
www.elsevier.com/locate/scitotenv
Science of the Total Environm
Radionuclide dating (210Pb, 137Cs, 241Am) of recent lake

sediments in a highly active geodynamic setting (Lakes Puyehue

and Icalma—Chilean Lake District)

F. Arnaud a,b,1, O. Magand c,*, E. Chapron d,2, S. Bertrand e, X. Boës e,
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Abstract

This study presents an attempt to use radionuclide profiles to date four short sediment cores taken from two Chilean lakes

located in a highly active geodynamic setting. In such settings, sediment series commonly contain earthquake-triggered

reworked layers and/or volcanic ash layers. All of these layers affect the vertical distribution of radionuclides. The drawing

up of accurate chronologies is made even more problematic by the low fallout rates of both natural (210Pb) and artificial (137Cs,
241Am) radionuclides. However, radionuclide profiles can be bcorrectedQ by subtracting the influence of instantaneous deposits

that have been identified from detailed sedimentological studies. Thus, radionuclides can be used to provide approximate dates

for sediment. Independent confirmation of these dates can be provided by varve counting and/or the recognition of historical

events. For Lake Puyehue, this approach has allowed particular sediment features to be related to the effects of the 1960 Chilean

earthquake (Mw 9.5) on the lake basin and its catchment area. For Lake Icalma, there is a good agreement between radionuclide

dates and the dates of the three tephra layers formed during large eruptions of the Llaima volcano in 1946, 1917 and 1883. For
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both lakes, artificial radionuclide fallout, which culminated in 1965, provides more robust chronological information than 210Pb

dating.

D 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Radiometric dating methods have proved their

reliability in a large number of studies of lacustrine

environments, whether sediment accumulation rates

are uniform or non-uniform. When 210Pb and sediment

supply mechanisms can be assessed, it is a standard

practice to apply one of the three commonly used

models: CFCS (Constant Flux, Constant Sedimenta-

tion, Goldberg, 1963; Krishnaswami et al., 1971), CRS

(Constant Rate of Supply, Appleby and Oldfield,

1983) and CIC (Constant Initial Concentration, Pen-

nington et al., 1976). Whatever the model or procedure

used, 210Pb-based chronologies must always be con-

firmed by independent methods (Smith, 2001). Gen-

erally, 210Pb dates are confirmed using 137Cs profiles,

when the 137Cs profiles are sufficiently intact

(Appleby and Oldfield, 1983). The only source of
137Cs in southern South America is the atmospheric

testing of nuclear weapons during the 1950s and 1960s

(essentially between 1952 and 1963) (Schuller et al.,

1993, 2002). Hence, in the southern hemisphere, 137Cs

sediment records can be used to identify sediment

layers deposited in 1965 (shortly after most atmo-

spheric testing had ceased) when 137Cs deposition

rates were at their peak (Pennington et al., 1973;

Cambray et al., 1989; Appleby et al., 1991;

UNSCEAR, 2000).

The radionuclide 241Am can be used to corroborate
137Cs dates when the profile has been disturbed. There

is a growing evidence that 241Am is less mobile in

lake sediments than 137Cs (Appleby et al., 1991) and it

is more strongly particle-associated than caesium,

especially under low pH conditions (Oldfield et al.,

1995). Between 1952 and 1965, direct 241Am fallout

was negligible (Krey et al., 1976) and the 241Am

found in present-day archives is a decay product of
241Pu from weapons test fallout. Although 241Am

activities are much lower than 137Cs activities,

Appleby et al. (1991) showed that its distribution in
cores is a more accurate marker of maximum fallout

(i.e. 1965 in the southern hemisphere) than 137Cs.

In active geodynamic settings, disturbances to

radionuclide profiles may preclude the direct use

of any 210Pb dating models. Such disturbances can

be caused by earthquakes, which rework old 210Pb-

depleted material (Arnaud et al., 2002), or by vol-

canic activity, which leads to the sporadic deposi-

tion of variable amounts of volcanoclastic material

(e.g. tephra layers). In such cases, artificial radio-

nuclides (137Cs and 241Am) provide indispensable

chronostratigraphic markers, but they do not cover

the entire 100–150 year span provided by the 210Pb

method. When the fingerprints of disturbed sedi-

ment layers are well constrained, such sedimentary

events may be considered instantaneous deposits

that have to be subtracted from the total accumula-

tion in order to assess the mean continuous sedi-

mentation rate (Arnaud et al., 2002; Nomade et al.,

2005). Despite these difficulties, the recognition of

historical earthquake- or volcanic-triggered deposits

in lake sediments may provide additional chronolo-

gical information that can be used to support data

derived from radiometric measurements (Chapron et

al., 1999; Ribeiro-Guevara et al., 1999; Arnaud et

al., 2002; Nomade et al., 2005).

