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Abstract

Short-term climate changes in Southern Chile akeedtigated by a multi-proxy analysis of a 53-cmgon
sedimentary sequence selected among eight shaes getrieved in Lago Puyehue (Chile, 40°S). Thireco
contains a 600-yr-long undisturbed record of paleseipitation changes. Two measurement methods for
sediment density, organic matter and biogenicasitiontents are compared and the most appropricteitpies

are selected. Together with aluminium and titanaoncentrations, grain size and geochemical pragsedi the
organic matter, these proxies are used to demaeaghaeo-precipitation changes around 40°S. Inereds
terrigenous particle supply between A.D. 1490 anB.AL700 suggests a humid period. Contemporaneously
8"°C data show increasing lake productivity, in resgoro the high nutrient supply. The A.D. 1700-1900
interval is characterized by a decreasing terrigergupply and increasiri}’C values, interpreted as a drying
period. The magnetic susceptibility signal, reflegtthe terrigenous/biogenic ratio, demonstrateg Himilar
variations occur in all the undisturbed sedimentamyironments of Lago Puyehue. The A.D. 1490-17@9 w
period is associated with the onset of the Europetile Ice Age (LIA) and interpreted as its locgijnature.
This work supports the fact that the LIA was a glodvent, not only restricted to the Northern Hevhese.
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Introduction

Paleoclimate data from the Southern Hemispherestiltensufficient to allow a detailed reconstruati of the
last millennium (e.g., Markgraf, 2001; Committee ébrupt Climate Change, 2002). However, Southern
Hemisphere climate records could provide relevdnéscto the mechanisms that underlie interhemispher
teleconnections and global climatic changes (Ladh\4llalba, 1993). Southern Chile is a key sitautwlerstand
past climatic variations since it is located at thiedward side of the Andes and at the northerrit lwh the
Southern Westerlies influence, making the area wemnsitive to variations of these humidity-bearimigds.
Moreover, it is far removed from the direct infleenof Northern Hemisphere ice sheets and Northnfida
thermohaline circulation. Until now, most of theigance for climate variability in the Southern Hspliere
over the last millennium comes from tree rings,demented by a few ice cores and speleothems, hsasve
corals records (for a review, see Bradley et 803). For the Chilean Lake District, lake sedimanfzresent an
excellent archive of environmental and climate akitity. Because of high sedimentation rates (~L/ynmnlake
deposits can be studied with a decadal resolution.

In Northern Patagonia, two periods of glacial adea) probably linked to a cold climate, were redogph at
A.D. 1270-1380 and A.D. 1520-1670 (Villalba, 199®94; Lara and Villalba, 1993; Luckman and Villalba
2001). In Peru, Thompson et al. (1986) describedld period (i.e., the Little Ice Age) between AIh30 and
A.D. 1900 from the oxygen isotopes study of the IQueeya ice core. However, they demonstrated thiat th
interval is characterized by humidity changes: fn@in A.D. 1520 to A.D. 1720 and dry from A.D. 1720A.D.
1860 (Thompson et al., 1985).

The aims of this paper are as follows: (1) to coramhfferent methods for the measurement of densityanic
matter and biogenic silica contents of the sedinatt select the most appropriate techniques folyzing
sediment from Lago Puyehue; and (2) to apply thectsd methods together with other proxies on stams to
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infer climate variability for the last 600 yr ingtSouthern Hemisphere.

Location and setting

Lago Puyehue (40.70°S, 72.45°W) is located in twHills of the Cordillera de Los Andes at an et®raof
185 m.a.s.l. (Fig. 1). With a surface of 164%eand a maximum depth of 123 m, it constitutes dcgip
oligotrophic moraine-dammed lake in the Chileand.8kstrict (38-43°S; Campos et al., 1989). Thisliiks in

an overdeepened glacial valley shaped during Queatgrglacial advances (Laugenie, 1982). Its watatsh
covers 1267 kfand mainly consists of Quaternary volcanic roakgeced by plurimetric post-glacial andosoils
(i.e., the Trumaos) (Laugenie, 1982). It is surdroh by several active volcanoes: Puyehue-CordoGaigle
and Casablanca volcanic complexes, peaking at 2848 1990 m.a.s.l., respectively. The last eouptf
Puyehue-Cordon de Caulle volcanic complex is linteethe 1960 Valdivia earthquake. Lago Puyehuedshy
Rio Golgol from the East, forming the main deltatod lake, and by several smaller rivers (Fig.The outlet of
Lago Puyehue (Rio Pilmaiquen), which cross-cutses#vmoraine ridges (Laugenie, 1982; Bentley, 1997)
merges with Rio Bueno and flows westward into tleift. At 6 km downstream from Lago Puyehue, Rio

Pilmaiquen has been dammed by a hydroelectric plane 1944.

