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ABSTRACT

We present a multi-proxy approach to reconstructing Holocene climate conditions
in northeastern Spain based on an excellent correlation among the lamina
thickness, colour parameters and isotope (8180 and 613C) variations recorded in a
speleothem. An age model constructed from five U/Th dates and annual lamina
counting suggests that the uppermost 14.7 cm of the MO-7 stalagmite grew
between 7.2 and 2.5 kyr before present but experienced a growth hiatus from 4.9
to 4.3 kyr. Three spectral analysis methods were applied to 11 time series. The
results reveal common solar periodicities on decennial (Gleissberg cycle) and
centennial (De Vries-Suess cycle) scales. The onset of Holocene carbonate
precipitation in the MO-7 stalagmite appears to be associated with a cold, wet
period, whereas the hiatus and the end of growth are related to warm, dry periods.

This environmental trend fits well within the regional Holocene climate.

Key words: Holocene, solar cycles, speleothem, multi-proxy, spectral analysis.

INTRODUCTION

Examples of strong coherence between solar variability and climate cycles suggest
that solar activity may be responsible for Holocene climatic oscillations (Yu and Ito,
1999; Bond et al, 2001; Neff et al., 2001; Peristykh and Damon, 2003;
Schimmelmann et al., 2003; Raspopov et al., 2008; Kokfelt and Muscheler, 2013;

Zhang et al,, 2013; Soon et al.,, 2014).
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Past solar cyclicity has been studied on different temporal scales through diverse
proxies (e.g., tree rings, lacustrine sediments, speleothems). The results from these
analyses suggest the occurrence of three main solar cycles on decennial or
centennial scales: the 11-yr Schwabe sunspot cycle (Schwabe, 1844), the ~83-yr
Gleissberg cycle (Gleissberg, 1939, 1958) and the ~204-yr De Vries-Suess cycle (De
Vries, 1958; Suess, 1980). Variations in solar activity have been well documented,
particularly in Holocene speleothemic archives, by identifying changes in colour or
isotopic composition (Niggemann et al., 2003; Dykoski et al., 2005; Cosford et al,,
2008, 2009; Martin-Chivelet et al., 2011) or variations in the thickness of
speleothem layers (Qin et al, 1999; Frisia et al, 2003; Mufoz et al., 2009).
Nevertheless, information is scarce and discontinuous, which has limited the

identification and definition of the corresponding periodicities.

Techniques for palaeoclimatic reconstruction based on stable isotopes (813C and
0180) and laminated speleothems have been intensely developed over the last 10
years (e.g., McDermott, 2004; Cheng et al, 2006 and Baker et al., 2008). The
Iberian Peninsula is a region with very few palaeoclimate studies based on
speleothems; notable among these are the works of Dominguez-Villar et al. (2009),
Moreno et al. (2010) and Martin-Chivelet et al. (2011) in northern Spain, which
inferred multiple climatic variables from 613C and &80 isotope stalagmite
composition. In this paper, we present a palaeoclimatic record from a laminated
speleothem that we analyse through a multi-proxy strategy. We construct 11
independent, high-resolution time series for layer thicknesses, colour variations

and stable isotope (6180 and 613C) values. The paper (i) analyses the existing
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periodicities and their relationships to solar cycles through three spectral analysis

methods and (ii) reconstructs Holocene climate conditions in northeastern Spain.

GEOLOGICAL SETTING

Molinos Cave lies in limestones of Cenomanian-Turonian age. It is located in the
easternmost sector of the Iberian Range, northeastern Spain, at 40°47’N, 0°26'W,
at 1040 m a.s.l. (Fig. 1). The cave was declared a Natural Monument in 2006.

Geologically, the study area is part of the Cretaceous Maestrazgo Basin.

The climate of the area is a mid-mountain Mediterranean one (Pefia et al., 2002).
The mean annual temperature ranges between 12 and 13°C, and the annual
precipitation, which is mainly concentrated in spring and autumn, averages 500
mm (Fig. 1) but experiences significant interannual variations. Vegetation cover is
sparse but includes scrub and supra-Mediterranean oak forest (Millan et al., 1992).
The cave, opened to tourism since the 1960s, is 620 m long and is arranged in two

interconnected horizontal levels, the upper “Crystal” and lower “Marine” rooms.