In this paper, we present the radiometric profiles of

four short sediment cores from two lakes in the Chi-

lean Lake District: an area strongly affected by major

earthquakes and volcanic eruptions. Our study com-

bined radiometric and sedimentological investigations

in order to assess sedimentation rates and the chron-

ological succession of specific layers that may be

related to well-documented historical events.
2. Setting

The Chilean Lake District (378 to 428 S, Fig. 1)

contains a number of large lakes of glacial origin



Fig. 1. Location of coring sites in Lakes Icalma and Puyehue within the Chilean Lake District.
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(average altitude 700 m). It is a geodynamically active

area of the foothills of the Andes Cordillera (which

culminates at 3700 m in this region), where the sub-

duction of the Pacific Plate under South America is

associated with some of the strongest earthquakes (e.g.

the May 1960 Chilean earthquake, Mw 9.5) and some

of the most active volcanoes in the Americas (Veyl,

1960; Rothé, 1961; Gerlach et al., 1988; Lara et al.,

2004). Sediment cores were taken from Lakes Puye-

hue (40840V S; 72824VW) and Icalma (38850V S; 71824V
W). The coring sites were in areas of thick sediment

accumulation and limited sediment deformation, as

shown by high-resolution seismic reflection mapping

(Charlet et al., 2004; Chapron et al., 2004). Lake

Puyehue lies in the foothills of the Andes at an altitude

of 185 m a.s.l. It covers an area of 165.4 km2 and has a

catchment area of 1267 km2. It drains the slopes of the

Puyehue and Antillanca volcanoes, which are largely

composed of Quaternary and Tertiary volcanic rocks

covered by comparatively thin andosoils. Most of the

catchment area is covered by very dense temperate

evergreen rainforest (Veblen and Ashton, 1978; Lau-

génie, 1982). Lake Icalma lies within the Andes at an

altitude of 1150 m a.s.l. It covers an area of 9.8 km2

and has a catchment area of 148 km2 characterised by
thick soils developed on volcanic ash (i.e. andosoils,

Mardones et al., 1993; Veit, 1994).
3. Methods

3.1. Sediment sampling

The UWITEC gravity coring system consists of a

1.2 m transparent plastic liner mounted with an

borange-peelQ core catcher. Sampling was carried out

in February 2002 to recover 0.5 to 0.6 m-long undis-

turbed sediment cores from water depths of 122 m

(PU-I) and 48 m (PU-II) in Lake Puyehue and 77 m

(ICA-I) and 135 m (ICA-II) in Lake Icalma. In each

lake, one coring site (PU-I and ICA-II) was selected in

a proximal position relative to the main tributary

(Rivers Golgol and Icalma, respectively; Fig. 1) and

a second site was selected in a more distal part of the

lake. The distal site in Lake Puyehue was on a sedi-

mentary ridge covering a subaqueous moraine (PU-

II); in Lake Icalma it was in a shallower sub-basin

(ICA-II).

After collection, the cores were carefully sealed to

preserve the mud-line. They were then transported by
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containership to Europe, where they were opened and

analysed. For each coring site, the best preserved short

core was selected for detailed sediment characterisa-

tion and radionuclide dating.

