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WAVELET ANALYSIS OF LATE HOLOCENE STALAGMITE
RECORDS FROM ORTIGOSA CAVES IN NORTHERN SPAIN

A. Munoz:, A.K. SEnz, C. SANcHO!, AND D. GENTY?

Abstract: We have deduced short-term climatic changes from millennial to annual
scales from the study of laminae thickness and radiocarbon analysis of Holocene
stalagmite records from two caves in Ortigosa de Cameros (Iberian Range, northern
Spain). Speleothems are made up of dark compact laminae (DCL) and white porous
laminae (WPL) of seasonal origin. Couplets seasonality is deduced from monitoring
calcite laminae growth, drip water rates, and soil organic matter flushed into the caves.
The thickness variations of the couplets are analyzed using a continuous wavelet
transform and the various periodicities at interannual, decadal, multidecadal, and
centennial scales are revealed from the wavelet power spectrum. The periodicities at
decadal, multidecadal and centennial scales, with periods around 9.7, 10.4, 14, 16, 22, 43,
73, 83 and 180 years, are mainly related to solar activity. Among the interannual
periodicities, oscillations around the 2.4-yr-period may be linked to the Quasi-Biennial
Oscillation (QBO), whereas periods ranging from 4 to 7 years may be associated with the
El Nino-Southern Oscillation (ENSO) and/or the North Atlantic Oscillation (NAO).

INTRODUCTION

The understanding of Holocene paleoclimatic evolution
in the north-central Iberian Peninsula has significantly
improved during the past few years from the studies of
lacustrine (Luque, 2003), tufaceous (Sancho et al., 1997),
fluvial (Thorndycraft and Benito, 2006), alluvial (Sancho et
al., 2008), and slope (Gutiérrez et al., 2006) records. In
general, from the analysis of the reported data, it has been
possible to deduce a prevailing climate with high variability
and millennial scale cycles. As a consequence, a link
between North Atlantic circulation and weather in Iberia
during the Holocene period has been established. However,
the contribution to climate variability made from spe-
leothem records still remains at a preliminary level (Duran
et al., 2000; Labonne et al., 2002; Mufoz-Garcia et al.,
2004; 2007; Martin-Chivelet et al., 2006).

Speleothems are widely used for paleoclimatic and
paleoenvironmental reconstructions essentially because
they can be well dated and their isotopic compositions
record changes in temperature, rainfall, and vegetation-soil
activity (McDermott, 2004). In addition, growth patterns
of speleothems can be used to establish paleoclimatic
sequences made up of cycles with variable frequency. From
radiometric ages and stable isotope analysis of spe-
leothems, several studies have detected short-term or high
frequency climatic changes at regional/local scale (Dorale
et al., 1992; Frumkin et al., 1999; Burns et al., 2001).
Furthermore, very high frequency climatic cycles have been
identified by performing statistical analysis of (1) lami-
naeted structure of the stalagmites (Quinif et al., 1994;
Genty and Quinif, 1996; Ming et al., 1998; Qin et al., 1999;
Frisia et al., 2003; Soubiés et al., 2005), and (2) 3'*0 high
resolution records (Niggemann et al., 2003; Holzkdmper et
al., 2004; Dykoski et al., 2005).

In this paper we examine stalagmite records from two
caves in Ortigosa de Cameros (La Rioja, Spain). We used
radiometric chronological data to deduce short-term
environmental changes. We also use wavelet analysis of
the laminaeted structure of the stalagmites to deduce very
high frequency periodicities. As a result of this analysis, the
present state of knowledge of environmental changes
during Holocene times, in the northern sector of the
Iberian Peninsula, can be significantly improved. Prelim-
inary information about paleoenvironmental meaning of
the speleothem records from Ortigosa Caves has been
reported by Muiioz et al. (2001, 2004).

STUDY AREA

The study area is located in the westernmost sector of
the Cameros Range (Iberian Mountain System, Northern
Spain (Fig. 1a). The geological framework is made up of a
Paleozoic basement surrounded by a Mesozoic stratigraph-
ic sequence dipping to the S-SE. Specifically, the Ortigosa
cave system is composed of 185-m-thick Middle Jurassic
limestones of a high energy shallow shelf sequence (ITGE,
1990).