Present-day local climate is characterized by huemdperate conditions with year round precipitatipeaking
in the austral winter (Miller, 1976; Heusser, 2Q@)ecipitations are driven by the Southern Westednd their
seasonal shifts. The rough topography of the Qerdilde Los Andes forms an effective barrier toWesterlies
and receives most of the precipitations. Annuakipigation increases with elevation and varies fra600
mm/yr around the lake to 5000 mm/yr on the topegfional volcanoes (Parada, 1973). Mean annual tetuye
is 6° to 9°C, with a maximum of 20°C in January andninimum of 2°C in July (Mufioz, 1980). The lake
productivity is mainly phosphorous limited. Its higilica concentration (15 mg/l; Campos et al., 998

characteristic for lakes located in volcanic sein

Figure 1: Location of Lago Puyehue among the Chilean LakériDisShort cores collection sites are indicated
on the bathymetric map of Lago Puyehue (Campok,&t989). Isobath = 20 m.
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Material
Coring and core processing

Two main coring sites were selected by a prelinyirg@ismic investigation of the lake infilling. SiRU-I is
located at 122.4 m depth and faces the Golgol deliere sedimentary environments are under theanfle of
Golgol river underflows (Fig. 1). PU-Il is situatemh a subaquatic moraine ridge at 48.4 m depth,ravhe
sedimentation is dominated by interflow deposit$.eAch site, five short cores were taken using atddw
platform and a short gravity coring device. In aiddi, Six secondary sites were selected for shaity coring
(PU-SC1 to PU-SC7; Fig. 1). After core opening dedcription, the working half of each core was anfyded
by cutting 1-cm-thick slices. Core lengths varyiestn 16 and 88.5 cm (Table 1). Some compactiohdsrved
between the five short cores of PU-1 and PU-Il mgrsites (1-13%).

Lithology

Core lithology is characterized by homogeneousnely laminated silt-sized sediment composed afgenous
particles, diatoms and organic matter in varialstgoprtions (Fig. 2). Microscopic study of smeadsh reveals
that diatoms occur throughout the cores. This altarstic is typical for lakes located in volcasiettings (e.g.,
Lago Grande di Monticchio; Robinson, 1994). The mediatom taxa aréAulacoseiraand Cyclotella. We
focused our work on PU-II site because it contaicentinuous sedimentary record (Fig. 2). In additthis site
has been selected for long-core drilling and lagngrt climate reconstructions (Bertrand, 2005). ThelPshort
core contains two fine green layers at 5-5.5 cm&i0 cm and two coarse sandy tephra layers atIl3&cm
and 43-43.5 cm depth (Fig. 3). These four particidsrers, recognized in nearly all cores, are uaed
stratigraphic markers for core correlation (Fig. )ese correlations are strengthened by magnesiteptibility
results and by mineralogical characteristics ohtagayers. According to thin sections, the sedisief PU-I|
short core are annually laminated throughout, exbepveen 3.5 and 7 cm where an unstratified lageurs.
This remobilization layer occurs in all short cotast its signature depends on the dominant sedatient
pattern (i.e., turbidite deposit, destratified lgyetc.). We worked on two short cores collectan #istant from
each other (PU-II-P1 and PU-II-P5). A mean relato@mpaction of 7.5% between both records has been
deduced from correlations using the four fmesly described stratigraphic markers. The agerdemdel
realized on PU-II-P5 core is used as a chronologfierence and data obtained on PU-II-P1 core (griam and
point sensor magnetic susceptibility) have beertdagjusted. All other proxies were measured onlIPRb.

Table 1: Location and characteristics of the eight coringesiin Lago Puyehue
Site number  Latitude (°S)  Longitude (°W) Depth (m) Core length (cm)

PU-I 40°39.766' 72°22.155' 122.4 56-63
PU-II 40°41.843' 72°25.341 48.4 47.5-52.5
PU-SC1 40°41.261' 72°27.337 90 55.2
PU-SC2 40°42.645' 72°25.311 53.6 67
PU-SC3 40°42.418' 72°24.527 110.2 72.3
PU-SC4 40°41.194' 72°24.521 108.8 88.5
PU-SC5 40°39.302' 72°23.447 115 16
PU-SC7 40°41.407' 72°22.261' 113.5 80

