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a b s t r a c t

We conducted a detailed study of natural remanence and rock magnetic properties on three sediment
cores from Lake Moreno (Patagonia, Argentina). Based on these measurements, we constructed a relative
paleointensity stack for the period 13–24 kyr BP calibrated ages. Rock magnetic properties of the sedi-
ment cores showed uniform magnetic mineralogy and grain size, suggesting that they were suitable for
eywords:
elative paleointensity
ediment cores
outh America
ake Moreno

relative paleointensity studies. The remanent magnetisation at 20 mT (NRM20 mT) was normalised using
the anhysteretic remanent magnetisation at 20 mT (ARM20 mT), the saturation of the isothermal remanent
magnetisation at 20 mT (SIRM20 mT) and the low-field magnetic susceptibility (k). Spectral analysis showed
that the normalised records were not affected by local environmental conditions. The recorded pseudo-
Thellier paleointensity was compared with records obtained from conventional normalising methods.
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. Introduction

Studies of lacustrine sequences have provided fundamental
nformation about relative paleointensity (RPI) variations of the
eomagnetic field. However, several tests for sedimentary pale-
intensity based on rock magnetic criteria (Banerjee et al., 1981;
auxe, 1993) must be performed to establish reliability of the
ata. King et al. (1983) proposed the concept of “magnetic uni-
ormity”, i.e. the absence of changes in relative grain sizes and
oncentrations. In order to minimize the effects of down-core vari-
bility, the natural remanent magnetisation (NRM) is normalised
y some magnetic parameter. Different normalisers have been
iscussed (Tauxe, 1993), including anhysteretic remanent mag-
etisation (ARM), saturation isothermal remanent magnetisation

SIRM) and magnetic susceptibility (k), and numerous studies have
een published (Brachfeld and Banerjee, 2000; Gogorza et al.,
004, 2006; Peck et al., 1996; Sagnotti et al., 2001; St-Onge et al.,
003; Blanchet et al., 2006; Macri et al., 2006; Richter et al., 2006;

∗ Corresponding author at: Instituto de Física Arroyo Seco, Universidad Nacional
el Centro de la Provincia de Buenos Aires, Pinto 399, 7000 Tandil, Argentina.
el.: +54 2293 439660; fax: +54 2293 439669.
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urves with others obtained previously in other lakes in the area has allowed
about centennial-scale features.

© 2008 Elsevier B.V. All rights reserved.

ofmann and Fabian, 2007). In order to test the reliability of the
PI data, the coherence function (Tauxe and Wu, 1990) between the
ormalised remanence and the respective normaliser is calculated.
his quantitatively estimates the degree to which the normalised
ntensity records are biased by environmental variations in grain
ize and concentration.

Several authors argue that the appropriate demagnetisation of
he NRM is the only important factor for constructing a reliable
aleointensity from sediments (Levi and Banerjee, 1976; Valet and
eynadier, 1998). Tauxe et al. (1995) proposed the pseudo-Thellier
ethod to determine if the records could be affected by unre-
oved viscosity, which relies on comparing the NRM lost during

emagnetisation and the ARM gained within the same range of
oercivities. It has been argued that this method diminishes the
nvironmental contamination of the paleointensity signal better
han conventional normalising methods (Kruiver et al., 1999). In
his paper, we compare the paleointensity obtained by the standard
ormalising method and the results obtained from one core with
he pseudo-Thellier method. In addition, we perform rock mag-

etic analyses to study possible environmental influences on the
ediment in the studied cores.

Improved knowledge about relative variations of the geomag-
etic field over the last few hundred thousand years has allowed the
onstruction of global reference paleointensity curves, which are

http://www.sciencedirect.com/science/journal/00319201
http://www.elsevier.com/locate/pepi
mailto:cgogorza@exa.unicen.edu.ar
dx.doi.org/10.1016/j.pepi.2008.08.018
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seful for defining high-resolution age models in appropriate sedi-
entary sequences (Sagnotti et al., 2001; Guyodo and Valet, 1996).

he research presented in this paper helps mitigate the extremely
neven global distribution of data.

Previous studies have been carried out at the local scale
Gogorza et al., 2004, 2006), and were successfully compared with
ecords from other sites in the world (Brachfeld and Banerjee,
000; Brachfeld et al., 2003; Constable, 1985; Peck et al., 1996;
t-Onge et al., 2003). Some discrepancies were observed between
reviously reported results in the period 14–23 kyr BP calibrated
ges. This study aims to determine whether these differences came
rom an incorrect time correlation or from different rock magnetic
haracteristics, and to refine our understanding of the temporal
eomagnetic field intensity during this period.