METHODOLOGY

The stalagmite MO-7 was collected in situ from the lower level (Marine room) of
the Molinos Cave. It was halved along its growth axis, and one of the two
symmetrical portions was carefully polished. Image analysis techniques were

applied to the polished surface and to thin sections of the speleothem. Samples for
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isotopic composition and U/Th dating were drilled using carbide dental burrs

following stratigraphic horizons (Fig. 2).

Colour measurements on the polished surface were taken using an Avaatech
Colour Line Scan that produces visual colour images as well as colour data in red,
green, blue (RGB) and CIE-L*-a*-b*. The L*a*b* value is a uniform colour scale
recommended by the Commission Internationale de I'Eclairge (CIE). L* defines
lightness, a* denotes the red/green value and b* the yellow/blue value. The study
of the MO-7 stalagmite provides 6 continuous-signal (Weedon, 2003) time series of
2170 values (corresponding to R, G, B, L*, a* and b* colour parameters) with a

resolution of 70 microns (Fig. 2).

Chemical preparation and analysis of five U/Th disequilibrium series were
performed at the University of Melbourne, Australia following the methodology
described in Hellstrom (2003, 2006). Measurements were taken using a MC-ICP-
MS (Thermo-Finnegan Neptune). Details of dates, detrital contents, and corrected

initial 5234U ratios are given in Table 1.

Two discrete-signal (according to terminology from Weedon, 2003) time series (a
total of 4105 data points) of lamina thickness (light and dark) were measured
using WinGeol LAM software (Meyer et al., 2006). The analysis was performed on
high-resolution photomicrographs (1.35 microns per pixel) of thin sections
obtained from an Olympus SZX7 stereomicroscope equipped with an Olympus
DP20-5E digital camera system. Next, a new time series was derived from the sum
of light and dark values by assuming that each light-dark doublet represents an
annual increment of growth (Fig. 3). Laminae were anchored to the U/Th ages

following the methodology described in Dominguez-Villar et al. (2012).
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Two continuous-signal time series of isotopic composition (8180 and §13C) were
acquired from samples, each with powder mass from 80 to 100 pg, drilled each
millimetre along the central growth axis of the MO-7 stalagmite (Fig. 2) using a
drill bit 0.5 mm in diameter. Oxygen and carbon stable isotope analyses of calcite
were performed using a Thermo Finnigan MAT252 mass spectrometer coupled to
a CarboKiel-III carbonate preparation device at the Scientific and Technological
Centers at the University of Barcelona. Analytical precision was estimated to be
better than 0.03%o for 613C and 0.08%0 for 8180 by measuring the certified
standard NBS-19. Isotope results are reported in standard delta notation relative

to Vienna PDB. The resultant time series of isotopic values are shown in Fig. 4.

An age model for the different proxies (L* a* b* R, G, B and isotopes) was built

using the StalAge package in R (version 3.0.2) (Scholz and Hoffman, 2011).

Subsequently, we performed a spectral analysis of the internal lamination, colour
variations and stable isotope fluctuations. Two Fourier analysis techniques, (i) the
Lomb periodogram algorithm for unevenly sampled data (Press et al., 1992) and
(ii) the REDFIT module (Schulz and Mudelsee, 2002), and wavelet analysis
(Torrence and Compo, 1998), which are included within the PAST software V. 3.01
(Hammer et al., 2001), were applied to the MO-7 stalagmite records to evaluate the
nature and character of the cyclicity. The data were automatically detrended prior
to analysis. The results obtained from application of different spectral analysis
techniques to independent high-resolution time series may be more reliable than

those obtained from any one technique or time series.
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RESULTS AND DISCUSSION

Age model and annual lamina development

The top (uppermost 14.7 cm) of the MO-7 stalagmite displays a very well-marked,
internal, annually laminated structure characterised by transparent and milk-
white calcite couplets (Figs. 2 and 5). The laminated structure is made of columnar
calcite fabric (Frisia et al,, 2000; Frisia and Borsato, 2010; Fairchild and Baker,

2012).

An age model was constructed from five U/Th dates and lamina counting to
represent the studied proxy obtained at different resolutions (70 um for L*, a*, b*
R, G and B, and 1 mm for isotopes). First, following the methodology described in
Dominguez-Villar et al. (2012), a 1:1 slope using the five U-Th ages and the number
of laminae was constructed (Fig 6a) and, considering the presence of a hiatus
identified in thin section, divided into two segments (above and below the growth
interruption). Lamina counts were later anchored to U-Th ages within the error
bands (Fig. 6b). These counts were used as tie points in the final construction of

the age model using StalAge software (Fig. 6¢).