Age-depth model

Age-depth model of PU-II short core was establistyegarve counting and further calibrated®¥b and*'Cs
dating and recognition of historical events (F Ardaand O. Magand, unpublished data). Sedimentatitas
vary from 0.7 to 1.7 mm/yr (Fig. 3). One-centimetfeick samples thus represent 6 to 14 yr. The tnaeg
layers in PU-II short core are dated at A.D. 1960 A.D. 1944. The coarse tephra layers are relatéide A.D.
1921-1922 eruption of Puyehue-Cordon de Caulle tapdA.D. 1575 eruption of Osorno Volcano. The non-
stratified sediment layer (3.5-7 cm) is an eventadét related to the 1960 Valdivia earthquake.
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Figure 2: Magnetic susceptibility results (£35.1.) and correlations between the 8 short cokected in Lago
Puyehue. For coring location, see Figure 1. Refeeclayers are deduced from (1) macroscopic desorip(2)
mineralogy of tephra layers, (3) magnetic suscélftibpeaks and (4) recognition of event depositise upper
tephra (13.5 -13.8 cm in PU-II) is dominated byhoptyroxene while the lower tephra (43-43.5 cm inlBUs
dominated by olivine and orthopyroxene. The 4 carelected west of Fresia and Cuicui islands and
represented on the left side of the figure congairundisturbed sedimentary record. PU-SC3, PU-SQ¥ RU-I

P4 cores, collected on sedimentary environmentsented by Golgol or Pescadero river underflows)tam

an unstratified layer related to the 1960 Valdivearthquake. The contemporaneous eruption of Puyehue

Cordon de Caulle volcanic complex is responsible tfe deposition of volcanic ash or pumices, adjual
weathered into a green clay layer.
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Figure 3: Age-depth model of PU-1I short core derived fresmve counting.
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Methods

Physical parameters and loss on ignition

Before opening, all the cores were scanned for etagrsusceptibility and gamma-density with a Geotek

multisensor track. Moreover, magnetic susceptibiiias measured on opened cores with a BartingtoBBVIS
point sensor every 5 mm.
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Loss on ignition (LOI) was measured after 24 h@&°C (water content, density), after 4 h at 550A@ after 2

h at 950°C following Herri et al. (2001). Replicatir LOlLos show very good resultsi(= 0.97,P < 0.0001).
Because LG}, precision depends on the initial sample weightr(Hat al., 2001), analyses were systematically
performed on 1 g of dry samples (0.98 + 0.03 g).

Grain size

Grain size measurements were performed on bulkreadiusing a laser diffraction particle analyzeriden
Mastersizer 2000 detecting a 0.02- to 2000-um singe. Samples were introduced into a 100-ml deredni
water tank free of additive dispersant, split watR000-rpm stirrer and crumbled with ultrasonic eavSample
quantity was adjusted in order to obtain a lasanbebscuration between 10% and 20%. Grain sizaedess
were averaged over 10,000 scans. Samples contagrimigs coarser than 420 pm were analyzed by a
combination of laser diffraction and sieving metho@hese samples were separated by wet sievingOafith

and freeze dried. The finest sediment was analygethser diffraction and the coarsest by dry sigviBoth
results were then joined after correction of threlative weight to form a continuous grain sizetritisition.
Distribution parameters were calculated followirgkFand Ward (1957).

Mineralogy

Bulk mineralogy was analyzed by X-ray diffractiohkRD) on a Bruker D8-Advance diffractometer with GuK
radiations. Bulk samples were powdered to 100 pimguan agate mortar. An aliquot was separated and
mounted as unoriented powder by the backside mdtBoddley and Brown, 1980). The powder was scanned
by XRD between 2° and 4592The data were analyzed in a semiquantitative whgvitng Cook et al. (1975).
The intensity of the principal peak of each minevaks measured and corrected by a multiplicatiotofaéor
amorphous material, a mean correction factor wasimdd from diffraction results on mixtures of know
guantities of amorphous material and quartz. Weutaled a mean correction factor of 75, appliedht®
maximum of the broad diffraction band at 3.7 A.

Geochemistry

Major elements of PU-II short core were analyzed-at resolution by X-ray fluorescence on Li-borgtass
after loss on ignition at 950°C. Analyses were @enied on an ARL 9400. The relative accuracy is @50
3.07% and 1.69% for SO TiIO, and ALOs, respectively (Bologne and Duchesne, 1991). Bimgsitica is
determined by normative calculation (Leinen, 1977):

SiOy bio(%) = SiO; tot(%) — x-AlLO3(%)
wherex is the SiQ/Al,O; ratio of terrigenous sediments. Soils and rockihélake catchment are expected to
represent the main sources of lacustrine terrigepauticles. Their Si€Al,Os ratio was calculated by XRF.

Moreover, biogenic silica was extracted by,8@; and quantified by blue spectrophotometry (Mortl@id
Froelich, 1989). Results are given in weight peragnbiogenic SiQ. Precision ranges from + 4% to + 8%,
depending on the biogenic silica concentration Mok and Froelich, 1989).