. Sedimentology

Lake Moreno is a closed basin of about 120,000 m2, located on
he eastern side of the Andean Patagónica Cordillera, at about 41◦S
1◦30′W (Fig. 1) and approximately 17 km northwest of San Carlos
e Bariloche, Argentina. A land barrier divides the lake into two:
est Moreno and east Moreno, respectively. The average annual

emperature is about 8.7 ◦C and the annual precipitation is between
50 and 180 cm/yr. This region presents one of the most marked
umidity gradients of the world, clearly reflected by vegetation:

rom west to east, the moist forest is replaced by the Patagonian
teppe in less than 50 km (Bianchi et al., 1999). It is related to series
f large glacially carved lakes. The basement rocks of the basin crop
ut in the lake catchment area and show evidence of glaciation stri-
tion and some erratic blocks of different composition. The more
ncient lacustrine sediments are on the top of these rocks; the sed-
mentary sequence consists of reddish clays thin layered with little
lastic rocks (dropstones), especially at the bottom. These evidences
ndicate a glacial origin of the Lake Moreno and a glaciolacustrine
rigin of the reddish clays; the youngest sedimentary column is not
resent, due to the erosion. The present vegetation covers most of
he glaciolacustrine sequence that lies over the lake coast. A more
etailed description of the sedimentology of Lake Moreno is given

n Gogorza et al. (2006).
Three principal lithologies are present in the sediment column

f the lake, and are, from bottom to top: light reddish clayey silt
lithology A), light grey greenish clay (lithology B) and light grey
lay (lithology C). Good correlation between the cores was estab-

ished based on 28 tephra layers located mostly in the upper part
nd specific susceptibility records.

Two different facies can be recognized: a basal glaciolacus-
rine facies (which includes lithologies A and B and tephra layers)
amed the “Lake Elpalafquen” facies, and a younger lacustrine

m
t
t

m

Fig. 1. Geographical location of Lake Moreno: W: west
lanetary Interiors 172 (2009) 157–168

acies (lithology C and tephra layers) or the “Lake Moreno” facies
Gogorza et al., 2006). The “Lake Elpalafquen” facies has been recog-
ized in cores from other lakes of the area (El Trébol, Escondido and
ascardi), and outcrops at the Lake Nahuel Huapi coast (del Valle

t al., 2000). These sediments represent sedimentation during Late
leistocene times, when a large pro-glacial lake, Lake Elpalafquen
del Valle et al., 2000), existed in the region. On the other hand,
he “Lake Moreno” facies represents lacustrine sedimentation with
o direct glacial influence. These were deposited mainly during
olocene time, after the collapse of Lake Elpalafquen, which gave

ise to the formation of the present lakes of the region.

. Materials and methods

The three cores investigated in this study are labelled lmor-1,
mor98-1 and lmor98-2 (Fig. 1); they were collected with a push
orer from the shoreline (a marshy site approximately 1 m above
he present Lake Moreno level); the length of the cores varies from
.5 to 4 m. Individual samples were taken by inserting an 8 cm3

ubic plastic box into the surface; 371 samples were collected.
The magnetic susceptibility at low frequency (specific, Xlf, and

olumetric, k) was measured with the Bartington Instruments MS2
ystem. A Pulse Magnetizer model IM-10-30 ASC Scientific and
Shielded Demagnetiser Molspin Ltd. with an ARM device were

sed for IRM and ARM acquisition experiments. Remanence mea-
urements for all samples were performed with a Spinner Fluxgate
agnetometer Minispin, Molspin Ltd.
NRM was systematically demagnetised by alternating field (AF)

t 0, 5, 10, 15, 20, 25, 30, 35, 40, 45, 50, 60, 70, 80 and 95 mT. The
edian destructive field (MDFNRM) was also determined. ARM was

cquired in a peak alternating field of 95 mT with a steady bias
eld of 0.1 mT (ARM95 mT) and was subsequently demagnetised to
peak AF of 95 mT using the same field steps as for NRM demagneti-
ation. IRM was acquired at room temperature in increasing steps
p to 1.2 T reaching saturation (SIRM); subsequently, AF demag-
etisation of IRM was measured using the same steps as for NRM
emagnetisation. After that, a 1.2 T field was imparted at room tem-
erature and progressive demagnetisation was applied up to 1.2 T
or the DC experiment.