The age model indicates that the uppermost 14.7 cm of the MO-7 stalagmite spans
the time period 7.2 to 2.5 kyr before present. Considering the time spans
registered (7.2-4.9 kyr and 4.3-2.5 kyr, i.e., ~4.1 kyr), the number of laminae (4105
couplets), and the fact that precipitation is mainly concentrated in spring and

autumn, the lamination is consistent with a seasonal origin.

Spectral analysis
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Two spectral analysis techniques, Fourier and wavelet, were used to analyse the
diverse multi-proxy time series made from stalagmite MO-7 (Fig. 7). The results

are very similar, considering the different techniques used.

Fourier spectral analysis (Lomb periodogram and REDFIT module) of the R, G, B
and L* colour time series (time domain) shows periodicities at 91 yr (~Gleissberg
cycle), 170 yr (~De Vries-Suess cycle) and 421 yr (Fig. 8a). Comparison of the
power spectra (REDFIT module) with AR(1) models of red noise suggests the
existence of a 91-year periodicity with 99% confidence level (Fig. 8b). The Fourier
spectral analysis of the a* and b* colour time series do not find evidence of
cyclicity at the 99% confidence level using the AR(1) noise model. The 170-yr
period is shorter than that of the De Vries-Suess cycle, although Liidecke et al.
(2015) find frequencies for this cycle that differ from the main ~204-year
periodicity. They interpret that solar influence is modified by the response of the
Earth system and its inherent forcings. Uniform cycles of approximately 400 yr
appear in the annual-layer thickness data and grey level proxies of a Hulu Cave
stalagmite (Duan et al.,, 2015). Other periodicities with p < 0.01 (Fig. 8a) can be
related to centennial cycles of solar origin (Bond et al., 2001; Springer et al., 2008)

or may be false positives predicted by a poor model of the power spectrum.

Wavelet analysis of the lamina thickness (couplet) time series (Fig. 9) shows the
same periodicities that approximately correspond to the Gleissberg, De Vries-
Suess and ~400 yr cycles. Knudsen et al. (2012) noted an intermittent pattern, also
visible in figure 9, of the De Vries-Suess cycle in temperatures derived from

stalagmites in China, Turkey and the United States.
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High-frequency periodicities (Schwabe and Hale cycles) were not found, possibly
because the thick stratigraphic series over the cave smooths out or removes small
interannual differences that temperature and rainfall transfer to the lamina

thickness.

Fourier spectral analysis of the time series derived from the §180 and §13C isotopic
values shows a similar 183-yr periodicity (Fig. 10). This cycle, although also
different from the standard 204-yr cycle, can be related to De Vries-Suess solar

cycle (Lidecke et al., 2015).

Palaeoclimatology

The time interval within the Holocene when the MO-7 stalagmite grew is known to
have been especially favourable for speleothem (Moreno et al, 2013) and tufa
(Pena et al., 2014) formation in northeastern Iberia. Pollen records from nearby
lakes (Aranbarri et al.,, 2014) also suggest a benign climate. Thicker and darker
(reflected light) laminations grew during intervals characterised by more negative
013C values (Fig. 11), which are interpreted as longer or more intense rainy winter-
spring season periods. During these periods, there would have been increased
infiltration into the cave as a result of a higher precipitation-evaporation balance
in the region (e.g., Genty et al,, 2006; Moreno et al., 2010). On a longer timescale,
the onset of the MO-7 stalagmite appears to coincide with a wet interval, as
evidenced by thicker laminae and 813C values averaging -8.5%o, with significant
fluctuations. This was followed by a dry period, as evidenced by thinner and lighter
laminae and 613C values averaging -7.47%o beginning at 7.2 kyr and extending to
at least 4.9 kyr, when the hiatus in the record begins. The upper part of the

stalagmite, 4.3 to 2.5 kyr, corresponds to another wet period, where 613C values
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average -8.56%o. The oscillations in §180 values from MO-7 stalagmite are small
and do not show robust correlations with global temperature records such as Bond
events or sunspots cycles. However, an association of wet conditions at the onset
of Holocene carbonate precipitation in the MO-7 stalagmite with a cold event
defined by Bond et al. (2001) is observed, whereas the hiatus and the end of the
growth period are related to warm, dry times (Bond and sunspot curves). An
explanation for this association of cold, wet periods throughout the Holocene in a
Mediterranean continental climate is related to the expected decrease in
evaporation with cooler temperatures and a consequent increase in water
availability. This environmental trend fits well within the Holocene climate of the

region.

