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[1] The study of past climate variability from ice core investigations has been largely
developed both in polar areas over the past decades and, more recently, in tropical
regions, specifically along the South American Andes between 0° and 20°S. However a
large gap still remains at mid-latitudes in the Southern Hemisphere. In this framework, a
15.3-m long shallow firn core has been extracted in March 2005 from the summit
plateau of Monte San Valentin (3747 m, 46°35’S, 73°19'W) in the Northern Patagonia
Icefield to test its potential for paleoclimate and paleoenvironmental reconstructions. The
firn temperature is —11.9°C at 10-m depth allowing to expect well preserved both
chemical and isotopic signals, unperturbed by water percolation. The dating of the core,
on the basis of a multi-proxy approach combining annual layer counting and radionuclide
measurements, shows that past environment and climate can be reconstructed back
to the mid-1960s. A mean annual snow accumulation rate of 36 + 3 cm year '
(e, 19 £ 2 g cm 2 year ') is inferred, with a snow density varying between 0.35 and
0.6 g cm ™, which is much lower than accumulation rates previously reported in Patagonia
at lower elevations. Here, we present and discuss high-resolution profiles of the isotopic
composition of the snow and selected chemical markers. These data provide original
information on environmental conditions prevailing over Southern Patagonia in terms of air
masses trajectories and origins and biogeochemical reservoirs. Our main conclusion is that
the San Valentin site is not only influenced by air masses originating from the southern
Pacific and directly transported by the prevailing west winds but also by inputs from
South American continental sources from the E-NE, sometimes mixed with circumpolar
aged air masses, the relative influence of these two very distinct source areas changing

at the interannual timescale. Thus this site should offer a wealth of information
regarding (South) Pacific, Argentinian NE—E areas and Antarctic climate variability.
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1. Introduction
1.1. Background

[2] Antarctic ice cores analyses have been providing a
wealth of detailed paleoclimate and paleoenvironmental
information for more than 40 years [EPICA community
members, 2004; Wolff et al., 2006 for the most recent
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examples]. Ice core investigations based on water stable
isotopes and insoluble dust measurements have also been
conducted in tropical regions, mainly along the South
American Andes from the equator to about 20°S, allowing
us to access to past tropical climate variability back to the
last glacial maximum [see for instance Ramirez et al., 2003;
Thompson et al., 2000 and 2003]. However a large gap still
exists at mid-latitudes in South America, along the Equator-
Pole transect. It is necessary to document the main features
of the climate in this region, potentially impacted by
numerous interannual to decadal large-scale phenomena
rooted both in the tropical oceans as ENSO (EI Nifio
Southern Oscillation, dominant mode of interannual tropical
variability) [Garreaud et al., 2008] and in high-latitudes as
AAO (Antarctic Annular Oscillation or Southern Hemi-
sphere Annular Mode controlled by the near-stationary
wave associated with the sub-Antarctic westerlies) [Gillett
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et al., 2006] and ACW (Antarctic Circumpolar Wave with
periodicities of 4—5 years and taking 8—10 years to entirely
encircle the continent). Modeling studies have suggested a
possible atmopsheric connection between Antarctic vari-
ability and ENSO [Ichiyanagi et al., 2002; Werner and
Heimann, 2002]. However understanding the influence of
such climate modes on local variability (temperature, pre-
cipitation, atmospheric circulation) is strongly limited by
the availability of reliable and long observations, especially
at high altitudes at the border between Northern and
Southern Chile.

[3] In this regard, the Patagonian ice fields appear as an
excellent candidate to fill that gap. Paleoclimate information
is available in Patagonia over time periods varying from a
few centuries-tree rings studies in the Argentinian Northern
Patagonia revealing that the 20th century contains the
longest dry periods over the past 400 years, and that during
the same time the mean air temperature increased from
about 0.9°C [Villalba et al., 1998 and 2003]- to a few
thousand years-data from marine sediment cores extracted
from the Chilean continental slope at 41°S allowing us to
reconstruct the rainfall variability in relation with the
position of westerlies over the past 7700 years [Lamy et
al., 2001]. In addition to those climate archives, ice cores
provide a unique way to investigate a large set of contin-
uous indicators of both atmosphere dynamic and composi-
tion. This is the reason why several firn and ice cores were
recovered over the last decades from Northern (NPI) and
Southern (SPI) Patagonia icefields.

[4] Six cores have been recovered from the accumulation
areas of glaciers in Patagonia. A 14.5-m deep core was
drilled at Nef Glacier (1500 m) and a 37.6-m deep core was
drilled at San Rafael Glacier (1300 m) on the NPI, but they
were found not suitable for paleoclimate reconstructions due
to large annual accumulation rates (2.2 m w.eq and 3.5 m
w.eq., respectively) and alteration by water percolation
[Matsuoka and Naruse, 1999; Yamada, 1987]. A similar
problem was encountered near the ice divide at Tyndall
Glacier on the SPI where the highest accumulation rate
observed in Patagonia was found at an altitude of 1760 m
from a 43-m long core [14 m w.eq., Shiraiwa et al., 2002].
At those three sites (Nef, San Rafael and Tyndall) a water-
soaked layer was found at the firn/ice interface, which
constitutes a water table as it is typically found in the lower
accumulation area of temperate glaciers [e.g. Blindow and
Thyssen, 1986]. Two shallow cores of 4 and 3 m-depth were
retrieved at altitudes of 1540 m and 1840 m at Paso Marconi
and Cerro Gorra Blanca Sur respectively (SPI), finding ice
in the lower parts of these cores and strong alteration by
water percolation [Schwikowski et al., 2006].

[5] Two shallow firn cores have been extracted at higher
elevation sites in the SPI accumulation areas: a 13.2-m long
core from a point close to the ice divide of Moreno Glacier
at an altitude of 2000 m [A4ristarain and Delmas, 1993] and
a 5-m long core from the plateau of Gorra Blanca Norte at
an elevation of 2300 m [Schwikowski et al., 2006]. Average
accumulation rates of 1.2 m w.eq. and 1.0 m w.eq. were
found at the Moreno and the Gorra Blanca Norte sites
respectively. The Moreno core consisted of temperate firn
and the chemical species were partly destroyed by water
percolation, but the isotopic signals were found to be well
preserved. At the Gorra Blanca Norte site, both the chemical
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species and the isotopic composition of the ice were found
to be well preserved.

[6] On the basis of the conclusions of those previous
experiences, we decided to explore the summit plateau of
Monte San Valentin (46°35’S, 73°19'W), the highest summit
in Patagonia located on the north eastern border of the NPL

1.2. Description of the Site

[7] The field campaign, led by a joint IRD (Institut de
Recherche pour le Développement, France) and CECS
(Centro de Estudios Cientificos, Chile) expedition, was
conducted in March 2005 on the summit plateau of Monte
San Valentin which has an east—west extension of 1.5 km
and spans an altitude range between 3700 m and 4030 m.
The drilling site (46°35'19”S, 73°19'39”W, 3747 m) was
chosen at the central section of the plateau, within the
summit saddle area (Figure 1). The summit of Monte San
Valentn is assigned an altitude of 3910 m a.s.l. in the
Chilean official maps [/GM, 1982], but a more precise
altitude of 4032 £ 1 m a.s.l. is calculated from recent
measurements with differential GPS (J. Wendt, personal
communication). The drilling site is located in the upper
accumulation area of Glaciar San Rafael, ~100 m south of
the divide of Glaciar Grosse [Rivera et al., 2007].

[8] No meteorological data are available at the San Valen-
tin summit. We thus use reanalyses and satellite data sets,
centered at [46.25°S; 73.75°W], to explore the seasonal
variations for (1) temperature, (2) precipitation and (3) wind
speed (interannual variations are discussed in section 3.1):

[9] (1) Atmospheric temperatures at 600 mbar (corre-
sponding roughly to an altitude 0f 4100 m) from NCEP-NCAR
(National Centers for Environmental Prediction-National
Center for Atmopsheric Research Analysis) reanalyses
(available at 2.5°) and ERA-40 reanalyses (from the Euro-
pean Centre for Medium-range Weather Forecast, available at
~125 km) [Kalnay et al., 1996; Uppala et al., 2005] are in
pretty good agreement at the seasonal timescale over the
1960-2001 period. They show a strong seasonal cycle with
lowest (highest) temperatures from June to August (from
December to February) of —17.2 + 0.4°C (—10.5 £ 0.2°C)
and an annual mean surface temperature of —13.7 + 0.2°C.

