 cal yr BP are evident in
both proxies (Fig. 4), while higher amounts of wt% BSi and CaCO3

occur between 400 and 200 cal yr BP.
There are significant offsets in C/N ratio between the two cores

(Fig. 4). The C/N ratio from PS0404SC is consistently higher,
especially between 1000–600 and 500–100 cal yr BP, than the
deeper and more distal coring site (PS0711SC). C/N values increase
abruptly after 550 cal yr BP and remain high until 100 cal yr BP, and
then they decline toward the present and reach the lowest values
in the record.
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Fig. 4. PS0404SC and PS0711SC bulk organic isotopic and elemental concentrations, wt

refers to the Reclús Tephra exposed at the base of PS0711SC.
The d13C records from the two Lago Guanaco core sites display
consistent variability and excellent covariation during the last
1200 years (r2

¼ 0.97). There is a long-term monotonic decrease in
d13C values beginning at the base of the record and continuing to
the core top (Fig. 4). Superimposed on this trend are three
intervals of high d13C values centered at 900, 500, and 225
cal yr BP. There is also a sharp decline of 1.5% during the last 150
years. The d15N of the bulk-unacidified sediment was measured on
the PS0711SC core and averages 4.23% during the length of the
record. Values remain close to average throughout the record with
a minor shift towards more negative values between 600 and
200 cal yr BP. This excursion is coincident with the large increase
observed in C/N.

4.4. Biogenic carbonate

Biogenic and fine-fraction d18O and d13C profiles are presented
in Fig. 5 and compiled in a cross-plot in Fig. 6. Adult Candona sp.
and Pisidium sp. were picked from PS0404SC. d18O of Candona sp.
is 1.8% more positive on average relative to Pisidium sp., with
average Candona sp. d18O and d13C values are �0.9% and �2.9%,
respectively, while the Pisidium sp. bivalves average �2.9% and
�3.7% (Fig. 5). We observe some similarity in the long-term
variations in d18O of the biogenic carbonate and identify two
periods of more negative values centered at 1000 and 500 cal yr BP
and two periods where more positive values are evident and
centered at 800 and 300 cal yr BP.

The fine-fraction sediment d18O and d13C averages �5.2% and
�1.1%, respectively, and exhibits variations in d18O and d13C that
are similar to those evident in the bivalves and ostracodes. The
fine-fraction d18O is similar to the Pisidium d18O profile (Fig. 5),
where there are higher d18O values centered on 800 and
300 cal yr BP and low d18O values centered on 1000 and
500 cal yr BP. In addition, fine-fraction d13C variability is similar
to that observed in the Candona sp. d13C. Fig. 6 compiles all of the
d18O and d13C data from carbonate species analyzed in this study,
including modern Chara, Rivularia, and isotopic values for
equilibrium calcite. Equilibrium calcite values were calculated
using the d13C TDIC samples collected in January 2007 and the
d18O of water collected between January and April 2007, and
average lake water temperature measured in Lago Sarmiento
during 2006. There is a clear difference between the isotopic
8 11 12 13 14 15
C/N (atomic)

-31 -30 -29 -28 -27 -26
δ13C (‰)

3.6 4 4.4 4.8
δ15N (‰)

0404SC
0711SC

% CaCO3, and wt% biogenic silica. The black horizontal line at the base of the plot
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carbonate phases while there is less co-variation observed in the d13C profiles.
values obtained from the biogenic carbonates versus those
obtained from the fine-fraction sediment and modern Chara. The
fine-fraction sediment plots in the same region as the modern
Chara and is enriched in 13C relative to equilibrium calcite by
almost 2%. Conversely, the Candona sp. plot in the range of the
observed equilibrium values, while the Pisidium sp. plot at or up to
2% lower than observed equilibrium values (Fig. 6).
5. Discussion

5.1. d13C-lake productivity

Understanding the possible sources of organic matter to the
lake is important for the interpretation of bulk organic (d13Cbulk

and d15Nbulk) stable isotope ratios. C/N ratios are commonly used
to evaluate the relative contributions of organic matter either
produced within the lake (aquatic) versus those from terrestrial
sources (Meyers, 2003). Because vascular land plants contain high
amounts of cellulose, and algal sources do not, higher C/N values
in lake sediments are commonly attributed to increased supply of
terrestrial organic matter to the lake (Meyers, 1997). The
contribution of aquatic macrophytes can also play a role in
elevating the C/N ratio of lake sediment. C/N values for
macrophytes living in Lago Guanaco have values ranging from
13 to 17, approaching the commonly ascribed value of 420 for
terrestrial plants.