Total organic carbon (TOC) and total organic nigegTON) content of sediment as well &&C of organic
matter were measured on ground sample (~25 mg) avith'SONS NA 1500 NC elemental analyzer coupled
with an Optima IR-MS. FoB™*C, routine measurements are precise within 0.3%iofsc measurements are
expressed relative to VPDB standard using suci$é € -10.3 + 0.2%o) as an internal standard.

Results

The principal results of the multi-proxy analysis aresented in Figure 4. Other results are disclgsthe next
chapter and presented in Figure 5.

Magnetic susceptibility values vary between 50 ¥ $0. (8 cm) and 799 x 10S.1. (13.5 cm), with an average
of 124 + 100 x 18 S.I. (Fig. 4a). The curve shows a decreasing tfeowd the base of the core to 15 cm. The
highest values occur between 13 and 14 cm, inioeléb a tephra layer (Fig. 5). Above 13 cm, valaes low,
with minima between 6 and 8 cm. Gamma density mbgéwveen 1.18 and 1.49 gftaverage: 1.35 + 0.08).

Bulk wet density varies between 0.64 and 1.36 d(ewverage: 0.99 + 0.16) and dry density ranges fdt6 to
0.61 g/cm (average: 0.33 £ 0.09). The water contéihe samples (LQ{s) varies between 38.6% and 75.5%
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(average: 67.1 + 6.0%) with the lower value (38.686¢urring at 13.5 cm. Results from loss on ignitet
550°C range from 1.83% to 10.29% (average: 8.1911%) with the lowest value (1.83%) occurring at518m
depth.

The mean grain size (Fig. 4b) ranges between 185uem) and 49 um (13.5 cm). The average is 20..0u.
Values are low and constant below 22 cm, excepthf@icoarse tephra layer at 43.25 cm. They increeisgeen
22 and 6 cm, with a maximum at 13.5 cm, related tephra layer. Values are low for the two greayey
layers. From 6 to O cm, the grain size curve shawsarsening upward.

Bulk mineralogy consists of amorphous particledqanic glass, amorphous clay minerals, biogenicasénd
organic matter), plagioclase and pyroxene (Fig. @ciartz and olivine are secondary minerals. Milogradoes
no vary significantly with depth, except for thplea layer at 13.5 cm that is rich in crystallizetherals.

Bulk geochemistry data show A&); values ranging from 9.3% to 16.4% (average: 12185#6), TiGQ ranging
from 0.62% to 0.94% (average: 0.78 + 0.08%) andjdmic silica determined by normative calculatioomnr
4.0% to 42.8% (average: 23.9 + 7.3%) (Figs. 4d @nifl we admit a SigJAl,O; ratio of 3.5 for the terrigenous
sediments (see next chapter). Curves show a déogetasnd of terrigenous elements and an increasergl of
biogenic silica between the base of the core anchi4Between 13 and 14 cm, biogenic silica contenlose to
0 and terrigenous elements concentrations are naaxiimis is followed by a decrease of terrigeno@sneints
content and an increase of biogenic silica contetiveen 13 and 6 cm. Finally, between 6 and 0 cogelnic
silica values decrease, with a minimum at 2-3 crer@ls terrigenous elements curves show the oppicesii

The biogenic silica content determined by wet afic@kextraction varies between 13.0% and 35.3% émeer
24.1 + 5.5%).

TOC and TON curves are parallel and values genedstrease with depth (Fig. 4f). Values for TOCgean
from 0.6% to 3.6% (average: 2.50 + 0.59%) and T@hges from 0.05% to 0.33% (average: 0.23 * 0.05%).
Minimum values occur at 13-14 cm. The C/N atomi@rdoes not vary significantly, ranging from 11d214.7
(average: 12.8 + 0.8%). Finall§**C values range from -27.3%o to -29.0%0 with higheluea between 46 and
29 cm (Fig. 49)5™C results decrease from 29 cm to a minimum valub4atm. In the upper part of the core,
values increase.

Figure 4: Multi-proxy results obtained on PU-II-P5 short cofa) Magnetic susceptibility; (b) grain size (both
are depth adjusted from PU-1I-P1); (c) bulk minergy; (d) AbOs; and TiQ concentrations; (e) biogenic silica
concentration obtained by normative calculationdd®n XRF bulk geochemical data; (f) total orgacécbon
and total organic nitrogen content of the sedimemtd (g) geochemical characteristics of the orgamiatter
(6*C and C/N atomic ratio). Mineral proportions werstienated by measuring the intensity of the prinkipa
diffraction peak multiplied by a corrective factiioom Cook et al. (1975): amorphous 3.7 A, 75x; matases
3.18-3.20 A, 2.8x; pyroxenes 2.99-3.00 A, 5x; mi\2.45 A, 5x; quartz 3.34 A, Ix.