[10] (2) For precipitation, the most popular data sets is the
Global Precipitation Climatology Project, GPCP, available
at 0.5° from 1979 to 2005 [Adler et al., 2003]. Monthly
contributions to annual precipitation (~3 mm d~') range
from 5 (February) to 12.5% (June). However, it is worth
noting that over the common period (1979-2001), ERA-40
reanalyses and GPCP data sets are in very good agreement
and show almost no seasonality for precipitation (monthly
contributions range from 7 to 9.5%) and an annual mean of
8.8 mm d~'. This suggests that the 2002—2005 period in
GPCP data sets presents very low values all over the year
and may alter the average signal.

[11] (3) At last, NCEP-NCAR wind speed reanalyses over
the 1948-2005 period indicate that very strong winds
prevail in the region of the San Valentin with an annual
mean of 15 m s, and maximum values attaining more than
20 m s~ ' from December to April.

1.3. Drilling Operations and On-Site Measurements

[12] A portable solar-powered electromechanical drilling
system was used to extract a 15.26-m long and 58-mm
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Location map and picture of Monte San Valentin in the Northern Patagonia Icefield, Chile.

The star shows the position of the drilling site (46°35'19”S, 73°19'39”W, 3747 m). Location of Volcin
Hudson, 80 km N—-NE from Monte San Valentin, is also shown.

diameter firn core [Ginot et al., 2002 and see for exam-
ple the short video at http://www.canal.ird.fr/sommaires/
missions_cp.htm].

[13] Three radar profiles were measured around the dril-
ling site with a 9 MHz impulse radar system [Casassa and
Rivera, 1998] to show that the glacier thickness is 70 m close
to the ice divide, increases to 100 m at the drilling site and
reaches 170 m on the south-central portion of the summit
plateau. Borehole temperature ranges from —11.9°C at 10 m
to —11.6°C at 16 m depth, allowing to expect well preserved
glaciochemical signals. This value is consistent with both the
temperature of —11.4°C calculated for an altitude of 3800 m,

using an altitudinal lapse rate of 0.5°C/100 m for the NPI
[[noue et al., 1987] and the annual averaged temperature of
7.7°C at Cochrane (47°15’S, 72°35'W, 196 m) as a reference
value at an altitude of 200 m, and the NCEP-NCAR and
ERA-40 reanalyses temperatures at 600 mb given the differ-
ence in altitude (see previous section). The core is mostly
composed of compact fine grained firn with density increas-
ing from 0.35 g cm > at the surface to 0.6 g cm > at 15-m
depth. Four melting—refreezing ice layers, a few millimeters
thick, were observed at 2.20 m, 9.23 m, 9.80 m, and 14.22 m,
showing that only very restricted post-depositional modifi-
cations by percolation may have occurred.
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1.4. Analyses and Methods

[14] The core firn was packed in the field in polyethylene
bags and shipped frozen to France.

[15] Continuous concentration profiles were established
by ionic chromatography (IC) for inorganic (fluor, chloride,
methane sulfonate, nitrate, sulfate, sodium, ammonium,
potassium, magnesium, calcium) and mono and di-carboxylic
ions (acetate, formate, oxalate, succinate, gluconate) with a
resolution of 4-5 cm and typical analytical precision
varying from 1% for major ions to ~10% for more sensitive
species at low concentration levels (mainly fluoride and
carboxylates). Ice sections for IC analysis were cut and
subsampled in the LGGE (Laboratoire de Glaciologie et
Géophysique de I’Environnement) cold room facilities,
using a dry cleaning equipment previously checked and
intensively used for Antarctic firn and ice cores. The dry
cleaning procedure is based on two steps: cutting ice
lamella of 3 per 2.5 to 3 cm thick along the inner part of
the core with a band saw, and removing 3 successive layers
I mm thick along each side of the lamella with a rabot.

[16] The firn isotopic composition (oxygen 18 and deu-
terium, hereafter §'®0 and 6D respectively or &) has been
measured with a resolution of 7—10 ¢cm and an accuracy of
+0.05%o and +0.5%o respectively. The profile resolution is
twice lower compared with chemical measurements because
we were limited by the possible number of analyses and we
expected an important accumulation rate.

[17] Core sections were processed for natural and artifi-
cial radioactivity measurements by low-level gamma spec-
trometry with a continuous sampling every 60—70 cm.
Using a method developed by Delmas and Pourchet
[1977], snow and ice core samples (150—250 g) were
melted, weighed, acidified and filtered on ion exchange
paper, where all radionuclides were trapped. After drying,
the filters were directly analyzed by (1) gamma spectrom-
etry using a very low background specified (type N) coaxial
germanium detector (coupled to a anti-Compton device
system) of 20.6% relative efficiency and by (2) a alpha/beta
low-level radioactivity counting system comprising ten
ultra-flat flow 27 counter tubes (proportional counter cham-
bers with P10 gas) connected in anti-coincidence with a
large-area flow counter tube acting as common guard
counter. Measurements were realized at the LGGE semi-
buried laboratory, where both analyzers are protected
against all interfering ambient radioactivity. (1) The high
resolution gamma spectrometry system provides a lower
detection threshold, es;)ecially for the isotopes of interest
such as "Be (54 d), '*’Cs (30.2 years), 2'°Pb (22.3 years)
and **'Am (432.7 years), daughter of 241py (14.4 years)
with 20, 10, 4 and 2 mBq kg_1 as detection limit values,
respectively. (2) The low-level beta counters exhibit detec-
tion levels closed to 20 cph kg~' for gross beta counting
(**7Cs and °°Sr). Calibrated sources derived from radionu-
clide liquid solutions (LEA-CERCA or Amersham labora-
tories) are used to calibrate detectors (methodology and
counting efficiency measurements). The analytical proce-
dures were the same as those used for the snow samples. For
the present work and because of the low concentrations in
the core, accuracies for our measurements are about 20—
30% for 'Be, *’Cs and **'Am, and more than 50% for
219Ph in gamma spectrometry, but less than 5% in beta
counting. Preliminary data for *H are also available.
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[18] The dating of the firn core is detailed in section 2 and
major results, in terms of source areas and transport dy-
namics, are presented and discussed in section 3, demon-
strating the suitability of this site for deeper drilling
operations and high resolution paleoenvironmenal and
paleoclimate investigations.

2. Firn Core Dating and Snow Accumulation
Rate

[19] The dating is made using three independent
a 0proaches: the natural radioactive material decay of
>'%pp, the identification of prominent horizons of known
ages from radioactive fallout after atmospheric thermonu-
clear test bombs (137Cs, %Gr and 2*'Pu, the latter being
indirectly measured by **'Am) and the counting of conti-
nental dust arrival seasonal cycles. This dating is supported
by the presence between 5 and 5.3 m of a hudge peak of
halite accompanied by a significant peak of HCI which may
be attributed to the 1991 Volcan Hudson eruption. We also
discuss in this section the lack of seasonal cycles in water
stable isotopes. At last, we carefully list some important
caveats about this dating.

2.1. Radionuclides Species

[20] The natural decay of *'°Pb can be used to estimate
the age of firn cores over the recent period (half life is
22.3 years) {Goldberg, 1963]. The atmosphere is the major
source of 2'°Pb deposited on ice sheets and the nuclear
explosions in the fifties and sixties have not significantly
changed the quantity of deposited 219pb [Bull, 1971]. Thus
grovided that we assume a constant annual atmospheric

'%Pb input in the snow and we observe no vertical trans-
portation by water from melting snow [see section 2.4.2.
Age estimates in Eisen et al., 2008], 2'°Pb profiles along the
ice core can be used for dating purposes at any time over
the past 100 years. By the agplication of the Constant Flux
Constant Sedimentation 2'°Pb-derived model, using the
radioactive decay properties [CFCS, Goldberg, 1963;
Krishnaswami et al., 1971], the *'°Pb specific activity
profile at the San Valentin site allows us to estimate an age
of 46 + 12 years at 15.3 m which corresponds to a mean
snow accumulation rate of 33 + 9 cm year ' (ie., 17 +
5 g cm 2 year ') (Figure 2).

[21] Because of (1) the interannual variation of natural
210pb annual flux (mainly due to snow precipitation vari-
ability), (2) the very low activities detected in our work as
observed in most of the high mountain sites (up to 3000 m),
and (3) the absence of data knowledge concerning deposi-
tion fluxes in our study sector [Preiss et al., 1996], the
219ph-based chronology needs to be confirmed by indepen-
dent methods [Smith, 2001] with artificial radionuclide
profiles providing unambiguous chronostratigraphic
markers. In the Southern Hemisphere, the maximum fall
out peaks of fission products ('*’Cs; 2*'Pu, indirectly
measured by **'Am; and °°Sr) are clearly associated with
the most intensive testing activity between 1961 to 1962,
leading in the southern South America to subsequently
fallout with the highest fluxes in 1964 and 1965 [Arnaud
et al., 2006; Magand and Arnaud, 2007]. **' Am is used to
corroborate '*’Cs dates in case of possible disturbance of
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Figure 2. Radionuclide profiles (gamma emitters, '>’Cs, 2'°Pb, **'Am as well as beta emitters, *°Sr
plus '*’Cs) used for the San Valentin 2005 shallow firn core dating. The CFCS 2'°Pb-derived model fit
(bold line, n =23, r* = 0.5, P < 0.05) is also presented. >'°Pb (white area), '*’Cs (gray circle) and **' Am
(black thomb) are given in specific activities (mBq kg ') while gross beta activities (grey area) are
expressed in counts per hour per kilogram (cph. kg™ '). Error bars are expressed as 95% confidence level.