3.2. Sedimentological investigations

One half of the core was used for producing a

detailed description of the lithologies and for charac-

terising the sediment (at 0.5 cm intervals) by measur-
Fig. 2. Detailed sedimentology (facies description, grain size, bulk dens

Puyehue cores. Key of the sediment logs: (1) background sedimentation: li

and milimetric flood deposits (f4 and f5) noted (F); (3) massive silty depos

ash); (6) sandy tephra deposit (1) finely laminated light brown silts.
ing: (i) grain size, using a Malvern Mastersizer 2000

laser diffraction particle analyser; (ii) gamma density,

using a GEOTEK multi sensor track; and (iii) mag-

netic susceptibility, using a Bartington MS2E1 surface

scanning sensor (Bertrand et al., 2005). The upper-

most 20 cm of the other half-core was sectioned at 1

cm intervals and samples were stored in plastic bags

for radionuclide dating. For both Lake Puyehue coring

sites, one half of a twin core was used for the pre-

paration of large format thin sections (Boës et al.,
ity, and magnetic susceptibility) of the uppermost 20 cm of Lake

ght brown laminated silts; (2) sequence of centimetric (f1, f2 and f3)

it (A2) (4) sandy silt graded deposit (A1); (5) green lamina (volcanic
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2004). These thin sections were used to provide a

more detailed analysis of the measurements presented

in Fig. 2, which are averages taken over several

laminae.

3.3. Radiometric measurements

Samples were dried at 60 8C for 3 days, and then

weighed to estimate dry bulk density and cumulative

mass depth. The dried samples were homogenised with

a pestle and mortar before conditioning and analysis

(Hernandez, 2002; Hernandez and El-Daoushy, 2002).

For Gamma counting, the samples were put into poly-

styrene tubes. Excess 210Pb (210Pbxs) was determined

by subtracting the specific activity of 214Pb (i.e. 226Ra)

from the total 210Pb specific activity. This calculation is

based on the assumption that the intermediate daughter

product, 222Rn, is in equilibriumwith 214Pb (i.e. 226Ra).

The samples were then sealed and left for three weeks

to allow equilibrium to be reached before gamma

counts were carried out.

Radiometric measurements were performed in a

very low background P-type germanium well detec-

tor (Canberra Industries), which offers a relative

efficiency of 40% and a 4k counting geometry.

The counting device was placed in a low-level

background laboratory, in order to ensure a very

low detection threshold for environmental radioac-

tivity. Such a precaution is particularly necessary for

the isotopes of interest here (210Pb, 214Pb, 137Cs and
241Am). Details of the method are given in Pinglot

and Pourchet (1994, 1995). This analytical process

allowed us to measure 137Cs and 210Pb isotopes with

detection limits of below 2 and 10 mBq g�1,

respectively. The experimental errors for these mea-

surements, taking into account the different sources

of error due to the sampling and analytical proce-

dures, were approximately F20% for 137Cs and
210Pb, and F50% for 241Am. Counts were carried

out on individual samples for time periods ranging

from 105 to 3�105 s. Every 20 samples, the back-

ground level was measured over periods of 2�105

to 3�105 s.

Sample specific activity A, and total uncertainties

of calculated specific activity values, rA, are

expressed in Becquerel per kilogram of dry weight

(Bq kg�1 dry wt). The standard deviation expresses

the 95% confidence level NRC.
4. Results

4.1. Sedimentology

4.1.1. Lake Puyehue sediments

Lake Puyehue background sediments consist of

light-brown, finely laminated sandy silts with very

low clay contents. The only variability in mean

grain size is due to changes in the relative proportions

of sand and silt (Fig. 2). Throughout the cores, sedi-

ment grain size, bulk density and magnetic suscept-

ibility measurements showed less variation at the

distal coring site (PU-II) than at the proximal site

(PU-I). However, both sites provided evidence of

sedimentary events that differed markedly from the

background sedimentation. These events are charac-

terised by significant changes in grain size, bulk

density and magnetic susceptibility (Fig. 2). The

thicknesses and compositions of these sedimentary

layers were also visible in the thin sections. These

layers are clearly different to the background sedi-

ment, which consists of couplets of diatom-rich, light-

coloured laminae and organic-rich, but slightly clastic,

dark-coloured laminae (Boës et al., 2004).

The uppermost 20 cm of the core taken from the

proximal site PU-I (Fig. 2—upper panel) includes five

fine-silt deposits (labelled f1 to f5, mean size b20 Am)

with thicknesses ranging from a few millimetres to 3

cm (f3) and the top of a massive sandy silt deposit

(A2). The fine-silt deposits, f1 to f5, have a sharp base

and an uneven top—two features that are typical of

hyperpycnal flood deposits (Chapron et al., 1999,

2002). These deposits are associated with a fall in

bulk density, suggesting high sedimentation rates.