(a) (b) (c) (d) (e) (f) (9)
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Figure 5: Comparison of results obtained by 2 different mésiior the estimation of the density, biogenicaili
and organic matter concentrations, (a) Density: dimeighted density vs. gamma bulk density; (b)ddnmysity:
weighted vs. calculated from gamma density; (c)gbmic silica: NaCO; dissolution vs. XRF normative
calculation; and (d) organic matter content: TOC k©ls5,. Samples containing tephras were removed from the
database.
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Comparison between measurement methods for densitgrganic matter and biogenic silica contents

For the measurement of sediment density and comdimts in organic matter and biogenic silica, w@led
two different methods. This chapter compares ttia datained from these measurements in order &ztstile
most appropriate method for both short (this paped) long (Bertrand, 2005) sedimentary records.

Density

In order to calculate mass accumulation rates (MARs/ density values were deduced from gamma tensi
measurements. Gamma density theoretically corresptmbulk wet density of the sediment (BreitzkeQ@).
For PU-II short core samples, the gamma density) (&M@ the measured wet density data are well ciee|f®

= 0.63,P < 0.0001) but measured wet densities are systeatigtiower than gamma density values (Fig. 5a).
We use the water content of samples to calculatelith density from gamma density data (p@as follows:

DDy = GD x (100 — LOI;gs) x 1072

The calculated dry densities are highly correlatétth measured dry densities? (= 0.88,P < 0.0001) but are
systematically higher by 0.11 units (Fig. 5b). Afsaibtraction of 0.11 units, dry density valuesakdted from
gamma density measurements on Lago Puyehue sedin@nthus be used as dry density for MAR calanati
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Biogenic silica concentration

Biogenic silica content of the sediment can be memkin three different ways: alkaline extracti@eMaster,
1981; Mortlock and Froelich, 1989), normative c#dtion from bulk geochemical data (Leinen, 1977 Xeray
diffraction (Eisma and van der Gaast, 1971). Beedhe amorphous diffraction band on X-ray specfraus
samples, usually quantified for biogenic silica e, is also influenced by volcanic glasses, ammoug clays
and organic matter, X-ray diffraction method canbet used for biogenic silica quantification. We lsgap
alkaline extraction and normative calculation methdo 32 samples. Biogenic silica concentrationsvee
from the alkaline extraction method ranges betwkE20% and 35.3%. Normative calculation results ddpan
the SiQ/AIl,O; ratio of the lacustrine terrigenous particles,eetpd to originate from regional volcanic soils and
rocks. Our results on watershed soil sediments sao®iG/Al,O; ratio of 2.47 + 0.60 (range 1.77-3.41;
Bertrand, 2005) and results obtained on volcaniksare 4.73 £ 0.41 (range 3.74-5.15; Gerlach.etl8B8).
We chose a mean value of 3.5 as representativieecBiQ/Al,O; ratio of terrigenous sediments. This value is
close to the reference values generally admittedcémtinental crust, i.e., 3.4 with extremes of 21i& 3.9
(Leinen, 1977; Robinson, 1994; Peinerud, 2000)s Thiice is supported by the strong correlation 0.86,P

< 0.0001) between normative calculation and alkakxéraction methods (Fig. 5c). The linear regression
between both methods (Fig. 5¢) hasiatercept of 7.4. This value represents the silisaolved by NzCO; but
not calculated as biogenic silica by normative wialton. This is due to dissolution of volcanic ggaand/or
amorphous clays during the alkaline extraction ioigenic silica. Indeed, alkaline extraction on ssaimples
provide 4-11.5% of dissolved silica (mean: 7.9%)oriNative calculation method based on XRF bulk
geochemical results is selected for its rapidity.

Organic matter content

The concentration of total organic carbon (TOCa itindamental parameter to describe the organatter
content of the sediment. It represents the fractibrorganic matter that escaped remineralizationndu
sedimentation. However, loss on ignition at 550y 4 h (LOksg) is also used to estimate sediment organic
matter content (Herri et al., 2001). Correlationwsen both methods is usually goad>0.95; Dean, 1974;
Brauer et al., 2000; Santisteban et al., 2004).icBymrganic matter contains roughly 50% of carbsm,LOI
values are about twice the TOC values. Our regiMs a high correlation coefficient € 0.95,r* = 0.91,P <
0.0001) if we admit a linear correlation (Fig. 5&)ith a 1.85 slope, signifying that organic matoérPU-I|
sediments contains 54% of carbon. We also noteatmatesults of TOC/LOI perfectly agree with Boglelata
(2001), suggesting lower errors in estimation gfamic content by LQ}, for organic-rich sediments.

Discussion
Relationship between paleoenvironmental proxiessauimentological data

The sedimentological and geochemical analysesechon PU-II short core provide a continuous recoid
limnological changes in Lago Puyehue for the &€t @r.