137Cs and ?*' Am scales are multiplied by 5.

the '*"Cs profile [Appleby et al., 1991; Oldfield et al., 1995;
Pourchet et al., 2003; Eisen et al., 2008;.

[22] Gamma spectrometry profile of '*’Cs (noncorrected
from nuclear decay) shows a marked increase in the deepest
part of the core (Figure 2), between 13.5 and 15.2 m. No
trace of '*’Cs was detected in the San Valentin core between
the surface and 13.5 m. A marked increase in the gross beta
profile (*’Cs + °°Sr) is also visible at the bottom of the ice
core, in agreement with the gamma one. The fingerprint of
nuclear weapon tests is also visible in a preliminary *H
activity measurement showing a significant value (2.34 +
0.35 TU) between 14.7 and 15.2 m depth (one mean
sample, U. Schotterer, personal communication). Finally,
traces of **' Am are only detected between 12.8 and 14.2 m
depth in the San Valentin firn core. Given the low specific
activities and associated high standard deviation of >*'Am
analysis, we cannot assume definitively that this last radio-
nuclide does not exist in deeper layers.

[23] The firn core is too shallow to allow us to access to a
depth representative of natural gamma and beta radioactive
background [i.e., prior to the 1952]. Therefore, we can
definitely not attribute radioactivity maximum levels at

the bottom of the core to the fallout products of the northern
and southern bomb test periods that peak in 1964—1965.
However traces of *'Am, presence of higher '*’Cs and
gross beta activities at the bottom of the core and the rapid
decrease of the latter ending between 14.2 and 12.1 m
suggest that the 1964—1965 fall out peak is located in the
deepest part of the core or slightly before (we remind here
that our measurements are made on 70 cm-length ice
sections which could represent several years, see also next
sections).

[24] Accounting for the above uncertainties, the mean
snow accumulation rate deduced from artificial radionu-
clide fall out can be estimated to 35 £ 3 cm year ' (i.e.,
18 £2 g cm 2 year '), which is close to the rate obtained
from the CFCS #'°Pb-derived model data previously cited.
We present in the next section, the independent results
from continental inputs seasonal cycles counting.

2.2. Calcium Seasonal Cycles Counting

[25] Calcium is a major and very soluble component of
erodible soils. It is therefore commonly used as a marker
of eolian dust deposits in IC investigations, once the
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contribution related to marine primary aerosol input has
been removed. Except in very cold marine environment
where mirabilite precipitation leads to a bias in sodium
content of marine primarzy aerosol [Wagenbach et al.,
1998], the continental Ca component, denoted nssCa2+
(i.e., nonsea salt calcium), is calculated using sodium
concentration as the marine primary aerosol reference
and the bulk sea water calcium to sodium ratio, according
to nssCa2+ = C32+ Na X (Ca/Na)sea water+

[26] The nonsea salt contribution of calcium along the
San Valentin core is by far the dominant calcium compo-
nent accounting for 84 + 30% (mean Value and standard
deviation for the whole core) of total Ca®" concentration.
The ,Ca®" profile exhibits a rather regular succession of
relative maxima and minima superimposed to background
large scale variations. An interesting finding is that nSSCa
mean concentration (0.280 + 0.005 pEq. 17') and peak
mean value (0.9 + 0.6 xEq. 17") at San Valentin are rather
similar to what was measured with a similar sampling
resolution over the past two hundred years in Central
Greenland, significantly influenced by continental input
after the spring breakdown of the polar vortex [0.4 + 0.4
and 0.8 = 0.4 pEq. 17" respectively, de Angelis and
Legrand, 1995]. 1ssCa>" mean value is also in the same
range as what was measured in rain samples at Torres del
Paine, a Southern Chilean Patagonia site surrounded by
semi-arid s0ils [nssCa” annual mean = 0.5 Eq. 171, Galloway
et al., 1996]. Such similarities lead us to conclude that
significant amount of aeolian dust regularly reaches the
San Valentin summit area, which could seem puzzling
considering the prevailing wind direction from west sector
over southernmost South America. However the existence
of large dust sources in South America combined to the
occasional occurrence of favorable regional or meso-scale
meteorological patterns make such influence qulte possible
allowing to interpret ,Ca”>" depth-variations in terms of
seasonal trends. Indeed: (1) they are three persistent dust
sources in South America: the first one is located, farther
north, in the Bolivian Altiplano (19-20°S, 67—68°W), and
the two others are located in central Patagonia (Argentina),
roughly encompassed by [37-45°S, 66—70°W] and by
[27-34°S, 67-70°W]. Preferential dust mobilization is
observed from September to February [Prospero et al.,
2002], when the cloud cover vanishes and aridity increases
[Paruelo et al., 1998; Diaz et al., 2006]; (2) although the
main wind direction at 45°S is westward over Patagonia,
calm events occur mostly in winter but also in summer, a
southerly component is evident in summer [Paruelo et al.,
1998], and occasional strong wind events from Eastern
sector occur throughout the year over semi-arid areas of
central east Patagonia [~11% of major wind events,
Labraga, 1994]; (3) Meridional transport of black carbon
from tropical burning areas in Brazil to the northern
Antarctic Peninsula has also been evidenced and related
to intermittent mechanism involving the low-level jets east
of Andes, the displacement eastward of frontal systems
passing over Drake Passage and the high pressure over the
Atlantic Ocean associated with the subtropical height
[Pereira et al., 2006]. Andean summital areas are on the
boarder of such southward flow. Taken together, all these
considerations support the regular occurrence of aeolian
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dust flux likely mostly from eastern central patagonian
areas at the top of San Valentin.

[27] Considering precipitation and wind annual mean
patterns over source areas, such input is expected to be
maximum in austral spring-summer. Assuming that ,,,Ca>"
high frequency oscillations are related to seasonal changes
in aerosol production and transport with maximum occur-
ring from September to February, we have considered that
every firn layer containing one relative maximum sur-
rounded by two relative minima correspond to one annual
layer, ,Ca’" spring-summer maxima being taken as
markers of the beginning of every civil year. According to
this assumption, thirty-nine annual layers denoted by verti-
cal arrows in Figure 3 are evidenced along the core, leading
to a date of 1965 at the bottom of the core and a mean Snow
accumulation rate of 39.1 cm year ' (20.4 g cm ™~ year '),
which fits pretty well the time range deduced from radio-
nuclides data. Interestlngly, 1ssCa’" peaks are rather large
(2—3 samples, i.e., 10—15 cm) which strongly suggests that
they correspond to dust deposited during precipitation
events. Question marks in Figure 3 show a few possible
other annual layers that are more debatable, because they
correspond to i Ca>" peaks restricted to one sample which
may thus be related to seldom sublimation events occurring
within a year. Regardless, taking into account those peaks
denoted by question marks would lead to date the bottom of
the core in 1961 and to decrease the mean accumulation rate
by 3.6 cm year ' (1.9 g cm™? year ).

2.3. A Possible Additional Time Marker: The 1991
Volcan Hudson Eruption

[28] Volcan Hudson (1905 m), located 80 km N-NE
from Monte San Valentin (Figure 1), erupted most recently
in two separate cycles on August 8th and August 12th,
1991. The August 8—9 eruption produced a dense ash
column 7 to 10 km high which subsequently rose to 12 km.
Both the ash and aerosol plumes were transported in a N—NE
direction and ash was deposited with an elliptical isopach
distribution (N—NE axis) over southern Chile [Moxey, 2004].
In the second most powerful eruption of 12—15 August, the
volcanic plume was transported SE-E [Moxey, 2004] with a
maximum column height of 17 km [Naranjo et al., 1993].
Large volumes of ash were deposited according to an
elliptical isopach direction (SE) over Chile and Argentina.
Ashfall was observed on the Falkland islands (~1000 km SE)
and reached Antarctica [Smellie, 1999]. Satellite data showed
that the eruption produced a large SO,-rich cloud, estimated
to contain 1.5 megatons of SO, on 16th of August. Most of
the sulfur species (early volcanic H,S and SO,) were injected
at high altitude and transported twice around the globe in
2 weeks. They were oxidized as H,SO, in roughly one month
[Rose et al., 2000]. The question we now ask is: is there a
signature of the 1991 Cerro Hudson eruption in the San
Valentin record? To answer this question, several chemical
indicators presented and discussed in greater detail in section 3
are used. Although the main volcanic cloud of Volcan
Hudson moved southeast, passing about 30 km east of San
Valentin, some fingerprints may be expected along the firn
record, more likely as dust layer (soluble and insoluble) or
gas having diffused from the lower part of the plume or
scavenged by water condensation. Because of the very small
diameter of our preliminary core, insoluble dust content was
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not measured, and the discussion will be only based on
soluble species (part of them can be produced during
volcanic event).