Thin section analysis showed that these deposits con-

sist of river-borne material and contain no diatoms.

Therefore, the 10 to 18 cm depth portion of core PU-I

may be considered a single sedimentary unit of

repeated exceptional flood deposits, hereinafter

labelled bFQ. Although its genesis is still open to

discussion, the massive sandy silt deposit (A2) is

very different to the background sediment and has

been interpreted as an binstantaneous depositQ. The
bottom of this event lies far below the limit of the

radionuclide investigation, which focused on the

uppermost 20 cm of sediment.

In PU-II (Fig. 2—lower panel), three sedimentary

events were recognised in the uppermost 20 cm. A
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massive silt layer (A1) of reworked lacustrine sedi-

ments was revealed by the impregnated thin sections

(Boës et al., 2004) and grain size distribution (Cha-

pron et al., 2004). This is interpreted as a sub-aqueous

mass wasting deposit. A layer of silty green sediment

(B), which is denser than the host mud, has been

attributed to the alteration of a volcanic ash layer

(Bertrand et al., 2005). There is also a sandy tephra

layer (C), characterised by a peak in density and

magnetic susceptibility.

4.1.2. Lake Icalma sediments

Lake Icalma background sediments consist of dark

brown sandy silts with mean grain sizes of 40 to 80

Am (Chapron et al., 2004; Bertrand, 2005). Lamina-

tion was only observed locally in ICA-I, below a
Fig. 3. Detailed sedimentology (facies description, grain size, bulk density,

cores. Key of the sediment logs: (7) background sedimentation: dark brow
depth of 20 cm (Bertrand, 2005). Specific sedimentary

features were recognised by their contrasting lithology

(Bertrand, 2005) and grain size (Fig. 3). At both core

sites, they consist of successive silty-sand tephra

layers, with mean grain sizes of between 150 and

200 Am, and a slump of reworked older sediments.

At both Lake Icalma core sites, several 0.2 to 0.5

cm-thick sandy tephra deposits (a, b, c, d and e) are

interbedded with the background sediment. This is

also the case for a characteristic yellowish fine-silt

layer (f), which was found in the 19–19.5 cm sample

from the proximal site (ICA-II, Fig. 3—upper panel)

and in the 13.5–14 cm sample from the distal site

(ICA-I, Fig. 3—lower panel), as well as in a slump

deposit that was seen at a depth of 40 cm in both cores

(Bertrand, 2005).
and magnetic susceptibility) of the uppermost 20 cm of Lake Icalma

n silts; (8) sandy tephra deposits; (9) yellowish fine grained layer.
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4.2. Radiometric profiles

4.2.1. Lake Puyehue proximal site (PU-I)

The 210Pbxs specific activity profile was relatively

homogeneous for depths of between 10 and 19 cm

(Fig. 4—upper panel). The 137Cs profile reached a

peak at between 4 and 8 cm and then decreased slowly

from 6 to 12 cm. Similarly, the underlying samples

exhibited homogeneous 137Cs specific activities at

depths of between 12 and 20 cm. The depth at which
137Cs is no longer detectable in the sediment profile at

this site has not yet been determined. The depths at

which radionuclide specific activities are homogenous
Fig. 4. Radionuclides profiles (210Pbxs and
137Cs) and lithology of lake Puy

in massic activities (Bq kg�1 dry weight). Error bars are expressed as 95%

lithological logs, corrected profiles are plotted on right-hand. They have be

and A2 in cores PU-I and A1, B and C in PU-II.
coincide with the presence of the fine-silt flood depos-

its (F) and A2 sedimentary events described above. No

trace of 241Am was detected in this core.

The results of the sedimentological analysis were

used to correct the original radionuclide data for the

effect of sedimentary events F and A2 (Arnaud et al.,

2002; Nomade et al., 2005). The new profiles (Fig. 4—

upper panel, right) show a more continuous decrease in
210Pbxs specific activity.