CONCLUSIONS

The age model and spectral analysis through Fourier and wavelet techniques on
multi-proxy time series (lamina thickness, colour parameters and stable isotope
values) obtained from a speleothem from the Iberian Range in northeastern Spain

allow us to draw several conclusions:

- The uppermost section of the MO-7 stalagmite (14.7 cm) grew between 7.2 and
2.5 kyr before present, with a hiatus in growth from ~4.9 to ~4.3 kyr. These dates
are given by an age model constructed from 5 U/Th dates and annual lamina
counting. The stalagmite comprises 4105 lamina doublets interpreted to be of

annual origin.
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- Three spectral analysis methods (Lomb periodogram algorithm, REDFIT module
and wavelet analysis) were applied to 11 time series obtained from proxies of
lamina thickness, colour parameters and stable isotope values. The results reveal
common solar periodicities of decennial (~83-yr Gleissberg) and centennial
(mainly ~204-yr De Vries-Suess) scales during the mid to late Holocene. These
periodicities are unlikely to be artefacts of any single technique, although their

peaks do not show well-defined periods, oscillating within a frequency band.

- Considering the Holocene interval of the MO-7 stalagmite, an excellent
correlation between lamina thickness, colour parameters and stable isotope values
is observed. Thicker and darker laminations grew during intervals characterised
by more negative §13C values. The small magnitude of oscillations in 6180 values
prevents a clear correlation with temperature variations. The onset of growth in
the Holocene of the MO-7 stalagmite appears to be associated with a wet period
(cold in Bond curve), whereas the hiatus and the end of growth are related to dry

times (warm in Bond curve).
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FIGURE CAPTIONS

Figure 1. a) Location and geological setting of Molinos Cave and mean monthly
rainfall (mm), maximum and minimum temperature (°C) at the closest
meteorological station (Gallipuén reservoir, located 5 km NE of Molinos) averaged

over the last five years.

Figure 2. Photograph of the MO-7 stalagmite from Molinos Cave showing the
laminated structure. The lines used for the measurement of the colour proxies, and
the position of samples used in U/Th dating and stable isotope (6180 and 613C)
analysis, are indicated. The figure also includes the 6 continuous-signal records
time series of 2170 values (corresponding to R, G, B colour space and CIE L*, a*, b*

colour space) with a resolution of 70 microns.
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Figure 3. Discrete-signal records time series (4105 data points) of light and dark
lamina thickness of the MO-7 stalagmite (a and b). A new time series at annual

resolution was derived from the sum of the light and dark values (c).

Figure 4. Discrete-signal records time series (143 data) of isotopic values (6180

and 613C, %o PDB) from the MO-7 stalagmite. The sampling interval is 1 mm.

Figure 5. Thin sections of the MO-7 stalagmite. a) General aspect of annual laminae
defined by alternating white sparite and dark micrite. b) Columnar calcite with
straight boundaries and uniform extinction (crossed polars). Elongated composite
calcite crystals are perpendicular to the lamination. c) Laminae of calcite with
different thicknesses appear to be grouped into alternating colour bands. Thin
lamina ensembles produce dark colours, and thick laminae ensembles produce
light colours. d) Thinner laminae are straight, while thicker laminae tend to show

a serrated appearance. In this case, peaks reproduce calcite crystal plans.

Figure 6. Age model for the MIS 1 interval of the MO-7 stalagmite. a) A 1:1 slope
that allows to identify the hiatus in the stalagmite, b) Laminae age model after

anchoring to U/Th ages, c) Final age-model (StalAge) used for the different proxies.

Figure 7. Lamina thickness (a); colour proxies (R, G, B, L*,a* and b*) (b to g) and
U/Th dates with error bars (depth from top) next to the 4.3-4.9-kyr hiatus (h) in
the MO-7 stalagmite. Lamina thickness with a smoothing window of 100 years and
colour records smoothed with a 15-point moving average. Note the inverse axes

for the a* and b* colour proxies.