The C/N ratios presented here probably reflect a time-varying
mixture of algal, aquatic plant, and terrestrial sources of organic
material. C/N ratios decline gradually in core PS0404SC from 1000
to 600 cal yr BP before increasing abruptly at �600 cal yr BP (Fig.
4). The increase in C/N is not the same in both cores. The PS0711SC
core, which was collected from a deeper location farther from
shore, displays a gradual upcore increase and does not attain the
same high values as the shallow water core, indicating that less
macrophytic or terrestrial organic material is reaching this
location. C/N values decline gradually after 100 cal yr BP, suggest-
ing a subsequent reduction in the input of external or macrophyte
organic material. There are two ways that hydrographic changes
can explain the increase in C/N ratio between 600 and
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100 cal yr BP. Either increased run-off brings more terrestrial
organic matter to the lake or lower lake level during this period
promotes the growth of aquatic macrophytes close to the coring
location. In additional to hydrologic change, high wind speeds can
form waves that cause resuspension of littoral macrophytes and
sediments and deposition in the center of the lake.

The Candona carapace and fine-fraction sediment can be used
to better understand both the sources of organic matter and the
carbon cycling/fractionation that takes place in the water column.
Bivalve d13C is not considered here because it has been demon-
strated that bivalves can incorporate up to 10% respired CO2 while
precipitating the shell and thus can exhibit values o2% lower
than the isotopic composition of the TDIC (McConnaughey et al.,
1997; Dettman et al., 1999; Lorrain et al., 2004). Bulk sedimentary
d13C by itself responds to a number of different processes,
including the sources of organic material being introduced to
the lake, respiration, organic matter degradation, and changes in
the lacustrine TDIC pool due to productivity and biologic uptake
(Meyers and Teranes, 2002). On the other hand, carbonate d13C in
the lake is largely controlled by CO2 exchange between the
atmosphere and the lake water as well as photosynthesis/
respiration processes (Leng and Marshall, 2004). The d13C of
ostracodes has been shown to reflect changes in the d13C of the
TDIC pool of the lake (Schwalb et al., 2002) and adult Candona sp.
have been shown to precipitate within l% of the d13C of the TDIC
(von Grafenstein et al., 1999).

The d13C of calcite in the fine-fraction should also track
changes in the d13C of TDIC, but in this setting, will follow a
different C pathway. Fig. 6 displays the relationship between d13C
and d18O for all of the carbonate species analyzed in this study.
The fine-fraction sediment and modern Chara plot together; both
are enriched by �2% in 13C relative to Candona and the modern
d13C of the TDIC. The relationship between the fine-fraction
sediment and Chara indicates that calcite in the fine-fraction is
largely formed in an alkaline zone proximal to the growing Chara

stems, rather than precipitating in isotopic equilibrium. Chara is
able to utilize HCO3

� for photosynthesis and effectively discrimi-
nates against 13C through the process of assimilation (McCon-
naughey, 1991; Hammarlund, 1997). Discrimination against 13C by
Chara leaves the surrounding aquatic environment proximal to the
stem enriched in 13C relative to the TDIC and the calcite
precipitated in this zone exhibits more positive isotopic values.