La Paz and La Vina Caves are located in the Encinedo
Mountain near Ortigosa de Cameros village (La Rioja).
The mean annual temperature is 9 °C and the mean annual
precipitation is 630 mm. The Ortigosa cave system is one of
the most important endokarstic features in the Iberian
Range. La Vifia Cave is 114-m-long and is located at a
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Figure 1. (a) Location and geological setting of the
Ortigosa Caves. (b) NE-SW section of the Encinedo
Mountain showing the morphological features of the Caves.
The asterisk in La Paz Cave illustrates the position of the
OR-P1 artificial carbonate plate (Fig. 3b, c, d). The asterisk
in La Viia Cave shows the location of the HOBORG3 Data
Logging Rain Gauge to measure the drip water flow rates
(see Fig. 4).

lower elevation with an altitude of about 1080 m above the
sea level. La Paz Cave is longer (236 m), and it is located
20 m above the former. Both La Paz Cave and La Vina
Cave exhibit horizontal development and a geometry that
is controlled by the direction of the main regional NE-SW
fault system (Fig. 1b).

MATERIAL AND METHODOLOGY

The Ortigosa Caves contain a large variety of
speleothems. Three speleothem development stages have
been differentiated after a detailed morphostratigraphic
and chronological analysis (Mufoz et al., 2001). The oldest
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Figure 2. Laminated structure of the LV-1 stalagmite from
La Viia Cave, and of the LP-4 stalagmite from La Paz
Cave. Locations of samples used in U/Th dating and
radiocarbon-AMS analysis are denoted by rectangles and
dots, respectively.

period began more than 400,000 Ma and is represented by
flowstones that are very well exposed in La Viiia Cave. The
intermediate stage is associated with a greater development
of stalagmites in both caves. It includes Isotopic Stages 7,
5, and 3 separated by periods of inactivity. The final
development stage is related to smaller stalagmites and
corresponds to Isotopic Stage 1. In this study, we use two
stalagmite deposits from La Paz Cave (LP-4) and La Vina
Cave (LV-1) related to the youngest stage, Holocene in age.
The stalagmite from the La Vifia Cave was still active when
samples were taken (Fig. 2).

The sampled stalagmites were cut along their growth
axis showing a very well-marked internally banded
structure characterized by an alternation of white porous
laminae (WPL) and dark compact laminae (DCL) (Figs. 2
and 3a, b, ¢). This terminology (WPL/DCL) has been used
by Quinif et al. (1994) and Genty et al. (1997b). An



elongated columnar or fibrous fabric was the most
prevalent fabric identified in these stalagmites according
to the differentiation made by Frisia et al. (2000).

One of the two symmetrical portions was used to select
samples in order to carry out mineralogical studies, as well
as radiometric dating. X-ray diffraction analysis data
indicate that the stalagmite deposits are largely made up
of low-Mg calcite. The average molar ratio of MgCOs3 in
calcite is 0.51% and its maximum value reaches 1.05%.

Several samples were designed to estimate the radio-
metric ages by using U/Th isotopic ratios and radiocarbon-
AMS techniques. The U and Th isotopic ratios were
determined by alpha spectrometry and the activities were
calibrated by addition of known quantities of artificial
radioactive spikes (***U-***Th in radioactive equilibrium).
Chemical preparation was carried out at the Isotopic
Geochemistry Laboratory of the Centre d’Etudes et de
Recherches Appliquées au Karst de la Faculté Polytechni-
que de Mons (Belgium). The '*C-AMS ages have been
corrected for an arbitrary dead carbon proportion (also
called dcp where the carbon comes mainly from the
limestone dissolution and is '*C free) of 10%, which is an
average value for several European sites (Genty et al.,
1997b, 1998, 2001; Genty and Massault, 1999). The ages
have been calibrated using dendrochronological and coral
curves (Stuiver and Kra, 1986; INTCAL 04, Reimer et al.,
2004). These calibrations were carried out at the Hydrology
and Isotopic Geochemistry Laboratory of the Université
de Paris-Sud and TANDETRON, CNRS-CEA, UMS
T2004, Gif sur Yvette (France).