[29] A huge peak of NaCl, by far the highest of the whole
profile and firstly presumed to be of marine origin, was
observed at 4.6—5.4 m in the layer dated in 1991 (event A).
This event was carefully compared with another large marine
event (event B) at 7-8 m, depicted by high Na and CI
concentrations with a ratio close to the marine one. The
detailed comparison of indicators of marine primary aerosol
(Na"), marine biogenic production (25sS03 ", calculated in the
same way as 2Ca’’ e, according to: 2sS03” =807 —
Na® x (SO4/Na)sea waterr and MSA) and erodible soils
(nssCa’") for these two events is presented in Figure 4 (left:
event A, right: event B). We have also reported Clg,. which
represents the Cl part that is not explained by marine salt
(Clexe = CI” — Na' x (CI/Na)gen water) and should remain
close to zero in marine rich air masses rapidly advected to the
drilling site from surrounding ocean. In event B, high sodium
concentrations are associated with biogenic sulfur traced by
large amounts of MSA and 15807 amounting for about 30%
of total sulfate. The C1~ to Na' ratio remains very close to the
bulk sea water value during the whole event, corresponding
to a very low and slightly negative Cl,. value (mean value of
0.6 ;Eq. 17", standard deviation of 0.2 pEq. 1™"). This fits
what is expected for marine aerosol (see the discussion on

marine primary aerosol in section 3.3). Event A appears quite
different: while Na' concentrations are more than 5 times
higher than during event B, MSA remains in the background
range and ,,SO;  is negative. At the same time, a large
continental dust contribution shown by «Ca’"and a peak of
HCI (Clg max = 6.4 + 2.4 uEq. 17", rather high analytical
uncertainty being related to the very large amounts of
chloride and sodium) are observed. It is worth noting that
there are only two peaks of HCI along the whole profile—
peak in event A and a smaller one dated in 1975 and
attributed to a large fire event (see section 3.2 for details)—
and that we do not observe elsewhere in the profile significant
2ssCa’" concentrations associated with large marine aerosol
concentrations. Moreover this is the only part of the core
where negative 1ssSO03 ™ values are observed. Such negative
values may be explained by two very different reasons:
(1) marine aerosol deposited were sulfate depleted with
respect to sea water composition; this is observed in Antarc-
tica during winter when mirabilite precipitates at temperature
lower than —8°C [see for instance Wagenbach et al., 1998]
but cannot be expected at warmer San Valentin latitude and
(2) Na* concentrations taken as reference values have a
significant continental component leading to overestimate
the sea salt sulfate contribution which may become greater
than the total sulfate concentration. The large ,,Ca®" peak at
this depth and the following discussion led us to propose the

7 of 20



D16118

46 48 5052 54

VIMEUX ET AL.: FIRN ICE CORE IN PATAGONIA

7.0

D16118

7.5 8.0

MEq |

46 48 5052 54
Depth (m)

7.0

- 6
i BN Clexc

~—
1

- 4
/

MEq |

(¢
o
uEq

N M SA

B 555042

— 5042

o2t

JE— Ca2+

Figure 4. Chemical concentration profiles for two different sections of the shallow core. Event A ranges
from 4.4 to 5.6 m and event B ranges from 6.8 to 8.2 m.

second explanation for these slightly negative ,,SO3~ val-
ues. The large differences observed between the salient
features of event A and B lead us to consider that the NaCl
peak in event A has no marine origin but corresponds to halite
mixed with HCI, both species having the same origin
possibly volcanic.

[30] Indeed, although the reactions occurring between
gases/aerosols and silicate ash particles in volcanic plumes
remain poorly understood, it has been observed that halo-
gens (HF and HCI), alter ashes, producing significant
amounts of halide salts at the surface of ashes, in particular
halite (NaCl) [Stoiber and Rose, 1974; Woods et al., 1985].
As a general rule, halite is one of the predominant species
released on the first exposure of volcanic ash to water
[Delmelle et al., 2007; Witham et al., 2005]. Because of

the condensation of magmatic water vapor when thermal
equilibrium is reached, most of halite is likely scavenged
along with other very soluble species before the plume
reaches the upper troposphere. Significant halite deposits
are thus expected around eruption areas, independently of
winds prevailing at higher altitude and carrying away
aerosol plumes with ashes and sulfur species. On the
contrary, on the basis of the lifetime and the injection height
of reduced sulfur species, significant regional deposits of
sulfate are not expected windward of the eruption site.

[31] We thus conclude that the 5 m NaCl peak may
effectively be related to the early deposits of a rather close
volcanic event. That could correspond to the tremendous
Volcan Hudson, 1991 eruptions. If so, the reliability of the
dating would be reinforced.
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2.4. The Lack of Water Stable Isotopes Seasonal Cycles

[32] The 6D/6"0 slope is of 8.64 £ 0.07 and the intercept
of 20.5 £ 1.2 %o (+* = 0.99, n = 177). To examine whether
some evaporative processes, such as snow melting, occur at
the surface and modify the isotopic composition of snow, a
running 6D/6'%0 slope is calculated (Figure 5). Actually,
meteoric 6D/6'®0 slope decreases to around 4.5 when
evaporative processes occur. To discuss only significant
slopes at 99.9 % (i.e., p = 0.001), we need to calculate
slope with at least n = 13 (#* > 0.64) covering a firn length
between 98 cm and 1.26 m. Slopes vary between 7.3 and
9.6 (with an error bar always lower than +1.0) confirming
no trace of surface melting recorded in the firn core.
Calculations of deuterium excess (d = 6D — 8 x 6'°0,
discussed in section 3.3) along the firn core confirms the
absence of (1) evaporative processes at the snow surface
with values varying from 7.7 and 15.3 %o in the first 2 m
(d is supposed to be close to zero and even negative in

such cases) and (2) condensation of water vapor in the firn
(no specific high values are found in the 4 melt—refreeze
layers mentioned in section 2).

[33] It is now well known that at both low and high
latitudes, the isotopic composition of precipitation exhibits a
clear seasonal cycle because of strong precipitation and
temperature seasonal cycles respectively. At mid-latitudes,
data collected at stations from the global TAEA network
(International Atomic Energy Agency), both in the Northern
and Southern hemispheres, clearly show a linear ¢/T rela-
tionship at both seasonal and interannual timescales [Fricke
and O’Neil, 1999]. This positive correlation is also clearly
shown in atmospheric general circulation models including
water stable isotopes [Hoffimann et al., 1998]. Indeed, the
isotopic composition of precipitation primarily records the
rainout history of airmasses which is intimately related to
the condensation temperature variations [Dansgaard,
1964]. The IAEA network is relatively poor in South
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America and no TAEA data are available at high altitude in
the San Valentin area. At the closest TAEA station,
Coyhaique site (45°35’S; 75°07'W, 310 m) located at
around 100 km northwest from San Valentin, the monthly
isotopic composition of precipitation is available from
October 1988 to December 1999. Although a 10-year
period is not long enough to significantly discuss the long-
term annual ¢/T correlation (n = 10), we can use the long-
term monthly data (i.e., the 117 months for which isotopic
data exist). For the mean seasonal cycle, the §'*0/T covari-
ation is 7> = 0.82 (n = 12) with a slope of 0.43%0/°C, as
expected for low elevation sites at mid-latitudes [Hoffinann
et al., 1998; Fricke and O’Neil, 1999] (note that the linear fit
on all the monthly data leads to a similar slope with > = 0.38
and n = 117). Actually, in the Northern Hemisphere, the
numerous stations located between 40° and 60°N exhibit
together a slope of about 0.3%/°C [Rosanski et al.,
1993]. As opposed to Andean tropical areas where around
80% of precipitation is convective, the major part of the
west Patagonian precipitation originates from stratiform
clouds that develop along warm and cold westerly fronts
[Garreaud et al., 2008] and thus the ¢/T relationship
remains valid. It is worth noting that the seasonal &'*O/P
covariance at Coyhaique is of > = 0.52 (n = 12) with a
slope of —0.0032%o for every mm/year but it decreases to
#* = 0.11 when considering all the monthly data (n = 117,
slope of —0.0016%o for every mm/year), suggesting only a
weak precipitation control on isotopes at monthly scale.
Further investigations based on both Atmospheric General
Climate Model (AGCM) including water stable isotopes
and direct observations will have to be explored to reliably
interpret the isotopic composition of San Valentin firn and
we cannot exclude any control of precipitation on isotopes
at the interannual timescale.