Sub-samples were taken from core lmor-1 for hysteresis
easurements and thermal demagnetisation. The hysteresis

arameters were obtained using a VSM Lake Shore 7300 with
maximum applied field of 1.5 T; we then calculated the
agneto-granulometric indicative ratios of saturation remanence
o saturation magnetisation (MRS/MS) and coercivity of remanence
o coercive force (HCR/HC).

Thermal demagnetisation studies were carried out using a ther-
al specimen demagnetiser, model TD-48 ASC Scientific. Before

Moreno; E: east Moreno; Lmor: coring sites.
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hermal experiments, samples were magnetised, acquiring a SIRM.
hey were then heated in increasing stepwise temperatures in air,
rom room temperature (RT) to 700 ◦C. After each step, remanent

agnetisation (RM) and k were measured for cooled samples. Step-
ise thermal demagnetisation curves and magnetic susceptibility
easurements were determined and unblocking temperatures (TU)
ere estimated.

The depth scales of all the cores were adjusted to the depth

cale of a master core (lmor-1) using some visually distinct lithos-
ratigraphic horizons and Xlf tie lines for correlation (Irurzun et al.,
008). As tephra layers represent rapid instantaneous deposition of
hick layers, while the rest of the sediments represent slow accu-

ulation, and because tephra is not a very good magnetic recorder,

4

f
l

ig. 2. Logs of lithology, facies, specific susceptibility (Xlf), intensity of natural remanent m
or core lmor-1 vs. depth.
lanetary Interiors 172 (2009) 157–168 159

ephra layers were removed from the sequence and the resulting
aps were closed, creating a “shortened depth” scale (Gogorza et
l., 1999).

The individual RPI records obtained by normalising methods
ere stacked using the arithmetic mean over the time interval

3–24 kyr BP calibrated ages and a RPI record for core lmor-1 was
lso obtained by pseudo-Thellier method (Tauxe et al., 1995).
. Sediment-magnetic characterization

Fig. 2 shows the lithology, Xlf, NRM intensity and MDFNRM logs
or master core lmor-1. The NRM intensity shows variations simi-
ar to those in the concentration-dependent parameter Xlf, which

agnetisation (NRM intensity) and median destructive field of the NRM (MDFNRM),
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uggests that NRM intensity is mainly controlled by changes in the
ineral composition of the sediment and not by variations of the

eomagnetic field intensity. Good consistency between Xlf, NRM
ntensity and lithology is observed in the first 100 cm. Xlf and NRM
how higher scatter in this section than in deeper sediments and
his is consistent with the more variable lithology. Lower values of
usceptibility and NRM intensity generally correlate to lithologies
ith organic material and distinct highs in Xlf and NRM intensity

re due to layers with volcanic ash content. The high values of Xlf
nd NRM at the top of the sequence and about 38 cm correspond
ith thick layers of tephra and the peaks between 50 and 63 cm

more pronounced in Xlf profile) correspond to several thin consec-
tive tephra layers. The distinct highs in Xlf and NRM intensity are
lso characterized by low coercivities.

Several studies were carried out to assess the reliability of the
ediments for paleointensity investigations (Banerjee et al., 1981;
ing et al., 1982, 1983; Tauxe, 1993). Common requirements are

hat the remanence must be carried by stable magnetite grains
anging in size from 1 to 15 �m and that the variations in concen-
ration must be less than an order of magnitude. Samples that did
ot meet these criteria were omitted from our estimates of relative
aleointensity (30%).

The bilogarithmic plot of k vs. SIRM illustrates how the con-
entration and magnetic grain size of magnetite crystals in a rock
an be estimated from these magnetic parameters (Thompson and
ldfield, 1986). The magnitudes of k and SIRM give the concen-

ration, and their ratio indicates the magnetic grain size. The plot
f k vs. SIRM for Lake Moreno cores shows that grain size varies
etween 1 and 8 �m and concentration varies between 0.02 and

.2% (Fig. 3(a)).