The second symmetrical portion of the stalagmites was
carefully polished to carry out a spectral-temporal analysis
of the internal laminaetion using wavelets. First, the
samples were photographed and the images were stored
in a digital format. Then the laminae thickness was
measured using the software OPTIMA V5 at the Instituto
Jaume Almera (Barcelona). Subsequently, we applied
wavelet analysis on the thickness variation data to detect
very high frequency periodicities. In addition, to detect the
various periodicities in the internal laminaetions, wavelet
analysis can delineate the time intervals over which these
periodicities persist. Wavelet-based methods have been
used for signal analysis in a wide variety of applications
(Addison, 2001; Sen and Dostrovsky, 2007; Sen et al.,
2008a, b) including analysis of speleothem records
(Holmgren et al., 2003; Lachniet et al., 2004; Tan et al.,
2006). The various periodicities are discerned from the
wavelet power spectrum of the thickness variations. A brief
description of the wavelet analysis methodology is given in
the Appendix.

In order to test the seasonal growth pattern of the
laminae, on March 27, 2003 a carbonate plate (25 x 15 x
2 cm) (OR-P1) was placed under a drip water point to
sample the present day stalagmite growth in La Paz Cave.
It was removed on November 8, 2007 and was studied by
using a petrographic microscope incorporating fluores-
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Winter 2006

= Winter 2005

Figure 3. (a) Annual microsequence from the LV-1 stalag-
mite showing the white porous lamina (WPL) and dark
compact lamina (DCL). (b) General view of stalagmite
growing over the OR-P1 carbonate plate located in La Paz
Cave (between March 27, 2003 and November 8, 2007).
Dark compact lamina (DCL) would correspond to the
increase of water drip rate in winters (see Fig. 4). Non-
polarized (c) and fluorescence (d) photographs of the
stalagmite area indicated in b). The luminescence lines
(DCL) correlate with the trends in seasonal water excess
which flushes organic materials through the aquifer to the
speleothem (Baker et al., 1997, 1999; Genty et al., 1997a).
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Table 1. Analytical data of U/Th dating.

Sample

No. Lab. No. [U] ppm BurBu P2ThMu BOTh/*’Th  [P*U/”8U - Age (ky BP)
LP-4 6173 0.043 = 0.001 1.100 = 0.027 0.068 = 0.006 3.0 + 0.5 1.102 7.6[+0.7/—0.7]
LV-1 6174  0.031 = 0.001 1.148 = 0.029 0.193 = 0.022 4+ 1 1.158 23.2[+3.0/—2.9]

cence analysis. The images obtained with non-polarized
light show couplets of dark and clear laminae related to
DCL/WPL pairs (Fig. 3b). In fact, five clear laminae
(WPL) and four dark laminae (DCL) were identified.
Luminescence intensity reflects organic matter concen-
tration (Baker et al., 1997) and was observed to correlate
with the trends in seasonal water excess (Genty et al.,
1997a). In order to obtain a fluorescence image from the
stalagmite growing over the carbonate plate (Fig. 3d), we
used an excitation wavelength of 450-480 nm. It was
filtered by U-MWB filter and the fluorescence emission
was detected at 515-700 nm. Finally, drip water flow inside
the caves was continuously recorded by using a HOBO
RG3 Data Logging Rain Gauge from September 22, 2005
in order to know the hydrological response of the karstic
system to seasonally controlled external rainfall events.