Bulk organic d13C exhibits an overall decrease since
1200 cal yr BP. Superimposed upon the d13Cbulk trend are four
periods of small (0.5–1.0%) but significant d13C increases (Fig. 7).
To investigate these short-period changes in the bulk d13C, we
detrended the series using singular spectrum analysis (Ghil et al.,
2002). We reconstructed the leading empirical orthogonal func-
tion (EOF; the component that captures the majority of the low
frequency trend), and then subtracted this component from the
original series. Fig. 7 displays the original and the detrended bulk
d13C time series along with the d13C profiles obtained from the
fine-fraction sediment and Candona sp. The higher frequency
variability in the detrended bulk organic series corresponds with
simultaneous shifts observed in both ostracode and fine-fraction
d13C, indicating that bulk d13C is influenced by summertime
changes in the DIC pool of the lake. Because the growth of Chara is
restricted to the shallow littoral areas of the lake, it is likely that
growth is restricted to the summer months when temperatures
are optimal (Pentecost et al., 2006). The d13C variations high-
lighted in Fig. 7 are the result of increased summertime
productivity in the lake, probably driven by increased summer
temperatures.

We also observe a significant decrease in d13C in all four
profiles during the last �150 years. This reduction is probably
related to the contribution of the Suess effect on the lake water
DIC. The Suess effect is a �1.4% reduction in the d13C of
atmospheric CO2 caused by burning of fossil fuels and has been
identified in other lake systems (Schelske and Hodell, 1995;
Brenner et al., 1999; O’Reilly et al., 2003). In addition to the Suess
effect, input of soil DIC from land use changes (deforestation)
could also contribute to the reduction in the d13C profiles
presented here.
5.2. Hydrologic change

Changes in hydrologic balance in Lago Guanaco can be inferred
using carbonate d18O data combined with wt% CaCO3. d18O of the
biogenic and fine-fraction carbonate is influenced by the isotopic
composition of the lake water, temperature, and any species-
specific disequilibrium or vital effects. The isotopic composition of
the lake water, in turn, is a function of the isotopic composition of
the inputs, which here include precipitation, groundwater, and
surface runoff, and subsequent modification by evaporative
processes and other outflow. In lakes, the use of specific carbonate
fossils is advantageous because each group is composed of a single
mineralogy, occupies the same habitat through time and is well
characterized in a number of lacustrine environments (von
Grafenstein et al., 1999). Interpretation of the Guanaco biogenic
carbonate records is probably limited to the summer months, due
to the different seasons of calcification. The adult Candona sp.
calcifies during the late summer (von Grafenstein et al., 1999). The
bivalves can live 3–5 years, but most likely they calcify only
during the summer months when environmental conditions are
conducive (Ito, 2001). Calcite derived from Chara is most likely
formed when temperatures are highest in the middle to late
summer (Pentecost et al., 2006).
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of increased lake productivity inferred from increases in d13C.
The isotopic composition of precipitation (d18Oprecip) offers an
important starting point for interpreting the Guanaco biogenic
isotope records. Two IAEA/WMO stations in southern and central
Patagonia have been collecting precipitation samples at monthly
intervals for at least 10 years. The Coyhaique station is located
600 km to the north in central Patagonia east of the Andes and has
continuous precipitation data from 1989 to 1999, while the Punta
Arenas station is located 270 km to the south of the study area on
the Strait of Magellan and has continuous data from 1990 to 2001.
Fig. 2b shows the average monthly values for the isotopic
composition from these two locations. Summer values (DJF) for
precipitation average �8% for both stations while winter (JJA)
values average �11% and �13% for Punta Arenas and Coyhaique,
respectively. Based on the location and high topography to the
west of Guanaco, the isotopic composition of precipitation from
these two locations probably provides maximum values for Torres
del Paine precipitation. Stern and Blisniuk (2002) investigated the
interaction of topography and the isotopic composition of
precipitation in central Patagonia by collecting surface water,
groundwater and precipitation. They found that the Andes
produced a 4% ‘‘rain shadow’’ effect. Precipitation samples
collected from sites with similar topographic barriers to Guanaco
(�2000 m) had annual precipitation values ranging from �13% to
�16%. Groundwater collected from springs in the central
Patagonia region range from �11% to�15.5% (Stern and Blisniuk,
2002) and two samples from a well close to Lago Guanaco average
�13.9%.