Figure 8. Fourier spectral analysis for unevenly sampled data from the Holocene

interval of the MO-7 stalagmite (4 time series R, G, B and L* colour parameters,
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comprising 2170 data with an interval sample of 70 mPIRRRER). (a) Spectra
estimated with the Lomb periodogram algorithm that determines the 0.01 and
0.05 significance levels (white noise lines) of the colour time series. The spectra
show well defined periodicities at 91-yr (Gleissberg cycle), 170-yr (De Vries-Suess
cycle) and 421-yr. (b) Spectra estimated using the REDFIT program (3 segments
with 30% overlap). The spectral window is rectangular. The time series is
compared with an AR(1) red noise model. The maxima in the spectral power have
a less than 1% chance of being part of the AR(1) red noise model. The spectra

show a well-defined periodicity at 91 years (Gleissberg cycle).

Figure 9. Wavelet analysis of the lamina couplet thickness time series (wavelets
with a white-noise model and a Morlet window at 95% significance level, red noise
model). The black dashed contour defines the periodicities within the 95%
confidence level, and the continuous black line defines the cone of significance. The
spectra from the lower and upper sections show the same periodicities (Gleissberg
and De Vries-Suess cycles and a lower-frequency cycle of approximately 400
years). In the lower section of the stalagmite, all these cycles are well defined. The
Gleissberg cycle is discontinuous but is well represented in the interval 7.2-6.5 kyr.
In the upper section, both the Gleissberg and De Vries-Suess cycles are
discontinuous; the Gleissberg is well represented in the range 3.6-2.5 kyr whereas

the De Vries-Suess is better defined in the interval 4.3-3.2 kyr.

Figure 10. Fourier spectral analysis of 2 time series of 143 data derived from the
isotopic values (6180 and &13C) of the MO-7 stalagmite (1 segment without
overlap). The spectral window is rectangular. The time series is compared with an

AR(1) red noise model. The maxima in spectral power have a less than 5% chance
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of being part of the AR(1) red noise model. The spectra show a periodicity of 183

years, roughly corresponding to the De Vries-Suess cycle.

Figure 11. Correlation panel for the MO-7stalagmite. a) 8180 record from the North
Greenland Ice Core Projet (5-point moving average), b) % hematite stained grain
(Bond et al, 2001), c) L* parameter (17-point moving average), d) laminae
thinckness (53-point moving average), e) and f) 813C and 8180 record from MO-7
stalagmite, respectively, g) MO-7 U/Th ages, h) sunspot number (11-point moving
average) from Solanki et al. (2004). In all cases, the climate interpretation is on the

y-axis.

Table 1. U-Th activity ratios and calculated ages. Activity ratios were determined
by MC-ICP-MS following Hellstrom (2003). Ages in kyr before present were
corrected for the initial 239Th concentration using Eqn. 1 of Hellstrom (2006),
(239Th/232Th)i of 0.9+0.6 and the decay constants of Cheng et al (2013).
Uncertainties were propagated using Monte Carlo simulations of each of the input
activity ratios. The initial (234U/238U) was calculated using the corrected age of
each sample. U content is marked as “n.r.” where sample weights were not

recorded.
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Sample and depth Laboratory ID U(ngg-1) (230Th/238U) (234U/238U)  (232Th/238U) (230Th/232Th) Age(ka) (234U/238U)i

MO-7 4.5 mm UMB03451 Sep-2010 n.r. 0.0301(13) 1.0118(37) 0.00502(18) 6.0 2.81(.36) 1.0119(37)
MO-7 36 mm UMB03905 Feb-2011 80 0.0313(08) 1.0015(30) 0.00131(02) 23.8 3.33(.13) 1.0015(30)
MO-761.5mm  UMB03904 Feb-2011 70 0.0364(08) 0.9935(30) 0.00146(01) 24.9 3.93(.13) 0.9934(31)
MO-7 91 mm UMB03901 Feb-2011 64 0.0536(14) 0.9889(34) 0.00141(04) 38.2 5.94(.19) 0.9887(35)
MO-7139mm  UMB03450 Sep-2010 n.r. 0.0653(25) 0.9688(47) 0.00602(21) 10.9 7.00(.51) 0.9682(47)