RESULTS

CHRONOLOGY

Based on preliminary morphostratigraphic arrange-
ment of speleothems in the Ortigosa Caves, as well as on
radiometric ages (Muifioz et al., 2001), stalagmites LP-4
and LV-1 have been associated with the Isotopic Stage 1.
The U/Th ages are found to be 23.2 (+3.0/—2.9) ky BP
(bottom LV-1) and 7.6 (+0.7/—0.7) ky BP (middle LP-4)
(Table 1). However, all the samples show a very low
230Th/*?Th isotopic ratio (3 + 0.5 for LP-4 and 4 = 1 for
LV-1) which means that they are contaminated with
detrital Th (***Th). Therefore the U/Th ages obtained are
uncertain and any correction is unreliable as we don’t
know the initial **°Th/***Th ratio. Moreover, the 23.2 ky
BP dating from LV-1 stalagmite occurs during a very cold
period (Last Glacial Maximum) when the growth of
speleothems was not likely. As a consequence, this
chronological result should be used with caution.

In order to improve the estimation of U/Th age of the
stalagmite LV-1, three additional analyses by radiocarbon-
AMS were carried out. The obtained ages (Table 2) of the
different samples from bottom to top are 3.4 £ 0.6 ky BP,
1.2 = 04 ky BP, and 0.7 = 0.35 ky BP, respectively.
Despite the uncertainties due to the unknown dcp, these
results demonstrate that the stalagmite is Late Holocene in
age.

STALAGMITE LAMINATION FREQUENCY ANALYSIS
The internal alternating structure of white porous
laminae (WPL) and dark compact laminae (DCL) in the

66+ Journal of Cave and Karst Studies, April 2009

stalagmite samples (Figs. 2 and 3) may be seasonally
controlled and, as a consequence, the paired microsequence
may be annually developed (Baker et al., 1993; Quinif et
al., 1994; Railsback et al., 1994; Shopov et al., 1994; Genty
and Quinif, 1996; Genty et al., 1997b; Baker et al., 1998).
In addition, Mitchell (1976) deduced that the magnitude of
the seasonal cycle power is one order greater than any
other cycle-generating mechanism.

In order to validate the seasonal control on stalagmite
laminaetion in Ortigosa Caves, we use present day karstic
activity in caves, based on both the hydrological response
model and the stalagmite growth pattern. By using the
stalagmite grown on the artificial tablet (OR-P1, Fig. 3b),
it can be deduced that the first clear laminae developed on
the sample would correspond to 2003 spring/summer and
the first dark laminae to 2004 winter. The last laminae
corresponds to 2007 spring/summer period. On the basis of
the water-drip rates inside the cave (Fig. 4), we interpret
the dark compact laminae (DCL) would form at the
moment of a more intense dripping (winter), whereas the
clear (white) porous laminae (WPL) would form during the
slow dripping that takes place during spring and summer.
Genty and Quinif (1996) indicate that the precipitation of
the WPL in the microsequence most likely took place
during summer and is related to a low water excess and a
more regular and chemically more efficient flow rate, while
the DCL was probably formed during the winter season, is
related to a high water excess, and a chemically less
efficient water flow.

On the other hand, the most prominent fluorescence
emission in the OR-P1 sample occurs in the dark compact
laminae (Fig. 3c, d). This would also indicate that they have
been formed during winters when soil organic matter is
flushed into the cave. The white porous laminae would form
later in the hydrological cycle when the drip rate is lower.

Within this premise, the stalagmite samples LV-1 and
LP-4 are made up of 1276 and 638 annual cycles,
respectively. In the sample LV-1, chronologically analyzed
by radiocarbon, 900 annual cycles have been counted
between 3400 *= 600 yr BP and 1200 = 400 yr BP, 326
cycles between 1200 = 400 yr BP and 700 = 350 yr BP, and
50 cycles between 700 = 350 yr BP and present time.

Wavelet analysis of the couplet thickness variations of
the LP-4 stalagmite laminaetions from the La Paz cave
indicates the occurrence of very high frequency climatic
cycles. Figure 5a depicts the time series of thickness
variations in the LP-4 stalagmite laminactions. The wavelet
power spectrum (WPS) of this time series is shown in
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Table 2. Analytical data of radiocarbon-AMS dating.