4.2.2. Lake Puyehue distal site (PU-II)

In core PU-II, 210Pbxs specific activity decreased

continuously along the original profile (Fig. 4—lower
ehue cores. Excess 210Pb (grey area) and 137Cs (bold line) are given

confidence level. Left-hand panel shows the original profiles and

en computed by substracting the thicknesses of sedimentary events F
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panel, left), except between 4 and 6 cm where 210Pb

profile is markedly depleted. Radioactive equilibrium

was reached at core depth 15–16 cm. Samples at

depths of 16–17 cm and 19–20 cm had low 210Pbxs
specific activities of 10F8 and 9F4 Bq kg�1 dry

wt, respectively (Fig. 4—lower panel, left). The
137Cs profile is better defined than at the proximal

site; the global fallout peak is more pronounced (3–5

cm) and there is no 137Cs specific activity below a

depth of 10 cm. Traces of 241Am (0.5F0.3, 2F0.3,

0.6F0.1 Bq kg�1 dry wt in samples 3–4, 4–5 and
Fig. 5. Radionuclides profiles (210Pbxs and 137Cs) and lithology of lake Ica

massic activities (Bq kg�1 dry weight). Error bars are expressed as 95%

lithological logs, corrected profiles are plotted on right-hand. They have be

b, c, d, e and f both in ICA-II and ICA-I.
5–6 cm, respectively) were detected at the same

depth as the 137Cs peak which was recognised

between 3 and 5 cm.

Because of the three sedimentary events

observed in the first 20 cm of the core (events

A1, B and C), the original radiometric profiles had

to be corrected following the same procedure as for

core PU-I. The revised profiles (Fig. 4b—right) no

longer show the bdepletedQ sediment layers with

low 210Pb specific activities that were observed in

the original samples.
lma cores. Excess 210Pb (grey area) and 137Cs (bold line) are given in

confidence level. Left-hand panel shows the original profiles and

en computed by substracting the thicknesses of sedimentary events a,
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4.2.3. Lake Icalma proximal site (ICA-II)

The 210Pbxs curve for core ICA-II was irregular,

with relatively low specific activities between 3 and 5

cm (Fig. 5—upper panel, left). Radioactive equili-

brium was reached at a depth of 12–13 cm. Some of

the samples from below the apparent equilibrium

depth (13–14, 15–16 and 16–17 cm) showed non-

zero 210Pbxs specific activities (25F13, 4F5, and

5F3 Bq kg�1 dry wt, respectively; Fig. 5—upper

panel, left). Given the low specific activities and

associated high standard deviation, these sample

values are not considered representative. For core

ICA-II, maximum 137Cs specific activities were

obtained at a depth of 2–3 cm; they then decreased

rapidly, reaching undetectable levels at a depth of 7–8

cm. 241Am was not detected in any of the samples.

The corrected profiles (Fig. 5—upper panel, right) for

the upper part of the core (0–10 cm) are significantly

less irregular.

4.2.4. Lake Icalma distal site (ICA-I)

In core ICA-I (Fig. 5—lower panel, left), 210Pbxs
specific activity decreased very rapidly close the sur-

face (0 to 4 cm). Specific activity values for depths of

between 4 and 12 cm were relatively homogeneous

(between 1 and 10 Bq kg�1 dry wt). As previously

shown, two of the sediment layers (16–17 and 18–19

cm) below the considered equilibrium depth showed

low 210Pbxs specific activities.

In contrast to all of the cores described above, the
137Cs profile did not show a peak and 137Cs was

concentrated in the first 2 cm. The specific activities

detected in subsequent samples (2–5 cm) were below

2 Bq kg�1 dry wt, close to detection limit. Traces of
137Cs were also detected at three deeper levels (6–7,

8–9 and 11–12 cm). 241Am was only detected in the

uppermost centimetre (1.0F0.5 Bq kg�1 dry wt).

Moreover, the 137Cs specific activities profile is simi-

lar (r2=0.97; n =8) to the 210Pbxs specific activities

profile, both of which show an exponential decay.

This is an unexpected result for an artificial radio-

nuclide that was only deposited at certain moments in

time. In core ICA-I, the rough similarities in the

shapes of both profiles and in the behaviour of
137Cs and 210Pb may suggest a common transfer

process within the sediment. Correction of the original

data for sedimentary events (Fig. 5—lower panel,

right) did not significantly change the profiles.
5. Assessment of age–depth relationships by

comparing radionuclide profiles and historical

data

The cores from both lakes were first dated using
137Cs, and then by the application of 210Pb-derived

models. In each case, the resulting data were com-

pared with independently derived time scales, i.e.

varve counting (in Lake Puyehue) and the recognition

of sedimentary features triggered by historical geody-

namic events. A synthesis of the estimated and calcu-

lated ages of the sedimentary events (or instantaneous

deposits) in all the cores is presented in Table 1.