The oxygen isotopic composition of freshwater bivalves have
been shown to precipitate at or very close (within 1%) to isotopic
equilibrium of the lake water (Dettman et al., 1999; von
Grafenstein et al., 1999). Despite d18O values for precipitation
and groundwater ranging from �8% to �14% in the region, the
average core-top d18Obv value for PS0711SC collected in January
2007 is �3.7% and average summer d18O collected from the lake
in 2007 is �4.05. The greater than 4% difference between the
hydrologic inputs and the core top Pisidium indicates that there is
significant evaporative enrichment of the modern lake water and
downcore variations in d18Obv primarily record changes in
evaporative processes. Today the lake is hydrologically closed
and the high d18O values are indicative of excess evaporation over
precipitation. We identify three intervals of high d18O in Pisidium

and the fine-fraction sediment between 950 and 750, 650 and
575, and 400 and 50 cal yr BP, which we interpret as periods of
increased evaporation. There are also two pronounced periods of
low d18O with values of �4.75% and �3%, indicating less
evaporative enrichment between 1100–1000 and 550–450 cal yr BP
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(Fig. 6). During these times, it is possible that lake level was high
enough to drain over the sill. In this state, equilibrium carbonate
d18O values would approach the isotopic composition of rainfall and
the system would approximate an ‘open lake’ (Leng and Marshall,
2004).

Wt% CaCO3 of the fine-fraction (o63 mm) sediment varies in a
similar fashion as the d18O of the biogenic carbonate during the
last 1200 cal yr BP (Fig. 8). As mentioned above, the fine-fraction
carbonate is primarily derived from Chara calcite, which forms
close to the stems in highly alkaline microenvironments. Higher
sediment carbonate content could reflect lower lake levels driving
the expansion of Chara towards the coring site, increases in
summer temperature, or other ecological conditions that favor
Chara production and photosynthesis. In addition, there may be a
contributing component that is derived from equilibrium biogenic
carbonate precipitation in the epilimnion of the lake during
periods of high phytoplankton productivity. The contribution,
however, must be small as fine-fraction sediment isotopic values
do not approach those derived from Candona and Pisidium in the
d13C and d18O cross-plot (Fig. 6), and high summer winds prohibits
long-term thermal or chemical stratification of the lake water.
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High wt% CaCO3 coincident with high d18O biogenic carbonate
values are centered at 600 cal yr BP and between 400 and
200 cal yr BP are most likely indicative of increased evaporation
(Fig. 8). However, the more recent period is also associated with
high C/N values (Fig. 4), indicating either lake levels declined and
there was increased erosion of the littoral areas and influx of
sediment with higher C/N values, or there was increased run-off
and wind-induced resuspension of littoral sediments and macro-
phytes. Based on comparision with pollen records derived from
the lake, we favor the latter explanation and will discuss this
further below. Beginning at 1050 cal yr BP we observe an increase
in Pisidium and fine-fraction d18O that culminates at
�800 cal yr BP. Wt% CaCO3 follows the trend in d18O, but abruptly
declines for �100 years at 800 cal yr BP. The divergence at
800 cal yr BP between the isotopic and wt% CaCO3 is probably
related to increasing salinities and/or changes in ecologic condi-
tions that work towards limiting Chara production. Culture and
observational studies have documented that Chara production and
distribution is sensitive to increasing salinity (Wollheim and
Lovvorn, 1996; Blindow et al., 2003). Increased salinity during
enhanced evaporative conditions (as recorded by d18O) may have
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been an important mechanism for reducing sediment CaCO3

concentrations at this time.
5.3. Medieval Climate Anomaly

There is evidence for increased aridity during the MCA in the
Guanaco record. The first 100 years of the interval between 900 and
700 calyr BP are characterized by higher Pisidium and fine-fraction
sediment d18O, and relatively high wt% CaCO3 (Fig. 8). Peak d18O
values are centered on 800 calyr BP and are broadly coincident with
the timing of drought termination in central Patagonia as recon-
structed from radiocarbon dating of relict tree stumps submerged in
locations proximal to Lago Cardiel and Lago Argentino (Stine, 1994).
This period of time is also characterized by warmer summer
temperatures as reconstructed from tree-ring records in northern
Patagonia (Villalba, 1994).
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indicative of increased wind, enhanced evaporative conditions, and increased precip
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text). The inset diagram illustrates the relationship between evaporation rate and win