Sample No. Lab. No. Distance to Top (mm) Age (years BP)
LV1-4 PA764/H2410 20 700
LVI1-3 PA763/H2409 210 1200
LV1-1 PA762/H2401 540 3400

Figure 5b. In Figures 5a and 5b the horizontal axis is
labeled as the number of annual cycles. In Figure 5b, the
dark contour lines represent 95% confidence level with
respect to red noise spectrum, and the area below the thin
U-shaped curve denotes the cone of influence (see
Appendix for details). Several periodicities, and the time
intervals (i.e., the number of annual cycles) over which the
periodicities persist, can be discerned from Figure 5b. For
example, there is a strong periodic band around the 9.7-yr-
period. This band persists over the time interval between
250 and 285 annual cycles. A similar periodic band is
present around the 10.4-yr period. Another periodic band
is found around the 43-yr period spanning approximately
the time interval between 160 to 260 annual cycles. We also
observe time-varying periodicities with periods from 22 to
31 years. In addition, several very high frequency cycles in
the 2-4-yr band are seen in Figure 5b. These periodicities
appear in an intermittent fashion. Figure Sc depicts the
global wavelet spectrum (GWS) of the LP-4 stalagmite
thickness time series. The dominant spectral modes can be
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Figure 4. Drip-water flow in La Viia cave (September
2005-September 2007). The drip water shows an initial
intense flow generating the dark sheet of the seasonal cycle
and another stage of more slow and effective drip-water flow
that generates the clear sheet.

identified from the various peaks in Figure Sc (see
Appendix for details).

The results of wavelet analysis of the LV-1 stalagmite
from La Vina cave are shown in Figure 6. Figure 6a, b,
and c illustrate, respectively, the time series of thickness
variations, wavelet power spectrum, and global wavelet
spectrum. The following periodicities can be observed in
Figure 6b. There is a strong periodic band around the 180-
yr-period persisting continuously over the interval from
260 to 775 annual cycles. There are also strong periodic
bands around the 73-yr and 83-yr periods persisting
continuously over several annual cycles. In addition, we
observe oscillations around the 14-yr and 16-yr periods.
These bands persist approximately over 46 annual cycles.
Several very high-frequency periodicities with peaks at the
2.4-yr, 4.0-yr, and 5.6-yr periods are also seen in Figure 6.
These periodicities appear in an intermittent pattern. The
dominant spectral modes can also be identified from the
global wavelet spectrum of the time series shown in
Figure 6c¢.
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Figure 5. (a) Time series of the thickness variations in LP-4
stalagmite from La Paz cave. (b) Wavelet power spectrum of
the time series of LP-4 stalagmite thickness variations shown
in (a). The dark contour lines represent 95% confidence level
with respect to a red noise background and the area below the
thin U-shaped curve denotes the cone of influence (COI).
Inside the COI, the edge effects may become important and
the results should be used with caution (Torrence and Compo,
1998). (c¢) Global wavelet spectrum of the time series shown
in (a).
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Figure 6. (a) Time series of the thickness variations in LV-1
stalagmite from La Viiia cave. (b) Wavelet power spectrum
of the time series of LV-1 stalagmite thickness variations
shown in (a). The dark contour lines and the cone of influence
have the same meaning as in Figure 5(b). (c) Global wavelet
spectrum of the time series shown in (a).

DiscussioN

SHORT-TERM ENVIRONMENTAL CHANGES

Taking into account the chronological data obtained
from LP-4 and LV-1 stalagmites, we propose that the
youngest morphostratigraphic stalagmite growth period in
Ortigosa Caves may be Late Holocene in age and is related
to the warm Isotopic Stage 1 at global scale (Henning et al.,
1983). The occurrence of this period on the Iberian
Peninsula and Balears Islands is shown in the geochrono-
logical dating scenario compiled by Durdan (1989). This
Holocene warm period deduced from stalagmites can be
related to other morphosedimentary records in the Iberian
Range. Radiometric ages of regional fluvial tufa deposits
indicate an extensive period of tufa building during warm
Isotopic Stage 1 (Martinez-Tudela et al., 1986; Ordofiez et
al., 1990; Sancho et al., 1997; Pefia et al., 2000).