5.1. Lake Puyehue

5.1.1. Artificial radionuclides

In core PU-I, traces of 137Cs were found in the

lowest sample (Fig. 4—upper panel) and the 137Cs

peak at 5–6 cm did not become more pronounced

after the results were corrected for sedimentary events

below 10 cm. However, the shape of this peak might be

due to a change in sedimentation rates in the uppermost

10 cm of the core, as shown by an increase in mean

grain size and by slight decreases in bulk density and

magnetic susceptibility (Fig. 2—upper panel). Never-

theless, comparisons with previous studies of southern

hemisphere sediments (Robbins, 1978; Wise, 1980;

Longmore, 1983; Longmore et al., 1983) suggest that

the 137Cs peak at 5–6 cm corresponds to maximum

bomb test radionuclide fallout in 1965.

This interpretation is supported by core PU-II (Fig.

4—upper panel), in which the 137Cs peak at 3–4 cm

is very sharp and associated with traces of 241Am.

Thus, for the period 1965–2002, the sedimentation

rates for PU-I and PU-II can be calculated at 1.5F0.1

mm y�1 (i.e. 42F4 mg dry wt cm�2 y�1) and

0.95F0.15 mm y�1 (i.e. 28F1 mg dry wt cm�2

y�1), respectively.

For Lake Puyehue, the 1965 maximum fallout was

also confirmed by varve counting on thin sections

from both coring sites. Furthermore, varve counting

and sedimentological evidence suggests that the A1

(in the distal site) and A2 (in the proximal site)

deposits may be associated with the 1960 Chilean

earthquake (Boës et al., 2004; Chapron et al.,

2004)—the most powerful earthquake ever recorded

on Earth (Veyl, 1960; Rothé, 1961; Gerlach et al.,



Table 1

Synthesis of the calculated and estimated ages of sedimentary events (or instantaneous deposits) in cores PU-I, PU-II, ICA-I and ICA-II

Calendar years (AD)

210Pb CFCS 137Cs 241Am Varve countinga Historical events

PU-I (near river site)

F (10–18 cm)b n.a.c,b Older than 1965b n.d.d / ?

A2 (18–30 or 52 cm) / / / / 1960

PU-II (distal site)

A1 (4–6.5 cm) 1962F2 1960F6e 1960F6e 1960 1960

B (10.5–11 cm) 1922F4 / / 1944 ?

C (13–14 cm) 1902F5 / / 1936 1921

ICA-II (near river site)

a (3.5–4 cm) 1937F5 1948F6e n.d.d / 1946

b (4.8–5 cm) 1916F2 / / / 1917

c (6–6.5 cm) 1892F5 / / / 1883

d (9–9.5 cm) n.a.c,b / / /

e (16.5–17 cm) n.a.c,b / / /

f (19–19.5 cm) n.ac,b / / /

ICA-I (distal site)

a (2–2.5 cm) 1949F3 Below fiftiesb Below fiftiesb / 1946

b (4–4.5 cm) 1910F5 / / / 1917

c (5–5.5 cm) 1864F6 / / / 1883

d (12–12.5 cm) n.a.c,b / / / ?

Comparison between C.F.C.S. age-models, artificial radionuclides (137Cs and 241Am), varve counting and historical events absolute dating.
a After Boës et al. 2004.
b Cf. discussions in text.
c Not applicable.
d Not detected.
e Extrapolation of 137 Cs-derived SR in sample below caesium peak.
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1988; Lara et al., 2004). This conclusion is supported

by the 137Cs profile for the proximal site (PU-I), in

which the 137Cs peak is at 5–6 cm, i.e. above the F

deposit. One corollary of this is a very high sedimen-

tation rate (~25 mm y�1) following the 1960 event,

which would partly explain the poor peak definition.

Such a conclusion also provides confirmation for the

interpretation of Chapron et al (2004) of the F deposit

as a succession of thick flood deposits related to the

reaction of the River Golgol to the numerous land-

slides that temporarily dammed its course following

the 1960 earthquake (Tazieff, 1962; Wright and Mella,

1963; Veblen and Ashton, 1978). The very high sedi-

mentation rate that such a scenario invokes is consis-

tent with the radiometric results.