Penman equation (Linacre, 1992). The variations observed in the Guanaco record show
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grazing.
5.4. Westerly wind variations

In Lago Guanaco, we have reconstructed changes in the forest-
steppe ecotone during the last millennium by producing a
paleovegetation index of Nothofagus to Poaceae. Because the
ecotone is controlled by moisture availability, increases in the
ratio reflect eastward expansion of the forest due to enhanced
precipitation. In Fig. 9, we show the relationship between Pisidium

d18O and a five-point running average of the paleovegetation
index. Pisidium d18Obv and the index evolve similarly during much
of the last 500 years: as the index increases, so does the Pisidium

d18O. The co-variation of these two parameters is related to
increasing wind intensity and moisture of westerly origin during
the LIA.

Wind plays an important role in controlling evaporation in
Torres del Paine. Calculated and observed evaporation rates from
the park are highest during the summer months (150–175 mm/
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month) due to the high wind speeds, low relative humidity, and
relatively higher temperatures (Campos et al., 1994). Using a
modified Penman equation for an evaporating lake, which
incorporates wind speed, temperature, and dew point (calculated
from relative humidity) (Linacre, 1992), we calculated monthly
evaporation rates for a range of wind speeds keeping temperature
and dew point constant (Fig. 9). Increasing wind speed from 20 to
30 m/s, which is within the range of summer wind velocities
recorded in the park during the 1980s (Campos et al., 1994) would
increase the evaporation rate by 40% (Fig. 9).

The seasonality of wind-driven changes is important for
reconciling the isotopes and pollen data from the Lago Guanaco
record. Increasing winds during the summer months (DJF) will
increase both evaporation and precipitation, but during this
season the E/P ratio is �2 (Fig. 2). Strong winds during winter
will also increase both evaporation and precipitation, however E/P
is slightly below 1 during this season. When averaged over the
year, the evaporation signal revealed by the isotope data should
override precipitation and result in a negative water balance.
Therefore, the trends observed in both the isotopes and the pollen
index can be accounted for by an overall increase in wind
intensity.
5.5. Little Ice Age

The LIA is generally thought to have occurred between 400 and
150 cal yr BP, although the exact timing and nature of this event is
not globally consistent (Bradley et al., 2003). In Lago Guanaco, the
LIA ushers in an interval of increased C/N, d18O of biogenic and
fine-fraction sediment carbonate, and wt% CaCO3, in addition to
increases in the Nothofagus/Poaceae ratio (Figs. 8 and 9). Taken
together, these data argue for an intensification of the westerlies,
increased evaporation, and an eastward expansion of the forest
driven by increased precipitation. The timing of changes pre-
sented here are similar to those observed in the Siple Dome ice
core record from Antarctica. The concentration of sea salt in ice
cores obtained from Siple Dome has been used as a proxy for
atmospheric circulation around western Antarctica during the late
Holocene (Kreutz et al., 1997). Kreutz et al. (1997) attribute
variations in the intensity of the Amundsen Sea Low (ASL),
situated directly west of the Antarctic Peninsula, drive changes in
sea salt delivery to the coring site; a strengthened ASL allows for
increased delivery of sea salt. During the second-half of the last
millennium, there is a monotonic increase in the delivery of Na+

beginning at �550 cal yr BP, coincident with increasing Nothofagus

percentages in the Lago Guanaco record (Fig. 9). To separate the
long-term trends from the high-frequency variability in the
record, we calculated the leading EOF of the Siple Dome Na+ ion
time series using singular spectrum analysis (Ghil et al., 2002). In
Fig. 9, we present the first modes of variability calculated using
25- and 115-year window lengths to highlight the multi-decadal
variability and long-term trends in the Siple Dome Na+ record. We
varied the window length from 10 to 200 years and found that the
variability at 25 and 115 years, accurately captures the multi-
decadal and the long-term trend, respectively. The Siple Dome Na+