This climatic period based on speleothem growth could
be correlated with the paleoenvironmental evolution in
high latitude regions (see for example, Gordon et al., 1989).
However, in addition to the temperature, rainfall changes
must be considered as an important factor in the
speleothem development stages due to the location of the
Iberian Peninsula near the low latitude arid belts (Brook et
al., 1990; Bar-Matthews et al., 1996, 1997).

From the radiocarbon ages, it is possible to establish
that the LV-1 stalagmite started to grow 3400 = 600 Ma
and finished at present-day time. On the other hand, 1276
annual cycles have been recorded from the internal
laminaetions of the stalagmite. As a consequence, it is
likely that either we missed a lot of laminae during
counting because they were not visible, or there are growth
hiatuses. A description of the Late Holocene speleose-
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quence can be proposed considering that 900 annual cycles
have been counted between 3400 = 600 yr BP and 1200 =
400 yr BP, 326 cycles between 1200 = 400 yr BP and 700 =
350 yr BP, and 50 cycles between 700 = 350 yr BP and
present time. In spite of the high chronological uncertainty,
these data indicate an important lack of cycles between
3400 = 600 yr BP and 1200 =+ 400 yr BP, and also between
700 = 350 yr BP and present time. Tentatively, we propose
to correlate the occurrence of growth hiatuses in stalag-
mites from the Ortigosa karst system with the Iron Age
Cold Phase (the coldest maximum is at 2700-2500 yr BP)
and with the Little Ice Age (XVI-XIX centuries) (Munoz et
al., 2001; Pena et al., 2004). However, at this time and with
the currently available chronological data, it is not possible
to locate exactly both activity and inactivity periods.
Similar short-term climatic records (10°-10° years) have
been deduced using Holocene stalagmites in Israel (Frum-
kin et al., 1999), South Africa (Repinski et al., 1999), Oman
(Burns et al., 2001), and Germany (Niggemann et al.,
2003).

High climate variability during Late Holocene has been
proposed by different authors at regional scale by using
different morphosedimentary records and multiproxy data
(Penalba et al., 1997; Perrette, 1999; Sanchez Goii and
Hannon, 1999; Luque, 2003; Gonzalez-Sempériz et al.,
2006; Martin-Chivelet et al., 2006; Thorndycraft and
Benito, 2006; Luzoén et al., 2007; Vegas, 2007; Sancho et
al., 2008). Holocene climatic changes in Iberia, and
particularly variations in rainfall, are connected with
large-scale atmospheric processes such as the North
Atlantic Oscillation (NAO) (Zorita et al., 1992; Trigo et
al., 2004). A close relationship has also been proposed
between North Atlantic Oscillation and solar activity
(Luque, 2003).

VErRY HiGH FREQUENCY CLIMATIC CYCLES

Some of the short term and very high frequency
periodicities revealed by wavelet analysis can be related
to solar activity cycles, as well as to natural climatic
oscillations, such as El Nino-Southern Oscillation (ENSO),
North Atlantic Oscillation (NAO), Quasi-Biennial Oscilla-
tion (QBO), etc. (O’Sullivan et al., 2002; Burroughs, 2003).
Climatic cycles corresponding to the solar activity (1-100
years) have been recognized in Holocene as well as
Pleistocene stalagmites by several authors and in different
parts of the world (Baker et al., 1993; Shopov et al., 1994;
Genty et al., 1994; Genty and Quinif, 1996; Qin et al., 1999;
Niggemann et al., 2003; Frisia et al., 2003; Holzkdmper et
al., 2004; Dykoski et al., 2005; Soubigs et al., 2005).