Several proxies depict parallel trends (Fig. 4):Alhsolute magnetic susceptibility (MS) values high because
the sediment is composed of volcanic particles iicihagnetic minerals. These values are positizelyelated
with Al,O; and TiQ concentrations (Table 2). Moreover, MS data agatieely correlated with the biogenic
silica and organic matter contents (Table 2). Bhiggests that magnetic susceptibility can be usedpaoxy for
the terrigenous/biogenic particles ratio. (2) Excép the tephra layers, the grain size data arsitipely
correlated with the biogenic silica content= 0.63) because the coarse sediment fraction stsnsf diatoms
while the fine sediment fraction consists of datrjiarticles. Grain size is thus a proxy for thegeinic content
of the sediment. It is negatively correlated witagnetic susceptibility and terrigenous elementbig a).

Table 2: Correlation coefficients (r) between different piesxmeasured on PU-II short core
MS 1.00

GS -0.36 1.00
AlLO; 042 -0.64 1.00
TiO, 040 -0.67 094 1.00

SiO,bio  -0.41 0.63 -0.99 -095 1.00
LOI s5¢ -0.69 0.18 -0.42 -032 041 1.00
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MS GS Al 203 T|02 SlOZ bio LOI 55C
MS: magnetic susceptibility; GS: grain sizex@¢ and SiQ: concentrations of these elements in the sedin&i@ bio: biogenic silica
concentration; LQkg loss on ignition at 550°C. Samples containinditep were removed from the database.

The only proxy measured on all the short coresect#d in Lago Puyehue is the magnetic suscepyiljiig. 2).
Figure 2 demonstrates that the four short cordsateld outside the influence of underflow currgmssent the
same magnetic susceptibility trends. Values shaleaeasing trend from the bottom of the core uh&lA.D.
1921-1922 tephra layer (i.e., increasing bioget@igenous ratio). Then, values are lower betw&dh 1921-
1922 and A.D. 1960 and finally increase from A.®6Q to present-day. This argues that changes in the
terrigenous/biogenic ratio described in the PUslecare valid for the whole lake.

The main event identifiable by each proxy is theghta layer related to the 1921-1922 eruption ofdPue-
Cordon de Caulle at 13.5-13.8 cm (Fig. 4). The dampntaining this layer presents high values ofymedic
susceptibility and grain size, high concentratidncoystallized minerals and terrigenous elementd kw
contents of biogenic silica and organic matter. Tdgghra layer at 43-43.5 cm is only observed bycditarse
grain size and low content of organic matter amaybnic silica. The MS value associated with thghta layer
is close to MS values of the host sediment.

Green clay layers probably originate from tihesitu alteration of pumice, as suggested by their higsgl
content and frequent pumice fragments identifiethe@se deposits. Occurrence of such layers regsesamains
of volcanic sediments. Lacustrine sediment ovenigygreen clayey layers is always finer than usespecially
for the layer at 5-5.5 cm. This is due to a de@eddhe total diatom content of the sediment, tyataused by a
decrease iCyclotella(M. Sterken, unpublished data).

The bulk mineralogy (Fig. 4c) is similar to the mialogy of regional volcanic ash soils (Bertran@0%),
however, enriched in amorphous particles becausieediigh diatom content of the sediment. This icord that
the detrital sediment originates from the localkawiic watershed.

Interpretation of geochemical results

The biogenic silica content of sediment represémssiliceous skeletal matter from the epilimiorinns the
dissolution that occurs during settling and on take floor (Cohen, 2003). Assuming that dissolutisn
proportional to primary biogenic production, biogensilica can be interpreted in terms of overall
paleoproductivity. This is particularly true forkls in volcanic environment (Si-rich) where diatoars the
main autochthonous biogenic product. Results onRbell long core show that volcanic eruptions dd no
influence the biogenic productivity of the lake (Mterken, unpublished data). Biogenic paleoproditgtis
thus directly related to climate changes. Absohiteenic silica values are high (max: 42.8%) anddeenot
observe any dissolution evidence.

On the contrary, the general decreasing trendgdrdc matter content with depth can be partiallg thuorganic
matter remineralization. The upper values followlassical exponential diagenetic profile (Zimmernsamd
Canuel, 2002). The close to constant C/N ratiodlenas to deduce that proportions of algal and -jaladt
organic matter remains constant with time. The @thmic ratio is low and suggests that organic matte
contained in sediments is mainly produced in tloeid&rine environment. This is consistent with tektively
large lake size (164 kin