[34] Thus we expected to find some seasonal cycles in the
isotopic composition of the San Valentin ice related to
seasonal temperature variations (AT ~ 7°C, see section 1.2).
However we cannot clearly distinguish seasonal variations
in agreement with chemical seasonal cycles. Although
we seek to associate the seasonal cycles recorded in the
ssCa”" profile to the 6 record high frequency (black dots
in Figure 3), no robust relationship can be pointed out
whatever the depth is. Our favorite hypothesis to explain
the lack of clear seasonal cycles is the low sampling
resolution (7—10 cm). Actually, the number of isotopic
measurements between two ,Ca’" peaks is always lower
than 6 (most of the time there are 2 (22.5%), 3 (30%) or
5 (25%) measurements) except for 2 years where 7 measure-
ments have been done. In those two cases (between 11.245
and 11.930 m and 13.855 and 14.490 m), we clearly see a
seasonal variation in ¢ with the lowest value corresponding
to the minima of ,,Ca®" which is supposed to occur between
June and August, the coldest season (see black arrows on §
in Figure 3 and for example the 6'®0 variation of 10%o in
1975). Another explanation could be a change in precipita-
tion and/or wind erosion seasonality. A significant change in
precipitation seasonality is not recorded in reanalyses over
the last 40 years (see section 1.2). However, because of wind
erosion, part of the annual snow layer could be missing for
specific years, removing any traces of seasonal cycle. It is
worth noting that this assumption is not supported by
calcium measurements. As explained in section 2.5, snow
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layers containing calcium (austral summer) are not signifi-
cantly eroded by the wind from year to year.

[35] Regardless, it is worth noting that a residual signal of
seasonal cycles clearly remains all over the record as it is
strongly suggested by an harmonic MTM analysis pointing
out a significant signal in the 1- to 2-year band (harmonic
peaks are detected by the F-Test between 1.2 and 2.5 years
at the 90% confidence level, Mann and Lees [1996], not
shown). At the interannual timescale, §'®0 exhibits an
interesting signal ranging from —23.67 to —10.48%o (m =
—16.61%0 and o = 2.61) with a strong low frequency of
about 9.5 years (85% confidence level) that will be dis-
cussed in section 3.1.

[36] At last, we would like to mention that according to
our knowledge on other sites, the isotopic diffusion cannot
be a possible cause to explain the lack of ¢ seasonal cycles.
Actually, on Greenland sites, where mean surface temper-
atures are lower than at San Valentin, the diffusion length is
about 10 cm [Johnsen and Robin, 1983] i.e., 3 times higher
than our estimated accumulation.

[37] In conclusion, the low sampling resolution and the
wind erosion could explain the lack of seasonal cycles. We
discuss in the next section the possible effects of wind
erosion from calcium and sodium measurements, done with
a higher resolution. Regardless, the lack of 6 cycles is a
handicap to accurately date the shallow core.

2.5. Snow Accumulation Rate and Wind Effects

[38] Precipitation at the NPI latitude (~46°S to 47.5°S)
are strongly controlled by orography and the Andean
Cordillera is an efficient topographic barrier leading to a
decrease of annual precipitation rate from approximately
7000 mm on the Chilean coast (windward) to less than
200 mm east (leeward) of the Argentinean Andes [Carrasco
et al., 2002; Schneider et al., 2003; Villalba et al., 2003].
Data previously published for NPI and SPI reveal accumu-
lation rates of several meters of snow per year [Matsuoka
and Naruse, 1999; Popovnin et al., 1999; Shiraiwa et al.,
2002; Yamada, 1987]. Net snow accumulation rates are
lower at the highest drilling sites on SPI, that are Moreno
(2000 m, 1.2 m w.eq.) [d4ristarain and Delmas, 1993] and
Gorra Blanca Norte (2300 m, 1 m w.eq. calculated only on a
5-m long firn core) [Schwikowski et al., 2006]. Compared to
these values, the net accumulation rate at San Valentin
seems rather low, but not unreasonable taking into account
the altitude of the site, which is located 1000—-2000 m
higher than the other drilling sites.

[39] Nonetheless, the effects of wind erosion should be
taken into account when discussing the net accumulation
values. Indeed, westerly winds prevailing in Patagonia are
intense [Paruelo et al., 1998] and NCEP-NCAR reanalyses
show that San Valentin is exposed to west winds varying
from 17 to more than 20 m s~ ' from December to April.
Thus it makes sense to ask the following questions: are there
any missing years in the San Valentin record? What is the
meaning of the net accumulation that we can calculate for
each year?

[40] A detailed examination of chemical profiles provides
useful information on the remaining archive. We compare in
Figure 6, sodium concentration, taken as a marker of marine
primary aerosol and thus related to precipitation associated
to west winds, with ,Ca>" concentration, taken as a marker
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Figure 6. ,,Ca®" (black) and Na* (grey) concentrations (uEq. 1") for two different sections of the firn

cores and covering several years.

of E-NE continental arrivals, along two core sections
covering approximately 3 years each, based on calcium
dating (2.5—3.6 m and 5.5—7 m). Annual maximum of both
species is visible and even if rather thin, they are clearly
recorded in distinct layers within a year. Despite very
different concentration ranges and scattering, this difference
in the location of relative Na* and ,,Ca®" maxima may be
observed almost every year along the whole profile, which
indicates that part of the precipitation from west is also
archived every year. On the basis of this calcium and
sodium seasonal variability and on the presence of other
continental markers along the core (see section 3.2), we can
state that no complete year is missing and that the conti-
nental fingerprint is rather well documented. This result is
not quite surprising. Indeed, e deposition is likely
associated to E—NE precipitation that are less abundant (see
section 2.2) and occurring when west winds circulation
flags. Thus the snow layers containing calcium should not
be significantly eroded by wind. Moreover, during those
periods of lower wind, the snow metamorphism should

rapidly lead to the formation of more dense firn, preventing
from further erosion.

[41] We calculate the net accumulation arising from
2ssCa’’ record for each year considering that a hsCat
peak corresponds to the start of a civil year (Figure 5).
Interestingly, the net accumulation does not vary too much
(19 + 7 cm w.eq.). As nCa®" deposition is rather linked
with E-NE precipitation (see above), this net accumula-
tion should correspond to the annual deposit of most of
snow not associated to westerlies and thus rather well
preserved and to the remaining part of snow associated to
westerlies and partly blown off. As an immediate conse-
quence, we thus think there is no sense to regard our net
accumulation calculation as a proxy of on site precipita-
tion. Another important consequence is that flux calcula-
tion will certainly not be valid for the marine component.
Nevertheless, and according to what is observed in clean
remote areas with moderate precipitation rate [de Angelis
et al., 1997], concentrations of chemical species deposited
through wet deposition processes are directly related to
atmospheric concentration and thus, even if part of the
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snow is removed, the remaining part should keep reliable
information on past atmospheric composition. We further
discuss the ,Ca?" flux in the section 3.2.1.

2.6. Important Caveats and Discussion on the Firn
Core Dating

[42] Our different approaches are consistent and focus on a
date of 1965 at the bottom of the firn core (15.3 m), leading to
an average accumulation rate of 36 + 3 cm year '
(the standard deviation is estimated by a Monte Carlo
sampling of the three distributions with 2000 trials). Al-
though we present here what we think to be an optimal dating
based on a rigorous analysis, we would like to mention some
important caveats:

[43] (1) It is important to mention that because the rate of
both natural and artificial radionuclide fallout is very low in
South America [Ribeiro Guevara et al., 2003; Arnaud et al.,
2006], radionuclide-derived geochronology at the San
Valentin site has not to be overinterpreted. Moreover, present
radionuclide profiles prevent us from clearly locating the
fallout peak products of major bomb test periods which
peaked in 1964—1965 in Southern Hemisphere. This may
be due to the low sampling resolution (i.e., 60—70 cm ice
section), but with no more precision, the date of 1965 is the
oldest we can attribute to the deepest part of the firn core.