First, cycles with strong decadal scale periodicities (e.g.,
9.7-yr and10.4-yr-periods in LP-4, and 14-yr period in LV-
1 stalagmites) can be associated with the sunspot cycle (9—
14 years). The 14-yr-period is related to lake drying phases
in Gallocanta (Iberian Range) and is interpreted as
influencing of the low-frequency component of ENSO
(Rodé et al., 1997). Genty et al. (1994) and Genty and



Quinif (1996) found a similar periodicity in a Pleistocene
stalagmite from Belgium. This periodicity is also observed
by Baker et al. (1993) and Shopov et al. (1994) in their studies
of the laminaeted structure in stalagmites using ultraviolet
light. Spectral analysis performed on high resolution §'%0
records by Niggemann et al. (2003), Holzkdmper et al. (2004)
and Dykoski et al. (2005), and on stalagmite laminae
thickness records (Qin et al., 1999; Frisia et al., 2003;
Soubies et al., 2005) show strong periodicities at subdecadal
and decadal scales. The 22-yr-period may be associated with
the Hale cycle of sunspot activity.

On the other hand, the 4-7-year-periodic band can
be related to ENSO as well as NAO. Similar periodicities
in Holocene stalagmites are described by Genty et al.
(1994), Frisia et al. (2003), Dykoski et al. (2005), Rasbury
and Aharon (2006), and Soubi¢s et al. (2005), among
others.

The presence of very high frequency periodicities
around the 2.4-yr-period can be related to the Quasi-
Biennial Oscillation (QBO). This climatic cycle is mainly
observed in rainfall and temperature records and has been
identified in different varved sediments (Sonett et al., 1992;
Muioz et al., 2002). Oscillations with this period have been
found in stalagmite laminae by Qin et al. (1999), and Frisia
et al. (2003).

Finally, periodicities at decadal, multidecadal, and
centennial scales that are observed in Ortigosa Cave
stalagmites and related to solar activity (such as the
Gleissberg cycle) have also been found in other cave
deposits (see Qin et al., 1999; Niggemann et al., 2003;
Holzkamper et al., 2004, and Dykoski et al., 2005).

The way that the solar forcing drives Earth’s climate
system has been fully discussed (Friis-Christensen and
Lassen, 1991; Hoyt and Schatten, 1997; Kelly and Wigley,
1992; Schlesinger and Ramankutty, 1992; Schonwiese et
al., 1994; Van Geel et al., 1999; Scafetta and West 2006,
2007). The climatic information provided by the spe-
leothem cycles would be translated into a variation of the
cycle thickness due to a more or less intense development
of the soil-vegetation system over the cave. During warm
and humid climatic periods, the intense soil activity favors
a greater amount of percolating water with high concen-
tration in biogenic CO, in the karst system. The result is a
thicker annual cycle through years with higher temperature
(more biogenic CO, and rainfall) and thinner in years with
lower temperature.

In the same way, a close relation has been observed
between NAO and the distribution of winter rainfall in the
Iberian Peninsula. Periods with the NAO in a negative
phase are associated with wet conditions in the western
Mediterranean and northern Africa (Wanner et al., 1994)
whereas periods with positive NAO are related to droughts
in the Iberian Peninsula. Moreover, Rodo et al. (1997)
relate warm periods of ENSO to periods of reduced rainfall
and higher temperatures in the eastern half of Spain.
Although the relationship between NAO and ENSO events
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and atmospheric teleconnections in Europe, and specifi-
cally Spain, is not clear, it is possible to correlate higher
growth rates in the Ortigosa speleothems with NAO
negative phases. The simple relationship between growth
rates in the Ortigosa Caves and solar forcing and NAO
phases may become more complex with the occurrence of
ENSO teleconnections.

CONCLUSIONS

Based on the studies of chronological control and the
wavelet analysis of thickness variations of stalagmite
deposits in the Ortigosa Caves (La Paz and La Vina), we
have deduced environmental and climatic changes with
multiple periodicities during Late Holocene. From our
analysis, the following conclusions can be made.

1. Late Holocene period (from 4000 yr BP to the present)
is a very active stage of speleothem growth in the
northern sector of the Iberian Peninsula.

2. Short-term (10°-10° years) climatic changes can be
deduced from radiocarbon-AMS dating combined
with annually developed laminae number. However,
with the available chronological data, it is not
possible to establish a precise sequence of activity
and inactivity periods on centennial-millennial time
scales.