The ratios of coercivity of remanence to coercivity (HCR/HC) and
aturation remanence to saturation magnetisation (MRS/MS) are
ensitive to variations in grain size (Day et al., 1977; Dunlop, 1986).
he hysteresis parameter ratios, HCR/HC and MRS/MS, vary between

a
(

t
m

ig. 3. (a) k vs. SIRM for all samples in order to estimate concentration and grain size acco
RS/MS for estimation of grain size. (c) IRM acquisition curves of samples from different l
lanetary Interiors 172 (2009) 157–168

.5 and 3.8, and 0.14 and 0.25, respectively (Fig. 3(b)) and typi-
al coercivity (HC) values range from 10.9 to 24 mT. These results
uggest that pseudo-single domain (PSD) magnetite or titanomag-
etite is the dominant magnetic mineral in the samples. Hysteresis

oops indicate saturation fields well below 400 mT, typical coerciv-
ties for magnetite (Richter et al., 2006).

IRM acquisition curves in fields up to 1.2 T indicate that about
0% of the SIRM is obtained between 200 and 300 mT (Fig. 3(c)).
hermal demagnetisation experiments were carried out on 30 sam-
les from the sediment core. Some representative stepwise thermal
emagnetisation curves of SIRM are displayed in Fig. 3(d). In gen-
ral, two main magnetic phases and eventually a third one were
bserved. Each phase is mainly discriminated from slope changes in
he curve of remanent magnetisation; hence TUs were determined.

The unblocking temperatures of the first phases vary slightly
etween 150 ◦C and about 250 ◦C, as can be noted in samples 18,
2, 99 and 124. Slope changes are particularly notorious in samples
rom the upper section (e.g., 18, 32). These changes at low tem-
erature were also observed by Dankers (1978) in titanomagnetite
titanomaghemite, maghemitised exsolved titanomagnetite) and

aghemite specimens. Other samples, like 99 and 124, show a lin-
ar decrease without important changes in the RM curve; however,
his behaviour may also be due to titanomagnetite.

The unblocking temperatures of the second component vary
etween 530 ◦C (samples 18, 32, 99) and 580 ◦C (124, 153); and
he RM decreases mostly linearly for all samples. The most impor-
ant changes in RM are observed in this second magnetic phase;
ote that about 80% of the RM is lost in these steps, so it can be
onsidered the main magnetic phase. These TUs are interpreted

s Ti-poor titanomagnetite and magnetite minerals, respectively
Dankers, 1978; Hunt et al., 1995; Dunlop and Özdemir, 1997).

Since the RMs do not completely vanish at temperatures above
he Curie temperature of magnetite (580 ◦C), the presence of hard

agnetic minerals is expected. The temperatures of this third non-

rding to Thompson and Oldfield (1986). (b) Hysteresis parameter ratios, HCR/HC vs.
ithologies. (d) Thermal demagnetisation curves of SIRM for five samples.
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F
S

Fig. 4. Down-core variation of selected rock magnetic prop

ig. 5. Paleomagnetic dating of Lake Moreno sediments. The master dated curves are fro
ome correlation tie lines are shown.
erties for the lmor-1, lmor98-1 and lmor98-2 cores.

m Lake Escondido (Gogorza et al., 2002) and Lake El Trébol (Irurzun et al., 2006).
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ignificant phase vary between 600 and 685 ◦C and correspond to
aghemite and hematite. However, these results should be con-

idered with care because of the low RM and the possibility of
eo-formation of the magnetic minerals as suggested from the
agnetic susceptibility changes.
Fig. 4 shows down-core logs of several magnetic parameters

nd ratios between them. The variation in the concentration of
agnetic carriers was investigated by using the concentration

ependence of SIRM and k. The range of values for k and SIRM
ntensities through the stratigraphic sequences (45–240 × 10−5 SI
xcept for a peak value of k of about 415 × 10−5 SI, and 10–100 A/m,
xcept for three samples that exhibit SIRM values of about 120 A/m)
ndicates variations of the same order of magnitude. As in our pre-
ious studies (Gogorza et al., 2004, 2006), the more pronounced
ariations in concentration were observed in the upper 100 cm,
orresponding to lithology C (“Lake Moreno” facies). On the other
and, an increase in concentration down-hole was suggested by the

ncreasing trend observed in SIRM and k in lithology A.
Magnetic grain size can be also estimated from the
oncentration-independent inter-parametric ratios kARM/k,
RM/k and ARM/SIRM (Fig. 4). Like the changes in concentration,
ariations in magnetic grain size are more substantial in lithology C
han in lithologies A and B. The kARM/k ratio can be used to estimate