In core PU-I, the A1 layer lies between the begin-

ning of nuclear testing (1952) and maximum radio-

nuclide fallout (1965), which supports the conclusion
that the formation of this layer is related to the 1960

Chilean earthquake. The relative proximity of the

1965 peak and the A1 deposit indicates that this site

was not affected by the outburst events that occurred

in the Golgol catchment area.

5.1.2. 210Pb-derived dating

In core PU-I (Figs. 2 and 3), the occurrence of a

succession of thick flood deposits and sedimentary

events (except A2) indicates a very variable sedimen-

tation rate. Consequently, this deposit does not meet

the conditions for applying the so-called Constant

Flux, Constant Sedimentation (CFCS) model (Rob-

bins, 1978). As the 210Pbxs profile of the corrected

plot is non-linear, it cannot be used to calculate mean

sedimentation rates for the past 100–150 years.

An alternative way to analyse such a profile would

be to assume that there is a Constant net Rate of
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Supply (CRS) of 210Pb from the lake water to the

sediment, irrespective of changes that may have

occurred in the net dry mass sedimentation rate (Gold-

berg, 1963; Appleby and Oldfield, 1978; Robbins,

1978). However, application of the CRS model

yielded aberrant results (not shown). According to

Appleby and Oldfield (1992), the CRS model is unli-

kely to be valid when the 210Pbxs is mostly derived

from the catchment area. As the 137Cs data shows,

between 1960 and 1965 the PU-I site received a

substantial sediment-associated radionuclide input

from its catchment area in addition to the direct atmo-

spheric input. These radionuclides came from soils

that were destabilised by the huge landslides that

occurred during the five years following the 1960

Chilean earthquake. As a result, it is not possible to

apply any 210Pb age-model to this core.

In core PU-II (upper panels of Figs. 2 and 4), the
210Pbxs corrected profile corresponds to sediments

deposited under continuous sedimentation processes,

as all the points in this profile were obtained from thin

laminae couplets. The conditions required to apply the

CFCS age-model are therefore met. The resulting

mean sedimentation rate was calculated to be

1.0F0.1 mm y�1 (r2=0.94) (28F1 mg dry wt

cm�2 y�1; r2=0.93) (n =9), which is similar to the

rate obtained from the 137Cs analysis (0.95F0.15 mm

y�1). The CFCS 210Pb-derived estimates of PU-II

sediment age can also be compared with ages calcu-

lated by counting annual laminae. In this core, the

validity of the varve counting results was confirmed

by the correlation of event A1 with the impact of the

1960 earthquake and by the correlation of the tephra

(event C) with the well-documented Puyehue–Cor-

don–Caulle eruption during the 1921–22 austral sum-

mer (Gerlach et al., 1988; Lara et al., 2004). The age/

depth curve shows that the CFCS model and the

annual varve counting ages differ by less than 5

years over the last 40 years (from 1960 to the present

day). Below sediment feature A1, the ages estimated

by the two methods differ by more than 20 years. This

disagreement may be explained by a variation in 210Pb

fluxes and/or changes in the rate of supply. Such

changes may reflect the intensive logging and agri-

cultural activity in lower areas (b600 m a.s.l.) of the

Golgol Valley between 1900 and the 1950s, reported

by Wright and Mella (1963) and by Veblen and

Ashton (1978).
5.2. Lake Icalma

5.2.1. Artificial radionuclides

In core ICA-II (Fig. 5—upper panel), the maxi-

mum 137Cs specific activity measured at 2–3 cm can

be interpreted as corresponding to the 1965 fallout. A

sedimentation rate of between 0.5 and 0.8 mm y�1

(i.e. 17F3 mg dry wt cm�2 y�1) can therefore be

estimated for the 1965–2002 period.

In core ICA-I (Fig. 5—lower panel), the 137Cs

profile suggests redistribution of the radioisotope

within the sediment column due to remobilization

processes. This profile also suggests a low accumula-

tion rate. Indeed, 241Am is only detected in the upper-

most portion (0–1 cm), which must contain the 1965

reference level. A sedimentation rate of less than 0.3

mm y�1 (i.e.b6 mg dry wt cm�2 y�1) after 1965 may

therefore be deduced.