3. The stalagmites belonging to the Late Holocene stage
have developed a banded structure characterized by an
alternating sequence of light and dark laminae, which
constitute a seasonally controlled microsequence. The
wavelet power spectrum analysis of the thickness
variations in the stalagmites indicates climatic cycles at
centennial, decadal, multidecadal, and interannual
scales with periods around 2.4, 4-7, 9.7, 10.4, 14, 16,
22,43, 73, 83 and 180 years.

4. Very high frequency climatic changes obtained from
wavelet analysis are related to astronomical and
atmospheric controls. Higher growth rates in the
Ortigosa speleothems could be related to warm and
humid climatic periods as a consequence of high solar
activity and negative phases of NAO.
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APPENDIX

WAVELET ANALYSIS METHODOLOGY

A wavelet is a small wave with zero mean and finite
energy. The continuous wavelet transform (CWT) of a
function x(z) with respect to a wavelet () is given by the
convolution of the function with a scaled and translated
version of (7). The function (¢) is referred to as an
analyzing wavelet or a mother wavelet. The convolution is
expressed by the integral:

wiso= [ aou 0 m
where
o) = 0 () @

is a scaled and translated version of the mother wavelet
Y(7) and an asterisk on  denotes its complex conjugate.
The symbols s and t are the scale parameter and
translation parameters, respectively. The scale parameter
controls the dilation (s > 1) and contraction (s < 1) of the
mother wavelet. The factor 1 / /s is introduced in Equation
(2) so that the function () has unit energy at every scale.
The translation parameter 7 indicates the location of the
wavelet in time; in other words, as t varies, the signal is
analyzed in the vicinity of this point. The amount of signal
energy contained at a specific scale s and location 7 is given
by the squared modulus of the CWT, P(s,7)=| W(s,v:)|2.

For a time series {x;} withi = 1, 2, 3, ..., N, the integral
formulation shown in Equation (1) can be discretized as
(Torrence and Compo, 1998):

=3 (%) e[ e
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Here n is the time index, s is the wavelet scale, and 67 is the
sampling interval. The wavelet power spectrum (WPS) of
the time series is defined by | W,(s)|*, which is a measure of
the fluctuation of the variance at different scales or
frequencies. This power spectrum, which depends on both
scale and time, is represented by a surface. By plotting
contours of this surface on a plane, a time-scale represen-
tation of the spectrum may be derived.

A time-scale representation is found to be useful for
extracting important features of signals arising in many
applications. An alternate representation, namely, a time-
frequency representation, has also been used. A scale-to-
frequency conversion, which follows a reciprocal relation-
ship, can be easily made by use of the formula, f'=fyf./s,
where fis the instantancous frequency of the signal, f, is
the sampling frequency, and fj is the center frequency of
the mother wavelet (see below). In our analysis, we used a
complex Morlet wavelet as the mother wavelet. A complex
Morlet wavelet consists of a plane wave modulated by a
Gaussian function and is described by

l//(’7):7_1:71/4eiw[me—qz/2 (4)

where wo=2nfy, is the order of the wavelet, with f,
being the center frequency. In our computations we
have used a Morlet wavelet of order 6 as the mother
wavelet. This choice provides a good balance between
time and frequency localizations. For this choice, the
scale is also approximately equal to the Fourier period
and thus the terms scale and period can be used
interchangeably.

The wavelet power spectrum (WPS) displays a contour
plot of power as a function of scale (period) and time and is
sometimes referred to as a local wavelet spectrum.
Additional information about the spectral properties of
the time series can be obtained by averaging the WPS at
each scale over all time, and thereby calculating the global
wavelet spectrum (GWS). The GWS is given by

., 1
W= 5 2|l (5)

(Torrence and Compo, 1998). The GWS displays power as
a function of period or frequency and is similar to a
smoothed Fourier power spectrum. The dominant spectral
modes of the time series can be identified from the various
peaks in the GWS.