d

t
a

Fig. 6. k, SIRM20 mT, ARM20 mT and NRM20 mT records vs. shorte
lanetary Interiors 172 (2009) 157–168

elative variations in magnetic grain size if the magnetisation is
ominated by magnetite (Richter et al., 2006). The kARM/k ratio
Fig. 4) shows erratic behaviour in lithology C, which suggests
harp variations in magnetite grain size. Close to the position of
he boundary between lithologies C and B, a steep increase in the
ARM/k ratio from about 5 (below 115 cm) to 7.5 (above 115 cm)
s present, suggesting a decrease in grain size. Between 115 cm
nd 270 cm, the ratio remains close to this value, while below
his depth it drops to about 4, suggesting coarser grain size; from
50 cm to the bottom of the core there is a sustained increase in
he ratio in lmor-1, suggesting a decreasing grain size. This last
ncrease could not be observed in the other cores because there are
ew or no samples for this section. Similar behaviour is observed in
atios ARM/k and ARM/SIRM, but with a different pattern in the last
etween 400 and 450 cm (Fig. 4). In this last section, we observe
n increase in the kARM/k ratio and a decrease in the ARM/SIRM
atio. kARM/k ratio and ARM/SIRM ratio are the proxies generally
sed to estimate grain size. The latter concerns only remanent
agnetisations and is thus independent of paramagnetic and
iamagnetic components.
Variations in the coercivities of magnetic minerals were inves-

igated with the median destructive field of the NRM (MDFNRM)
nd median destructive field of the ARM (MDFARM). Down-core

ned depth from cores lmor-1, lmor98-1 and lmor98-2.
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ariations of MDFNRM are very small (28–36 mT) between 115 and
00 cm (lithologies A and B), reflecting a homogeneous distribution
f the magnetic minerals. In the upper part (0–115 cm, lithology
), MDFNRM changes significantly and reaches minimum values
8 mT) at 50 and 80 cm, which may be due to an increase in low-
oercivity minerals and/or the magnetic grain size. MDFARM varies
n the narrow range of 22–27 mT along the core, except for a few
orizons, proving that the ARM was only acquired by the low-
oercivity fraction, identified with magnetite (Sagnotti et al., 2001).
he Bcr pattern along the cores is very similar to the ARM/k pattern,
hich is consistent with the changes in grain size described above.
easurements of the Sratio (−IRM−300 mT/SIRM) (Bloemendal et al.,

992) vary between 0.87 and 1, illustrating the dominance of low-
oercivity magnetic minerals. The generally high values indicate
hat magnetite is probably the most abundant magnetic mineral in
he cores. These rock magnetic results indicate that the magnetic
ignal in the clay-rich sediments is dominated by (low-titanium)
agnetite and that the sediments fulfil the criteria required for

aleointensity studies.

. Chronology

In order to date the RPI records, we chose a time–depth function
btained from PSV correlation to nearby lakes (Fig. 5), rather than
model based on radiocarbon dates. The chronology was there-
ore defined by previous results: distinctive magnetic features of
eclination and inclination of Lake Moreno were identified and
orrelated with similar features in Lake El Trébol and Lake Escon-
ido sediments, which were dated using AMS (Gogorza et al., 2002;

rurzun et al., 2006). The proximity of the sample sites (about 5 km)

u
r
p
w
(

Fig. 7. Normalised NRM20 mT/k, NRM20 mT/SIRM20 mT and NRM20 mT/ARM20 mT r
lanetary Interiors 172 (2009) 157–168 163

uarantees that the inclination and declination features in the cores
re synchronous (Irurzun et al., 2008).

. Paleomagnetic results

.1. Stability of intensity and direction magnetisation

Complete removal of any possible viscous component or mag-
etic overprint was achieved at low fields (10–15 mT) (Irurzun et
l., 2008) and a characteristic remanence was clearly identified and
etermined with principal component analysis (Kirschvink, 1980).
e have chosen the value of the NRM after the 20 mT step as

epresentative of the stable characteristic remanent magnetisation
NRM20 mT) and we have used this value to construct the normalised
ntensity records.