[44] (2) It is worth noting that 41 atmospheric French
nuclear tests were performed from 1966 to 1974, in French
Polynesia (22°S, 158°W). Only a few of them (less than
10%) were in the Megaton range, and most (50%) were less
than 20 kt. The Kiloton range nuclear explosions did not
penetrate appreciably into the stratosphere [Eisenbud and
Gesell, 1997] and under the conditions that normally prevail
at the test site, radioactive debris of the local and tropo-
spheric fallout was carried to the east over uninhabited
regions of the Pacific (some hundreds km from test site). On
rare occasion, some material was transferred to the central
South Pacific within a few days of the tests by westerly
moving eddies. Only the fission radioactive debris from
Megaton range Test series, partly partitioned in stratosphere,
were detected in few atmospheric monitoring stations in
South America [Magand and Arnaud, 2007]. The total yield
production by French nuclear tests was lower than 18 Mt,
i.e., less than 105 PBq of rejected '*’Cs, compared to
approximately 525 PBq of '*’Cs produced (and world-wide
distributed) during the two-years long most intensive period
of tests (1961—-62, a period when more than 57% of the total
detonation power from 1945 to 1980 was detonated). Then,
even if French nuclear tests were detected in some atmo-
spheric monitoring stations in South Hemisphere, the most
intense fallout peaks observed in these sampling stations for
long-lived fission products (*°Sr, '*’Cs) were not associated
with South Pacific Nuclear tests but with the most intensive
period of tests between 1961 and 1962. Although no
unambiguous marker allows us to distinguish debris pro-
duced by Russian thermonuclear explosions and/or French
Pacific nuclear tests, considering the dating inferred from
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the . Ca>" profile, the observed decreases of B37¢Cs and
gross beta activities from 14.2 to 12.1 m in the deepest part
of the core could be interpreted as the fission products
depletion of polar stratosphere following the 1964—1965
maximum fallout peak followed by the possible remaining
influence of few French nuclear tests (1966—1974) (Magand
and Arnaud, 2007).

[45] (3) "Be (half-life of 53 d) has been also measured
and is detected down to 2.59 m with a puzzling maxi-
mum between 1.26 and 2.59 m. That could suggest an
age of about 18 months for this firn ice section. The
interpretation of 'Be in San Valentin snow is difficult
because we do not know (1) the initial "Be activity (i.e.,
local "Be deposition flux in the study area) in falling
snow, (2) the origin of "Be measured in the firn core (which
could be stratospheric as nitrate also shows high concentra-
tion between 1.26 and 2.59 m, see Figure 7), and (3) the
relative importance of accumulation and erosion, the latter
being involved in snow redistribution after deposition and
possibly combining fresh and old snow. However we may
have counted too many years at the surface (5 years are
counted between 0 and 2 m) as it could be also suggested by
the isotopic composition of the ice showing a rather regular
increase over the first 1.5 m.

[46] (4) Ash deposits corresponding to volcanic events of
moderate importance but potentially useful for dating im-
provement (like the Volcan Arenales, 47.20°S, 73.48°W,
3437 m located on the NPI and erupted in 1979) may be
expected along the core. However, as stated above, the
small amount of material available made it impossible to
perform the additional analyses required to unambiguously
identify volcanic material like glass shards or tephras in
specific layers.

[47] In conclusion, we estimate that our dating has an
uncertainty from 1 to 5 years that has to be taken into
account when discussing the data.

3. Discussion

[48] Chemical species discussed here have been chosen
according to their ability to trace past atmospheric circula-
tion and source productivity. Similarly, we discuss here the
firn isotopic composition as a possible proxy of atmospheric
temperature and deuterium excess as a possible tracor of the
origin of air masses.

3.1. Which Climate Signal is Recorded in §?

[49] Because no long-term temperature observations are
available at San Valentin, we compare the isotopic compo-
sition of the ice with the NCEP-NCAR atmospheric tem-
perature reanalyses at 600 mb, centered at [46.25°S;
73.75°W], and available until June 2004 (corresponding
roughly to the atmospheric surface temperature at the San
Valentin site, see section 1.2). The monthly temperature at
700 mb from 1965 to 2004 exhibits very similar intra- and
interannual variations, shifting only the signal by about

Figure 7. Selected chemical concentration profiles (1Eq. 1 "). Calcium total concentrations are denoted by the black line,
nonsea-salt calcium corresponds to the curve with black back-plane, same for sulfate. The parts of profiles superimposed to
gray areas (different from Figure 4) correspond to periods of high marine aerosol inputs and the area overlined by dashed

bars indicates the possible Volcan Hudson location.
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+6°C (T700mb =0.92 T600mb + 57, l"2 = 099, n= 485) The
temporal robustness of NCEP-NCAR temperature at the
interannual timescale is checked with the ERA-40 temper-
ature reanalyses available until 2002 [Uppala et al., 2005].
Over the 1965-2003 period, the mean seasonal NCEP-
NCAR temperature variation is about 9.4 + 1.5°C that could
explain a "0 variation of 4.0 + 0.6 %o considering a slope
of 0.43%0/°C. However, this estimate, applied for San
Valentin summit, might be strongly underestimated because
the 6'0/T slope increases with lower temperature due to a
higher effective degree of rainout. We extract the high
frequency from the isotopic signal using a MTM-SSA
analysis, removing the first and the second principal com-
ponents, i.e., the decadal trend, from the raw isotopic signal.
The mean high frequency amplitude residual cycle is of
53 £ 2.2 %o that could be mostly explained by the
seasonal temperature variations assuming that the O/T
gradient is actually of about 0.6%0/°C. Of course, this
rough estimate does not account for possible isotopic
diffusion affecting the seasonal cycle amplitude. At annual
timescale, no correlation is found between isotopes and
temperature even if (1) we consider only temperature during
the rainiest months (April to September) and (2) we
introduce some leads and lags in the dating without exceed-
ing 5 years. The absence of correlation between 6 and
temperature is also seen at the interannual timescale, when
smoothing the signals from 5 to 11 years (Figure 5).
Different processes could be invoked to account for this
absence of relationship:

[s0] (1) Atmospheric temperature reanalyses are averaged
over a too large grid and do not represent the local surface
temperature on the San Valentin summit area at interannual
timescales [Garreaud et al., 2008], (2) the isotopic compo-
sition does not account for temperature under a certain time
resolution as it has been shown for Antarctica [Ekaykin et
al., 2002, 2004], (3) the isotopic composition of the firn is
also related to other climate parameters as precipitation,
moisture source changes (atmospheric circulation) or re-
gional tropospheric temperature due to the high elevation
location of the site, (4) as mentioned in section 2.4, because
of wind erosion, part of the annual snow layer could be
missing for specific years, leading to a seasonal bias when
comparing the isotopic composition year-to-year (“‘sum-
mer” snow for one year could be compared to “winter”
snow for another year). This last assumption, although not
fully supported by calcium measurement (section 2.5), is
interesting. Indeed, the highest interannual temperature
variation over the 1965—-2003 period from reanalyses is of
2.3°C and this is also what we observe in surrounding
stations at lower latitude (at Puerto Aysen, 45°24'S—
73°40°W, between 1965 and 1994, the highest interannual
temperature variation is 1.75°C for an annual mean of
8.8+0.5°C, data from Direccion Meteorologica de Chile,
J. Carrasco, personal communication) leading to a possible
8'®0 variation of about 1%o. However the firn core §'%0
interannual variations range from —23.67 to —10.48%o (m =
—16.61%0 and o = 2.61) with a strong low frequency of
about 9.5 years (85% confidence level) and can attain ~8%o
between 1986 and 1996 for example, leading to an inter-
annual temperature change of about 20°C that is not
realistic. The only one period when direct isotopic obser-
vations of precipitation and measurements on San Valentin
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firn can be compared is between 1989 and 1998 when the
isotopic composition of precipitation at Coyhaique varies
within only 3%o, which is close to the 4% in the San
Valentin firn over the same period. Regardless the origin of
the 8%o-amplitude interannual shift in the San Valentin firn,
it is worth noting that both sparse and short temperature
measurements and tree-ring records from high elevation
sites in Northern Patagonia indicate persistent and uncom-
mon high temperatures in the 1980s referring to the last
250 years, in agreement with positive temperature anoma-
lies in the tropical Pacific and along the western coast at
about 40°S [Villalba et al., 1997, 1998]. If higher temper-
atures in the middle of the 1980s by about 1 to 2°C cannot
be a direct cause of the isotopic enrichment between 1980
and 1986, they could reflect regional climate changes
possibly impacting the precipitation regime and snow de-
position at San Valentin. For example, it has been shown
that short and long term temperature variations at high
elevation in northern Patagonia are mainly associated with
forcing by the tropical oceans [Graham, 1995]. Thus further
investigations will be required to understand mechanism
linking the isotopic composition in San Valentin snow to the
Pacific SST variability.

[5s1] We also seek for relationship between ¢ and precip-
itation. However the comparison between GPCP (see sec-
tion 1.2) and ERA-40 data sets from 1979 is definitely not
robust at the interannual timescale both in amplitude and
variation (not shown). Moreover, none of those two data
sets can compare well with precipitation observations from
Direccion Meteorologica de Chile. Thus, we are very
doubtful about discussing here any comparison between
isotopes and precipitation.