The down-core extrapolation of these sedimenta-

tion rates indicates that the near-surface tephra layer

(event baQ, at 3–3.5 cm depth in ICA-II and at 2–2.5

cm depth in ICA-I, Fig. 3) marks the last historical

eruption of the nearby Llaima stratovolcano in 1946

(Gonzáles-Ferrán, 1994).

5.2.2. 210Pb-derived dating

Since grain size measurements and lithological

descriptions suggest quite stable sedimentation con-

ditions for the background sediment at both Lake

Icalma core sites (Bertrand, 2005), we applied the

CFCS model to estimate their mean sedimentation

rates.

For core ICA-II, despite the high standard devia-

tion of the 210Pbxs values (Fig. 5—upper panel, right),

we estimated a mean sedimentation rate of 0.6F0.1

mm y�1 (r2=0.81), i.e.: 17F1 mg dry wt cm�2 y�1

(r2=0.78) (n =8), which is in agreement with 137Cs

data. This mean sedimentation rate is supported by the

correlation of tephra deposits a, b and c with the

historical eruptions of the Llaima volcano (Fig. 1) in

1946 (event baQ dated 1937F5 years), 1917 (event

bbQ dated 1916F2 years) and 1883 (event bcQ dated
1892F5 years) (Gonzáles-Ferrán, 1994). There are

several historical events that may be responsible for

layers bdQ, beQ and bfQ, but as they are more than 150

years old, and therefore beyond the range of the 210Pb

method, it is not possible to continue the chronology

further.
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For core ICA-I (Fig. 5—lower panel), the CFCS

model gives a mean sedimentation rate of 0.4F0.1

mm y�1, i.e. 12F1 mg dry wt cm�2 y�1 (r2=0.99,

n =5). This estimated accumulation rate is slightly

different from the value derived from 137Cs data

(less than 0.3 mm y�1). It must be remembered that

the sedimentation rate for the last 40 years, measured

using the 137Cs method, and the rate for the last 100–

150 years, measured using the 210Pb model, will not

necessarily be the same. By applying a mean sedi-

mentation rate of 0.4 mm y�1, the estimated ages of

tephra layers baQ (2–2.5 cm), bbQ (4–4.5 cm) and bcQ
(5–5.5 cm) are 1949F3, 1910F5 and 1864F6

years, respectively. These tephra deposits can reason-

ably be correlated to the historical eruptions of the

Llaima volcano (Fig. 1) in 1946, 1917 and 1883,

respectively (Gonzáles-Ferrán, 1994).
6. Conclusion

Our study shows that the application of radiochro-

nological methods in southern Chile is complicated by

the highly active geodynamic setting and by the very

low rates of artificial and natural fallout. Of the four

cores studied, three could be dated using the 210Pb

method. None of them presented a well-defined 137Cs

peak, although this method gave chronological infor-

mation for all the cores. 241Am was only detected in

the distal core from each lake, where the clastic flux,

and thus sedimentation rate, was lower. In each case,

the position of the 241Am peak confirms the develop-

ment of a 137Cs peak in 1965 in these mid-latitudes of

the southern hemisphere.

Combining radionuclide dating methods with

detailed sedimentological investigations allows sedi-

mentary events to be correlated with well-documented

earthquakes or volcanic eruptions.

In Lake Puyehue, our age–depth model for the

distal coring site is better constrained, as it is sup-

ported by varve counting and the recognition of the

impact of the massive 1960 Chilean earthquake. In

Lake Icalma, the age–depth relationship is better con-

strained in the proximal coring site, where the results

are supported by the correlation of tephra layers with

the well-documented eruptions of Llaima volcano in

1946, 1917 and 1883. Our results confirm the diffi-

culties in using 210Pb data as a geochronological tool.
This is true for exponential distributions and even

more so when non-exponential profiles are encoun-

tered. The interpretation of such profiles must be

undertaken with caution. The characteristics of the

environment being studied must be taken into

account, especially when the geodynamic setting is

highly active. In the case described here, the cross-

checking of radiometric and sedimentological meth-

ods made it possible to better understand and judi-

ciously interpret the radionuclide profiles.
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