time series, as well as the paleovegetation ratio and Pisidium d18O
from Guanaco, evolve similarly during the last 500 years. The Na+

and the palynological ratio both trend towards higher values
starting at �550 cal yr BP, while the d18O of Pisidium lags initially
and then responds. All three records exhibit sustained high values
from 450 until �150 cal yr BP, when the pollen profile begins to
decline due to widespread clearance of the Nothofagus forest for
livestock grazing (lower paleovegetation index values). Although
it is interesting to highlight that the Guanaco Pisidium d18O and
the Siple Dome record (25 year window) show consistent in-phase
multi-decadal variations during the LIA, the uncertainty in our
radiocarbon chronology precludes a direct assessment of this
relationship.

The association between the Siple Dome and Lago Guanaco
records suggests that the westerly variations observed in SW
Patagonia also affected the western Antarctic region of the
Southern Ocean; taken together, these data suggest that the
southern boundary of the westerlies may have extended farther
south during the LIA. The simultaneous increase in wind intensity
observed in both records indicates an overall increase in the
atmospheric circulation in the southern high-latitudes during the
LIA. In addition, our results are consistent with paleoclimate
records compiled by Shulmeister et al. (2004) who also argue for
an intensification of the westerlies during the LIA.

Although the covariance of west Antarctic and southwest
Patagonian records can be attributed to a simple poleward shift of
the westerly wind field, an alternative explanation for this
agreement lies in the westerly intensification observed in both
these locations during the positive phase of the Southern Annular
Mode (SAM). The SAM is the major mode of atmospheric
variability in the high southern latitudes and it is characterized
by zonally symmetric geopotential height alterations between the
polar ice cap and the mid-latitudes (Gillet et al., 2006). The
positive phase of the SAM produces decreased geopotential height
over Antarctica and increased geopotential height over the mid-
latitudes, strengthening and shifting the high-latitude southern
westerlies poleward and strengthening the polar vortex. The two
paleoclimate records from Antarctica and SW Patagonia suggest
that this mode of atmospheric circulation has been significant
during the last 500 years.
6. Conclusions

The Lago Guanaco record provides a unique view of hydrologic
change caused by variability in the Southern Hemisphere westerly
wind field during the last millennium. This work allows us to
draw three important conclusions as follows:
1.
 We identify significant changes in hydrology during the last
1200 years in SW Patagonia as interpreted from the d18O of
biogenic carbonates and fine-fraction sediment. Century-scale
periods of increased evaporation occur at �800, 600, and
300 cal yr BP, while periods of reduced evaporation occur at the
base of the record to 1000 cal yr BP and between 550 and
450 cal yr BP. We find evidence for drying during the MCA in
the Guanaco record. This timing is consistent with other
paleoclimate records from Patagonia.
2.
 When our d18O results are combined with pollen data from the
lake, we identify the LIA as a period dominated by intense
westerly flow, increased precipitation, and highly evaporative
conditions. Lacustrine isotopic and palynological data, com-
bined with evidence from Antarctic ice cores, indicate that the
changes observed in SW Patagonia are regional rather than
local and that the intensification of the westerlies during the
LIA was accompanied by a poleward shift in the southern
margin of the wind field.
3.
 We interpret four periods of increased lake productivity
centered on 900, 650, 500, and 200 cal yr BP based on
simultaneous increases in the d13C of bulk organic material
and biogenic carbonate. Increased lake productivity is most
likely related to increased summer temperatures, although
changes in nutrient mixing in the water column related to
changing wind velocities can also play a role. The 1–2%
reduction in d13C in all four proxies in the uppermost 100 years
of the Lago Guanaco is related to a combination of the
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soil-derived DIC due to land use changes (deforestation) and
the Suess effect.
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