[52] At last, we would like to mention that no clear and
consistent response can be observed between isotopic
variations and specific ENSO events such as the strong El
Nifio events in 1972-73; 1982—-83; 1986—87; 1992—-93 or
1997-98 (Figure 5). However, considering the first half of
the 1990s, when SOI is consistently negative, we find some
high deuterium excess and low §'°0 values that could be
consistent with warmer oceanic sources and colder local
temperatures (m1990_1995 = —18.13%0, o = 1.80). Even
though ENSO probably has an insignificant impact on
temperature at this latitude [Rosenbluth et al., 1997;
Garreaud et al., 2008], it is well known that positive
phase of ENSO reduces precipitation by about 15%, over
the west coast of Patagonia [Allan and D’Arrigo, 1999;
Schneider and Gies, 2004] due to decreased westerly
circulation. Precisely, it has been shown that the rainfall
deficit occurs during summer (JFM) when El Nifio attains
its maximum. Thus, during El Nifio years, the major part
of the annual snow layer could be formed by winter
precipitation falling during the cold season, and thus
explaining the low isotopic composition. This process
might be smoothed over our isotopic profile, except during
the 1990—1995 period of persistent El Nifio activity
[Trenberth and Hoar, 1996; Allan and D ’arrigo, 1999].
However strong changes in the rainfall at one season could
impact the isotopic composition of precipitation because of
precipitation seasonality changes, and thus we might
expect to trace some strong ENSO events with a higher
measurement resolution for isotopes. It is also worth
noting that no correlation is found with the Antarctic
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Oscillation (AAO, also known as the Southern Hemisphere
Annular Mode) over the last 40 years (Figure 5). This is
surprising as the AAO is known to have a significant
impact on both surface air temperature [Garreaud et al.,
2008] and precipitation [Gillett et al., 2006] in this region.
Again, the isotopic composition of precipitation may
be influenced by such a climate mode only on longer
timescales.

3.2. Continental Influences

[53] In this section, the discussion is mainly focuses on
2ssCa’" and nitrate.

3.2.1. Dust From Erodible Soils

[s4] The nCa>" profile as a record of soil dust mobili-
zation and transport, and thus aridity and atmospheric
circulation, has been extensively discussed in the dating
section. ,,Ca>" mean concentration at San Valentin (0.28 =
0.05 1.Eq. 17") is one order of magnitude lower than what is
observed in tropical Andean sites that are very close to wide
semi-arid sources (2.5 + 4.0 uEq. 1" along the Illimani ice
core for a similar time period, [de Angelis et al., 2003]). If
one considers that precipitation carrying dust are not sig-
nificantly removed by wind (see section 2.5), it makes sense
to calculate annual values of ,Ca”" deposition flux. The
hssCaZt deposition flux (not shown) does not exhibit a large
scattering with mean value of 0.5 + 0.5 Eq. ha™' year ',
which is lower than the value of 3.8 calculated at Torres del
Paine [Galloway et al., 1996], a mid-latitude site at lower
altitude on the eastern side of the Cordillera. i Ca>"
deposition flux higher than 1 Eq. ha~' year ' (i.e., higher
than the mean value plus the standard deviation, which
denotes years with significantly more intense continental
input) are observed in 1981, 1980 et 1975 (2.3, 2.8 and
1.2 Eq. ha™! year !, respectively). These higher values of
2ssCa”" deposition flux are not related to any increase in
calculated snow accumulation rate but to high concentration
throughout the year. Interestingly, and as discussed in the
following section, high nitrate and ammonium concentra-
tions are also observed during these periods suggesting
increased dust mobilization in relation with biomass
burning events.

3.2.2. Nitrate: A Tricky but Valuable Environmental
Marker

[s5] Associated with complementary indicators like NHy,
carboxylates, HCI and nonmarine SO3~, nitrate is a key
species to investigate changes in continental parameters:
soil emission and thus temperature, rainfall and snow cover,
biomass primary emission and fire events, fossil fuel
burning and fertilization.

[s6] In Figure 7, nitrate shows rather regular background
variations often associated to similar trends of nonsea salt
sulfate, although the amplitude of the variations of both
species may be different. When sodium is low, such an
apparent link may be due to the arrival of continental air
masses influenced by combustion background. The pres-
ence of large amounts of nonmarine sulfate is supported by
the profile of the (MSA/,SO4°") ratio (Figure 7) which
shows marked decrease lasting several years, particularly in
the deeper part of the core when sea salt input remains
continuously low (1965—1983). This may be explained by a
higher occurrence of air masses loaded with combustion
products at San Valentin site during this period and/or by
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higher emission rates leading to enhanced sulfate atmo-
spheric background over a large part of South America.
Complementary data of ammonium help to distinguish
between biomass and fossil fuel burning. Three main
periods of large biomass burning events may be identified
(sulfate and nitrate peaks, no MSA, ammonium peaks and
presence of mono and di-carboxylic acids): at 11.2 m
(1975), around 9.7 m (1979-81) and around 4 m (1993—
1994). Potential sources may be located eastward of the
NPI, where widespread fires usually take place [Kitzberger
et al., 2001; Veblen and Kitzberger, 2002], but, as previ-
ously sated, occasional transport from Brazilian area may
also occur. The largest event at 11.2 m, and dated in 1975 is
presented in Figure 8. HCI peak, primary emission from
biomass burning, is also clearly visible as well as a hudge ;K
peak. During two of these three periods (1975, 1979—-81) large
amounts of calcium are also observed. This may be partly
due to the strong convection associated to very high
temperature in fire plumes leading to enhance the vertical
mobilization of soil dust. Periods of sustained fire activity
and high atmospheric dust load may also be related to
precipitation deficiency over source areas, dryness increas-
ing the amount of biomass fuel available for burning as well
as soil erodibility.

[57] On the basis of the nitrate to sodium ratio during
event B (0.02 + 0.01) (see section 2.3), the part of nitrate
which may be linked to marine primary aerosol is generally
insignificant. Thus, when not associated to similar nSSSOAZC
or Na' spikes, nitrate increase can arise from higher
lightening occurrence and/or polar vortex northward exten-
sion. Nitrate originating from the polar vortex and trans-
ported by polar marine air masses (see next section) seems a
valuable hypothesis when nitrate levels correspond to high
Cl . concentrations compared to the total C1™ ones (2.5—
3 m, 12-13 m and below 14.5 m).

[s8] The comparison between nitrate and other chemical
species concentrations clearly suggests that San Valentin
summital area is strongly influenced by both continental and
marine reservoirs. Their respective influence depends on the
source strength but also on the alternance of specific climate
modes at seasonal and interannual time scales. The ampli-
tude and occurrence of marine inputs over the last 40 years
are discussed in the following section, aiming to character-
ize the respective influences of continental and marine air
masses origin.

3.3. Marine Inputs and Deuterium Excess:
Complementary Markers of Atmospheric Circulation
and Airmasses Origin?

[59] Over remote ocean, a rapid decrease of marine
primary aerosol with altitude is observed from the surface
to about 1200 m [Shinozuka et al., 2004]. Strong westerlies
prevail most of the year in the Patagonian latitudinal belt
leading to high sea salt production only partly counter-
balanced by the increase of this vertical concentration
gradient with increasing wind speed. Thus significant
amounts of sea salt aerosol are expected to reach the
inversion layer and act as cloud condensation nuclei while
a smaller submicronic part reaches the free troposphere
along with halogens and sulfur species [Von Glascow and
Sander, 2002, Clarke and Kapustin,2002]. The San Valentin
summit area is less than 100 km away from the Pacific
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Figure 8. Selected chemical markers (uEq. 17") showing
the occurrence of a large fire event dated in 1975.

Ocean coast and may be part of the year close to the top of
the stratiform cloud coverage which controls the marine
boundary layer during a large part of the year in southern
South America as suggested by an ongoing and preliminary
study aiming at estimating the elevation of the clouds layer
relatively to the San Valentin summit using satellite pictures
(F. Maignan, personal communication). Indeed, satellite
pictures (MODIS) observed for each day of February and
July 2001 show that, during austral winter, when a cloud
layer is visible and originates from west, the San Valentin
summit is fully covered. All that previous results lead us to
expect a significant contribution of marine primary aerosol
at the drilling site and allows us to use sodium as a valuable
indicator of marine input, contrary to what occurs at tropical
sites, located at higher altitude and where large sodium
inputs observed during dry seasons are related to the arrival
of continental halite [de Angelis et al., 2003]. Considering
the significant contribution of South American soils to San
Valentin snow composition, any possible fingerprint of
continental halite cannot be totally excluded. However
sodium to chloride molar ratios measured along the entire
profile (ClI/Na mean value = 1.137, o = 0.008) are very
close to the bulk sea water value of 1.169 [Keene et al.,
1986] i.e., higher than in halite, which is another argument
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for considering that C1~ and Na" are mainly of marine origin
at the San Valentin site.