.2. Estimation of RPI by normalising methods

To obtain an estimate of RPI, NRM needs to be normalised to
orrect for an overall environmental signal (Tauxe, 1993). Although
consensus on a preferred normaliser has not been reached, it

ppears that we can make use of any normaliser if the sediment
s magnetically homogeneous and the characteristic component
f magnetisation has been isolated (Valet and Meynadier, 1998).
ohnson et al. (1975) and Levi and Banerjee (1976) proposed to

se the remanence whose “demagnetisation curve most closely
esembles that of the NRM”. According to Valet (2003), the ARM is
referred, because this parameter offers the advantage of dealing
ith single- or PSD magnetite grains. Moreover, Levi and Banerjee

1976) affirmed that NRM and ARM demagnetisation curves should

ecords vs. shortened depth from cores lmor-1, lmor98-1 and lmor98-2.



1 and Planetary Interiors 172 (2009) 157–168

b
b

w
d
b
g
F

n
s
T
i
c
u
r
T
M
t

t
w
s
t
c
a

m
f
i
s

a
n
t
a
a

w
t

F
(

1
n
T
1
p
o
b

6

r
1
2
o

64 M.A. Irurzun et al. / Physics of the Earth

e similar to determine the common range of coercivities (and/or
locking temperatures) involved in both magnetisations.

The seemingly most reasonable normalisers are ARM and IRM,
hich are remanence based, and often resemble the NRM in their
emagnetisation behaviour. We also use magnetic susceptibility,
ut its signal encompasses paramagnetic and large multi-domains
rains, which contribute little or nothing to NRM (Hofmann and
abian, 2007).

In general, NRM, ARM and SIRM are used after AF demag-
etisation at 20 mT. This AF peak field is enough to remove the
econdary components present in the NRM (Irurzun et al., 2008).
he records of NRM20 mT, ARM20 mT, SIRM20 mT and k are shown
n Fig. 6 on a common depth scale for the three cores. For each
ore, we obtained three estimates of normalised field intensity
sing ARM20 mT, SIRM20 mT and k as normalising parameters. The
esults are shown in Fig. 7 on a common depth-scale for all cores.
here are differences in the ranges of changes in the upper (“Lake
oreno” facies) and lower (“Lake Elpalafquen” facies) sections; for

his reason, the records are scaled by their respective mean values.
By comparing the relative paleointensity records obtained from

he three different normalisation parameters, it turned out that
hile NRM20 mT/ARM20 mT and NRM20 mT/SIRM20 mT lead to very

imilar results, both deviate slightly from NRM20 mT/k. Due to
he closer resemblance between NRM and ARM demagnetisation
urves compared to IRM curves, we consider ARM20 mT as the most
ppropriate normalising parameter (Fig. 8).

In order to get a composite profile, we stacked the individual nor-
alised paleointensity records. We needed data at the same depth

or each core, so we interpolated to get data every 2 cm. The stack-
ng was carried out using the arithmetic mean at each interpolated
ampling point and the 2� error bars were calculated.

In order to analyze the different parameters as functions of time
nd to compare our results with previously published paleomag-
etic records, we defined a transfer function from shortened depth
o calibrated ages using the chronology explained in Section 5. Rel-

tive paleointensity profiles are shown as a function of calibrated
ges in Fig. 9.

The three conventional normalisation methods yield profiles
ith broad similarities but differ in the amplitudes of peaks and

roughs. The NRM20 mT/k ratio shows lower amplitudes between

t
f

T
s

Fig. 9. ma (pseudo-Thellier method) and stacked NRM20 mT/ARM20 mT,
ig. 8. Typical AF demagnetisation curves of NRM, ARM and SIRM for sample 33
lmor-1).

4.3 and 15.9 kyr BP calibrated ages, perhaps due to the paramag-
etic contribution that is reflected by k but not by ARM and SIRM.
he NRM20 mT/SIRM20 mT ratio shows higher amplitudes between
6.5 and 17.4 kyr BP calibrated ages, suggesting an increase in the
roportion of finer grains. This is consistent with the conclusions
btained in Section 4 about a decrease in grain size close to the
oundary between lithologies C and B.

.3. Estimation of RPI by a pseudo-Thellier method

In general, the pseudo-Thellier approach successfully estimates
elative paleointensities from sedimentary cores (Tauxe, 1993; Kok,
998; Kruiver et al., 1999; Brachfeld and Banerjee, 2000; Pan et al.,
001; Snowball and Sandgren, 2004). In some cases, like studies
n sediments from the Ongtong-Java Plateau (Tauxe et al., 1995)

he pseudo-Thellier method provides considerably different results
rom the conventional normalisation method.