The carbon isotopic composition of organic mattedake sediments is mainly influenced by organidtena
sources and paleoproductivity rates (Meyers andries, 2001). Because C/N ratios are constant thoutghe
core, we reject variations in organic matter sosirt® be the cause of isotopic variability. ObseréetC
variations are thus related to changes of palequtodty. Because phytoplankton (C3 algae) prefaadly uses
C to produce organic matter, sedimentation of adgganic matter consequently remov&s from surface-water
(Meyers, 2003). Increased productivity thereforelds an increase in thgC of organic matter produced in
lakes (Meyers, 2003). This increase in productieityld be related either to climate improvementoohigher
nutrient availability, mainly nitrates and phospsaterived from soil erosion (Meyers and Teran@81p

Mass accumulation rates calculation

In order to avoid interpretation errors due to tililn of elements by other sedimentary componenes, w
calculated mass accumulation rates (MARS) as falow

MAR,; = SR x DD x [elt] x 10
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with MAR¢;: mass accumulation rate of the considered elemegtm? yr'; SR: sedimentation rate in cmi'yr
DD: dry density in g/cr) and [elt] : the concentration of the considerément in %. We consider sediment
made of three components: terrigenous particlegaroc matter and biogenic silica. Therefore, wedaked
MARs for each component:

MARs;0, bio = SiO2 bio x SR x DD x 102
MARoym = LOIssg x SR x DD x 107

MAR;; = (100 — SiO; bio — LOIss0) x SR x DD x 107
with MARSsio2 bios MARoy and MAR: the mass accumulation rates of biogenic siliaganic matter and
terrigenous particles, respectively, in ¢ yr’; SiO, bio: the concentration in biogenic silica in %damlss
the loss on ignition at 550°C in %.

Total MAR shows high values between A.D. 1490 and.A 700 as well as between A.D. 1920 and A.D. 1960
(Fig. 6). Throughout the core, the biogenic csiland organic matter MAR do not vary significantxcept
before A.D. 1490 and for the A.D. 1920-1960 intértve periods can be identified, mainly basedranations

of the terrigenous MAR:

(1) Before A.D. 1490: the biogenic silica and iggnous particles MARs are low.

(2) A.D. 1490-1700: terrigenous particles MAR aighler than average.

(3) A.D. 1700-1900: decrease of terrigenous pagi®MAR.

(4) A.D. 1900-1960: high MARs for the three sedimneomponents.

(5) After A.D. 1960: the MARs show values simikar the A.D. 1850-1900 period, with exceptionallyvlo
biogenic silica MAR.

High biogenic silica and organic matter MARs areipreted as a high lake paleoproductivity. Highigenous
MAR results from high erosion of lake watershedkdid either to important precipitations or highediment
availability in the lake catchment.

For the A.D. 1490-1700 period, high terrigenous MAde interpreted to be caused by a wet climaseltieg

in higher catchment erosion and an increasing tekégenous supply. High**C values and organic matter
MAR attest for a higher productivity during A.D. 31740 (Fig. 6). This probably results from thghhi
nutrient supply during A.D. 1490-1700, with a termadashift of ~ 40 yr3** C data lag nutrients delivery by ~ 40
yr because the uptake &fC from lake waters lasts several decades befonegbsifficiently large to be
registered in lake sediments.

Figure 6: Mass accumulation rates anét°’C data of PU-II-P5 short core, compared with datani the
Southern Hemisphere. Quelccaya Ice Cap from Thomesal., 1985. Northern Patagonia from Luckman and
Villalba, 2001. Black lines correspond to periodsrmraine formation.
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The A.D. 1700-1900 period is characterized by arefse of terrigenous particles MAR. The minimum of
terrigenous particles MAR corresponds to a mininefi**C at A.D. 1890-1900. For the last 600 yr, the A.D.
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1800-1900 period seems to be the period with the$d precipitation, and lower paleoproductivity dadow
nutrient supply, with a minimum at A.D. 1890-19(g. 6). These characteristics agree with a dryimgate
for the A.D. 1700-1900 period.

The interpretation of the high MARs during the A.I®00-1960 period, in particular between A.D. 1220
A.D. 1960, is doubtful. Two volcanic/seismic evertscompass this period: the 1921-22 eruption oeRug-
Cordon de Caulle and the 1960 earthquake of VadMoreover, this period corresponds to the onf¢he
lake level regulation. High MARSs during this intalymost probably result from the high sediment ladity in
the watershed due to the intensified volcano/seismativity, but can also be modified by an anthggrdc
influence.

After 1960 A.D., organic matter and terrigenous MARurn back to average values suggesting the &titeo
tectonic and seismic instabilities. The low biogesilica MAR relates the absence of lake eutroglinaThis is
confirmed by the constant C/N ratio for the whabeecattesting for the absence of land reclamation.

Comparison with Southern Hemisphere records

Our data demonstrate the occurrence of a wet pdrddg A.D. 1490-1700 followed by a drying climatering
A.D. 1700-1900. These results fit with several evices from the literature (Fig. 6).