[60] The sodium profile (Figure 9) exhibits huge temporal
variations with several wide background increases lasting a
few years and superimposed on thinner relative maxima
between 1984 and 1996 (from ~4.5 to 8 m) and in 2004—
2005 (the first upper 50 cm). On the contrary, very low
values prevail from the late 1960s to the early 1980s and
between 1998 and 2004. Except the large peak centered at
5 mdepth and likely corresponding to volcanic halite, sodium
concentrations do not exceed 10 to 20 Eq. 1! which is close
to what is observed in Antarctic snow at an elevation of
1000 m and 200—-300 km far from the coast [ Wagenbach et
al., 1998]. Excess of chloride (Cl..) (Figure 7), with respect
to bulk sea water composition, is used to estimate the marine
primary aerosol alteration through heterogeneous chemical
processes occurring within the marine boundary layer or
inside clouds. A slight deficit of chloride (negative values of
Clec), representing a few percent of total chloride, is sys-
tematically observed when marine input is strong. This is not
surprising, since wet heterogeneous chemical processes
occurring in marine environment lead to interaction between
marine primary aerosol (dominated by NaCl) and acidic
gases, in particular SO,. Because of acid attack, HCI is
formed and escapes from marine aerosol, so that the marine
aerosol becomes Cl depleted, Cl losses increasing from a few
percents up to several tens of percents as aerosol ages. Slight
deficit of chloride indicates [lkegami et al., 1994] that rapid
transport from oceanic sources by prevailing western winds
prevent marine salts from being significantly modified by
atmospheric oxidation processes. The profile of methanesul-
fonate (MSA) (Figure 9), a sulphur oxidation product of
marine biogenic origin, matches closely the sodium profile.
Although MSA formation depends on chlorophyll and bio-
mass location which may be different from the primary
aerosol production area, and despite lower vertical concen-
tration gradient for sulfur species compared to marine salts,
exchange between air masses transporting marine primary or
secondary aerosols are expected along zonal eastward trajec-
tories. All together, these results demonstrate that large
amounts of marine aerosols are transported to San Valentin.
Stronger events are observed at pluri-annual timescale and
may be related to changes in Southern Hemisphere tropo-
spheric main features. Such changes include both the South
Pacific anticyclone position and strength and the Southern
Hemisphere annular mode, possibly impacting as far south
as Northern Patagonia [Aceituno, 1989; Thompson and
Solomon, 2002]. When the marine input is weaker (from ~1
to 3 m and in the deeper part of the core), Cl.,. becomes
positive and varies between 20 and 50% of total C1~, which
is significant since the analytical uncertainty varies from
~10% for Clge > 0.05 pEq. 17! to ~60% when Clgy
decreases below 0.02 pEq. 1. This indicates the presence
of HClI and thus a more efficient oxidation of marine aerosol
during transport that could be due to a higher aerosol surface
to volume ratio, aging processes of air masses and/or to a
greater relative abundance of SO,, N gases and oxidizing
species. This also supports the assumption that marine
aerosols are larger (smaller) and directly transported by west
winds (transported by aged air masses) during periods of
high (low) marine inputs. However, most of HCI occurren-
ces are well correlated with nitrate occurrences as clearly
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Figure 9. Selected chemical markers of marine inputs («Eq. 171, 6"0 and deuterium excess of the ice
(%o). Vertical arrows indicate similar occurrences in sodium concentration and deuterium excess.

shown in Figure 7. Considering the possible nitrate sources
(see previous section), this correlation during periods of
lower marine inputs may indicate that HCI has partly a non-
marine origin [beside its component related to combustions,
HCl is for instance a primary emission of road transport in
the agricultural-industrial region of South America, da
Rocha et al., 2003] and is entrapped in marine air masses
overflying the continent along a NE-SW direction. This may
occur when the cloud cover shifts northward in winter,
allowing continental air masses to reach mid latitudes along
the eastern side of the Andes [Diaz et al., 2006]. On the other
hand, nitrate sedimenting from stratospheric sources like
polar stratospheric clouds or originating from the long range
transport of peroxyacetyl nitrate (PAN, a pollutent suffi-
ciently stable under conditions of low temperature and low
[NOJ/[NO,] ratios prevailing in winter at high latitude
Southern Pacific [see for instance Singh et al., 1985]) may
have been mixed with old marine air masses flying close to
the polar vortex.

[61] Despite the different sampling resolution, we observe
that deuterium excess is lower when Cl/Na ratio is scattered
and often high (Figure 9) and sodium concentrations are
low. Deuterium excess is lower between 1.2 and 2.8 m and
below 10.8 m (between 1997 and 2001 and before 1977)
with a mean value of 8.7%o0 and a standard deviation of

2.3%o. During these periods, the Cl to Na ratio is generally
significantly higher than the marine reference and sodium
concentrations are low which suggests the arrival of fine
aged marine aerosol transported by aged airmasses. Thus
periods of low deuterium excess could reflect a polar origin
for precipitation [in polar areas, deuterium excess is a
positive proxy of moisture source temperature, Vimeux et
al., 1999] whereas periods of high deuterium excess
corresponding to a Cl/Na ratio close to the bulk sea water
value and high level of Na (Na peaks match maxima of
deuterium excess), may indicate warmer moisture source
and direct moisture transport from the Pacific Ocean. This
latter pattern is observed between 0 and 1.1 m (after 2001)
and between 2.9 and 10.8 m depth (1976—-1997), with a
mean deuterium excess value of 10.7%o0 and a standard
deviation of 3.2%o (although some matches exist also below
10.8 m and between 1.2 and 2.8 m). Interestingly, a fair
match seems to exist over the whole profile between peaks
of deuterium excess and (1) sodium at a higher frequency
(see arrows in Figure 9) and (2) the marine biogenic
productivity tracked by MSA, a marine biogenic input
indicator. The existence of two very distinct climate modes
for humidity suggested by our data requires further inves-
tigation even if it is supported by backtrajectories calculated
for present-day at different seasons (HYSPLIT model,
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http://www.arl.noaa.gov/ready.html) which clearly show
that these two origins (Polar versus Pacific Ocean) exist.
Actually, we assume here that (1) same air masses bring part
of precipitation and marine aerosols at the interannual
timescale over the San Valentin area whereas deposition/
accumulation processes for both precipitation and aerosol
need to be investigated and (2) deuterium excess is a proxy
of moisture source temperature as in Antarctica.

4. Conclusion and Perspectives

[62] For the first time in this paper, a ~40-year-long
paleoclimate and paleoenvironmental record from Patago-
nian ice unperturbed by water percolation and with no
missing year is presented. The mean snow accumulation
rate estimated from the combination of several indicators, is
around 36 + 3 cm of snow per year. It appears very low
compared to lower altitude sites. That may be related both
to the moisture gradient over the Patagonian Andes and to
fresh snow redistribution by wind erosion during storm
events although no missing year appears in the dating.

[63] Comparison of isotopic and chemical profiles sug-
gests that the San Valentin area alternatively undergoes two
kinds of influences, the relative importance of which
varying at interannual timescale: the site is influenced by
air masses originating from the South Pacific and rapidly
transported by western winds, but a second very different
mode, corresponding to air masses overflying the continent
trough a N—NE circulation pattern with combustion events,
erodible soils, and biomass emission signatures, is also
observed. The later one may be mixed with aged marine
air masses of polar origin. Therefore, our results indicate
that precipitation at that site is not controlled the whole-year
long by westerlies and that meteorological patterns allowing
acrosol and gas transport from eastern Patagonia and even
Brazil regularly occur which is an unexpected results.

[64] On the basis of this detailed and promising study, a
deep ice core (122 m) and several shallow firn cores (from
20 to 70 m) were drilled to the bedrock in May 2007, very
close to the 2005 drilling site. They should provide infor-
mation on the natural variability of aridity, biomass emis-
sion, ocean productivity and cyclogenesis at mid latitudes of
the Southern Hemisphere and allow us to reconstruct
climate and environmental variations at high resolution
through the entire Holocene in relation with anthropic
influence and what is known for lower (tropical) and higher
(polar) latitude areas. To interpret those future records, a
special attention will have to be done on the understanding
on the isotopic proxies in relation with the main climate
modes in that region (SAM-AOO, ENSO). A longer isoto-
pic record could also offer the possibility to reduce the
remaining uncertainties on the -climate relationship.
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