In this paper, we determine paleointensities by the pseudo-
hellier method, following Tauxe et al. (1995) using ARM on 65
amples of lmor-1 core. According to Tauxe et al. (1995), we use

NRM20 mT/SIRM20 mT and NRM20 mT/k records vs. calibrated ages.
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RM and not IRM acquisition because it was showed that the plot
f ARM left vs. ARM gained at the same peak field is somewhat
inear, whereas IRM left vs. IRM gained is markedly curved. The
stimation procedure combines Jackknife resampling with robust
egression, an alternative version of the methods followed by Kok
1998) and Kruiver et al. (1999) that has proved to produce better
stimation results (Gogorza et al., in press).

Initially, the Jackknife method was used to determine several
egression slope estimates (sub-samples) in every sample, con-
idering all, all but one, all but two and all but three field values

whenever possible) between 30 and 60 mT (a minimum of three
oints in each sub-sample was required by the slope formulae).
hen, robust-regression slope estimates were obtained for each
f these sub-samples by using Theil’s complete method (Glaister,
005). The optimal slope (ma) corresponding to the whole sample

(

ig. 10. Spectral analysis of three normalisation parameters (ARM20 mT, SIRM20 mT and k)
RM20 mT/k). Coherence tests results are shown. The 95% confidence level is denoted by th
lanetary Interiors 172 (2009) 157–168 165

as finally chosen among all obtained ones as the slope producing
he regression line with least sum of absolute deviations between
bserved and fitted values. In addition, descriptive measures of
stimation goodness were calculated:

(i) The percentage of NRM20 mT/ARM20 mT lmor-1, NRM20 mT/
ARM20 mT lmor98-1 and NRM20 mT/ARM20 mT lmor98-2 refer-
ence values lying inside the D1–D9 band (Kok et al., 1998),
being 23.03, 36.36 and 51.14%, respectively, with a global value
of 33.96%.
ii) The average of these three reference values was also calculated;
it was trapped in the band in 33.04% of cases. The RPI results
obtained by the pseudo-Thellier method (ma) for 65 specimens
are plotted in Fig. 9 for comparison with the values obtained by
normalising using ARM20 mT, SIRM20 mT and k.

and three normalised remanences (NRM20 mT/ARM20 mT, NRM20 mT/SIRM20 mT and
e horizontal line.
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There are enough similarities between the pseudo-Thellier data
nd the normalised profiles, which is not surprising for young sed-
ments unaffected by viscous overprint. The peaks at about 14
nd 15.9 kyr BP calibrated ages recorded by conventional meth-
ds are also observed in pseudo-Thellier record, although they are
ot so pronounced. The behaviour between 14 and 15.5 kyr BP cal-

brated ages cannot be compared because there is no record for
his period in the normalised profiles. The decreasing trend from
1.5 kyr BP calibrated ages to the bottom, observed in normalised
ecords, are also present in the pseudo-Thellier data. The pseudo-
hellier data between 16.1 and 17.4 kyr BP calibrated ages are more
imilar to the NRM20 mT/ARM20 mT and NRM20 mT/k ratios than to
RM20 mT/SIRM20 mT.

.4. Coherence function analysis

We used MATLAB 6.1 software to detect the presence of har-
onic components in the data series. We first examined the

ower spectra for ARM, SIRM and k and the normalised records
NRM20 mT/ARM20 mT, NRM20 mT/SIRM20 mT and NRM20 mT/k) and
hen carried out a coherence function analysis on the records to
est the efficiency of the normalisations in removing the effects
f climatic/environmental factors over specific frequency ranges
Fig. 10). If the paleointensity record (NRM20 mT/ARM20 mT, etc.)
nd the related normaliser (ARM20 mT, etc.) do not show signifi-
ant coherence, one can have confidence that the paleointensity
ormalisation is not significantly affected by lithological or other
nvironmental factors.