In Northern Patagonia (41°S, Chile and Argentinélalba (1990) recognized two periods of generklcéal
advances: A.D. 1270-1380 and A.D. 1520-1670. Bee-ting study in the same area, Lara and Vill#lte93)
and Villalba (1994) evidenced a long interval witblow-average temperatures from A.D. 1490 to A.D0Q
and the most recent warm periods from A.D. 1728.1. 1750 and A.D. 1800 to A.D. 1880. The coinciden
of periods with low temperatures and glacial adeans manifest. Glacial advances during the laenmium
seem to be related to a combination of higher pietion and lower temperatures (Villalba, 1994)oré
recently, a tree-ring study by Villalba et al. (2Q®f 17 records from Northern Patagonia demoresdrationg
cold interval extending from ca. A.D. 1500 to ATB60 (Fig. 6).

Jenny et al. (2002) described high flood periods34ftS during the A.D. 1300-1700 and A.D. 1850-1998
intervals. These periods are linked to moisturedase due to strengthening of the Westerlies.

In Peru, Quelccaya ice cap data (14°S) presentsnglv accumulation rates during the A.D. 1500-1@&fod
(Thompson et al., 1985, 1986; Fig. 6). This intérsanterpreted as the wettest period of the taidiennium, at
the onset of the LIA. It is followed by a dry petiat A.D. 1720-1860. Moraines deposited before ALBE0
were described close the Quelccaya ice cap (Gooétaln 2001).

The wet interval deduced from Lago Puyehue sedisneluring the A.D. 1490-1700 period is strikingly
consistent with higher ice accumulation rates an@uelccaya ice core (Thompson et al., 1985), dsawevith
colder temperatures deduced from tree-ring evidémééorthern Patagonia (Luckman and Villalba, 200MH)e
drying climate deduced from our results from ~AI740 to A.D. 1900 corresponds with the most recknt
periods of Lara and Villalba (1993).

These results emphasize that precipitation chadgesg the last 600 yr in Southern America seenbédo
contemporaneous. All these observations demonstrateengthening of the Westerlies north of 50°8nduthe
A.D. 1490-1700 period. This would have increaseal fioisture and precipitation in the Andes leadman
increased terrigenous particles supply in regitaiads.

In the Northern Hemisphere, the Little Ice Age (LIWwas characterized by colder temperatures andagjlac
advances. Its onset is dated between A.D. 14302apd 1550 and its end between A.D. 1700 and A.Cb(L8
with a general agreement for the A.D. 1550-1856rirdl (Bradley et al., 2003). The recent literatrergiew of
Soon and Baliunas (2003) attests for an interhdmisp presence of the LIA. Our results do not show
significant paleoproductivity changes in favor of@oler climate. However, the high rainfall recousted for
the A.D. 1490-1700 period could be the local sigrebf the onset of the LIA. At the same latitudaimy et al.
(2001) described increased rainfall interpretedragquatorward shift of the Southern Westerliealfging the
LIA. These results evidence that the Southern Hehneige LIA could have been initiated by a wet clienat
contemporaneous with the beginning of the NorthElemisphere cold period. Other records from South
America (< 40°S) have demonstrated that this higtipitation period was accompanied by cold tempees
until the end of the 19th century (Thompson et 85, 1986; Luckman and Villalba, 2001, Valero-¢&ar et
al., 2003). Further South, in Gran Campo Nevadd$p3major glacial advances are dated from the 4870
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reflecting probably the end of the Southern HemésphLIA (Koch and Kilian, 2005). The end of thedpleriod
is ambiguous and seems to vary with latitude. krrBi del Fuego (55°S), the LIA seems to be abdéatiquoy
et al., 2004).

Conclusion

Lacustrine sediments of Lago Puyehue contain a-tggblution record of precipitation changes in &etn
Chile. We demonstrate that dry-density data camfegred from gamma density measurements afteection

of the sediment water content. Moreover, we shaat LOls5, and normative calculation based on bulk XRF
geochemical results are reliable estimates of acgaatter and biogenic silica concentrations, respely. For
the last 600 yr, precipitation rather than tempemseem to influence the Lago Puyehue sedimentatid, in
particular, the terrigenous particles mass accutioumaate. Our results agree with a humid climagtween
A.D. 1490 and A.D. 1700, resulting in high wateileeosion and subsequent high terrigenous partstipply.

At the same time, lake paleoproductivity slighthgrieased due to the high nutrients supply. Thisitiyariod
seems to be the local signature of the onset ofL.tlle Contemporaneous humidity changes, marking the
initiation of the Little Ice Age, have been docurtehin the Quelccaya ice cap record in Peru. DutfiegA.D.
1740-1900 interval, humidity decreased but the atenremained cold. Our results support the fadtttieLittle
Ice Age was a global event, not only restricteth®oNorthern Hemisphere.
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