The analyses suggest that the normalised curves are not coher-

nt with the parameters of normalisation and that the records are
ot affected by climatic or lithologic factors, but represent a true
eomagnetic signal. The best results are obtained for ARM20 mT
ecause at 95% confidence level no coherence is found. These results
re consistent with the results suggested by grain size and concen-

p
t
w
A
i

ig. 11. (a) Comparison of normalised intensity record from the Lake Moreno stack with re
ges, Lake Barrine (chronology: an hybrid 14C/Calendar age). (b) Comparison of normalise
alibrated ages.
lanetary Interiors 172 (2009) 157–168

ration analysis. The spectral analysis of normalised remanences,
ormalisation parameters and coherence test were carried out fol-

owing the method of Tauxe and Wu (1990).

. Comparison with other records

In order to assess the validity of the paleointensity records,
e compared them with paleointensity stacks reconstructed for

outhern Hemisphere (Fig. 11(a) and (b)). In Fig. 11(a) the com-
arison is restricted to records with radiocarbon chronologies:
ur records –the previous results from Lake Escondido (Gogorza
t al., 2004) and Lake El Trébol (Gogorza et al., 2006)—and the
ecord of Lake Barrine (Constable, 1985) whose chronology is a
ybrid 14C/Calendar age. Fig. 11(b) shows our present record, the
esults from South Atlantic geomagnetic paleointensity stack, SAPIS
Stoner et al., 2002) and one of the three cores (SEDANO) collected
rom Antarctic late Pleistocene sediments (Sagnotti et al., 2001). In
hese cases, relative paleointensities are represented against cali-
rated ages.

.1. Southwestern Argentina

The comparison is restricted to the interval 11–21 14C kyr BP,
hich is the period of time spanned by Lake Moreno record

Fig. 11(a)). These results confirm the existence of an increase in
aleointensity between 13.2 and 13.7 14C kyr BP or between 15.6
nd 16.3 kyr BP calibrated age that we found in our previous work,
lthough the higher values recorded in Lake Escondido sediments
tretches more than in El Trébol and Moreno. It is important to

oint out that there are no distinctive changes in the concentra-
ion or grain size that account for these increases in paleointensity,
hich may genuinely reflect changes in the geomagnetic signal.
nother characteristic that we confirmed by our Moreno results

s a long decreasing trend, which was already recorded in Lake El

lative paleointensity records from Lake El Trébol and Lake Escondido in radiocarbon
d intensity record from the Lake Moreno stack with SED-04 core and SAPIS stack in
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rébol, starting at about 16.8 14C kyr BP or 19.7 kyr BP calibrated
ges (Fig. 11(a)).

.2. Southern Hemisphere

Fig. 11(a) also shows the comparison of our records with the rela-
ive paleointensity from Lake Barrine (Australia) (Constable, 1985).
he significant high observed in Lake Escondido and Moreno is also
etected in Lake Barrine, although it is not exactly coincident either

n time or in amplitude. The long decrease observed in Lake Moreno
nd Lake El Trébol is also detected in SAPIS (Fig. 11(b)). Although
he SED-04 record presents much less data due to the different sed-
mentation rates that usually characterize the marine record, the
eneral trend is similar. Higher values appear between 14.5 and
6 kyr BP and around 18.2 kyr BP (both in calibrated age); these fea-
ures could be correlated with increases in the Lake Moreno record
Fig. 11(b)).

. Conclusions

This paper is part of a series of papers designed to provide infor-
ation about paleosecular variations and relative paleointensity

ecords in Southern Argentina. We present here rock magnetic mea-
urements and relative paleointensity records of three sediment
ores from Lake Moreno.

The main conclusions are:

1. The composite curve of NRM20 mT/ARM20 mT represents an esti-
mate of geomagnetic paleointensity variations in southwestern
Argentina for the period 13–24 kyr BP calibrated ages.

. The dominant remanence carrier is magnetite and titanomag-
netite within PSD domain grain size.

. The down-core logs of several magnetic parameters and ratios
suggest coarser grain size in the upper part of the sequence
(lithology C), which becomes finer towards lithology B. The grain
size seems again coarser at the beginning of lithology A.

. The mineral concentration changes are within a factor 10,
between 0.02 and 0.2%. An increase in the concentration down-
hole is suggested by the increasing trend observed in SIRM and
k in lithology A.

. The paleointensity records determined by conventional normal-
ising methods and by the pseudo-Thellier method are almost
consistent.

. Many individual features of our records are observed in other
regional and global paleointensity records. From a comparison
of relative paleointensity records, we confirmed two significant
features recorded in the sediment from SW Argentina and sug-
gested in records from other areas of Southern Hemisphere.
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